Xiong and Wu elLight (2021)1:3
https://doi.org/10.1186/543593-021-00003-x

Official Journal of CIOMP
elight.springeropen.com

REVIEW Open Access

Planar liquid crystal polarization optics

=

Check for
updates

for augmented reality and virtual reality:
from fundamentals to applications

Jianghao Xiong and Shin-Tson Wu"

Abstract

systems are illustrated and analyzed.

Planar and ultrathin liquid crystal (LC) polarization optical elements have found promising applications in augmented
reality (AR), virtual reality (VR), and photonic devices. In this paper, we give a comprehensive review on the operation
principles, device fabrication, and performance of these optical elements. Optical simulations methods for optimiz-

ing the device performance are discussed in detail. Finally, some potential applications of these devices in AR and VR
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1 Introduction

Augmented reality (AR) and virtual reality (VR) are
promising candidates for next-generation mobile plat-
form. They have potential to revolutionize the ways we
perceive and interact with various digital information
[1-4]. Their widespread applications cover education,
engineering, entertainment, and healthcare, just to name
a few. Unlike traditional flat panel displays, AR and VR
embrace the concept of 3D digital image and promote a
deeper level of human—computer interactions. The major
difference between AR and VR is that AR superimposes
digital contents with real environment so that it remains
see-through capability, while VR is completely immer-
sive. However, to vividly display 3D contents imposes
unprecedented technical challenges from optics view-
point. Human eye has excellent optical performances
like wide field-of-view (FoV) [5], high dynamic range [6,
7], high visual acuity [8], adaptive focus [9], and 3D per-
ception [10]. To build an AR/VR display system satisfy-
ing all the above-mentioned requirements is extremely
challenging using traditional optics, not to mention the
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display itself should also have a compact form factor and
lightweight for comfortable wearing experience.

After five decades of extensive material research and
development, device innovations, and heavy investment
on advanced manufacturing technologies, thin-film tran-
sistor (TFT) liquid crystal display (LCD) has reached a
matured stage. Its widespread applications cover from
smartphones, pads, notebook and desktop comput-
ers, TVs, to projectors, just to name a few. Recently,
mini-LED backlit quantum-dot LCD offers a compara-
ble dynamic range, grayscale bit depth, and color gamut
with its organic light-emitting diode (OLED) counter-
part [11, 12]. Besides displays, LCs exhibit some other
attractive properties, such as phase-only modulation and
photo-patternable characteristic. These properties can be
used to dynamically manipulate the wavefront of a light
source and create new photonic devices, such as grat-
ing and lens. Lately, LC-based diffractive optics [13—-16]
has attracted increasing interest due to its advantages in
high efficiency, polarization selectivity, switching abil-
ity, and ultrathin form factor. The ultrathin LC optical
elements, with thickness of several micrometers, ena-
ble very compact and lightweight optical components
with electronic modulation capacity compared to their
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counterparts using mechanical modulation. The fast-
switching and precise wavefront control further distin-
guish these LC optical elements. These unique properties
can be employed to address the major challenges in AR/
VR displays and, in the meantime, enable novel photonic
applications.

In this review, we will begin with a brief introduction
to the fundamental LC physics, which is necessitated to
understand the operation principles of the devices, and
then give some examples of practical applications. The
LC physics serves as the foundation for the LC devices
described here. The optical properties of these devices
offer further insights into their potential functionali-
ties. Finally, some exemplary applications of these pla-
nar, ultrathin LC optical elements illustrate how their
unique properties help solving current issues of near-
eye displays. This review aims to give a comprehensive
understanding of planar LC optics and inspire deeper
investigations into the near-eye displays and other prom-
ising photonic devices.

2 Formation of planar LC optical elements

2.1 Basics of liquid crystal physics

A thermotropic LC exists between solid and isotropic
phases. An anisotropic LC is more ordered than an iso-
tropic liquid and exhibits a certain degree of orientational
order. On the other hand, it is less rigid than a crystalline
solid and can flow easily. Several kinds of thermotropic
LCs have been discovered, including nematic, smectic,
and columnar (or discotic) phases [17]. The order of these
phases increases accordingly. Nematic phase has no posi-
tional order and it acts like a 3D liquid. The LC molecules
can move freely in 3D space, as shown in Fig. 1a. Smectic
phase has 1D positional order, which resembles stacked
2D liquid layers, as Fig. 1b depicts. On the other hand,
columnar phase has 2D positional order and behaves like
an array of 1D liquid tubes, as sketched in Fig. 1c. Due to
mechanical instability and defects, smectic and columnar
phases are less commonly used in practical applications
than nematic.

