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Reflective Polarization Volume Lens with Small fNumber

and Large Diffraction Angle

Kun Yin, Zigian He, and Shin-Tson Wu*

Planar optics based on patterned cholesteric liquid crystals (CLCs) has
attracted increasing attention owing to the self-organized helical structure
and the ability to create arbitrary reflected wavefront through spatial
orientation control. However, because of the subwavelength-orientation
requirement, it is challenging for liquid crystal lens to achieve a low f-number
(f/#) and large deflection angle simultaneously. Furthermore, with the
increasing demand for compact size in novel optical systems, reflective lens
has advantage over the transmissive one because it can fold the optical path.
Here, a new off-axis reflective polarization volume lens (PVL) with f]# = 0.825,
large aperture size, simple fabrication process, thin profile, circular
polarization selectivity, and large diffraction angle is proposed. In contrast to
traditional vertical spiral structure, PVL is based on patterned CLCs with a
slanted helical axis. In this paper, the PVL is theoretically evaluated and then
three reflective PVLs at red, green, and blue wavelengths (R = 605 nm,

G =532 nm, and B = 450 nm) are fabricated. Meanwhile, a simple approach
is utilized to achieve 20 mm diameter and 16.5 mm focal length. The low
scattering and good image quality of reflective PVL enrich these functional
devices and provide promising applications to novel foldable optical systems

then it could function as a converging or
diverging lens, depending on the inci-
dent circular polarization.?l Based on
these attractive optical properties, many
novel CLC devices have been developed
and widely utilized in band pass filter,
laser beam steering,! optical combiners
for augmented reality displays,/® optical
vortex generators,”] beam shaper,/® and
many broadband devices.>!

Previously, transmissive planar lenses,
such as LC lens and metalens, along the
optical axis of a symmetric structure have
been developed.'?1  However, these
lenses either have a small f/# but small
size, or have a large aperture but large f/#.
As the demand for compact device struc-
ture keeps increasing, such a transmissive
planar lens becomes too bulky and the
reflective planar lens is urgently needed to
provide foldable optical structure.

In this paper, we demonstrate a reflec-

and waveguide-based wearable near-eye displays.

Photonic devices based on patterned cholesteric liquid crystals
(CLCs) have attracted increasing attention because they are ena-
blers of novel optical systems. A typical CLC device can realize
liquid crystalline phase by self-organized molecules to form
helical structure. If the circularly polarized light has the same
handedness as the helical twist, the light propagating along the
helical axis (z-axis) will experience Bragg reflection at normal
incidence over the spectral range 2n,Ay < A < 2n.Ag, where Ag
is the chiral period, and n, and n, are the ordinary and extraor-
dinary refractive indices.'™ Component with the opposite cir-
cular polarization will pass through the liquid crystal layer. By
combining CLCs with the specially designed patterns in the
horizontal (xy) plane, different optical devices can be created.
For examples, if the phase profile is linearly varying, then the
device behaves as a grating, and if the phase profile is parabolic,

K. Yin, Z. He, Prof. S.-T. Wu

College of Optics and Photonics

University of Central Florida

Orlando, FL 32816, USA

E-mail: swu@creol.ucf.edu
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202000170.

DOI: 10.1002/adom.202000170

Adv. Optical Mater. 2020, 2000170

2000170 (10f7)

tive polarization volume lens (rPVL) based

on patterning slanted CLCs, exhibiting

a large aperture and a small f/# (=0.825).

In an rPVL, ideally the incident light is
primarily reflected and focused onto a specific off-angle. To
obtain these functions, such a device requires both asymmetric
subwavelength alignment and lens phase for achieving reflec-
tive off-axis imaging and an ultralow f/#. In comparison with
conventional transmissive planar lenses, our new rPVL with an
fl# < 1 and 45° off-axis diffraction angle is a critical enabler for
future compact optical systems.[2%-21]

PVL is a combination of a slanted polarization volume
grating (PVG) and a lens. In the past studies, the LC director
distribution in a CLC device was often assumed planar without
slanted helical axis. Because the bottom photoalignment is
planar, which produces cholesterics with nearly zero pretilt
angle; this means that the helical axis is perpendicular to the
substrate. Until recently, some experimental evidences and rig-
orous analyses prove that the actual LC director configuration in
a PVG is not planar; instead, it possesses slanted structure.[?>23]
Due to the trend of the lowest volume free energy, the helical
axis of CLC bulk analyzed by the optimized Frank—-Oseen model
exhibits slanted rather than perpendicular to the substrate.l*!
Therefore, the helical axis of rPVL is also slanted, which differs
from conventional CLC devices.

