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ABSTRACT

As a promising next-generation display, augmented reality (AR) and virtual reality (VR)
have shown attractive features and attracted broad interests from both academia and industry.
Currently, these near-eye displays (NEDs) have enabled numerous applications, ranging from
education, medical, entertainment, to engineering, with the help of compact and functional
patterned liquid crystal (LC) devices. The interplay between LC patterns and NEDs stimulates the
development of novel LC devices with unique surface alignments and volume structures, which in
turn feedback to achieve more compact and versatile NEDs.

This dissertation will focus on the patterned LC with applications in NEDs. Firstly, we
propose and explain the working principles and generation of novel patterned LC devices,
including LC configurations, surface alignment mechanism, polarization field generation, and
fabrication process. Secondly, we theoretically analyze the optical properties of patterned LC
devices, providing the optical efficiency, devices thickness, polarization selectivity, wavelength,
and angular bandwidth. Based on the dimensions of the surface pattern, the LC devices can be
divided into reflector, grating, and lens, respectively. Finally, we focus on the applications of these
novel patterned LC devices to address some challenges in current NEDs.

More specifically, achieving a high-resolution density in NEDs, especially for VR systems
is an urgent issue. To enhance the resolution without introducing any extra burden to the system,
we propose an elegant method with the combination of foveated view and polarization
multiplexing, based on LC reflector. For LC grating, it shows a nearly 100% efficiency with a
large diffraction angle, which is a perfect candidate for the waveguide-based AR systems. We

propose and demonstrate the LC grating-based waveguide AR with benchtop demo and further



performance optimization. For LC lens, it can achieve controllable power and large off-axis angle
while maintaining high efficiency. These unique and attractive features give LC lenses the ability
to achieve a glasses-like AR architecture while maintaining high optical efficiency. Based on this
LC lens, we demonstrate a novel AR system design using polarization and time multiplexing
methods to simultaneously obtain a double field of view and a glasses-like form factor.

The proposed patterned LC devices for NED applications are validated by both optical
simulation and experiment. Multiple tabletop demos are constructed to illustrate how these
patterned LC devices can significantly improve the visual experiences of these next-generation

NEDs.
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CHAPTER 1: INTRODUCTION

As a promising next-generation display, augmented reality (AR) and virtual reality (VR)
provide an attractive new way for people to perceive the world [1,2]. Unlike conventional display
technologies, such as computers and smartphones that place a panel in front of the viewer, near-
eye displays (NEDs) are designed to revolutionize the interactions between the viewer, display,
and surrounding environment. As an important information acquisition medium, NEDs bridge the
gap between computer-generated (CG) images and the real world [3]. On the one hand, VR
displays generate a fully immersive virtual environment based on CG images, which has a
sufficient field of view (FoV) to provide a refreshing virtual experience without relying on the
viewer’s real environment. On the other hand, AR displays offer see-through capability with an
enriched surrounding environment. By overlapping virtual images with the real world, viewers can
immerse in an imaginative world that combines fiction and reality.

Although some commercial NEDs have emerged in recent years, the origin of this
technology can be traced back to the last century [3,4]. With the introduction of head-mounted
display with virtual environment in the 1960s [4,5], such a novel display concept was once
considered state-of-the-art. However, due to the lack of flat panel displays, image rendering
capabilities, related sensors, wireless data transfer, and well-designed optical components, this
display technology, which was ahead of its time then, came to an end. Fortunately, with the rapid
development of optics [6-8], high-resolution displays [9], and information technologies [10] in
recent years, AR and VR are blooming again. Because of the impressive visual experience and

high degrees of interaction between viewers and CG images, AR and VR are promising for



widespread applications, including, but not limited to, healthcare, education, engineering design,
manufacturing, and entertainment [1,2].

The goals of AR and VR displays are to provide reality-like clear images that can simulate,
merge into, or rebuild the surrounding environment without wearer discomfort [11,12].
Specifically, visual comfort has to meet the requirements of the human visual system based on the
eye-to-brain imaging process, otherwise, the viewer will feel unreal, unclear, or even dizzy and
nauseous. Usually, the human eye has a large FoV: about 160° in the horizontal and 130° in the
vertical directions for each eye (monocular vision). The overlapped binocular vision still has 120°
FoV in the horizontal direction [13]. In parallel, the diopter and rotation of the human eye lens can
collaborate to focus on different positions of a real object with the correct depth of field and blur
the other portions [14]. Therefore, to achieve visual comfort, the optical system should provide an
adequate FoV, high resolution, and offer sufficient contrast and brightness. It is worth mentioning
that the above requirements are preliminary. To further optimize the system and provide a high-
quality experience that meets different scenarios, we also need 3D imaging, occlusion, and full-
color without aberrations, to name just a few examples.

Therefore, integrating these specific requirements into near-eye devices is a huge challenge
to the size, quality, and optical properties of conventional optical elements such as refractive lenses,

beam splitter cubes, prism couplers, etc.
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Figure 1-1: Illustration of the relationship between patterned LC devices and NEDs.

Lately, patterned LC optical devices [15-19] have attracted increasing interest due to their
advantages in nearly 100% efficiency, polarization selectivity, large optical power, low cost, and
thin form factor. These patterned LC devices with several micrometers thickness enable compact
and lightweight optical components. By controlling the surface patterns of these LC devices,
various modulation capabilities can be obtained without sacrificing the advantages of the thin form
factor. These unique patterned LC devices can be employed to address the major challenges or
meet the challenging requirements in NEDs.

In addition, the applications of NEDs also feedback the development of patterned LC

devices. Tremendous efforts from both academia and industry attract more interest from



worldwide, leading to the bloom of patterned LC devices with various functions and impressive
optical performance. Figure 1 briefly illustrates the relationship between LC patterned devices and
NEDs.

In this dissertation, both patterned LC devices and the applications in NEDs are fully
presented. In Chapter Two, the working principle and unique features of the patterned LC devices
are introduced, including LC configurations, optical responses, and fabrication processes. Next,
we discuss three advanced near-eye system designs based on different patterned liquid crystal
devices. In Chapter Three, a polarization-multiplexed foveated imaging system using LC reflector
is presented to enhance the angular resolution of VR display 4.4 times. Chapter Four describes a
waveguide-guide AR system based on our homemade LC gratings, which is able to achieve high
efficiency and large FoV. Chapter Five discusses a novel optical design for glasses-like AR NEDs,
where LC lens-based polarization-dependent combiner is designed and integrated with a
projection-type AR system such that the FoV can be doubled with a compact form factor. Chapter

six provides a summary and conclusion.



CHAPTER 2 : PATTERNED LC DEVICES

2.1 Background

Different from conventional refractive optics that use the optical path difference to produce
phase, patterned LC devices generate the desired phase profile by spatially varying the LC
orientations, which is controlled through the alignment patterning on the bottom surface [20,21].
By generating the desired patterns and corresponding LC volume structures, distinct optical
properties, such as a flat surface, ultrathin form factor, high diffraction efficiency, strong
polarization dependency, tunable bandwidth, and high optical quality can be achieved. The basic
working principle of these patterned LC devices is the modulation of the LC material’s refractive
index, which is established and controlled by the surface alignment and the self-organization of
LC molecules.

Based on the abovementioned principle, an arbitrary phase pattern can be achieved by
patterning the LC or LC polymer on a flat surface. Although various types of patterned LC devices
with both transmissive type and reflective type have been demonstrated, including reflectors [22],
deflectors [17,18], lenses [23,24], axicons [25], and g-plates [26-28], the reflective type of LC
devices are of more interest in NED applications due to the single first order with nearly 100%
efficiency, enabling large optical power, folded optical path with more compact form factor. These
reflective patterned LC devices, based on the Bragg-Berry phase [29], are mainly made of
cholesteric LCs (CLCs) and work under Bragg condition, enabling tunable spectral bandwidth and
angular responses. A typical CLC device can realize liquid crystalline phase by self-organized
molecules to form helical structure. If the circularly polarized light (e.g., left-handed circularly

polarized (LCP)) has the same handedness as the helical twist, the light propagating along the



helical axis will experience Bragg reflection at normal incidence over the spectral range 2n,Ag <
/. <2neAs, where Ag is the chiral period, and no, and ne are the ordinary and extraordinary refractive
indices. The component with opposite circular polarization (e.g., right-handed circularly polarized
(RCP)) will pass through the liquid crystal layer without any change.

Based on the dimension of the patterns, the CLC devices can be categorized into three main
parts:

(1) zero-dimension with homogeneous alignment for CLC reflector [29].

(2) one-dimension with linear change alignment for CLC grating [30].

(3) two-dimension with parabolic change alignment for CLC lens [24].

Figure 2-1(a) displays the optical response in a CLC reflector with the homogeneous
pattern that makes the Bragg surface be parallel to the horizontal axis, thus performing like a mirror
but with some distinct features. This unique CLC reflects the circularly polarized light (e.g., LCP)
within one band having the same handedness as the cholesteric helix, whereas transmitting the
circularly polarized light (e.g., RCP) with opposite handedness. Figure 2-1(b) shows a CLC grating
with a large diffraction angle. Due to the polarization selectivity, the LCP light is diffracted, and
the opposite polarization light transmits the grating without changing the polarization state and
propagation direction. As a kind of Bragg volume gratings, this CLC grating with Bragg surfaces
is also known as polarization volume grating (PVG). Figure 2-1(c) shows a CLC lens with a
parabolic phase pattern. This CLC lens with off-axis angle and large optical power is also known
as polarization volume lens (PVL). The LCP light will be diffracted and focused while the RCP

light will just transmit without any change.