The presently widely used flat panel displays use
nematic LCs. If we dope a chiral compound into a
nematic host, the LC will form a helical structure
depicted in Fig. 1d. This helical structure is called cho-
lesteric liquid crystal (CLC). Therefore, we can regard
CLC as a derivative of nematic. Meanwhile, there is
another phase existing in between cholesteric phase and
isotropic phase, called blue phase [18]. But the operating
voltage of blue phase is quite high so that its application
is still limited. Thus, we will not discuss it here. Detailed
descriptions of LC phases and their physical properties
can be found in [17]. The planar optics we present here
mainly involves nematic and CLC phases.
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Fig. 1 Schematics of different LC phases: a Nematic phase, b
Smectic-A phase, ¢ Columnar phase, and d Cholesteric phase

A nematic LC usually consists of elongated rod-like
molecules. Thus, we can use a unit vector # called the
LC director to describe the averaged orientation of local
molecules. As shown in Fig. 2a, the LC director # can be
spatially variant. If we look at a local region, the molecu-
lar orientations are distributed near director #. There-
fore, we can define a scalar order parameter S as

S = %<3cos29 — 1>, (1)

where () denotes the statistical average and 6 is the angle
between the molecules and the director #. As the tem-
perature increases, LC undergoes phase transition to an
isotropic state. Under such condition, the LC directors
are randomly distributed so that S=0. When the tem-
perature is below the melting point, the LC directors are
frozen to a crystalline state, and S=1. In a nematic state,
S is usually in the 0.6 to 0.7 range, depending on the tem-
perature. The most generalized description of LC behav-
ior uses a tensor order parameter Q defined as

S
Qi= 75 (3minj — &), ()

where §;; denotes Kronecker delta. Because Q contains
information of both order parameter and director, it
can describe the thermotropic phase transition and LC
dynamics. But in most applications at a given tempera-
ture, the order parameter is usually a constant, thus a
simpler way to describe the LC dynamic behaviors is to
only use the director 7.
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Fig. 2 a Schematics of local LC director. b Diagram of local coordinate system corresponding to the diagonalized anchoring tensor

To acquire spatial and temporal information of the LC
director n(x,t), free energy model is used. The total free
energy F, ., consists of three parts: the elastic energy F,
from director reorientations, the surface free energy F,
from interaction between LC and surface anchoring, and
the electromagnetic field free energy Fj,;, from dipole cou-
pling between LC and electric/magnetic fields.

According to Frank-Oseen model [17], the elastic free

energy density f,; can be expressed as

1 e 1o (o o)
=K (V- K-V =
Sel 5 1( n) +2 2<n xn+P>

1.~ 12
+§I(3’nxVxn s 3)
where K, K, and Kj is the splay, twist, and bend elastic
constant, respectively, and P is the helical pitch of CLC
with the director reorienting from 0 to 2n. When there is
no chiral dopant, P is infinity. From Eq. (3), we can see
that in order for f,; to be zero, all the spatial derivatives of
7 should be zero, which indicates # should be a constant
across the space. When P is finite, it is easy to verify that

n= (cos 2Lz, sin 27”2,0) gives zero f,, which corre-

sponds to a helical structure with pitch length P and the
helix is along the z axis. Also, because the value of f,, is
not dependent on the choice of coordinates, any rotation
of the coordinate system should produce the same result,
which means a helical structure with period P and arbi-
trary helical axis orientation leads to f,;=0.

When an LC is subject to an external field, the free
energy density arising from LC’s electric and magnetic ani-
sotropies can be expressed as:

1 " 1 ~
jjgeld=—§As(n~E)2—§Ax(n~H)2, (4)

where E and H are the electric and magnetic fields, Ae
and Ay are dielectric and diamagnetic anisotropies.