Figure 1a illustrates the schematic of the proposed rPVL.
The substrate is treated to provide a rotation of LC optical axis
in xy-plane, and the rotating angle changes continuously and
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Figure 1. a) Schematic of the beam focus formed by an rPVL and the detailed LC director orientation inside the rPVL. b) Schematic of the optical
exposure setup for fabricating rPVL. P: polarizer; QWP: quarter-wave plate; BS: beam splitter; M1 and M2: dielectric mirror; L: template lens; S: sample
substrate. c) A photo taken through the sample. The rPVL region is circled by red dashed lines. The distance between PVL to camera is 15 cm, and
the background is 5 cm away. The colorful image in the center of the rPVL is the image of the ceiling light. d) POM images of rPVL at three different
locations. The size of each picture is 10 um x 10 um, and the scale bar is 2 um.

periodically to generate a lens-phase profile. When examining
the detailed structure inside this device, the CLCs are precisely
aligned in the horizontal plane and twisted in vertical direction
along a slanted helical axis. At a macroscopic level, the rPVL has
a parabolic phase profile, but when we zoom into a small area,
the LC structure looks like a PVG with a linear phase profile.
For a circularly polarized incident light (LCP or RCP) with the
same handedness as the helical twist, the reflected beam from
the rPVL is converged at an off-axis angle without changing its
polarization state. The operation principle is equivalent to com-
bining a reflective PVG with a convex lens for use as an off-axis
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concave mirror: the incident light is converged by the lens pro-
file and diffracted by the grating, thereby forming such a reflec-
tive off-axis focus.

To produce the desired continuously varying LC orienta-
tions of rPVL, we employed a modified Mach-Zehnder inter-
ferometer by photoinduced patterning. In general interference,
when the two waves are orthogonally circularly polarized, the
interfered standing wave is approximately linearly polarized
everywhere with in-plane orientation ®(x, y) = Ak-r/2, where
Ak is the wavevector difference. This alignment technique
has long been used for polarization grating fabrication, such
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as PVG.2*28 Here, we insert an object (template lens) with
phase ¢(x, y) in one beam to achieve the recording principle
o(x, y) = P@(x, y).”! Figure 1b shows the optical setup con-
sisting of a laser, template lens, polarizer, beam splitter (BS),
and rotatable wave plate. The incident laser beam (A = 488 nm)
is filtered and then expanded after passing through a linear
polarizer. Then, the collimated linearly polarized beam is con-
verted to circular polarization through a quarter-wave plate.
After splitting into two arms by a nonpolarizing BS and being
reflected by two dielectric mirrors, one beam is converted to
LCP while the other is converted to RCP. Then, one beam is
entering the template lens (L), the other is working as reference
light. Therefore, the lens phase profile is generated at the sub-
strate position. Then, the pattern is recorded on the prepared
substrate (S), which is coated with a thin photoalignment film
(Brilliant yellow). Because of the dichroic absorption, the mole-
cules of photoalignment material tend to reorient their absorp-
tion oscillators perpendicular to the polarization direction of
the illuminated light, and further orient LC molecules with
an anchoring energy.”2>3% To obtain the desired 45° diffrac-
tion angle for green light (4 = 532 nm), the interference angle
between the two beams was o = 60° to generate periodicity
A, = 479 nm at the center area.

Figure 1c shows the photos of the fabricated sample. We use
an aspheric condenser lens with f/# = 0.7 as the template to
record the lens phase profile for rPVL. The thickness of the
25.4 mm aperture template lens is 14 mm and the focal length
is 16 mm. As shown in Figure 1c, the rPVL region is circled
by the red dashed lines and the size of the rPVL is 20 mm. It
is worth mentioning that the diameter of the rPVL is limited
by the size of the iris employed in the exposure setup, which
can be significantly expanded by enlarging the iris and using
a higher power laser. The photo taken under room light (at
roughly 15° incident angle) shows the image of the ceiling light
reflected by the sample. Due to the handedness selectivity, at
the reflection band such an rPVL allows more than 50% trans-
mission of the ambient light, and therefore the background can
still be seen clearly.