(a) Reflector
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Figure 2-1 Schematic illustration of patterned cholesteric LC devices: (a) a reflector, (b) a
grating, and (c) a lens.



2.2 Optical Properties

The CLC reflector is based on a homogeneous pattern. It can be simply treated as the
reflection of Bragg surfaces. The PVL can be treated as a combination of many PVGs with
different directions. Therefore, to fully understand patterned CLC devices, the most important is
the configuration of CLC grating. Before we dive into the physical principles, we need to know
the internal structure of CLC grating. Interestingly, with further research on physical models and
experiments, the understanding of the LC director configuration in PVGs has experienced a
transition. At first, the bulk structure was thought to be planar as Fig. 2-2(a) depicts, where all the
LC directors are parallel to the substrate [30,31]. The helical axis of CLC is perpendicular to the
substrate and the CLC structure rotates following the bottom sinusoidal alignment pattern. This

configuration produces an overall Bragg structure with Bragg pitch obeying the following equation:

Yp2=p2 + Ypp (2-1)

where P, in this case, is the CLC pitch, Py is the grating period, and Pg is the Bragg pitch. This
presumed planar structure accords with our intuition in that all the LC directors follow the bottom
planar alignment perfectly. Besides, like the geometric phase in transmissive LC polarization
gratings [19,32], it also exists in reflective cholesteric LC structures [33]. The rotation of the helical
axis, therefore, generates the geometric phase that can be utilized to fabricate various optical
elements. So far, the planar structure explains some experimental results well. Nonetheless, it must
be pointed out [34] that the bulk structure in planar-PVGs is not in the most relaxed state (pure
helix structure), which is reflected in its free energy density (single-constant approximation).

Recently, some experiments on the polarization response in PVG indicate that the bulk

structure may be in a slanted configuration [35]. This issue is explicitly explained in [34] through



simulation and experimental validation. The slanted PVG, as shown in Fig. 2-2(b), preserves the
perfect helical structure in the bulk, which results in its lowest free energy (the bulk free energy is
zero). The Bragg pitch Pg in this case is equal to the CLC pitch. The bottom alignment gives the
bulk helical structure a tilt angle to match the bottom k-vector with the bulk periodic structure. To
transit from the bottom planar alignment to the bulk slanted structure, there exists a transitional
region (red box in Fig. 2-2(b)) with non-zero free energy. However, the thickness of this
transitional region is usually very small (tens of nanometers), so its contribution to the total free
energy is minor. As discussed in [36], the formation of planar-PVGs requires:

(1) large Px (where planar-PVGs and slanted-PVGs are indistinguishable).

(2) strong anchoring and small thickness (less than 300 nm for each layer, and multiple
spin-coatings to gain sufficient thickness, about 3 um).

At the same time, except for polarization selectivity (which we will discuss later), the
optical properties of planar-PVGs and slanted-PVGs are very similar in terms of reflection
efficiency, wavelength response, and angular response. Therefore, from the perspective of
practical application, the slanted-PVGs formed by one-time assembly are more advantageous. For
the convenience of discussion, unless otherwise mentioned, the PVGs we refer to is the slanted

ones.
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Figure 2-2 Different LC director configurations of PVG. (a) Planar-PVG with helical axis
perpendicular to substrate surface. (b) Slanted-PVG with helical axis perpendicular to Bragg
surface. The red box indicates the transitional region from planar to slanted structure.

To comprehensively show the diffractive properties of PVGs, we have built a rigorous
model by using the commercialized Finite Element Method (FEM) package. For PVGs, there are
several important characteristics that deserve special attention, including diffraction efficiency,
wavelength response, angular response, and polarization response. Besides, as Bragg volume
gratings, the PVGs should be thick enough to establish Bragg diffraction. As depicted in Fig. 2-3,

the diffraction efficiency is directly related to the film thickness. The diffraction efficiency is

10



defined as the ratio of first-order diffracted light to incident light at a specific diffraction angle and
center wavelength. The horizontal period is 440 nm, vertical period is 205 nm, An=0.15, the
diffraction angle is 50°, and the central wavelength is 532 nm. The efficiency is higher than 95%
when the thickness is 3 um with different resonance wavelengths. As the thickness increases,
diffraction efficiency grows monotonically at the beginning and then gradually saturates and
approaches 100%. Therefore, for a certain wavelength, the required thickness for achieving high
diffraction efficiency can be easily obtained based on the number of pitches. Compared to a
conventional volume holographic grating whose thickness is at least tens of micrometers, PVG
(several micrometers) is much thinner. Besides, it is important to note that the efficiency is only
for a circularly polarized input and the opposite circular polarization can fully transmit through the
PVG. This feature provides high transmittance for the ambient light, which is important for see-

through NED:s.

Diffraction Efficiency

0.0 1 1 1 1 1 1 1 1 Il
00 05 10 15 20 25 30 35 40 45
Thickness (um)

Figure 2-3 Simulated diffraction efficiency as a function of film thickness.
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The effective index modulation in PVGs is essentially the birefringence of the LC material.
Due to the matured LCD industry, a wide range of birefringence (An=0.05 to 0.4) is available.
Same as the spectral properties of CLC, the reflection band of PVGs could be easily tuned by using
a LC with different An, as Fig. 2-4(a) depicts. Usually, as An increases, the reflection band gets
wider. Figure 2-4(b) shows the diffraction efficiency spectra at three different diffraction angles
with An of 0.15.

From these simulation results, we can see that

(1) The bandwidth of PVG can be precisely controlled by applying different LC materials
with different An.

(2) PVG can achieve a large diffraction angle (60°) while keeping high diffraction
efficiency. Usually, the transmissive LC thin grating can only achieve ~5° diffraction
angle with high efficiency.

(3) The diffraction efficiency and bandwidth are almost independent of the diffraction

angle.
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Figure 2-4 Wavelength response of PVGs. (a) Diffraction efficiency spectra with different
refractive index contrast and (b) different diffraction angles.

Not only diffraction spectra, but the angular selectivity is also closely related to
birefringence. Thus, the angular response via different birefringence is investigated and illustrated
in Fig. 2-5(a). The angular band of incident light becomes broader as birefringence increases.

Compared to the effective index modulation in holographic volume grating, the LC birefringence
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is much higher. As a result, the PVGs possess wider angular bandwidth, which is much needed in
NED systems. These will be discussed later. Besides, it is worth mentioning that the angular
response is sensitive to diffraction angle as well. Figure 2-5(b) shows the angular bandwidth for
different diffraction angles with the same An. The trend is clear: as the diffraction angle decreases,

the angular band of incident light for achieving high diffraction efficiency is broader.
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Figure 2-5 Angular response of PVGs. (a) Diffraction efficiency spectra with different
incident angle and (b) different diffraction angles.
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In addition to spectral and angular responses of PVGs, polarization response is another
unique property. This part is rarely discussed in previous reports, but the study of the polarization
properties is necessary for PVGs to be used in cascaded optical systems where polarization control
is pivotal. In an early study, it was described that the first order diffracted light maintains a circular
polarization with an appropriate input circular polarization [30]. Specifically, the input circularly
polarized light will keep its handedness or flip its handedness when diffracted by a reflective or
transmissive PVGs. To explain this, the slanted configuration of PVG was proposed. To
investigate the polarization property of the diffracted light, we use Stokes parameter S3 as an
indicator. S3 denotes the degree of circular polarization of light. For example, S3=1 means RCP
light, while S3=—1 stands for LCP light. As Fig. 2-6 shows, the first order polarization state of the
slanted configuration is very close to circular polarization. By contrast, the diffracted light from

the planar PVG significantly deviates from the circular polarization.
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Figure 2-6 Stokes parameters S3 as a function of film thickness.
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As we mentioned previously, PVL can be treated as a combination of PVGs with different
periods and directions. Figure 2-7 illustrates the LC configuration of a PVL. Similar to PVG, the
substrate of PVL is treated to provide a rotation of LC optical axis in x-plane. The difference is for
PVL, the rotation and the alignment supported by the substrate is not only in x-plane but also in y-
plane. The rotating angle changes continuously and periodically to generate a lens-phase profile
in the xy-plane.

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 PVL has a parabolic phase profile, but when we zoom into a small area, the
L C structure works as 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 PVL is
converged at an off-axis angle without changing its polarization state. The operation principle is
equivalent to combining a PVG with a convex lens for use as an off-axis concave mirror: the
incident light is converged by the lens profile and diffracted by the grating, thereby forming such
a reflective off-axis focus [24]. The diffraction efficiency of each small area, angular response,

and wavelength response can also refer to the PVG simulation results.
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LCP or RCP

LCP or RCP

Figure 2-7 Schematic of the beam focus formed by an PVL and the detailed LC director
orientation inside the PVL.