Depending on the sign of Ae and Ay, the LC directors
could be reoriented to be parallel or perpendicular to the
electric field or the magnetic field.

The surface free energy density f; determines how the
LC directors align at the interface. The most general
form of f; adopts the following [19, 20]:

1
fs = _i Z VV,’jninj, (5)
2

where W, is the traceless symmetrical anchoring tensor.
We can always diagonalize W) in a local coordinate sys-
tem &, 7, €, as shown in Fig. 2b. Also, note that 7 is a unit
vector, thus f; can be rewritten as:

=W (i-8) + wy (@) ©)

Here, we ignore the constant term. When £=7and
W,=0, fi=W, (?1-2)2. If W, <0, the LC directors
tend to align along surface normal z. If W, > 0, LC
directors tend to align in x—y plane, which corresponds
to degenerate planar anchoring. When W, #0, § =2
and W, > 0, it corresponds to homogeneous anchoring.
Because in this case 7 and € have to be in x-y plane,
the LC directors tend to align parallel to 7 if W, < 0, or
parallel to & if W, > 0.

The surface free energy can be viewed as a mecha-
nism to align surface LC with treatment of surface by
mechanical rubbing, photoalignment or other tech-
niques. The field free energy offers a way to align bulk
LC by applying electric/magnetic fields. The final distri-
bution of bulk LC directors is determined by minimiz-
ing the following combined free energy:

Footal = / Ve + feta) dv + / Jsds. 7)
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2.2 Formation mechanism

In order to manipulate the LC director configuration,
from our above analysis, we can either apply an electric
field or by patterning the surface molecular alignment.
In practical applications, locally addressable electric field
can be achieved by the patterned electrodes. Examples
include LC lenses [21, 22] and beam steering devices [23—
26]. However, to achieve a large-aperture LC lens with
high optical quality, the wavefront modulation should be
precise, meaning more and finer electrodes are required
to increase the degree of modulation freedom. This in
turn causes great difficulty in electrode fabrication and
device driving. For LC beam steering devices, the dif-
fraction angle is governed by the electrode density and
is usually small. For a simple estimate, a liquid—crystal-
on-silicon device with 3-pum pixel pitch would produce
a maximum diffraction angle of only 10° at A=550 nm.
Furthermore, as the diffraction angle increases, the opti-
cal efficiency declines rapidly.

On the other hand, locally patterned surface align-
ment has advantage in precise wavefront modulation.
Several patterning methods have been developed, such
as micro-rubbing [27, 28], nanoimprinting [29, 30], and
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photoalignment [31-36]. Among them, photoalignment
has the best recording precision and considerably eas-
ier fabrication process. The photoalignment technique
generally refers to inducing optical anisotropy with the
exposure of a polarized light. Among several types of
photoalignment approaches are two main methods using
photochemical reaction and photoisomerization [32].
The method adopting photochemical reaction like photo-
dimerization enables adjusting LC-surface tilt angle and
is essential for applications like multi-domain vertical
alignment LCDs [33]. The photoisomerization approach
involves a type of polarization-sensitive molecules called
azo compounds, where the azobenzene group can transit
between low-energy trans state and high-energy cis state,
as Fig. 3a depicts. After exposure with an elliptically
polarized light, the azo compounds repeatedly undergo
trans—cis photoisomerization cycles and gradually
rotate to the direction parallel to the short axis of ellipti-
cally polarized light, where the absorption is minimum.
In the early development stage, azo-dye doped LCs are
used to record the wavefront of an interfered polarized
light [37-39]. The movement of azo compounds changes
the alignment of surrounding LC materials, causing the
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Fig. 3 a Schematics of how azobenzene transits between trans and cis states. Chemical structures of b brilliant yellow azo-dye and c reactive
mesogen RM257. d Polymerization of reactive mesogen under UV exposure
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LC to form holograms. But the formed holograms usu-
ally disappear after the recording beams being removed,
due to the reorientation of LC directors. Later, research-
ers changed the fluidic LC material to LC polymers [34,
40-43]. The recorded holograms remain stable after
exposure, but the required dosage increases dramatically.
The formation mechanism of such a volume hologram
is also complicated, involving a lot of nonlinear interac-
tions [44, 45]. Afterwards, instead of using a thick film,
a thin photoalignment layer is used to align bulk LC.
The photoalignment layer can be a photopolymer [34,
35, 46], an azo-polymer [47], an azo-dye doped poly-
imide [48-50], or just an azo-dye [14, 51-55]. The azo-
dye alignment layer generally produces a higher optical
performance because of its better freedom of molecular
movement. Such method is usually called photoalign-
ment polarization holography (PAPH). It has advantages
of low exposure dosage, high diffraction efficiency, neg-
ligible scattering, and electric-driving potential. Several
types of azo-dyes have been used for photoalignment,
like methyl red, brilliant yellow, SD-1 and so forth. The
chemical structure of a typical azo-dye-based brilliant
yellow is shown in Fig. 3b. The LC material used in PAPH
could be a fluidic LC or a reactive mesogen. The latter is
basically a polymerizable LC with reactive end groups
[56]. The chemical structure of a typical reactive mesogen
RM257 is depicted in Fig. 3c. Usually a reactive meso-
gen and additions like photo-initiator are dissolved in an
organic compound. The solution is coated on a substrate.
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After the solvent evaporates, the reactive mesogen is in
liquid crystalline state. Under ultraviolet (UV) light illu-
mination, the reactive mesogen molecules form the poly-
mer network with high thermal and chemical stabilities,
as sketched in Fig. 3d.

