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Liquid-crystal-based Pancharatnam—Berry phase optical elements (PBOE:s), also known as diffractive wave plates
(DWPs), geometric phase optics (GPO), or geometric phase holograms (GPHs), are functional planar structures
with patterned orientation of anisotropy axis. Several scientifically interesting yet practically useful electro-optical

effects, such as focusing, beam splitting, waveguide coupling, and wavelength filtering, have been realized with
PBOEs. Because of the high degree of optical tunability, polarization selectivity, nearly 100% diffraction effi-
ciency, and simple fabrication process, PBOEs have found widespread applications in emerging display systems,
particularly virtual/augmented/mixed reality displays and head-up displays. In this review, we will describe the
basic operation principles, present device fabrication procedures, discuss numerical modeling methods, and

address applications of PBOEs in emerging display systems.
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1. INTRODUCTION

Unlike conventional refractive optics that utilize the optical
path difference to produce phase patterns [1,2], liquid-crystal
(LC)-based Pancharatnam—Berry phase optical elements
(PBOEs) [3—7] generate the desired phase profile by spatially
varying the LC directors. Because of their high diffraction ef-
ficiency [8,9], strong polarization dependency, and high optical
quality, these promising functional planar optical elements
have been implemented in several information display systems
because of their distinct optical properties.

The working principle of PBOEs in the Raman—Nath
region [10] can be easily illustrated by the Jones calculus:
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where /| and /_ are the Jones vectors of left- and right-handed
circularly polarized light (LCP and RCP). After being modu-
lated by a half-wave plate oriented at angle y, the Jones vectors
of output beam can be derived as

L = Ry)W(mRy)] + = et -, @

where R(y) is the rotation matrix and W () is the half-wave
retardation Jones matrix. The handedness of output light is
switched, and a spatial-varying phase that is determined by
the local azimuthal angle y is accumulated.

Various kinds of PBOEs have been demonstrated in recent
years, including but not limited to gratings [11-18], lenses
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[12,16,19-26], axicons [16,27], vortex wave plates [16,28-31],
and other complex elements [27,32-37]. Apparently, PBOEs
patterned with lens and deflector (grating) profiles, as shown in
Fig. 1, are of more interest for display applications.

It should be emphasized that polarization handedness
switches when the light passes through PBOEs, and the
PBOEs manifest conjugate functions for the RCP and LCP light,
because the accumulated phase profile has opposite signs for
each handedness, as shown in Eq. (2). Thus, a Pancharatnam—
Berry (PB) lens (PBL) with positive optical power K for LCP
shows negative optical power -K for RCP. Also, a PB deflector
(PBD) would also diffract RCP and LCP light to opposite
directions, as illustrated in Fig. 2.

With their pronounced polarization dependency, two types
of dynamic switching can be realized: active and passive. For
passive switching, the PBOEs are not switched directly.
Rather, we place an electrically switchable polarization rotator
(e.g., a 90° twist-nematic LC cell with a A/4 plate) in front of
the PBD or PBL. By controlling the polarization handedness of
the incoming beam, the PBOE will function differently, as
Fig. 2 depicts. On the contrary, for active switching, the
PBOE: are usually made of indium tin oxide (ITO) glass sub-
strates. By directly applying a voltage across the PBOE device,
the LC directors will be reoriented from patterned half-wave
plate to homeotropic state, as Fig. 3 depicts.

In a passive driving scheme, the switching element is on the
polarization rotator, instead of the PBOE itself. As a result,


https://orcid.org/0000-0003-3402-5022
https://orcid.org/0000-0003-3402-5022
https://orcid.org/0000-0003-3402-5022
mailto:swu@creol.ucf.edu
mailto:swu@creol.ucf.edu
mailto:swu@creol.ucf.edu
https://doi.org/10.1364/JOSAB.36.000D52

Research Article

(@) (b)

0 0

Fig. 1. Schematic distribution of LC anisotropy axis orientation in
(a) a PB deflector and (b) a PB lens. The corresponding phase change
of the (c) PBD and (d) PBL.
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Fig. 2. Illustration of polarization dependency of PBOEs: (a) PBD
diffracts RCP light to 41 order and LCP light to -1 order; (b) PBL

serves as a diverging lens for input LCP light but a converging one for

input RCP light.

both LC and LC-polymeric film can be considered for PBOEs.
In practice, LC polymer is a common choice for passive driving
because it offers more degrees of freedom to tailor the spectral
and angular response of PBOEs for specific applications
through twisted multi-layer structures in the axial (or z)
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Fig. 3. Schematic illustration of PBOEs made of LCs sandwiched
between transparent electrodes (upper) before and (lower) after dy-
namic switching.
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Table 1. Driving Method of PBDs and PBLs

w/o Voltage w/Voltage
Input polarization RCP LCP RCP LCP
PBL optical power K -K 0 0
PBD diffraction order 1 -1 0 0
Output polarization LCP RCP RCP LCP
(@) (b)

Fig. 4. Schematic presentation of the anisotropy axis orientation:
(a) Bragg PBD, also referred as polarization volume grating (PVG)
or Bragg polarization grating; (b) reflective PBL based on cholesteric

liquid crystal (CLC).

direction (perpendicular to the substrates). On the other hand,
for an active driving device, the switching burden falls on the
PBOE itself. Thus, LC instead of LC polymer should be used
[38]. Table 1 summarizes the driving schemes of PBDs and
PBLs and their corresponding optical effects.