To study the optical properties of the sample, we first inspect
the surface pattern under a polarizing optical microscope
(POM). As explained above, the rPVL shows the lens phase pro-
file macroscopically and grating phase profile microscopically.
For a small area, the radius of the curvature (around 1 cm) is
too large to be observed compared to the scale of the period
(several hundred nanometers), and the pattern is supposed
to be line-shape rather than lens-shape. Figure 1d depicts the
POM results of the fabricated rPVL. The scale bar is 2 um. As
expected, the micropattern shows a line shape. The smallest
period supporting the largest diffraction angle is 346 nm, the
period of the middle area is 479 nm, and the largest period is
677 nm. When moving the sample along x-axis under POM, the
periodicity gradually changes from 346 to 677 nm. To figure out
the curvature, the sample was then translated along y-axis. The
direction of the line-shape pattern ought to be changed gradu-
ally to generate the lens behavior and reach the maximum
tilt angle at the edges. As shown in the right two pictures in
Figure 1d, the direction of the lines is tilted almost 45° and the
pattern is symmetric to the x-axis. This POM results confirm
that each small area can be treated as a grating corresponding
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to a particular diffraction angle and they work together to pro-
duce the off-axis focus.

Based on the observed real structure, we carry out a more
in-depth theoretical analysis to reveal the physical principles
of rPVL. As described, the PVL is a combination of diffrac-
tive grating and planar lens, both of which are inherently dis-
persive. Therefore, the chromatic aberrations in our rPVL are
more pronounced than the lenses based on refractive optics,
resulting in both wavelength-dependent focal length and dif-
fraction angle. Figure 2a shows the schematic diagram of PVL
and the position of the focal point is defined by the diffraction
angle (f) and the focal length (f). For different positions on the
PVL, the location-dependent diffraction angle can be expressed
as f(x, y). To simplify the calculation, we split the interference
angle (0) into B; and f as illustrated in Figure 2b. The dis-
tance between the template lens and the sample is 2f;, and the
exposed pattern phase can be expressed as

@, (x,y)=—k, \/foz —2xfy sin B, +x* +y* +k.xsin B, 1

where k, is the wavevector of the recording light (4, = 488 nm),
and x and y are the coordinates. The parallel components of the
grating K-vector can be further derived with

fo L)
Kifxy) ===
(2)
fo L)
Ky ()= =
Y

To make sure the chief ray diffracts to the designed angle
By = B0, 0), the norm of the grating K-vector is chosen to
be | K |= \2kyn, 1+ cos B, where ky is the designed central
wavevector (44 = 532 nm) and n, is the average index of the
PVL. Then the location-dependent diffraction angle between
the grating K-vector and the z-axis can be expressed as ¢, y)

JKZ+K?
Y(x,y)= arcsinTy

3)

As shown in Figure 2a, for an incident light with
wavevector k; located in the bandgap of the PVG, its propa-
gation satisfies the Bragg condition with diffraction angle
B(x, y) = 21, y) in the normal incidence and effective index
1 (%,y) = kany 1+ cos By /(v2k; cosy(x,y)). When the rPVL is
placed in an environment with background index n,, the dif-
fracted beam follows the Snell's law and is refracted to a new
diffraction angle B’(x, y). In order to theoretically obtain the
relationship between the diffraction angle fB(k;), focus length
flk;), and the incident wavevector k;, we compare the f’(x, y) cal-
culated from real structure with the diffraction angle gy, y) of
an ideal rPVL. Since the focal point is locating in xz-plane, y =0

B’(x,0) = arcsin nk(:,O) sin f§(x,0)
Fsinp ;@
B(x,0) = arctan fj;rcloiéx Tolor s B(x,0) =~ — xc%sﬁ
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Figure 2. a) Schematic diagram showing the coordinates of the PVL. b) Schematic diagram showing the exposure parameters of the PVL. ¢) Simulated
and measured results of the relationship between the focal point position and the incidence wavelength. d) The simulated diffractive phase of a 20 mm
% 20 mm PVL. e) Sample immersed in a cylindrical container to observe the off-axis focusing behavior and diffraction angle.