To understand the working principle of PAPH, we shall
firstly describe how patterns are formed in the photoa-
lignment layer with exposure of a polarized light. From
above description of how azo compounds respond to
an elliptically polarized light, it is natural to think that
linear polarization is a preferred choice for photoalign-
ment, because of its highest ratio between the parallel
and perpendicular electric field components. To produce
a patterned linear-polarization pattern, one approach is
to interfere two circularly polarized beams. As shown in
Fig. 4a, when two beams with left-handed circular polari-
zation (LCP) and right-handed circular polarization
(RCP) interfere, the electric field can be calculated as:

|:}}e—ikosin9-x N |:_1i:|eikosin0-x _ Z{Zﬁf((llioossfgg ;C)) ]

(8)
where k, is the wavenumber and 8 is the incident angle.
The resultant electric field has a sinusoidal linearly polar-
ized pattern. Therefore, in the exposure process, azo
compounds would rotate to align perpendicular to the
electric field, forming a sinusoidal pattern with a phase
shift of m to the original electric field. It is worth men-
tioning that Eq. (8) is based on an approximation of small
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incident angle and ignoring the field component verti-
cal to the substrate. But it has been shown [57] that for
large incident angles and even asymmetric incidence, the
resultant pattern still has a high degree of linear polari-
zation. Therefore, such a photoalignment pattern record-
ing method can accommodate a reasonably wide range of
exposure scenarios.

When a nematic LC layer is deposited on top of the
patterned photoalignment layer, the bottom LC directors
would follow the sinusoidal pattern, as Fig. 4b depicts.
We note this structure as planar-nematic structure. The
director # has following form:

1 = (sin(ko sin 0 - x), cos(kg sin 6 - x), 0). 9)

Plugging Eq. (9) into Eq. (3), we can calculate the elastic
free energy density as

272
AZ

(10)
where A, = 27/(ko sin 0) is the pattern pitch in x direc-
tion, and the sign & represents the single elastic constant
approximation Kj = Ky = K3 = K. Although the single
elastic constant approximation does not hold true for
most LC materials [58, 59], it provides us a simple physi-
cal insight for an intuitive understanding. The elastic
energy is non-zero, indicating such LC director configu-
ration is in a deformed high-energy state. As mentioned
earlier, the most relaxed state for nematic LC is a con-
stant director . Therefore, as the thickness of such LC
configuration increases, or A, decreases, the above LC
intends to align vertically to form the constant director
distribution [60, 61]. The critical thickness for deforma-
tion depends on the elastic constants of the employed
LC material [61]. But it is generally in the same order as
Ay. The LC thickness is usually fixed due to the half-wave
retardation condition to be discussed later. Thus, A, can-
not be smaller than a certain value. As a result, such an
LC optical element usually exhibits a relatively small dif-
fraction angle (~10°).