Recently, high-efficiency PBOEs in the Bragg region, usu-
ally with a high degree of twist in the axial direction, have been
developed [12,14,17], and their anisotropy axis orientation pat-
terns are illustrated in Fig. 4. The PBOEs in the Bragg region
could be made both transmissive and reflective by engineering
their twist structures. Also, a Bragg PBOE [15,39] generally
provides large deflection angle and manifests higher spectral
and angular selectivity than PBOEs in the Raman—Nath region.

2. DEVICE FABRICATION
A. LC Alignment

Since PBOE: for display applications must manifest high op-
tical quality without detrimental defects, the photoalignment
method [40,41] is a favored choice over mechanical buffing
[42] to pattern the LC molecules as linear or parabolic patterns
for high-quality PBDs and PBLs, respectively. Two types of
photoalignment methods, surface and bulk alignment, have
been reported for fabricating PBOEs.

1. Surface Alignment

Surface alignment is the most established method so far for
PBOE fabrication, as shown in Figs. 5(a) and 5(b). Various
types of photoalignment materials [43] can be employed to
pattern the LC director using different mechanisms, such as
cis—trans isomerization, dimerization, and non-chemical light-
induced reorientation. The photoalignment materials should
have strong azimuthal anchoring energy and manifest a high
order parameter to ensure the quality of PBOEs. For the fab-
rication of electrically responsive PBOEs, first two ITO-glass
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Fig. 5. Schematic illustration of fabrication procedures of PBOEs. Surface alignment for (a) LC polymer film PBOEs and (b) electrically

responsive LC PBOEs. (¢) Bulk alignment using a PCLCP film.

substrates coated with a photoalignment layer (PAL) [44—49]
are assembled as a uniform LC cell, where the cell gap is con-
trolled to match the half-wave retardation (And = 1/2) for
achieving high efficiency at an intended wavelength. After
undergoing photoalignment exposure, the cell is filled with
LC via capillary action at a temperature above the clear point
of the LC material [50]. The LC molecules are then aligned by
surface anchoring from the PAL when cooling to room temper-
ature. The diffraction efficiency of the fabricated switchable
PBOEs can be modulated by applying a voltage [51] above
the threshold of the LC cell.

To fabricate a polymer-film-based PBOE, we first coat or
spray a thin PAL on the glass substrate surface and then expose
it with a polarized light field to generate the desired patterns.
Next, we spin-coat or spray the prepared LC reactive mesogen
(RM) mixture (typically including LC monomers, solvents,
photo-initiators [52,53], and surfactants [54]) onto the pat-
terned surface [55] such that the LC molecules are aligned fol-
lowing the patterns of the photoalignhment material or the
previous RM layer. Finally, we expose the sample with ultra-
violet light for polymerization.

2. Bulk Alignment

Recently, bulk alignment of Bragg PBDs [17] was realized by an
all-in-one-material approach using a photo-crosslinkable LC
polymer (PCLCP) and two-step material processing, as illus-
trated in Fig. 5(c). The PCLCP film containing mesogenic
biphenyl side groups and photoreactive cinnamic ester side
groups [56,57] is initially isotropic and transparent after being
coated on a glass substrate. The exposure of the LC layer under
a polarization light field at room temperature results in the pho-
toselective cycloaddition of the cinnamic ester groups. Then,
the bulk alignment of LC occurs when the film is annealed

above the glass transition temperature, significantly enhancing
the anisotropy of the material [58].

B. Polarization Field Generation

1. Interferometry Approach

Polarization interferometry is commonly utilized to generate a
high-quality linearly polarized light field with patterned direc-
tions. Several types of interferometer could be adapted for the
pattern exposure step in the fabrication process of PBDs
and PBLs.

The conventional exposure setup [59,60] for PBDs is illus-
trated in Fig. 6(a). The linearly polarized laser beam is split
evenly into two arms by the non-polarizing beam splitter
(NPBS). After being deflected by the mirrors (M), the polari-
zation states of the two beams are converted to orthogonally
circular polarizations (RCP and LCP) by two quarter-wave
plates (QWPs). Thus, a polarized light field with linearly
changing orientation is generated on the substrate (S) for
the fabrication of PBDs. This simple setup is suitable to fab-
ricate PBDs with relatively small grating periods but not prac-
tical for PBDs with large ones, since when the angle between
RCP and LCP beams is too acute the footprint of the whole
setup could be enormous. Moreover, with the double-path con-
figuration, this setup is highly sensitive to the relative phase and
length changes in the two arms. As a result, the unobservable
vibration of the optical table and airflow could significantly
deteriorate the optical quality of PBDs fabricated with
this setup.