To intuitively understand the phase profile of this off-axis lens, we plot the phase of the
diffracted light in Fig. 2-8. The size is set to be 20 mm x 20 mm. The diffracted phase is supposed
to change from 0 to 2w, however, 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 2z, and

then from 27 to 47, and so on.
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Figure 2-8 The simulated diffractive phase of a 20 mm x 20 mm PVL.

2.3 Fabrication Methods

In addition to unique optical characteristics, the simple fabrication process is another
noteworthy advantage of patterned CLC devices. Since the pattern will determine the function of
the devices, recording high-quality patterns to align LC molecules is an important step during
fabrication. Compared to the conventional rubbing method [37], photo-alignment is a more
advantageous option for generating controllable and precise patterns [38-39].

Two approaches have been widely used in the fabrication based on photo-alignment
materials. The first approach is surface alignment, which utilizes polarization interference to
pattern a thin photo-alignment layer (PAL) [40-44]. The subsequently coated or sprayed liquid
crystals self-align into volume structure following the recorded patterned surface. To fabricate a
polymeric CLC film, the LC precursor typically contains LC monomer, chiral dopant, solvent,
photo-initiator, and surfactant [45,46]. After the alignment process, we expose the sample with

ultra-violet light to polymerize the film. By the contrast, to fabricate an electrically switchable
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CLC device, two thin PAL-coated glass substrates are assembled to form a uniform cell. After
recording the alignment, we inject LC material to the cell at an isotropic phase temperature [47]
and let it cool down to the room temperature. Then the optical behavior of the CLC device can be
tuned by applying a voltage [48]. Surface alignment is the most established method so far for PVGs
fabrication, as Figs. 2-9(a) and 2-9(b) depict. The second approach is to record the volumetric
polarization field by applying the photocycloaddition of cinnamate groups or similar all-in-one
materials. After the bulk LC alignment, the film is annealed to induce birefringence. This process

is illustrated in Fig. 2-9(c).
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Figure 2-9 Fabrication procedures of PVGs. (a) Surface alignment for LC polymeric PVG.
(b) Electrically responsive LC PVG. (¢) Volume alignment.

The polarization field used to provide desired pattern on the PAL is usually generated by

light exposure [49-51]. In the simplest case, the CLC reflector can be formed by a linearly
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polarized light without any period, as shown in Fig. 2-10(a). Then for the grating with one-
dimensional pattern, we need a polarization interferometer (Fig. 2-10(b)) to generate linearly
changed period by two interfered beams. The laser beam is filtered and expanded, then split into
two arms by a beam splitter (BS). A quarter-wave plate (QWP) is placed in each arm to convert
the incident light to RCP (Path 1) and LCP (Path 2). Then these two beams are reflected by the
mirrors (M) to interfere at the sample (S). Normally, the PVG phase can be obtained without other
optical components in box A. However, appropriate modifications can be made to achieve exotic
PVG phase profiles. For example, if a cylindrical lens is added, then the polarization filed has an
additional parabolic phase in one dimension, so that the fabricated PVG shows a period of gradient
change according to the direction of the cylindrical lens. In addition, if a lens is added, then the
final PVG would have an additional parabolic phase profile in two dimensions, which makes it no
longer a grating, but a PVL.

Besides, the polarized light field for fabricating PVGs can also come from a pixelated
spatial light modulator (SLM) [52-54]. As depicted in Fig. 2-10(c), the collimated linearly
polarized laser beam is converted to circular polarization by a QWP, and then is reflected by a
high-resolution SLM. The spatially modulated laser beam is changed back to linear polarization
by the second QWP and imaged onto the substrate coated with the photo alignment material. The
resolution of this method is limited by the pixel density of the SLM. If the period is too small to
record, then a lens-system needs to be added to compress the pattern to meet the requirements.
Although this method has some limitations, it still provides a possible solution for fabricating

PVGs and other PVG-based devices with designed patterns.
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Figure 2-10 Exposure setups of CLC devices. (a) CLC reflector exposure. (b) Two-beams
interferometer for PVG and PVL. (b) Exposure based on phase pattern generated by SLM.
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2.4 Summary

In this chapter, we briefly summarize the optical properties and LC configurations of
patterned CLC devices. The zero-dimension reflector shows mirror-like performance with angular
and wavelength selectivity. The one-dimensional PVG is a kind of volume Bragg grating with high
first-order efficiency and strong polarization selectivity. To characterize the diffraction behavior,
we use the FEM model to simulate the response of different incident wavelengths and angles. The
two-dimensional PVL can be treated as a combination of PVGs, therefore, having the same
wavelength and angular responses.

Furthermore, the fabrication of patterned CLC devices is also summarized. Inside the
device bulk, LC molecules follow the recorded pattern and precisely organize the vertical
structures for building optical elements. Due to the high efficiency and polarization selectivity,
patterned CLC devices with ultrathin form factors have found widespread applications in novel

optical systems, particularly NEDs. We will discuss these applications in the following chapters.
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CHAPTER 3 : FOVEATED IMAGING VR ENABLED BY CLC
REFLECTOR

3.1 Background

In this chapter, we will focus on the application of zero-dimension CLC reflector to solve the
issues in VR displays. At present, the visual experience provided by commercial VR headsets is still
significantly lower than that of human perception [11,55,56]. One of the reasons is inadequate angular
resolution. The acuity of a normal person is around 1 arcmin, which is 60 pixels per degree (ppd), while
most commercial VR displays can only offer 10 to 20 ppd, depending on the field of view [57,58]. Thus,
the VR headset users can easily observe the screen-door effect, which significantly degrades the image
fidelity.

A straightforward approach to match human-eye acuity is to increase the resolution density of
the display panel. To achieve angular resolution ~60 ppd and field of view >100° simultaneously, each
eye needs a display panel with at least 6Kx6K pixels [58]. With panel makers’ vigorous efforts,
commercial VR display resolution has reached 4K per eye. Recently, Pimax announced to release VR
headsets with 6K resolution per eye soon, although there is still a long way to go for low-cost mass
production. It's worth mentioning that the observed ppd is also affected by panel utilization and optical
elements, meaning that even 6K resolution may still be insufficient. In addition, it would be extremely
challenging to render high-resolution images and videos in real-time, and a more efficient image
rendering pipeline must also be developed to support tremendous data transfer.

Therefore, foveated imaging becomes a more favorable solution to provide ultra-high-resolution
images by considering the panel fabrication and data transport difficulties [58-62]. Due to the 1-arcmin

requirement being only for the narrow central region (< £ 5°) defined by the cone cell distribution on
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retina, we may only need to provide high resolution for central fovea region instead of the entire FoV
[63]. To achieve foveated VR display, current approaches employ two separate display panels to provide
low-resolution and high-resolution images, respectively [58]. Aside from the two-panel requirement, a
beam splitter cube/plate is required to combine the images of two panels, which will lead to a bulky
system and high-power consumption.

Here, we propose and demonstrate a foveated VR system implemented by our polarization
dependent mirror-like CLC reflector. Due to the strong polarization selectivity of CLC reflector, the low-
resolution image and the high-resolution image are encoded into two orthogonal polarization states
respectively, which are overlapped and displayed on the same display, and then be separated by the CLC
reflector. One of the polarization images provides a wide FoV, just like a conventional VR display panel.
The other provides an ultra-high resolution for the fovea through a polarization-dependent optical
minification system, which increases the effective resolution. The proposed system can effectively
suppress the screen-door effect while reducing the system volume and power consumption of the VR

headset.

3.2 System Design

Figure 3-1 depicts the system configuration of the proposed foveated display design
enabled by polarization-multiplexing. Briefly, this design consists of one display module, a half
mirror, some optical lenses, and a polarization-dependent CLC reflector. The peripheral image and
the center image are displayed on the same panel, and then be decoded into LCP and RCP light,

respectively.
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Figure 3-1 Schematic diagram of the proposed multi-resolution foveated display for a VR
headset. DM: Display module; HM: Half mirror; CLC: Cholesteric liquid crystal.

The unfolded optical layouts of the proposed design are illustrated in Fig. 3-2(a) and 3-
2(b). For one polarization state, say LCP, it passes through the system and enters the human eye,
just like the conventional VR system. However, in our design this polarization only delivers the
image content for surrounding region or peripheral image.

For the opposite polarization state, say RCP, the light will pass through a folded optical
path. As illustrated in Fig. 3-2(b), the RCP light displays the center image, and the light will enter
the concave lens three times. The first time is the same as LCP light, then it is reflected by the
CLC reflector and arrives at the concave lens for the second time. After being reflected by the half
mirror, the RCP will be converted to LCP, and the light will enter the concave lens for the third
time. Finally, it passes through the CLC reflector and enters the human eye. Compared to LCP,
the RCP light goes through the concave lens two more times, so the image will be minified thereby

enhancing the resolution density.
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Figure 3-2 The unfolded layout of the optical paths for (a) peripheral image with low
resolution, and (b) center image with high resolution.