Lately, it is found that CLC combined with patterned
alignment layer can also form high-quality optical com-
ponents. If we place a CLC on top of a patterned photo-
alignment layer, it is natural to assume that the director
would follow the bottom pattern, but with a helical twist
in z direction, as shown in Fig. 4c. We call this structure
as planar-twisting structure, whose pitch in z direction
(Ay) is equal to the natural helical pitch of CLC (Acrc).
Under such condition, the director # has following form:

- . 2 " 2 2 n 2 0
n=|sin| —x+—z|J,cos| —x+ —z/,0]).
Ax AZ Ax AZ

(11)

272 5 21 . 9 21
fele—% Kj cos A—x—}—Kzsm A—x ~ K,

X X
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From Eq. (3), we find the elastic free energy density as:

f 272 % 5 [ 27 n 2
=— cos” | —x+ —z
el Agzc 1 Ay A,

1K, sin? <2nx+ 2”z>> ~ e
2 —x+ — ~ —K,
Ay~ A AZ (12)

which has a similar form to Eq. (10).

Recall that the most relaxed CLC state is a helical
structure. To deform from planar structure in Fig. 4c
to helical structure is indeed very easy, which is dif-
ferent from the case of planar nematic structure. As
depicted in Fig. 4d, if the bulk LC directors no longer
maintain the planar form and are tilted with an angle
o = arcsin(Ag/Ay), then a helical structure is obtained,
with the LC directors parallel to Bragg surface. The
k-vector of bottom pattern is also matched. The Bragg
pitch Ag equals to the CLC pitch Acic in this case.
We note this structure as tilted-helical structure. Both
simulations [62] and experiments [62, 63] indicate there
exists a thin layer of transitional region where LC direc-
tor evolves from bottom planar pattern to bulk tilted-
helical structure. Remember the helical structure has
zero distortion free energy. The free energy density in
the transitional layer has a gradient distribution from
bottom [whose value is described by Eq. (12)] to top
(whose value is zero). Its thickness is dependent on
the elastic constants of the employed LC material and
anchoring strength of the alignment layer but is typi-
cally in the order of 10 nm according to the simulation
results. Therefore, the total free energy of tilted-helical
structure is significantly lower than that of planar struc-
ture, as shown in Fig. 4e. In this sense, the tilted-helical
structure is more stable than the planar-nematic struc-
ture in Fig. 4b. Such a grating can accommodate a very
small A, and therefore a very large diffraction angle.

Although the planar-twisting structure is difficult to
exist in a single-layer bulk LC, it can be fabricated with
multiple spin-coating procedures. The thickness of each
spin-coated layer should be small enough so that the pla-
nar form is maintained. Another limiting case is when
the chiral concentration is low and therefore A cyc is very
large. This case is similar to the planar-nematic structure,
at a semi-stable state with a high distorted free energy.

2.3 Device fabrication

From above discussions, PAPH basically includes two parts:
(1) patterning photoalignment layer and (2) deposition of
LC material. For the patterning part, our previous discus-
sion focuses on the interference of LCP and RCP beams,
which can be achieved using several types of interferome-
ters [51, 55, 64, 65]. Figure 5a shows a typical interferometer
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for recording an off-axis lens pattern. To record an arbitrary
pattern, we need to firstly fabricate such a template using
methods like diamond turning. Then we can relay the wave-
front of that template onto the sample [51].

In addition to interferometers, several other methods
can also be employed to produce linearly polarized pat-
tern, such as spatial light modulator (SLM) [66-68],
direct laser scanning technique [69-71], and replication
mask [72-75]. The SLM approach relies on local modula-
tion of phase retardation to control the final linear polari-
zation direction of each pixel, as depicted in Fig. 5b. The
device resolution is limited by the SLM and therefore it
can only produce pattern with a relatively large period.
The direct laser scanning technique uses a laser whose
linear polarization direction is controlled by a polariza-
tion rotator. Such a polarization rotator is synchronized
with the translation stage to write a spatial pattern in a
point-to-point manner, as shown in Fig. 5c. Aside from
relatively slow writing speed, it may also face the resolu-
tion issue because the smallest feature size is limited by
the focused laser spot size, which generally has the same
order as the laser wavelength. However, to achieve a large
diffraction angle, the corresponding pattern feature size
should be much smaller than the wavelength. Finally, the
patterned polarizer method directly converts the input
circularly polarized or unpolarized light to patterned lin-
ear polarization with a mask, as sketched in Fig. 5d. The
replication mask can be a polarizer mask fabricated by
photolithography [72, 73] or interferometer based PAPH
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[75]. Photolithography can achieve a sub-wavelength fea-
ture size but to write a large-scale (~cm) sample is time
consuming. Alternatively, the mask can also be a wave-
plate mask [74] fabricated through all other methods. It is
worth mentioning that the replication mask method has
the highest potential for mass production, which is criti-
cal for applications like VR and AR.