Figure 6(b) shows a modified Sagnac interferometer de-
signed by our group for PBOE pattern exposure. The polari-
zation state of the linearly polarized input beam is rotated by a

half-wave plate (HWP) to ensure that the RCP and LCP output
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Fig. 6. Schematic illustration of polarized exposure pattern gener-
ation optical setups based on (a) two beam, (b) Sagnac, (c) Michelson,
and (d) Mach—Zehnder interferometry. (NPBS, non-polarizing beam
splitter; M, mirror; QWP, quarter-wave plate; S, substrate; HWP,
half-wave plate; TL, template lens).

beams share the same intensity. The polarizing beam splitter
(PBS) separates the s- and p-polarized components by reflecting
the s polarization while allowing the p polarization to pass. The
p-wave and s-wave propagate around four sides of the rectangle
in the opposite direction and then combine at the original PBS.
A QWP is placed at the output port to convert s and p polari-
zation into RCP and LCP, such that a spatial-varying linear
polarization pattern is generated on the substrate. For PBLs,
a template lens (TL) or a set of TLs could be placed in the
loop, providing a parabolic patterned linear polarization light
field. It is worth mentioning that this interferometric approach
is feasible for fabricating PBLs with an area much larger than
the dimension of the optics used in the setup. For PBDs, the
TL is removed and the PBD period can be controlled merely
by tuning the orientation angle of the PBS or the second
mirror. Considering the common-path nature of a Sagnac inter-
ferometer, this type of exposure setup is highly tolerant to envi-
ronmental vibrations, which is a significant advantage over
other configurations.

Moreover, there is another type of common-path exposure
setup exploiting Wollaston prisms [61,62] to efficiently pro-
duce the linear pattern for fabricating PBDs, which may be
considered a modified Fresnel’s biprism interferometer.

Figures 6(c) and 6(d) demonstrate two similar exposure set-
ups [20,63,64] modified from Michelson and Mach—Zehnder
interferometers, respectively. The optical path of the exposure
installation based on a Michelson interferometer could be
considered a folded version of the Mach—Zehnder one. Both
of them can be utilized for the fabrication of PBLs by placing
a TL system in one arm and of PBDs by rotating the BS or
mirrors. Because of their double-path nature, the whole setup
should be placed on an optical table with a vibration isolation
system and covered with optical enclosures to minimize envi-
ronmental perturbations.
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2. Non-Interferometry Approach
The polarized light field for fabricating PBOEs can also be gen-

erated without polarization interferometry. Digital polarization
holography [55] udilizing a pixelated spatial light polarization
converter can record arbitrary polarization distribution on a
pixel-by-pixel level, as depicted in Fig. 7(a). The linearly polar-
ized collimated laser beam is converted to circular polarization
by a QWP and then reflected by a spatial light modulator with
high pixel density. The modulated laser beam is changed back
to linear polarization by the second QWP and imaged onto the
substrate coated with the photoalignment material. Although
the resolution of this method is limited by the pixel density
of the SLM, this method provides a convenient one-shot
solution for arbitrary PBOEs, including PBDs and PBLs.

A digital micromirror device (DMD)-based lithography
system [33,65-67] with a rotatable polarizer can produce an
arbitrary pattern for photoalignment, as shown in Fig. 7(b).
A collimated UV beam reflected and modulated by a DMD
is projected to the substrate for alignment. The reflected beam
from the surface of the substrate is then collected by a charge-
coupled device (CCD), assuring accurate focusing of the image.
By synchronizing the pattern generated by the DMD and the
orientation angle of the polarizer, exposure patterns for arbi-
trary PBOEs can be produced by this setup.

Another type of non-interferometry approach uses a motor-
ized 1D polarization rotator (PR) and 1D/2D motion stage
(MS) to direct write [16,27,28,68—70] a polarization pattern
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Fig. 7. Schematic illustration of optical setups for polarized expo-
sure pattern generation, including (a) digital polarization holography
enabled by a spatial light modulator, (b) DMD-based digital lithog-
raphy and direct writing method with (c) 1D and (d) 2D spatial scan-
ning. (P, polarizer; QWP, quarter-wave plate; SLM, spatial light
modulator; L, lens; S, substrate; DMD, digital micromirror device;
NPBS, non-polarizing beam splitter; RP, rotatable polarizer; CCD,
charge-coupled device; PR, motorized polarization rotator; M, mirror;
CL, cylindrical lens; MS, motorized motion stage).
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through continuous scanning of a focused laser line/spot with
the desired polarization angle, as shown in Figs. 7(c) and 7(d).
This straightforward approach can also produce arbitrary phase
patterns. It is worthwhile to mention that, thanks to the inter-
action between LC and PAL, this approach can generate fea-
tures even smaller than the size of the focused scanning

beam [16].

3. EMERGING DISPLAY APPLICATIONS
A. PB Deflector

1. Pixel Density Enhancement

The limited pixel density and apparent screen-door effect of
virtual reality (VR) displays [71,72] significantly degrade the
desired immersive experience for viewers. The angular resolu-
tion of a 20/20 vision human visual system is around 1 arcmin,
posting a hard target for VR displays with a large field of view
(FOV > 110°). As an attempt to deal with this issue, a pixel
density enhancement method for near-eye display was devel-
oped [73,74] based on a switchable PBD cell without changing
the physical pixel density of the display panel. The PBD in the
optical system functions as a non-mechanical pixel shifter to
double the apparent pixel density, as illustrated in Fig. 8(a).
The PBD is designed to shift the original pixel grid diagonally
by half a pitch length, so a new pixel grid with doubled pixel
density is realized, as depicted in Fig. 8(b).