Comparing each item in Equation (4), we derive the relation-

ship of (k) and fik;)

B (ki) = arcsin i—d sin 34

i

2

2 2
na\/klZ —kzd+kzdcoszﬁ\/l—t§sinzﬁd
k. cos’ B,

flk)= fo

As the incident wavelength shifts, both diffraction angle and
focal length change caused by dispersion. To validate the simu-
lation results, we use three different wavelengths (4; = 520, 532,
and 550 nm) to measure the focal lengths and the diffraction
angles. As Figure 2c depicts, the solid lines represent the simu-
lation results and dots are the measured data. The experimental
results are in good agreement with the simulation. Then, we
derive the phase of the diffractive light as following

(x.y) (x.y)

o,(xy)= | Fodi= [ (koky) (dd)
(0,0) (0,0)
. K kn.K.K
k.. =k; y) o = At
» =kim sin B(x,y) KK (6)
. K kn,.K,K,
| k., =k smﬁ(x,y)?er—ﬁ
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To intuitively understand the phase profile in Equation (6),
we plot @, in Figure 2d. The size is set to be 20 mm x 20 mm.
The diffracted phase is supposed to change from 0 to 27, how-
ever, the period is only several nanometers, which is too small
to be observed in the range of 20 mm. Therefore, the phase
is the accumulated phase, from 0 to 27, and then from 27 to
47, and so on. As Figure 2e depicts, we used an expanded and
collimated green laser beam to observe the off-axis focusing
behavior and the diffraction angle. The rPVL was fixed on a rota-
tion stage and immersed to a glass cylindrical container filled
with an index matching oil (n = 1.58). The incident light was
perpendicular to the rPVL at the initial state. To change the dif-
fraction angle, we can simply adjust the interference angle (¢) in
the exposure system. The smaller the angle (¢), the smaller f/#
can be obtained. Since the largest spatial frequency at the edge
of the lens is smaller, in principle the on-axis lens can reach the
smallest f/#. In comparison with previous on-axis symmetric
planar lens, our rPVL exhibits an asymmetric structure to gen-
erate both reflective and large off-angle images, which would
definitely benefit the development of compact optical systems.

To further verify the practical use and optical performance
of rPVL, three lenses designed for R = 605nm, G = 532nm,
and B = 450nm were fabricated and experimentally evaluated.
To achieve same diffraction angle (45°), both the interference
angle (@) and the concentration of chiral are redesigned. The
detailed fabrication process is described in experiment part.
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Figure 3. a) Measured transmission spectra with a circularly polarized light. The diffraction efficiency is plotted as a function of incident wavelength
obtained from three rPVLs with the same f/# and different central wavelengths. b) The images of resolution test target with three rPVLs designed at
A=605, 532, and 450 nm and f/# = 0.825, and the imaging experiment setup. c) The MTF drawn from the resolution target images. d) Measured focal

spot intensity profiles.

Figure 3a depicts the measured transmission spectra of rPVLs
with a circularly polarized light. The major contribution in
transmission drop originates from beam diffracted of PVL,
surface reflection, scattering, and absorption. While the former
is centered at Bragg wavelength (here at 605, 532, and 450,
respectively), the latter three usually have broader bandwidth
and are very minimal. For the RGB rPVL, the measured effi-
ciency is 60%, 60%, and 55%, respectively. Then, we measured
the lens thickness by the surface profilometer and the result
is 0.987, 0.991, and 0.827 um for the RGB rPVL, respectively.
The pitch length of our rPVL is about 300-400 nm. Normally,
it would require about 10 pitches (i.e., 34 um) to establish
Bragg reflection and obtain 100% diffraction efficiency.’!l How-
ever, our film is only about 1 um thick, which corresponds to
2-3 pitches. Under such condition, the diffraction efficiency is
~60%, which is in good agreement with our measured values.

Adv. Optical Mater. 2020, 2000170 2000170

Due to the limited uniformity and imprecise thickness control
of our spin-coater, we can only prove the concept with 1 pm
samples. By increasing the sample thickness, the efficiency will
increase rapidly and then gradually saturates. To make a thicker
rPVL, we could use a better thin-film machine to maintain the
precise thickness control and minimize the surface roughness.