The LC material deposition can be categorized into
spin-coating and cell formation. In spin-coating, a reac-
tive mesogen solution is overcoated on top of the bottom
photoalignment layer. After solvent evaporation, a UV
light is used to polymerize the reactive mesogen. This
process can be repeated several times. Each time, the top
surface of previous layer serves to align the subsequent
layer. Such a multiple spin-coating routine can be used
to form some specific structures that would otherwise be
distorted in a single layer approach [76, 77], as discussed
above. On the other hand, the cell formation method uses
two substrates to form a cell. The photoalignment layer
is placed on one or both inner surfaces of the substrates.
A fluidic LC is then infiltrated into the cell and form the
optical element. If the substrates are coated with indium
tin oxide electrodes, the LC directors can be switched by
an external voltage. Such an LC optical element is called
active device, while the LC polymer based optical ele-
ment is called passive device. The cured LC polymer is
not switchable. To utilize its polarization selectivity, we
need to add an active polarization rotator to control the
input polarization.

a
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Fig. 5 Methods to produce patterned linear polarization. a An interferometer to record an off-axis lens pattern. b SLM-based method. c Laser
scanning method. d Patterned polarizer mask method. BS: beam splitter. LP: linear polarization. QWP: quarter-wave plate. CP: circular polarization
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2.4 Response under applied voltage

In the planar-nematic structure, if the employed LC
material has a positive dielectric anisotropy (Ae>0), then
we can dynamically switch the cell with an electric field
along z direction. From Eq. (10), the LC director has the
tendency to reorient perpendicularly to lower the free
energy. Similar to the Fréedericksz transition in a homo-
geneous cell, there is a threshold voltage (V) over which
the planar director starts to deform. With some approxi-
mations [61], Vthl can be expressed as

d\’ d\*
-(2) == (2)-
(13)
where V,, is the threshold voltage of a homogeneous cell
and d, is the critical thickness. From Eq. (13), V,, is lower
than V,, This can be explained by the high-energy state
of the planar nematic structure. As discussed above, the
LC directors have non-zero free energy and tend to align
vertically, which is the same as electric field direction.
Therefore, the LC directors in a planar twisting structure
are easier to deform than those of a homogeneous cell.
The response time has the same expression as a homoge-
neous cell [78]:

i I(]
=r
goAe

70
Trise = —— 5=
T = VP (14
2
rd
Tdecay = T0 = [7(17_[2; (15)
where 7,,, and 7,,,, represents the rise time and free

relaxation time, respectively, y; is the rotational viscosity,
d is the cell gap, and V'is the applied voltage. By choosing
a low viscosity LC material and thin cell gap, the response
time can reach 1-2 ms.

In a tilted helical structure, the LC dynamic response is
more complicated [62, 79]. Although the electric field free
energy is lower for the LC directors in z direction, the elas-
tic free energy is high when all the LC directors are aligned
vertically. According to numerical simulation and experi-
ments, there is also a threshold voltage over which the
helical structure begins to rotate toward z direction. But
the pattern period in x direction is still fixed and therefore
the diffraction angle does not change. At a certain point,
the Bragg surface will be aligned vertically, which has the
same configuration as a uniform lying helix (ULH) struc-
ture. As the voltage further increases, the ULH structure
will be deformed and unwinded, until all the LC directors
are aligned vertically.
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3 Optical properties

Although versatile optical elements, such as gratings, on/
off-axis lenses, and freeform structures can be fabricated
with above LC structures, the local region of these ele-
ments can be treated as a grating. Therefore, we will focus
on gratings in this section. Before we dive into the detailed
grating structures, it is necessary to introduce the optical
simulation methods first.