By synchronizing the PBD and computationally generated
sub-frames for the original and shifted pixel grids, an image
with doubled resolution can be displayed, as shown in
Fig. 9. Because of the increased pixel density, the boundaries
in the resolution-enhanced image are much smoother than
those in the original system. Moreover, the screen-door effect
is also minimized since the black matrix between the original
pixels is overlapping with the shifted pixels.

2. Foveated Image Shifter

Foveated display is another promising way to deal with limited
pixel density utilizing the spatial-varying resolution of the
human vision system. Since most of the image receptors

DP  esss—
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Fig. 8. (a) Schematic illustration of the optical system for pixel den-
sity enhancement with a PBD. (b) The generation of a half-pitch pixel
grid by overlapping the original (orange) and shifted (green) pixel grid.
(DP, display panel; L, magnifying lens.)
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Fig. 9. Observed images from the near-eye display system with
(lower) and without (upper) pixel density enhancement enabled by
a PBD.

(“cone cells”) in the retina are located at a tiny spot called
the fovea, human visual acuity is the highest in the center sharp
vision zone but drops rapidly when away from the fovea. As a
result, the images captured by human eyes are of higher reso-
lution in the fovea region. Regarding immersive display like
VR, the information displayed outside the fovea region does
not need to keep the same high resolution. This foveated con-
cept has been utilized in some optical designs [75—77] to pro-
vide high resolution in a relatively small part but not the full
FOV, which could help deal with the pixel density issue and
avoid putting a heavy burden on display driving circuits and
data transfer rate. Because of the possible shifting of the focused
region in the full FOV, an image shifter is usually integrated to

(a) DP2

DP1 e

Fig. 10. (a) Schematic diagram of a foveated near-eye display sys-
tem. (DP, display panel; NPBS, non-polarizing beam splitter; CL,
concave lens; QWP, quarter-wave plate; M, mirror; L, lens.)
(b) Photography of foveated images from the near-eye display system
before (upper) and after (lower) image shifting using a PBD.
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steer the high-resolution foveated image to the focused area.
Figure 10(a) shows a foveated VR display system [78] with
a switchable PBD as the image shifter. The image content
on display panel 1 (DP1) is directly transmitted to the viewer
after passing through the BS and eyepiece (L), while the image
displayed on the other panel (DP2) is first condensed by a con-
cave lens (CL) before being reflected to the viewer. With a
switchable PBD, the high-resolution foveated image content
from DP2 could be shifted, as shown in Fig. 10(b). The fast
response (<1 ms) of the PBD could help decrease the latency
with eye tracking, and the PBD’s high diffraction efficiency
(>95%) would also help eliminate ghost images.

B. PB Lens

1. Multiplane Display

Conventional 3D displays usually provide 3D sensation to
viewers by displaying different images to each eye, addressing
the vergence cue of the human vision system but ignoring the
accommodation cue [79,80]. The mismatch between these two
cues can hinder visual performance and cause significant visual
fatigue. To minimize the discomfort caused by vergence—ac-
commodation conflict (VAC) [81,82], various types of 3D dis-
plays with multiple physical depths have been developed
[83—89]. The switchable optical power, intrinsic polarization
dependency, compact form factor, and high optical quality
of the PBL makes it a suitable adaptive optical element for mul-
tiplane displays.

PBLs can be employed in several ways to resolve the
VAC [90,91]. By exploiting the fast switchable nature of
PBLs, as summarized in Table 1, the displayed image depth
could be changed in a time-sequential manner to provide
the right accommodation cue dynamically by switching the
PBL or the polarization of light. This method could realize
a multiplane display using a 2D display panel, but with a con-
siderable burden on the display refresh rate due to time
multiplexing.

By making full use of PBLs’ polarization dependency, a static
method operating in a polarization-multiplexing way [92] is
also possible to simultaneously enable two focal depths.
Figure 11(a) illustrates a typical optical system for this case.
The polarization states of light from each pixel emitted from
the display panel (DP) is tuned by the polarization modulation
layer (PML) on a pixel-by-pixel level such that the depth in-
formation is encoded in the TE to TM ratio for each pixel.
After passing through a QWP, the beams TE to TM ratio
is converted to an RCP-to-LCP ratio, as shown in Fig. 11(b).
Since the PBL manifests opposite optical power for RCP and
LCP, the light from each pixel will be separated into two virtual
panels (VPs), depending on its polarization states. Although an
additional active-matrix PML is needed, polarization multi-
plexing could decrease the refresh rate by one-half while dis-
playing the same focal depths, in comparison with time
multiplexing. It is noteworthy that both operation methods
mentioned above could be easily combined to satisfy different
needs in various application scenarios, and the polarization-
multiplexing approach could also be employed to drive PBDs
for increasing the pixel density.
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Fig. 11. (a) Schematic diagram of a polarization-multiplexed two-
plane near-eye display system. (DP, display panel; VP, virtual plane;
PML, polarization management layer; QWP, quarter-wave plate; L,
lens.) (b) Schematic illustration of polarization change in the polari-
zation multiplexed system.