If the focal length of the concave lens is denoted as —f and the optical minification factor
between peripheral and center images as M, then the spatial resolution enhancement ratio R can
be expressed as:

R = 1/M — 1_|_2(d1+d2/f) (3-1)

where d; is the distance between the display module and the half mirror, and d; is the
distance from half mirror to CLC. According to Eq. (3-1), the enhancement ratio R can be enlarged
by reducing the focal length f of the concave lens or increasing the distance (di+d2). In our

following experimental demonstrations, the resolution enhancement can reach 4.4 times.
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Figure 3-3 Schematic diagram of the proposed polarization multiplexed display module,
including a display panel (DM), a polarization modulator, and a broadband quarter-wave
plate (QWP).

In our proposed system, it is critical to display two images (peripheral and center images)
on the same display panel while splitting them during the imaging process. Figure 3-3 depicts the
configuration of our proposed polarization-multiplexed display module. The display module
consists of three components: one display panel, one polarization modulator, and a broadband
quarter-wave plate (QWP). The display panel can be a liquid crystal display which usually consists
of two linear polarizers. Without losing generality, we can assume the display panel emits a
linearly polarized light along the z-axis (0°). Then a pixelated polarization modulator is closely
integrated and aligned to the display panel. The polarization modulator is designed to obtain full
range between two orthogonal polarization states from 0° to 90° with continuous modulation
including intermediate states. With a broadband A/4 plate oriented at 45°, these two orthogonal
linear polarizations would be converted to LCP and RCP beams to present peripheral and center

images, respectively. With the help of a CLC reflector, the LCP and RCP lights will be sent to two

different optical paths simultaneously [64].
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3.3 System Integration

To prove concept, we carried out a simple experiment to demonstrate our proposed design
discussed above. Our optical setup follows the layout depicted in Fig. 3-1. In experiment, we used
a 6.1-inch LCD (iPhone 11, with resolution 1792 x 828) as the display panel. To prepare a
polarization modulator, we removed the polarizers of a commercial twisted nematic (TN) LCD
panel (5.0 inch, 800 x 480 pixels) and used it as polarization modulator. One plano-concave lens
with focal length f =—35 mm was adopted.

To obtain a full color polarization-selective reflector, we stack three CLC reflectors
together. Such a CLC reflector exhibits a helical structure; it reflects the circularly polarized light
with the same handedness, (e.g., RCP), but transmits the opposite polarization (LCP). The central
wavelength (4o) of the Bragg reflection is jointly determined by the CLC reflector helical pitch
length (p) and average refractive index (n) of the employed LC material as 1o =pn [65]. Each CLC
reflector has the central wavelength located at red, green, and blue, respectively. The blue and
green CLC reflectors were spin-coated on two separate 2-inch glass substrates, and the red one
was spin-coated on top of the blue one, as Fig. 3-4 shows.

In experiment, we used RM257 (from LC Matter) as LC monomer, whose average
refractive index is 1.508 and birefringence is 0.152, 0.161, 0.176 at 630 nm, 530 nm, 450 nm,
respectively. S5011 (from HCCH) was chiral dopant, which made the LC directors rotating along
the helical axis. By adjusting the concentration of chiral dopant, the CLC pitch length can be
changed, and the central wavelength of Bragg reflection can be tailored to a desired value. The
CLC film has three layers, and each layer has the central wavelength locates at red, green, and blue

spectrum, respectively. In our design, the helical pitch length for the RGB layers is around 417
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nm, 351 nm and 298 nm, respectively, and the thickness of each layer (~ 3-4 um) is restricted to
~10 helical pitches by controlling the ratio of solute and solvent in the CLC solution, and the speed
of spin-coating. The blue and green CLC layers were spin-coated on two separate 2-inch glass
substrates, and the red one was spin-coated on top of the blue one. Then the two substrates were
laminated together to form a three-layer CLC polymer film, which was robust and thermoresistant.
If we fabricated two layers with close central wavelength together (e.g. blue and green, or green
and red), then the two reflection bands will merge into one, because RM257 has a relatively high

birefringence and the reflection band is broad.
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Figure 3-4 Schematic illustration of the three-layer cholesteric LC reflector.

Next step is to generate the image displayed on the panel. Since we only use one panel, the
images of peripheral and center fovea areas need to be overlapped and displayed on the same panel,
but with different sizes. The peripheral image is shown in Fig. 3-5(a). The center image comes

from the content that should be displayed in the blank area of the peripheral image. Because we
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will minimize the center image to increase the resolution in the following optical system, the center
image here is enlarged by 4.4x, as shown in Fig. 3-5(b). After passing through the following optical
system, the size of the center image will fit the blank in peripheral image and become a complete
whole image again. Then we combine these two images together with designed ratio and generate
the image that we need to display on the panel. Figure 3-5(c) is the computer-generated image for
the display panel, in which the peripheral and the central areas overlap each other but can be clearly

distinguished.
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Figure 3-5 The displayed image: (a) peripheral image, (b) enlarged center image, and (c)
combined image on the display panel.

Then, we build the setup and all the optical elements we used are listed in Fig. 3-6. Figure 3-7
represents the experimental results. The center image area is minimized by the polarization-
dependent optical system to fit the blank area with higher resolution. This complete image with

multi-resolution is shown in Fig. 3-7(a). In Figs. 3-7(a) and 3-7(b), the displayed image region,
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enclosed by yellow dashed lines, exhibits a much higher angular resolution than that of the outside
regions. When we zoom in the center area enclosed by the green rectangle, the apparent pixelation
and screen-door effect can be observed in the outside low-resolution region in Fig. 3-7(b). While
inside the yellow dashed circle, the image is quite smooth. By further zooming in the photographs,

the pixel size can be compared directly at the boundary, as depicted in Figs. 3-7(c) and 3-7(d).

* Concave lens g

Figure 3-6 Picture of the benchtop demo and optical elements used in the system.
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For quantitative evaluations, we can easily measure the center image size before and after the
minification system. Since the peripheral and center images are displayed on the same panel at the
beginning, they possess the same resolution. Then, the center image passes through the
polarization-dependent optical paths to accumulate different optical power. By comparing the
center image size in Fig. 3-5(c) and Fig. 3-7(a), the diameter of the image is reduced by 4.4x,
which is corresponding to the resolution enhancement ratio. Besides, the resolution enhancement
ratio of the central region can be easily tuned by changing the focal length of the concave lens or
the distance (d:+d2) as Fig. 3-2 depicts. A higher resolution is achievable, but the trade-off is

increased system volume and more challenging lens design.

Figure 3-7 Experimental photographs of the proposed multi-resolution display with 4.4x
resolution enhancement: (a) whole displayed image; (b) the magnified green square region
in (a); (c) the magnified blue rectangle region in (b); (d) the magnified red rectangle region
in (b).
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3.4 Summary

In this chapter, we experimentally demonstrated a multi-resolution foveated display for VR
applications. The novel system is achieved by RGB CLC reflectors with strong polarization
selectivity. Compared to conventional foveated imaging systems, the proposed design only
requires one display panel without the need for a beam splitter. By using the polarization
multiplexing method, we encode the peripheral images and the center images into two orthogonal
polarization states, and then send them to two optical paths with different optical powers. As a
result, an ultra-high resolution for the central fovea region can be obtained. The spatial resolution
of the fovea area is enhanced by 4.4x by an optical minifying system. The proposed optical system
can effectively reduce the screen-door effect while providing a compact system design for near-

eye displays.
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CHAPTER 4 : WAVEGUIDE AR ENABLED BY PVG

4.1 Background

In the past few decades, AR displays, such as Google Glass, Microsoft HoloLens, and Magic
Leap One, have found interesting applications in areas such as education, healthcare, engineering, and
gaming [66,67]. To integrate the computer-generated (CG) images with see-through real-world
environment, different types of optical combiners have been developed. For examples, the polarizing
beam splitter (PBS) is used in traditional optical design, and the partial mirror and grating are widely
used in waveguide design. Compared to the PBS approach, waveguide-based AR offers several attractive
features, such as compact structure and lightweight.

In this waveguide type AR device, the display light is collimated and deflected into thin
waveguides through an input-coupler. After traveling to the viewing region through total-internal
reflection (TIR), the light is again deflected toward the observer’s eye by an output-coupler. The input-
and output-couplers are large-angle deflectors that are currently made with holographic volume gratings
(HVGs) and surface-relief gratings (SRGs). Common holographic volume gratings are isotropic
materials with alternative slanted layers of high and low refractive indices. The angular bandwidth for a
single holographic volume grating is determined by the index contrast. Holographic volume gratings
based on dichromated gelatin can provide an index contrast as high as 0.15; however, dichromated
gelatin-based holographic volume gratings are sensitive to environmental conditions such as humidity
and temperature and are therefore unstable for commercial applications. Nowadays, most of the design
adopted photopolymers as recording media with index contrast around 0.035 [68]. As a result, the
deflection has a high angle/wavelength selectivity. This allows almost 100% transmittance of the

environment light; however, this also translates into a very low efficiency for the display light, causing a
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high-power consumption. To widen the FoV while maintaining flat profile, multiple layers of
holographic volume gratings are exploited. This not only reduces the transmittance but also greatly
increases the device cost.