3.1 Simulation methods

To categorize a grating, the so-called Q factor [80]
Q=2nid /ﬁA2G can be used. It generally describes the
degree of modulation of a grating. When Q< 1, the modu-
lation is not strong and such a grating is referred as Raman-
Nath grating. When Q > 1, the modulation is strong, and we
call such a grating as Bragg grating.

For Raman-Nath gratings, in a small local region, the
structure can be regarded as uniform in x direction, but
can be nonuniform in z direction, as Fig. 6a shows. There-
fore, we can use 4-by-4 matrix method [78] to calculate the
output electric field for each small local region. The basic
idea of 4-by-4 matrix method is to analytically solve Max-
well’s equations in the uniform anisotropic region and use
the boundary conditions to calculate fields. Between two
consecutive interfaces, the Maxwell’s equations can be for-
mulated as following form by eliminating the z-direction
field components:

) E, E,
E, , E
— = ikoR y
0z Hx o Hx (16)
HJ/ HJ/

where ko is the wavenumber, R is a 4-by-4 matrix, E, , and
H,, are the tangential electric and magnetic fields. Equa-
tion (16) can be easily solved by diagonalizing matrix R.
Therefore, we can correlate tangential fields at two con-
secutive interfaces by

Ex eikorld,-
Ex eikorzdi
Hx =T eikorgd,'
H, i1 etkorad;
Ey Ex
T—l Ey —Pp Ey
H, Y| Hy
Hy H,

i (17)

i

where r; are the eigenvalues of R and T is the transforma-
tion matrix. Thus, we can correlate the tangential fields at
input and output interfaces by multiplication of matrices
P Finally, the reflected E, and transmitted electric field
Ey comporz_ents can be calculated by a conversion matrix

between [E ,E } and F’, ITI}
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For Bragg gratings with a small pitch in x-direction,
the above approximation on the x-direction uniformity
is no longer valid. Because the grating pitch is small, the
propagating light already experiences non-uniformity in
x-direction when passing the medium. A more precise
simulation method called rigorous coupled-wave analysis
(RCWA) [81-83] should be adopted. In RCWA, the elec-
tric and magnetic fields are expressed in Fourier expan-
sions, according to the grating period in x directions. The
formulation of RCWA, interestingly, almost has the same
procedure as the 4-by-4 method mentioned above, by
replacing scalar values of E(H),, in Eq. (16) with vectors
E(H),, corresponding to Fourier coefficients. Details can
be found in [81]. RCWA can therefore be regarded as a
“4M-by-4M” method with M being the order of Fourier
expansion. Of course, there are other simulation methods
like finite element method (FEM) and finite-difference
time-domain (FDTD). But for simulation of LC gratings,
RCWA has a significantly faster speed and higher preci-
sion [81].

3.2 Transmissive LC grating

Let us first look at transmissive LC gratings. The simplest
case is the planar-nematic structure with grating thick-
ness satisfying half-wave retardation. The grating can
therefore be regarded as a patterned half-wave plate with
spatially rotating optical axis. With an incident circularly
polarized light, Jones matrix can be expressed as

21 : 2
_ COoSs (Ax~x) sm(A—x-x)

HWP | .
+i sin(f\z-x) —cos(f\—zw

{ : } [ 1 } e
.| = e Ax
+i Fi

where A, is the grating pitch. From Eq. (18), we can see
the handedness of the circularly polarized light is flipped,
while adding a linear phase term, corresponding to the
diffraction of output light. This type of grating is usually
called geometric phase grating or Pancharatnam-Berry
(PB) grating. The term is related to the cyclic evolution

(18)
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of light polarization state in two different trajectories
with same starting and ending states. Although the end-
ing polarization state is same for two trajectories, there
is an additional phase difference due to the evolving path
difference. The concept can be visualized with Poincaré
representation [78, 84]. Using 4-by-4 method, we can cal-
culate the light polarization state at a specific thickness
and plot it in the Poincaré sphere.