2. Reducing Chromatic Aberration

Conventional refractive lenses using dynamic phase usually
have positive (or normal) dispersion, which means the refractive
index decreases as the wavelength increases [Fig. 12(a)].
However, since PBLs are essentially diffractive waveplates pat-
terned with parabolic phase variation, they usually manifest
negative (or abnormal) dispersion like diffractive optics
[Fig. 12(b)]. Thus, PBLs could be integrated into display sys-
tems to compensate for the positive dispersion of conventional
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W

Fig. 12. Schematic illustrations of different dispersion scenarios:
(a) positive chromatic dispersion in a refractive lens, (b) negative
dispersion in a PBL, and (c) zero dispersion in a compensated hybrid
optical system.



D58 Vol. 36, No. 5 / May 2019 / Journal of the Optical Society of America B

lenses and thus reduce the chromatic aberration of the whole
system [Fig. 12(c)] [38,93,94]. Although achromatic doublet
lens sets could also reduce chromatic aberrations, their form
factor, weight, and cost may not be acceptable for head-
mounted near-eye display systems. The color break-up at
the edge of the FOV could be digitally corrected in VR displays,
but the extra rendering process may considerably increase
computation and power consumption and cause further
image latency, particularly for those with large pixel numbers.
Integration of a compact and low-cost PBL into head-mounted
display systems could be an effective and practical solution for
chromatic aberration correction in immersive near-eye displays.

C. Bragg PBD
1. See-Through Optical Combiner

In emerging head-up displays (HUDs) developed for the auto-
mobile and aviation industries, high-quality optical combiners
are usually employed to redirect the images from the projector
to overlap with the see-through FOV. Relatively narrowband
combiners that reflect monochromatic light from the light en-
gine are preferred, since in this case the see-through quality may
not be significantly altered. Compared to transmissive PBDs,
reflective PBDs (#-PBDs) manifest higher sensitivity in wave-
length response. The reflection band of Bragg »-PBDs could be
easily tuned by using LCs with different birefringence, as
shown in Fig. 13. Usually, the reflection band is narrower
for LCs with smaller birefringence. The diffraction efficiency
of 7-PBDs can also be tailored merely by changing the grating
layer thickness [14,39] for different application cases.
Moreover, it was also shown that PBOEs can be fabricated
on non-uniform surfaces or flexible substrates [63]. Thus, it
is possible to integrate »-PBDs to various types of windshields,
even with curved surfaces.

2. Waveguide Display Couplers

Augmented reality see-through near-eye displays [95,96] and
automobile HUDs [97,98] based on waveguide structures have
been developed due to their compact form factors. Generally,
an input grating coupler is first employed to diffract the display
image to a large angle such that the light is constrained in the
thin glass plate due to total internal reflection (TIR). An output
grating coupler is placed at the see-through end to extract the
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Fig. 13. Simulated first-order diffraction efficiency of »-PBDs
(A, = 678 nm, A, = 182 nm) with different birefringence.
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Fig. 14. Schematic diagram of the input coupling regime employing
(a) -PBD and (b) Bragg #-PBD in see-through display systems based
on the waveguide structure.

TIR-guided display light out toward the human eye. As a
critical component in waveguide displays, the input grating
couplers must have a large diffraction angle with high diffrac-
tion efficiency and cover a decent FOV. Also, other diffraction
orders should be minimized since they may become unwanted
background noise and thus hinder the image quality in the out-
put end. As Bragg gratings, both reflective and transmissive
Bragg PBDs (- and #-PBDs) could be employed as the input
coupler for waveguide display applications, as shown in Fig. 14.
Both types of polarization volume gratings could provide nearly
100% first-order diffraction efficiency with a large deflection
angle [14]. Unlike thickness-sensitive Bragg #-PBDs, the dif-
fraction efficiency of »-PBDs saturates rapidly to 100% as
the grating thickness increases to several micrometers, which
is easier for fabrication as input couplers.

In a waveguide-based display system, an eye box with decent
size in both lateral and vertical directions is necessary for the
eye to capture light from the output coupler. As a result, an
exit pupil expander (EPE) [99-101] is commonly deployed
in the waveguide display systems. A typical way to expand the
exit pupil is to use an output coupler with gradient diffraction
efficiency. As the beam is traversing through the waveguide,
its intensity drops when it encounters the output coupler.
Thus, increasing diffraction efficiency is needed to maintain
uniform output intensity, as Fig. 15(a) illustrates. EPEs made
of holographic volume gratings or surface relief gratings using
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Fig. 15. Schematic illustration of exit pupil expansion in the wave-
guide-based display systems using (a) a gradient-efficiency output
grating coupler and (b) a uniform-efficiency output grating coupler
with a PML.
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this gradient-efficiency approach have been well-developed in
commercial products.

Although the gradient-efficiency approach is also applicable
for waveguides using 7-PBD couplers, it is also worth mention-
ing that since the diffraction efficiency of PBDs is highly sen-
sitive to the input polarization states, another approach based
on a PML could also be deployed for exit pupil expansion [91].
The PML is essentially a transparent LC film that has different
azimuthal angles at different locations, as shown in Fig. 15(b).
Every time the light passes through the PML, its polarization
state is tuned such that the desired amount of light will be
coupled out at the next contact with the output coupler. By
designing the optical axis (azimuthal angle) of LC orientation
in the PML and its thickness, the uniformity of output
intensity along the whole outcoupling region could be well
controlled. Using the polarization-management approach, in-
stead of the gradient-efficiency approach, allows a relatively
uniform transmittance of the environmental light, so the EPE
region may not manifest gradient transmittance in appearance.
Moreover, such a PML is applicable not only for PBD couplers
but also for gratings couplers with high polarization sensitivity.