The polarization-sensitive counterpart of holographic gratings, often referred to holographic
polymer-dispersed liquid crystal (HPDLC) [69,70], exploit electrically responsive birefringent liquid
crystal materials and therefore can allow switchable grating couplers with higher index contrast.
Fabrication challenges exist for high quality holographic gratings and HPDLCs due to the inhomogeneity
induced during the diffusion process, resulting in optical imperfections in the structure [70]. Surface-
relive gratings, on the other hand, exploit alternate air-polymer slanted structure, and therefore can
theoretically achieve a higher index contrast with better efficiency and large angular acceptance.
However, it is challenging to achieve ideal optical efficiency in mass production due to the difficulty in
replicating oblique high-aspect-ratio grooves [71].

Therefore, the PVGs with nearly 100% efficiency and large diffraction angle become the perfect
candidate for the waveguide AR system as the input and output couplers. Figure 4-1 shows the basic

structure of waveguide AR by using PVG as the couplers.

Input PVG Glass substrate Output PVG
\—_/ P |/
“—Glass slab ‘
Input‘image (image source) butput imagé

Figure 4-1 Hlustration of waveguide AR with PVGs as input and output couplers.
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Compared to HVGs and SRGs, PVGs exhibit unique characteristics in both optical
properties and fabrication, such as high index contrast (~0.18), strong polarization selectivity, and
a simple fabrication process. The pioneering work on reflective PVGs has experimentally achieved
95% diffraction efficiency. In addition, a stretchable and flexible PVG film is also investigated
[29]. However, the angular bandwidth is still inadequate for AR waveguide applications [72].

In this chapter, we focus on the chirped polarization volume grating (CPVG) with ultra-
wide angular bandwidth for expending the FoV of see-through NEDs. The CPVGs, with the
grating period gradually changing along the beam propagation, not only inherits the advantages of
PVGs but also triple the angular bandwidth. We fabricated such a wide-angular-bandwidth CPVG
and characterized its performance. The measured results are consistent with the simulation ones
using the finite-element method (FEM). Besides, we also investigate the performance of multi-
layer PVGs by simulation. In experiment, we fabricated a two-layer PVG and compared its
performance with CPVGs. Then we apply this CPVG into waveguide AR as the coupler to enlarge

the FoV.

4.2 Achieving CPVGs

For PVG, the horizontal periodicity (Pyx) is defined as the distance by which LC directors
rotate 180° along the horizontal direction, and the vertical periodicity (Py) is the distance by which
LC directors rotate 180° along the vertical direction. In order to obtain a wider angular bandwidth,
we induce gradually changing period along y direction as a modulation while the period along x

direction is fixed, as shown in Fig. 4-2.
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Figure 4-2 LC director profile of the uniform PVG and CPVG. (a) The horizontal period is

the vertical period is Py, and the Bragg period is Pg. (b) The horizontal periodicity is Py,
the vertical periodicities are Py: and Py, at the bottom and top, respectively, and the Bragg

period are Pg1 and Pg2 at the bottom and top, respectively.

Px,

Several approaches to generate gradient pitch in CLC have been reported in [73,74]. By

adding UV dye into the PVG precursor, raising the curing temperature, and decreasing the power

of UV curing light, we can precisely control the length of Pg, which is determined by the CLC

structure. As reported in [75], the Pg along the helical axis is defined by:

(3-D

Yy =y + Upyy = p )% e
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where t is the total length of the helical axis and s is the coordinate along it, and the period
length is gradually changing from Ps1 (s=0) to Pg2 (s=t). Keeping Px as a constant, we derive the

variation of Py along y direction in CPVG as:

1, _1 1 1, \Y (Py1 = Py2)?
- + - + ) 3'2
/p, ="/, * Clp,, = /p,) [at o p3) (3-2)
where Py1 and Py, are the period lengths along y axis near the bottom surface and top

surface, respectively, and o means the higher-order terms. Generally, (Py1 - Py2)?> / Py:® is much

smaller than 1 so that this term can be omitted safely, similar to that reported in [30]. Furthermore,

the equation of the isophase line in CPVG can be expressed as:

0= p XA Y+ Y ~p ) g (33)

where Py is the period length along x axis and d is the thickness of CPVG. Once the
isophase line equation is derived, we can obtain the LC orientations inside the CPVG. These
orientations define the dielectric constant matrix, which is the key parameter in the simulation.
Compared to a uniform PVG, the gradient pitch profile generates a series of refractive index planes
with gradually changing slope.

In simulation, we assume the birefringence of RM257 is An = 0.18 (ne = 1.68, no = 1.50)
at A =532 nm and the thickness of the grating is 5 pm. For a uniform PVG, the period length along
x and y directions are set as Px = 462 nm and Py =203 nm. In terms of CPVGs, the length of Py:
and Py, are set as 192 nm and 203 nm, respectively. The simulated angular response for the gradient
pitch (CPVGs) and uniform pitch (PVGs) are depicted in Fig. 4-3. The black curve in Fig. 4-3
shows the angular bandwidth of such a uniform PVG is around 17° (—8° to 9°) at 90% efficiency

(marked with red dashed lines). In comparison with uniform PVGs, CPVGs have the angular
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bandwidth of 55° (from —8° to 47°) with diffraction efficiency over 90%. Our results clearly

demonstrate that inducing gradient pitch significantly broadens the angular bandwidth.
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Figure 4-3 Simulated first-order diffraction efficiency. Angular response at A = 532 nm of
both gradient pitch CPVGs (blue line) and uniform pitch PVG (black line).

We also simulate the angular and spectral bandwidth of CPVGs, and results are shown in
Fig. 4-4(a). Besides, we also simulate the angular response in other directions. Figure 4-4(b) shows
all the angular response in the two-dimensional plane. In x-direction, the angular response is

asymmetric, by contrast, it is uniform and symmetric in the y-direction.
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Figure 4-4 (a) Simulated angular and spectral responses of the CPVGs. The black line shows
the A=532 nm. (b) The two-dimensional angular response of gradient-pitch PVG.
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4.3 CPVG Fabrication

The fabrication procedure of reflective CPVGs is described in [76]. We firstly spin-coated
brilliant yellow (BY, dissolved in dimethylformamide with 0.40 wt%) onto a cleaned glass
substrate as photo-alignment layer, and then put the sample in a Mach-Zehnder interferometer (A
= 488 nm) to get exposure. The two-beams that interfere at the sample are LCP and RCP,
respectively. Next, we spin-coated the PVG precursor onto the exposed sample. The mixture
consisting of 1.50 wt% UV dye (Avobenzone), 2.48 wt% chiral agent R5011 (HCCH, helical
twisting power HTP =108 um™), 3.00 wt% initiator Irgacure 651, and 93.02 wt% photocurable
monomer RM257 (HCCH) was diluted in toluene. To generate gradient pitch, the sample was
placed on a hot plate at 60°C and cured with UV light (A = 365 nm) for 40 minutes in nitrogen
environment. Then a CPVG working on green (532 nm) light was obtained. By controlling the
concentration of the chiral agent, we can easily get different central wavelengths in the visible
range, such as red (633 nm) and blue (473 nm).

As Fig. 4-5(a) shows, the photo is viewed at 50° to clearly see the diffracted green light
from the CPVG sample, where the CPVG region is circled by the blue line. The text shown in Fig.
4-5(b) was imaged through the sample. The distance between CPVG and camera is 1 cm, and the
target is 10 cm away. The clear image seen through the CPVG region (encircled by the blue line)
indicates that the scattering of the grating film is negligible. Due to the handedness selectivity, this
CPVG allows more than 50% transmittance of the ambient light when the circularly polarized

input is outcoupled at 80% efficiency.
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Figure 4-5 The CPVG sample viewed from an oblique angle with the CPVG region circled
by a blue line. (b) A photo taken through the CPVG sample, where the CPVG region is
circled by a blue line. The distance between PVG and camera is 1 cm, and the target is 10 cm

away.

Next, we measured the angular response of CPVG using a circularly polarized green
(A=532 nm) laser diode, and results are shown in Fig. 4-6. The angular bandwidth is 54° (from -7°
to 47°) at 80% diffraction efficiency. Compared to a uniform PVG, the angular bandwidth is 3x
wider. By introducing chirped structure to conventional PVGs, we can obtain a wider angular
bandwidth, while keeping high efficiency and low scattering for a large-FoV AR display. The
angular bandwidth of CPVG is ~2x wider than that of SRGs, and ~3x wider than that of PVVGs and
HVGs. Besides, the experimental data agree with the simulation results reasonably well, although
the measured diffraction efficiency is about 10% lower than the simulated one. The main reason
is that the LC alignment is quite sophisticated, including horizontal subwavelength period and

vertical gradient period. Any disturbed alignment would decrease the diffraction efficiency.
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Figure 4-6 Angular behavior of optical efficiency. The black line is the simulation results, and

the red dots denote the measured results of CPVG sample.

4.4 Multilayer PVG

The CPVGs exhibit excellent optical properties and simple fabrication process. Similar to

gradually changing period, discretely changed period can also extend the angular bandwidth.

Figure 4-7(a) illustrates the concept of multi-layer structure. When the number of layers N

approaches positive infinity, the multi-layer PVGs behave like CPVGs. Therefore, we would like

to compare the performance of multi-layer PVGs with CPVGs. Figure 4-7(b) shows the example

that N=2.
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Figure 4-7 (a) LC director profile of a multi-layer PVG. (b) Two-layer PVG.