Then, the RIDSIN-Negative 1951 United State Air Force
(USAF) resolution test target (Thorlabs Inc.) was used as the
object to evaluate the imaging performance. We combined an
LED flashlight with different color filters as RGB light sources.
Because the rPVL operates based on a circularly polarized light,
therefore, we added a circular polarizer after the color filter to
improve the image quality. Images of the measured results and
the experiment setup are shown in Figure 3b. For these three
lenses, the smallest resolvable target is Group3 T6, which cor-
responds to 14.3 line pairs mm™, or linewidth =35um. Based

(50f7) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

on the images of the resolution rest target, we process the data
to obtain the modulation transfer function (MTF) information.
Its values indicate the amount of detail in an image, given by
the resolution of the optical system, and is customarily speci-
fied in line pairs per millimeter (Ip mm™). A line pair is one
cycle of a light bar and an adjacent dark bar of equal width.
Figure 3c illustrates the MTF of RGB PVL in x and y direc-
tions. Figure 3d depicts the normalized intensity profile of the
focal spots from the RGB rPVLs. The measured full-width half-
maximum (FWHM) of the focal spot is 1.23, 1.10, and 0.91 um,
respectively. Comparing the FWHMs with the diffraction-limit

A . .
(21\17)’ the actual spot size is 2.5x larger than the theoretical

values. The broadening of the focal spots should come from
chromatic and monochromatic aberrations. As mentioned
above, the PVL is inherently dispersive. Chromatic aberrations
are more noticeable than the refractive optics, resulting in a
wavelength-dependent focal length. The monochromatic aber-
rations result from the difference in the optical path length of
the real ray between the real wavefront and the ideal wavefront.
For a reflective PVL with small f/# and large off-axis angle, the
spherical aberration could be the most important factor that
causes the broadening of focal spot. These two factors can be
mitigated when PVL is used in a laser-based imaging system
with wavefront corrections. In this condition, the linewidth and
monochromatic aberrations induced broadening of the focal
spot size would be suppressed.

In summary, various planar lenses are demonstrated fol-
lowing the diffractive optics concept of phase control based on
a 2D plane. However, all of these are working on the on-axis
transmissive type with either limited f/# or small aperture size.
In order to meet the needs of compact optical systems, we dem-
onstrate a reflective planar lens with a low f/#, 20 mm diameter,
and 45° diffraction angle in the visible region by using the pat-
terning CLC method. The required subwavelength orientations
for realizing an rPVL are achieved by incorporating interference
exposure photoalignment and spin-coating method. The details
of the surface including patterns and defects are observed by
POM. Using the 1951 USAF resolution test chart, we have dem-
onstrated red, green, and blue imaging in reflective and off-axis
mode. Although our rPVL is subject to limited efficiency and
resolution, the latter can be corrected with appropriate optical
systems. Finally, the low-cost CLC device manufacturing capa-
bility makes our rPVLs suitable for widespread applications in
novel foldable optical systems and integrated optics in the vis-
ible spectral region.

Experimental Section

Precursor Preparation: The rPVL precursor consisting of 2 wt%
(working wavelength 4 = 532 nm) chiral agent R5011 (HCCH, helical
twisting power HTP =108 um™), 3 wt% initiator Irgacure 651, and
95 wt% photocurable monomer RM257 (HCCH) was diluted in toluene.
The concentration of chiral dopant was 1.8, 2, and 2.4 wt% for red
(A =605 nm), green (1 =532 nm), and blue (1 =450 nm), respectively.

Fabrication Process: To create subwavelength pattern on substrates,
brilliant yellow (0.4 wt%) dissolved in dimethylformamide (DMF) was
spin-coated onto a clean glass substrate at 800 rpm for 5 s and then
3000 rpm for 30 s as photoalignment layer. The substrate was then
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subjected to the 488 nm interference exposure. The optical setup is
shown in Figure 1b. The interference angle awas 53°, 60°, and 74° for red
(A =605 nm), green (A =532 nm), and blue (4 =450 nm), respectively.
Then, the precursor was spin-coated onto the exposed substrates and
cured with a UV lamp in nitrogen environment.

Optical Measurements: To characterize the transmission spectrum
of rPVL, a white light source (Mikropack DH-2000) and an optical fiber
spectrometer (Ocean Optics HR2000CG-UV-NIR) were used to achieve
this measurement. The thickness of each sample was measured by a
surface profilometer (Bruker DektakXT_2).
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