4. PERFORMANCE ENHANCEMENT
A. Achromatically High Efficiency
1. LC Birefringence Dispersion

For practical display applications, the diffraction efficiency of
PBDs and PBLs in the Raman—Nath region needs to be suffi-
ciently high in the whole visible spectrum or at least for the
wavelengths of RGB primary colors, say 630 nm, 532 nm,
and 467 nm in the Rec. 2020 system [102]. Otherwise, ghost
images caused by zero-order leakage may severely deteriorate
the display quality.

In the simplest type of PBOEs, the LC axis orientation has a
desired PB pattern in the lateral direction but is homogeneous
in the axial direction, where the first-order diffraction efficiency
n with circularly polarized input could be theoretically ex-

pressed as [103]:
n = sin? <HA/1W{>, (3)

where Az is the LC birefringence, d is the PBOE thickness,
and 1 is the operating wavelength. In the off-resonance region,
the LC birefringence dispersion can be expressed as [104]
2 9%2

An = G%, 4)
where G is the proportionality constant and A* is the mean
resonance wavelength. Although the LC birefringence decreases
as the temperature increases, this effect is not substantial in
PBOEs made of LC polymers. In principle, to maintain an
achromatically high diffraction efficiency, the An/4 in Eq. (3)
cannot undergo significant variation in the visible spectrum.
However, according to Eq. (4), the LC birefringence usually
decreases as the wavelength increases in the visible region,
which makes the diffraction efficiency even more chromatic.
Aimed at enhancing the spectral response of PBOEs, LC
materials with shorter A* are preferred, so the birefringence
dispersion in the visible spectrum can be minimized, as

Fig. 16(a) shows. Another way to enlarge the high-efficiency
spectral range is using two kinds of LC materials with different
resonance wavelengths. The LC axis orientations in the two
layers are orthogonal to each other such that the effective bi-
refringence can be shown as

122*2 2 22
Aneff:aG %—(I—G)Gbi*, (5)
ﬂlz _ /1”2 /12 _ 152

where a is the relative thickness of the two LC layers, and G,
and 47, represent the proportionality constant and resonance
wavelength of two different LC materials, respectively. In
theory, this approach could enable 100% diffraction efficiency
at two different wavelengths, and effectively enlarge the high-
efficiency spectral range.

Recently, a polymerizable LC mixture with nearly achro-
matic retardation was reported [105,106] that provides a
promising way to fabricate broadband PBOEs with just a single
non-twist layer, as shown in Fig. 16(b).

2. Twisted LC Director

In spite of engineering the LC birefringence dispersion, it is also
possible to achieve nearly 100% efficiency over a broader spec-
tral range by using a conventional LC material with a twisted
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Fig. 16. (a) Simulated first-order diffraction efficiency of PBOEs
made of LC materials with different resonance wavelengths, where
the axial thicknesses are optimized for the half-wave condition at
532 nm. (b) The simulated diffraction efficiency of PBOEs made

of negative dispersion LC materials, wherein the birefringence data
is from [105].
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Fig.17. (a) Schematic illustration of the LC orientation in the dual-
twist and the sandwich structure. (b) The simulated first-order diffrac-
tion efficiency of PBOEs made of two-layer dual-twist and three-layer
sandwich structure, optimized for the highest average efficiency at
three RGB primary colors (630, 532, and 467 nm) in Rec. 2020.

director orientation in the axial direction. The direction and
amplitude (also referred to as helix twisted power) of twisted
LC orientation could be well-controlled by adding chiral dop-
ants into LC mixtures. The symmetric dual-twist structure de-
veloped by Oh and Escuti [11,107] can effectively enlarge the
high-efficiency bandwidth to cover the majority of the visible
spectrum. With a three-layer structure, wherein a non-twist
layer is sandwiched by two symmetrically twisted layers,
PBOE:s could be optimized to provide 100% diffraction effi-
ciency in theory at the three RGB primary colors. Figure 17
shows the optimized two-layer and three-layer structures for
RGB primary wavelengths and their simulated efficiency over
the visible spectrum. The optimization is based on typical bi-
refringence data with G = 2.4 pm™? and 4* = 0.23 pm in
Eq. (4). Broader bandwidth may be achieved by using more
complex twisted multi-layers, principally similar to the design
for broadband waveplate retarders [108]. The three-layer sand-
wiched structure is already more than acceptable for most dis-
play applications. The structure parameters in the fabrication
process, such as the film thickness and LC twist rate, can be
precisely controlled by tuning the spin-coating speed and chiral
dopant concentration. Even with a slight deviation from the
optimal parameter condition, the diffraction efficiency over
the visible spectrum is still tolerable, as shown in Ref. [21].