To fabricate a two-layer PVG, two different precursors are used. The first mixture
consisting of 2.31 wt% chiral agent R5011, 3.00 wt% photo-initiator Irgacure 651, and 94.69 wt%
photocurable monomer RM257 was diluted in toluene. The second mixture consisting of 2.62 wt%
R5011, 3.00 wt% Irgacure 651, and 94.38 wt% RM257. To generate two-layer structure, the first
mixture was spin-coated and then cured with UV light (A = 365 nm, 12 mW) for 5 minutes in
nitrogen environment. Next, the second mixture was spin-coated onto the first layer and cured at
the same conditions. The multi-layer PVGs can also be fabricated following this strategy. We
measured the optical properties with a glass cylinder container filled with index matching oil (n =
1.58). The CPVG sample was mounted on a rotatable stage and the whole unit was immersed in
the container. The incident light was normal to the CPVG at the initial state, and the angle of

incidence can be adjusted by rotating the CPVVG. The first-order diffracted beam was measured by
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a power meter. The efficiency is defined as the intensity of the diffracted beam to that of the
reference beam passing through the glass cylinder with index matching oil and glass substrate only
(without CPVGsS).

Then we compare the simulation results and experimental results. In simulation, we assume
An =0.18 at A =532 nm. To keep consistency, the parameters of uniform PVGs are still set as Py
=462 nm and Py = 203 nm. For the two-layer PVG, the period length is assumed to be Px = 462
nm along x-axis, and Py1 = 190 nm and Py> = 220 nm along y-axis and the thickness of each layer
is 2.5 um. The simulated and measured angular responses for the two-layer PVG are depicted in
Fig. 4-8. The angular bandwidth of the two-layer PVG can also be extended to 60°, but the average
efficiency is lower than 80%. The measured results generally agree with the simulated ones, except
for lower optical efficiency. Due to the two-layer structure, the alignment of the second layer is
highly dependent on the alignment of the first layer. Any defect in the first layer will affect the
following layers, which in turn leads to decreased optical efficiency. The angular bandwidth of the
two-layer PVGs is experimentally extended to 65° (from —10° to 55°) with 20% diffraction
efficiency and average efficiency of more than 60%. It is worth noting that there are two deep
valleys (at 0° and 40°) in the angular response band. The diffraction efficiency at the valleys drops
significantly, so this two-layer PVG is not suitable for AR displays that require a uniform image

with high efficiency [77].
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Figure 4-8 Simulated and measured angular behavior of two-layer PVG.

Here we only fabricate a two-layer (N = 2) structure to illustrate the calculation methods
and fabrication process of a multi-layer structure. As the number of layers increases, the multi-

layer PVGs will behave like CPVGs. The simulation results (N = 1, 2, 3) are shown in Fig. 4-9.
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Figure 4-9 Simulated first-order diffraction efficiency and angular response at A = 532 nm
of uniform PVG (red line), two-layer PVG (black line), and three-layer PVG (blue line).

In comparison with CPVGs, the biggest challenge for achieving wide angular bandwidth
in multi-layer PVGs is not the optimization method but the fabrication process. Due to the
roughness on the top surface of polymerized LC film, it is not easy to precisely control the
thickness and the twist angle of each layer. The more layers we need, the more defects will be
induced into the volume gratings. In addition, the LC molecules follow the pattern of the previous
layer, therefore any kind of defect including unfollowed molecules or dust will have a serious

effect on all the following layers.
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4.5 System Integration

For now, we have the CPVGs and multilayer PVGs. Then well apply the CPVGs into the
waveguide AR as the input and output couplers [78]. Figure 4-10(a) illustrates the structure of a
simplified AR optical system with input/output couplers and image source. When the light enters
the input CPVG, it would be diffracted into the waveguide with a designed angle, then propagates
following the TIR. After hitting the output CPVG, the light would be diffracted out of the

waveguide into the observer’s eye.

(a) Input CPVG Glass substrate Output CPVG
“—Glass slab I l
Input image (image source) Output image

Figure 4-10 (a) Top view of a simplified AR module. (b) Photo of an AR module with a green
laser diode input light.
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To demonstrate the feasibility of CPVG for AR displays, we fabricated two CPVGs with
the same diffraction angle and working wavelength but different diffraction efficiencies. The input
and output couplers were then assembled with a glass slab using optical glue (Norland Optical
Adhesive 65). The composition of input and output couplers is listed in Table 4-1.

Table 4-1. Composition of the solutions (by weight).

Solution Solute Solvent Solute: Solvent

BY solution Brilliant Yellow DMF 1:500

RM257 (94.75%)

Input solution Irgacure 651 (3.00%) Toluene ~1:2.5

R5011 (2.15%)

RM257 (94.75%)

Output solution Irgacure 651 (3.00%) Toluene ~1:7.0

R5011 (2.15%)

As shown in Fig. 4-10(b), the input and output gratings are circled in red dashed lines. First,
we use a 532-nm laser diode to demonstrate that the incident light can be coupled into the
waveguide through CPVG. The light from the laser diode is incident on the input area
perpendicular to the glass slab. After being coupled into the waveguide by the input coupler, the

light propagates inside the glass slab due to TIR. When entering the output area, the light will be
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diffracted out of the glass slab into the observer’s eye by the output CPVG. We can clearly see the

input light spot, TIR spots, output points, and the leaked light.

| AR module T "tl'._-"

Figure 4-11 Picture of an AR prototype, including a micro-OLED panel and two CPVGs.

Next, we used a micro-OLED as the image source to build an AR optical system. Figure
4-11 is a picture of our AR prototype. Here we combine a micro-OLED with a lens to generate a
collimated input image. Figure 4-12 shows the experimental results. We send a green “A” as the
input image into the assembled AR device and then take pictures at the output. The coupled-out

image is quite uniform but a little blur. Because when the light propagates in the waveguide (glass
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slab), the TIR may occur at or near the edge of the CPVG substrate. The light leakage and
scattering at the edge of the glass substrate is circled by blue dashed lines in Fig. 4-10(b). Therefore,
the light is scattered by the rough surface of the glass edge. Such a rough edge is caused by our
laboratory fabrication equipment and can be eliminated by a better assembly method in the future.
Besides, the optical glue that we used to assemble the module will also accumulate at the edge and
scatter the light. In general, the results show the feasibility of our CPVG for AR systems. Although
the output image is slightly hazy and the background is not bright enough, the prototype still shows

good performance.

Figure 4-12 Picture of an AR prototype, including a micro-OLED panel and two CPVGs.

4.6 Summary

In this chapter, we experimentally demonstrated CPVGs with an extra-large angular
bandwidth while keeping optical efficiency over 80%. This is achieved by inducing gradient pitch

along the beam propagation direction. Specifically, our CPVG possesses 54° angular bandwidth,
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over 80% average efficiency, and 95% peak efficiency. To make a comparison, we also simulated
and fabricated two-layer PVG.

Next, we use this CPVGs to build an AR prototype and demonstrate the feasibility. Due to
its wide angular bandwidth, high efficiency, low scattering, high transmittance, and simple

fabrication process, our CPVVG would be a strong contender for see-through NEDs.
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CHAPTER 5 : GLASSESS-LIKE AR ENABLED BY PVL

5.1 Background

In the previous section, we discussed the waveguide-based AR [78-82] achieved by PVGs
and CPVGs with high efficiency and enlarged viewing angle. This waveguide design can achieve
a large eyebox size with the breaking of Etendue conservation and is therefore the most widely
used architecture for current commercial AR devices, such as Microsoft HoloLens, Magic Leap,
Wave Optics, and Digi Lens. However, it is worth noting that the waveguide combiners possess a
compact design, but the FoV is limited by the constrain of TIR angle.

To provide a realistic viewing experience with a wide FoV, there are two major designs for
AR displays aside from waveguide architecture. The freeform optics-based AR can achieve 90°
FoV with high image quality [83-85]. However, the freeform optics usually has a large volume
with heavyweight and needs sophisticated optical design to eliminate aberrations [86,87]. The
other one is free-space combiners-based AR displays [88-90]. This design can achieve a larger
FoV and higher optical efficiency compared with waveguide structure. More importantly, it can
deliver a glasses-like AR form factor with the capability of true depth imaging. Therefore, the free-
space combiners with a sufficient FoV and high degree of design freedom have attracted increasing

attention. Figure 5-1 shows the basic structure of glasses-like AR by using a free-space combiner.
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Figure 5-1 Hlustration of a glasses-like AR with LCoS projector.

In this chapter, we will focus on the glasses-like AR with free-space combiners [91]. Due
to different working principles, free-space combiners can be further divided into two categories:
reflective and diffractive combiners [92]. Among them, the diffractive free-space combiner with a
thin form factor and lightweight is more favorable in the current stage to satisfy the need for
glasses-like AR devices.

More specifically, such a diffraction-type free-space combiner is generally realized by
holographic optical elements with imaging capability [93]. Based on different system designs, the
computer-generated image will be displayed at a designated depth or at infinity. The FoV is

dependent on the system design, such as the viewing angle of the combiner lens. To extend the

55



viewing angle, reducing the f-number of the combiner lens is an effective and straightforward
approach. However, when the f-number of an off-axis lens is reduced, the imaging aberrations
become more serious [93-96]. Therefore, expanding the FoV becomes one of the most pressing
challenges in a glasses-like AR system.

PVLs possess several unique properties, such as strong polarization selectivity, large off-
axis angle, and simple fabrication process. In addition, liquid crystals exhibit a higher refractive
index than conventional photopolymers employed in holographic optical elements. Aside from
advances in combiner lens, the optical system design with polarization multiplexing concept has
also been proposed with metagratings [97] and successfully implemented in the waveguide-based
AR system using polarization gratings [98].

Here, we demonstrate a glasses-like AR system with a novel polarization-dependent
combiner (PDC) to expand the FoV. This concept is analogous to the polarization division
multiplexing in optical fiber communications, where two orthogonal polarizations are used to
double the information capability. Here we extend the viewing angle by presenting the left and
right FoVs into two orthogonal polarization states, LCP and RCP light, respectively. The PDC
consisting of two PVLs with opposite polarization responses and different off-axis angles is
designed to selectively diffract LCP and RCP images. By using an optical engine and a liquid
crystal polarization modulator (LCPM) to create two images with orthogonal polarization states,
the proposed AR configuration exhibits an extended image content while maintaining a compact

form factor.

56



5.2 Polarization Multiplexing

In our system, PDC is a critical optical component, which can distinguish orthogonal
polarization states while offering different responses [99]. To meet these requirements, we propose
anovel PDC consisting of two PVLs with opposite polarization responses and different diffraction
angles. Figure 5-2(a) shows the PVL with a strong polarization selectivity (LCP or RCP) and
imaging power. The diffraction angle is denoted as a. Specifically, the PVL is a patterned CLC
device with a designed lens profile. By following the alignment pattern (Fig. 5-2(b)) on the bottom
surface, LC molecules continuously and periodically rotate in the xy-plane and twist along a tilted
helical axis (Fig. 5-2(c)) in the xz-plane. The off-axis angle and focal length of PVL can be
controlled by tuning the phase change on surface patterning, which is determined by the
interference exposure during fabrication process. As we discussed in Chapter 2, PVLs possess a
large diffraction angle and potentially a small f-number (< 1). Besides, PVL is a polymerized
ultrathin film (from hundreds of nanometers to several microns) with controllable diffraction
efficiency.

To obtain a PDC with two different polarization responses, we stack two PVLs (PVL-L
and PVL-R) together. As shown in Fig. 5-2(d), the PVL-R responds to RCP light while PVL-L
diffracts the LCP light with a different angle. Due to the thin film form factor of each PVL, the

combined PDC can keep an ultrathin profile while increasing functionalities.
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Figure 5-2 Schematic illustrations of (a) a PVL with (b) surface alignment and (c) CLC
structure. (d) Schematic diagram of the PDC with two combined PVLs.

For a typical free-space AR with a diffractive combiner (Fig. 5-1), the system usually has
a pupil-forming design. The image from the light engine is first projected into space with a specific
size and depth by the relay optics. Then the intermediate image is delivered to viewer’s eye by the
diffractive combiner with a designed diopter. The depth and size of the virtual image, which is the
observed FoV, can be controlled by changing the distance between the intermediate image and the
combiner lens or changing the optical power provided by the combiner. This system is no longer
limited by the TIR angle, but the FoV is directly related to the Etendue conservation of a fixed

optical system [100-102].
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Figure 5-3 Schematic illustrations of a polarization-time multiplexing free space AR system.
R: relay optics; P: polarizer; LCPM: liquid crystal polarization modular; PDC: polarization-
dependent combiner.

To expand the FoV, here we propose a polarization-time multiplexing system based on two
orthogonal polarization states to tile the left and right images together. Figure 5-3 depicts the
system configuration. The optical engine in the system can be a conventional 2D display, such as
a liquid-crystal-on-silicon (LCoS) or a digital light processing (DLP) projector [103-105]. Without
losing generality, we add a polarizer in front of the optical engine to make the emitted light with

linear polarization in xz-plane (0°). Then an LCPM, aligned after the polarizer, is designed to
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obtain modulation between two orthogonal polarization states, namely 0° (in xz-plane) and 90°
(along y-axis). With an integrated /4 plate oriented at 45°, these two orthogonal linear
polarizations would be converted to LCP and RCP waves, respectively. When switching the
computer-generated sub-frame images in the time domain, the LCPM can offer corresponding
polarization state for each sub-frame simultaneously. Due to time multiplexing, the final refresh
rate of the system should be taken into consideration. Generally, the switching between each sub-
frame can be determined by the number of frames, response time of the LCPM, and the frame rate
of the LCoS. The response time of LCPM is usually between 1 ms (1 kHz) and 4 ms (250 Hz),
depending on the material and cell gap employed. The number of sub-frames is two. Therefore, if
the refresh rate of LCoS is 240 Hz, the final system refresh rate will be 120 Hz. Moreover, the
tiled image can only be observed when both beams come into the viewer's eye, which means the
eyebox should be the overlapping area of the two polarization paths. This area can be further
enlarged when the eye relief is decreased, the size of the intermediate image is increased, or the
divergence angle of the two paths is reduced.

For example, as shown in Fig. 5-3, when the displayed content is a school logo (Pegasus),
the LCPM will be turned on so that it will synchronize the polarization to RCP. When the optical
engine switches the content to letters (UCF), then the LCPM will switch the corresponding
polarization to LCP. That is to say, the LCPM and the optical engine jointly control the polarization
state and content of the intermediate image. However, how to input the intermediate image to the
PDC needs to be carefully considered. Let assume the focal length of PVL-L and PVL-R is f_ and
fr, respectively, and the angle between the incident beam and the normal direction of the PDC is

0. To diffract two images into left and right, the diffraction angle of PVL-L and PVL-R should be
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0+¢L and G-¢r, respectively. When the intermediate image is placed at a distance di-. from PVL-

L, the image distance do.. can be estimated by the thin lens conjugate equation:

_ frdi-
dp-p =" (fp +di) (5-1)
here distance d»._ is the approximate depth of the observed virtual image from human eye. The

size of the virtual image A>.L should be:

Ay =AM, = 4,50y (5-2)
where A; stands for the size of the intermediate image and My is the magnification of the PVL-L.
The same goes for the PVL-R. It is worth mentioning that the perceived image depths from two
PVLs must be matched to tile the retina image smoothly. Thus, the image distance do.. and d2-r
should be the same, namely d., and the A2 will also be the same. In addition, there can be some
space between the two virtual images, but they cannot overlap. Therefore, the overall horizontal

FoV can be generally expressed as:

FoV = arctan (AZ/ZdZ + tan(pL> + arctan (AZ/ZdZ + tan@g) (5-3)
If the two images are symmetrically and perfectly tiled without any space, then the horizontal FoV
can be simplified as FoV=2arctan (A2/d2). The vertical FoV is limited by the viewing angle of
each PVL. Generally, the vertical viewing angle is the same as the horizontal one before

multiplexing. Therefore, the simplified diagonal FoV can be calculated as FoV= v 5/2 arctan

(A2/d2). Based on this equation, if we apply a larger intermediate image, then a wider FoV can be
obtained. Moreover, it is worth mentioning that the eyebox should be the overlapping area of the
two polarization paths. This area can be further enlarged when the eye relief is decreased, the size

of the intermediate image is increased, or the divergence angle of the two paths is reduced.
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5.3 Experiments

In this section, we show our experimental setup and demonstrate an example for doubling
the FoV design discussed above. The system basically follows the proposed layout. In our
experiments, a computer-controlled LCoS projector (LG-PH150B) was employed as the optical
engine. The PDC consists of two PVLs: PVL-L responding to LCP and PVL-R to RCP,
respectively. Generally, the distance between the side image and the combiner is around 3 cm to
5 c¢cm, and the angle between the incident beam and the viewer is around 30° to 70°. Based on the
consideration of the real case, for PVL-L, its focal length is f.=3 cm, off-axis angle is 52°, while
for PVL-R its focal length is fr=3 cm, and off-axis angle is 27°.

Both PVLs were fabricated following the procedure shown in Fig. 5-4(a). First, a thin film
of photoalignment material (BY, from Tokyo Chemistry Industry) was spin-coated onto a cleaned
glass. Then, the substrates with BY coating were mounted on the exposure setup to record the
surface alignment patterns. After exposure, the liquid crystal mixture (LCM) with opposite chiral
dopant, R5011 and S5011, was spin-coated for the PVL-L and PVL-R, respectively. Finally, the
samples were polymerized by a UV lamp. More detailed operation principles and fabrication

procedures of the PVL can be found in [15,24].
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Figure 5-4 (a) PVL fabrication workflow. (b) Exposure setup for recording the surface
pattern. (PAL: photoalignment layer; LCM: liquid crystal mixture; P: polarizer; SLM: spatial
light modulator; QWP: quarter-wave plate; L: template lens; S: sample).