B. Wide Field of View

For Bragg PBDs working as waveguide display couplers, high
coupling efficiency over a relatively large incident angle is
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necessary to provide virtual images with a decent FOV for
viewers. However, due to its Bragg nature, the angular band-
width of a Bragg PBD is usually much more sensitive than that
of PBOEs in the Raman—Nath region. To deal with this issue,
designs based on twist structures in the axial direction have been
developed for both Bragg 7-PBDs and #-PBDs. Based on the
experience on cholesteric LCs [109], a gradient-pitch method
was proposed for 7-PBDs in a simulation work [39]. The gra-
dient pitch in the axial direction could effectively enlarge the
high-efficiency Bragg condition range of the whole grating,
thus resulting in a broader angular and spectral response.
More recently, a two-layer twisted Bragg #-PBD was designed
and fabricated [110], in which each layer is a Bragg -PBD with
the same deflection angle but different slanted angles.

C. RGB Achromatic Focal Length

Although the chromatic aberration of diffractive PBLs could be
compensated by conventional refractive optical elements, PBLs
with achromatic focal length for RGB wavelengths are still of
great interest for their compact form factor and low cost.
Because of the diffractive nature of PBLs, the optical powers
of a PBL at the RGB wavelengths are related by
A
CTET g
r g b
where K,,, are the optical powers at the primary RGB
colors 4,,,. Taking advantage of the polarization-handed-
ness-dependent optical power of PBLs, a method using a stack
of PBLs and monochromatic HWPs was demonstrated [111].
For RGB wavelengths, three PBLs and two HWPs are needed,
as depicted in Fig. 18. The HWPs here offer retardation only to
a single primary color and leave the other two passing unaf-
fected. Based on this configuration, achromatic imaging of
RGB wavelengths could be achieved.

Moreover, another method of directly stacking three PBLs
with same optical power but at three primary colors was devel-
oped [93]. The spectral response of each PBL is tailored to
manifest high efficiency at one primary wavelength but low ef-
ficiency at the other two, such that each PBL functions for only
one primary color.

D. Fast Response

For an active switchable PBOE, the LC director response time
(z) is determined by the following equations [50,112]:
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Fig. 18. Schematic diagram of the 3-PBL and 2-HWP system with
corrected chromatic aberration for the RGB primary colors.
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Table 2. Physical Properties of LCs and Corresponding
Response Time of PBD Samples at T = 22°C and
A =633 nm

71 /Kll Von Ton Toff
LCs An (ms/pm?) (Vi) (ms) (ms)
E7 0.21 15.38 7 0.51 3.25
DIC-LC2 0.11 2.54 8 0.39 098
HEF951800100° 0.21 N/A 25 0.35 0.55

“From Ref. [115], A = 671 nm.

_ ©o
o (VVe)? -1

In Egs. (7) and (8), 7, stands for the free relaxation time of LC
directors, y, /K is the visco-elastic constant, 4 is cell thick-
ness, Vy, is threshold voltage, and V' is the applied voltage. To
shorten the response time of PBOEs, a straightforward ap-
proach is to decrease the LC layer thickness &, which requires
a higher birefringence (An) LC to satisfy dAn = 1/2.
However, a higher Az LC usually exhibits a stronger wave-
length dispersion [113], which in turn leads to a more pro-
nounced efficiency loss in PBOEs. The second approach is
to reduce the visco-elastic constant of LC so that the response
time can be improved linearly. The third approach is to employ
a dual-frequency liquid crystal (DFLC) [114]. Although sub-
millisecond response time can be achieved by applying voltage
during both turn-on and turn-off processes, the problems are
the increased driving voltage and dielectric heating effect of
the LC.

To measure the response time of a PBOE (e.g., PBD), we
positioned a linear polarizer after a laser source (e.g., He—Ne
laser, A = 633 nm) and sent the beam to the PBD samples
at normal incidence. An iris was placed 0.5 m away from
the PBD with a photodetector following. For a nemactic
LC-based PBD, in the voltage-off state, the LC directors fol-
lowed the surface alignment, and the light was deflected and
received by the photodetector. When a longitudinal electric
field was turned on, the LC directors were reoriented to be ver-
tical to the substrate. As a result, the incident light experienced
no phase change, and the light was not deflected so that it
was blocked by the iris. For a DFLC-based PBD, voltages were
always applied on the device, and the turn-on/turn-off proc-
esses were achieved by changing the driving frequency. The re-
sponse time was calculated between the recorded 10% and
90% transmittance change. Table 2 lists the measured turn-
on (7,,) and turn-off time (z,g) of three PBD samples based
on two nematic LCs (E7 and DIC-LC2 [116]) and one DFLC
(HEF951800100 [115]). As discussed above, the low y, /K,
of DIC-LC2 (~2.54) helps to achieve faster response time than
that of E7 at a relatively low driving voltage, while for
HEF951800100, although it exhibits submillisecond response
time, its required voltage is higher.

@)
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5. SIMULATION METHODS
A. Matrix Solvers

The well-known 2-by-2 Jones matrix method, also referred to
as the Jones calculus, is a simple and effective analysis tool for

PBOE: in the Raman—Nath region. The Jones matrix method,
which characterizes the polarizing effect of the optical element
by a 2-by-2 matrix, has been extensively used to investigate the
spectral response of PBOEs due to its simplicity [107].
Similarly, the Muller calculus, a generalization of the Jones cal-
culus that uses a 4-by-4 matrix to transfer the Stokes vector of
input light to the output side, could also be employed to ana-
lyze PBOEs [108] with a partially polarized input. Although
the Jones and Muller matrix methods can handle the optical
response of PBOEs only at normal incidence, their concise
formulation and fast calculation speed may help give some use-
ful insights for the spectral response of PBOEs. For oblique
incidence, an extended 2-by-2 matrix method [117] and a
Berreman 4-by-4 matrix method [118] could be used to model
PBOEs. However, their application scope should be cautiously
limited to the Raman—Nath region, where the in-plane wave
interaction should be negligible.

B. Finite-Difference Time-Domain

For the investigation of spectral and angular responses of
PBOEs with a large deflection angle, the finite-difference
time-domain method (FDTD) can be exploited. FDTD, or
Yee’s method [119], is one of the most robust and accessible
methods to numerically calculate electromagnetic wave propa-
gation in numerous photonic devices, including both periodic
and non-periodic structures. Even though FDTD, as a grid-
based finite difference analysis method, is considerably more
time- and memory- consuming than matrix solvers, it can han-
dle oblique incidence and conveniently produce the spectral
response of complex structures. Theoretically, FDTD could an-
alyze arbitrary LC-based PBOEs, including but not limited to
PBDs and PBLs, with normal or oblique incidence. With the
rapid development of optics and photonics, FDTD has been
extensively improved by motivated scientists and engineers
for broader implementation scope [120,121] with faster and
more accurate computation [122,123].

Although many commercial 2D/3D Maxwell’s solvers, such
as Lumerical FDTD solutions, are now available with graphic
user interface, the FDTD analysis of PBDs was first developed
by Oh and Escuti [124] and then generalized to 3D conical
incidence by Miskiewicz er al. [125], whose source codes in
standard C/C++ format are generously shared online with

the name “WOLFSIM (Wideband Optical. Fdtd SIMulator).”

C. Finite-Difference Frequency-Domain

Finite-difference frequency-domain (FDFD) [126-128] is an-
other popular numerical analysis method in photonics, which
can produce very accurate electromagnetic field distributions
for a single time harmonic. FDFD exhibits several advantages
over FDTD for the analysis of PBOEs if the transient state of
the electromagnetic wave propagation is not required. First,
FDFD usually takes a relatively long time to achieve a steady
state, which can be done immediately by FDFD. Second, since
the Courant—Friedrichs—Lewy condition is necessary for accu-
rate results in FDTD, the constant time-step is troublesome
where small length interval is required. Also, FDTD usually
uses fitted material dispersion after Fourier transform, but
FDFD directly employs the measured material dispersion,
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which is more convenient and accurate for field applications.
Commonly, FDTD is more opportune to find the approximate
resonance locations in the spectrum due to its time-domain
nature, while the single-frequency analysis of the results from
FDFD can help to visualize the distinct field distributions at
resonance wavelengths inside or close to the structures. The
finite element method (FEM) [129], another more complicated
frequency-domain Maxwell’s solver, can model curved objects
better than FDFD, but it is not necessary for the analysis of
PBOEs considering their flat geometries. Also, the FDFD is
significantly more straightforward to implement and modify
than FEM. Interested users may easily develop an FDFD tool
for the analysis of PBOEs based on the well-known formula-
tions or just by adding an anisotropy feature to existing ones.

D. Rigorous Coupled Wave Analysis

For periodic structures, the rigorous coupled wave analysis
(RCWA) developed by Moharam and Gaylord [130] is one
of the most powerful and popular simulation tools that can
be applied to solve scattering behaviors. RCWA was first devel-
oped to study holographic gratings and then successfully
extended to surface-relief gratings and complex multilayer gra-
ting structures. In the past decades, extensive work has been
done to improve the stability and convergence of RCWA
[131-133] and extend it to much broader applications
[134-140]. RCWA represents both materials and fields as
spatial harmonics, so it is extraordinarily fast and accurate for
devices with low to moderate permittivity variations.

The detailed 3D vectorial RCWA formulation of aniso-
tropic gratings with arbitrary permittivity matrix was already
developed in the last century [137]. Because of the simplicity
of linearly periodic PBOEs with a constant amplitude of bire-
fringence, the permittivity matrix can be flawlessly described by
three spatial harmonics. With increasing attention of PBOEs in
recent years, the analysis of periodic PBDs based on RCWA was
conducted and compared with FDTD [141-143]. As a semi-
analytical numerical method, RCWA can simulate the diffrac-
tion efficiency of periodic PBOEs at both normal and oblique
incidence with the same accuracy but much faster speed, mak-
ing it more convenient to optimize for desired performance.

6. SUMMARY

Recent advances in the fabrication and simulation of liquid-
crystal-based Pancharatnam—Berry phase optical elements
and their applications for emerging display systems are briefly
reviewed. With the development of advanced liquid crystal ma-
terials and polarization holography methods, various kinds of
PBOEs with high-grade quality have been demonstrated.
Because of the characteristic polarization dependency and high
diffraction efficiency of PBOEs, they have been successfully in-
tegrated into optical systems to satisfy the increasing needs from
next-generation display systems, such as near-eye displays for
augmented/virtual/mixed reality and head-up displays for
automobile and aviation. Continuing and substantial progress
in this field with novel material and structure designs should be
expected, which would hopefully motivate faster evolving of
next-generation display systems from scientific research, mili-
tary defense, and industry production to our daily life.
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