Figure 5-5(a) shows a photo of the fabricated PVL-R, which is circled by the white dashed
lines and the lens surface is clear and uniform. The green images observed are the ceiling
fluorescent lamps in our lab. The other colors are the dispersion from this diffractive lens. Next,
we fabricated PVL-L and laminated it with PVL-R together using a UV optical glue (NOAG5), as
Fig. 5-5(b) shows. The PDC region is circled by the white dashed lines. The thickness of each PVL
is ~1 um, and the total thickness of PDC, including the substrates, is 1 mm. The text shown in Fig.

5-5(c) is imaged through the sample. The distance between PDC and camera is 5 cm, and the target
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is 7 cm away. The clear image seen through the PDC region indicates the combiner exhibits a
relatively high transmittance and negligible scattering. Due to the color of the employed
photoalignment material (BY), the sample appears yellowish, but this can be eliminated by using

a colorless photo-alignment material.
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Figure 5-5 Photo of (a) the fabricated PVL-L and (b) the PDC consisting of PVL-L and PVL-
R. (¢) A photo taken through the PDC sample, where the PDC region is yellowish. The
distance between PDC and camera is 5 cm, and the target is 7 cm away.

To prepare the LCPM, we filled a liquid crystal (MLC-6686, Merck) into a commercial

twisted nematic (TN) cell [106-108] (cell gap d=4.9 um) and an AC voltage is applied to control
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the on and off states. Normally, the voltage is 5 Vrms, depending on the employed LC material
and cell gap. Then we used a broadband quarter-wave plate to convert the linearly polarized light
into circularly polarized light. The whole experimental setup was constructed on an optical table.
As captured in Fig. 5-6, a positive lens with focal length f = 12 cm was used as the relay optics in
our experiments. A camera was placed in front of the PDC to capture the displayed images. To
eliminate the ghost images generated by the dispersion from diffractive optics, we added a notch

filter (NF533-17 from Thorlabs) after the polarizer.
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Figure 5-6 Schematic illustration of the experiment setup.
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Figure 5-7 shows the experimental results. The intermediate image is 2.9 cm away from
the PDC. The angle between the input beam and the normal of the PDC is about 40°. When we
turn the LCPM on, there will be only LCP light. The viewing angle of LCP alone is about 26° with
showing UCF letters, as illustrated in Fig. 5-7(a). Due to the large off-axis imaging, we can see
the obvious distortion, especially for the letter U. This optical aberration can be mitigated through
pre-processing the input contents, but this will bring more burdens to both computation and
information transforms. By switching the LCPM from on to off state, we can observe the RCP
image. As depicted in Fig. 5-7(b), the viewing angle is 23° with showing school logo. Then we
simultaneously switch the LCPM and the computer-generated images to observe the combined
image.

As expected, in Fig. 5-7(c), the observed overall horizontal FoV is the combination of RCP
and LCP light, extended from ~25° (sub-FoV) to ~50° (tiled FoV). Besides, the PDC’s diffraction
efficiency for LCP mode is slightly lower than that for RCP. This issue can be solved by controlling
the film thickness for each polarization channel or pre-image processing compensation on the

computer side.
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Figure 5-7 (a) Captured image of LCP light, UCF. (b) Captured image of RCP, school logo.
(c) Captured image of the combined images.

In our demonstration, we use a novel PDC with two opposite polarization responses to
achieve an extended FoV. In order to further improve the functionality based on the polarization-
time multiplexing system, the number of sub-frames and the PDC can be optimized.

Firstly, this proposed system is a monochromatic design for the green light. However, one

of the current requirements for AR displays is a full-color image. To achieve this, we need to stack
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three layers of PDC for red, green, and blue, respectively. It is worth mentioning that the diffractive
PDC suffers from severe dispersion. To display full-color image with the stacked PDC, a narrow
band image source is necessary. Figure 5-8 shows the full-color system design achieved by a color
wheel [109]. This approach can easily solve the dispersion issue; however, the disadvantage is the

loss of frame rate.

PDC-R Stacked PDC

PDC-B Intermediate image

/ _LCPM

: .*R Color wheel

o e o — —

LCoS projector

l Observed image
X

Y

Figure 5-8 Schematic illustration of full-color system design with color wheel.

Secondly, the system is not limited to horizontally expend FoV. In our proposed system,
although there are only two orthogonal polarization states, the number of image channels can be
further increased without being limited by the number of orthogonal polarizations. As depicted in

Fig. 5-9(a), the image contents can be encoded into more than N channels (N = 3) with the help

of an improved PDC composed of active half-wave plates (HWPs) and PVLs. Each active HWP

can be switched between on and off states to provide PVLs with the corresponding polarized light.
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Due to the requirement of single-polarization incidence, the LCPM can be simplified as a QWP to
offer LCP or RCP light.

More specifically, as an example illustrated in Fig. 5-9(b), when an incident light is RCP,
the first HWP is turned on to convert RCP to LCP. The LCP light is diffracted by the first PVL-L.
The image content is delivered to the viewer’s eye. If the first HWP keeps at off state with the
RCP incidence, the light will pass through the HWP and the first PVL-L, then encounter the second
HWP with on state. The RCP will be converted to LCP and diffracted by the second PVL-L with
a different diffraction angle. By analogy, PVLs of different angles can be stacked layer by layer.
Figure 5-9(c) illustrates the image from each PVL with different diffraction angles. Moreover, this
multiplexing system can be applied to expanding the vertical FoV as well. The image content can
be encoded and then tiled in xy-plane instead of only along x-axis. To accommodate a large
incident angle, a phase compensation film is usually required to keep the HWP working properly.
Otherwise, multiple ghost images could be observed. Moreover, if the LCP light is not completely
diffracted by the working PVL-L, then the remaining light will be further imaged by the following
PVLs, which in turn generates ghost images. To overcome this issue, the HWP behind the working

PVL-L can be turned on to convert the LCP light back to RCP.
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Figure 5-9 Schematic illustrations of (a) an improved polarization-time multiplexing AR
system with (b) a PDC composed of active HWP and PVLs. (c) Schematic illustrations of the
image from each PVL. (HWP: half-wave plate; R: relay optics; P: polarizer; LCPM: liquid crystal
polarization modular; PDC: polarization-dependent combiner)
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5.4 Summary

In this chapter, we proposed and demonstrated a polarization-time multiplexing system to
double the FoV of a glasses-like AR display. The multiplexing is achieved by PDC, which is
composed of two PVLs with orthogonal polarization responses. In experiment, a PVL is fabricated
by patterning CLC, which can achieve high uniformity, large diffraction angle, and negligible
scattering. By constructing the proposed system with an electronically controlled LCPM, the
enlarged overall horizontal is achieved.

To further improve the system, we proposed a full-color system by using color wheel. Then
we optimized the PDC with active HWPs. By stacking the layer of active HWPs and PVLs, we
can theoretically obtain an ultra-wide FoV by tiling multiple sub-frame images based on the
polarization-time multiplexing system. In summary, we presented a promising approach to

achieving wide FoV in glasses-like AR displays while keeping a simple system configuration.
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CHAPTER 6 : CONCLUSIONS

Augmented reality and virtual reality are fascinating technologies and generate various
impactful applications that can reshape human lives. In this dissertation, we contribute novel
patterned LC devices to enhance the performance of near-eye displays, aimed at making
augmented reality and virtual reality even better.

The patterned LC devices can be divided into three parts based on the dimension of the
surface pattern. For zero-dimension, we emphasize the CLC reflector with homogeneous
alignment, Bragg reflection, and strong polarization selectivity. Based on this device, we proposed
and demonstrated a foveated imaging design to enhance resolution for the VR system. A dramatic
resolution improvement (4.4 times) has been demonstrated with a compact form factor. The
essence of this design is optically splitting images into two different optical paths, making use of
the polarization selective nature of the CLC reflector.

For one dimension, we focus on the CLC grating, also called polarization volume grating,
with linearly changed alignment, large diffraction angle, and nearly 100% diffraction efficiency.
Based on polarization volume grating, we proposed a polarization volume grating-based
waveguide AR system with high system efficiency. Furthermore, to obtain a larger field of view,
we optimized the LC structure inside the polarization volume grating and induced gradient pitch
in the vertical direction. By gradually changing the pitch length from the bottom to the top, the
angular response of polarization volume grating can be enlarged three times while keeping a high
efficiency and large diffraction angle. This gradient-pitch grating is also called chirped polarization

volume grating. Furthermore, we applied this chirped polarization volume grating into the
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waveguide-based augmented reality system to enlarge the viewing angle for better imaging
performance.

For two-dimension, we introduced the C LC lens, also called polarization volume lens,
with parabolically changed alignment and large diffraction angle. Since the polarization volume
lens can achieve off-axis imaging with the ultrathin format factor, it becomes a perfect candidate
as the optical combiner for the glasses-like augmented reality displays. Based on the polarization
volume lens, we propose a novel glasses-like AR system design. combing the polarization
multiplexing and time multiplexing, to extend the field of view without inducing extra volume.
The core of the system is the polarization multiplexing images with a single image source. Thanks
to the nature of patterned CLC devices with strong polarization selectivity, we can tile two
separated images with orthogonal polarization states thereby doubling the field of view in the
horizontal direction.

With all the efforts, we expect patterned LC devices with different features to bring a new
dawn to LC-based photonics and make more contributions as a useful technology for next-

generation near-eye displays, enabling augmented and virtual reality become practical applications.
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