As shown in Fig. 6b, when starting from LCP (S3= —1)
state, the light goes through a big arc and reaches RCP
state (S3= +1). The two different paths (red and yellow)
correspond to two half-wave plates with different azi-
muthal orientations. The phase difference between two
ending RCP states is proportional to the area between the
two paths.

The planar-nematic state has the simplest configura-
tion as a PB grating. However, its efficiency is also vul-
nerable to the change in wavelength or incident angle.
This can be explained by a deep observation of the path
on Poincaré sphere. Because the path is the shortest one
from south to north pole, a deviation in path length from
the change of wavelength or incident angle would directly
result in a departure of ending point from north pole.
This is because the “shortest” path has little tolerance
over the path length change. For practical applications,
however, a large tolerance on wavelength and incident
angle is generally desired. To improve the angular and
spectral performances, we can design a multi-layer struc-
ture [52, 53, 85, 86]. In each layer, the LC director can
have a twist along surface normal, which has the same
structure as the planar-twisting one, plotted in Fig. 4c. It
should be clarified that the pitch in z direction in this case
is usually large, so the associated distortion free energy is
small. The planar-twisting structure can be maintained.
As an example, let us examine a 2-layer structure and
a 3-layer structure, as shown in Fig. 6¢. Both structures
have symmetric configurations. The 2-layer structure
has a twisting angle of 70° for the first layer and —70° for
the second layers, with a total thickness of 3.4 pm. The
3-layer structure has a twisting angle of 70°, 0°, —70° and
thickness of 1.0 um, 1.4 um, 1.0 pm for each layer. The
LC birefringence is 0.17. The paths on Poincaré sphere
are plotted in Fig. 6¢. Both paths are deformed and pro-
longed. The angular and spectral responses are plotted
in Fig. 6d, e, respectively. For a single layer, S3 drops
quickly as the wavelength deviates from the central wave-
length of 550 nm. But the 2-layer structure can maintain
a $3>0.95 in the 500 nm to 700 nm spectral range. The
3-layer structure further extends the spectral range from
450 to 700 nm, which covers a large portion of the visible
spectrum. Regarding angular response, the 2-layer struc-
ture can maintain S3 > 0.9, while the 3-layer structure can
maintain S3>0.95 for the incident angle within 4-60°.
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Although the 4-by-4 matrix method provides a clear
understanding of PB gratings, it is based on an assump-
tion of large A. For precise calculation and optimiza-
tion, RCWA is still required. The optimized structure
by RCWA may deviate from that from 4-by-4 method.
Still, 4-by-4 method can serve as an analytical tool and
set starting values for RCWA optimization. As A, gets
smaller, the PB grating gradually falls into Bragg regime.
At this point, the planar-nematic structure may face the
alignment issue as previously discussed. To overcome
this, we can use multiple spin-coatings, with thickness
of each layer below the critical thickness of deformation.
However, this approach also raises another issue. When
A, becomes small enough, the normally incident light is
already deflected in the grating region, so the light sees
change of LC orientation as it propagates in z direc-
tion. This leads to a relatively low efficiency at normal
incidence. To improve normal incidence efficiency, we
have to adopt the planar-twisting structure to manually
rotate Bragg surface so that the deflected light is propa-
gating along Bragg surface and therefore experiencing
no change in LC directors. But this also means we have
to adopt multiple spin-coatings to suppress the tilted-
helical structure. The required thickness for each layer
should be thinner than the transitional layer in tilted-
helical structure, which makes the practical fabrication
remarkably difficult.

To elucidate the design procedures using RCWA, we
simulate two transmissive gratings: one Raman-Nath
grating with Ay=4 pm and one Bragg grating with
A,;=500 nm. The angle between Bragg surface and sur-
face normal is 20°. Both gratings have a thickness of
1.7 pm. The fast computation of RCWA enables us to
vary both incident angle and wavelength to observe
the change in diffraction efficiency, which normally
takes weeks for FEM or FDTD methods. The results are
shown in Fig. 7a, b. We can see due to the tilted Bragg
surface, the normal incidence in Bragg grating has a
high efficiency. Without the tilting, the high efficiency
peak would shift to—20° incidence. The high-efficiency
band in angular dimension is much narrower for Bragg
grating than Raman-Nath grating. To enlarge spectral
bandwidth, theoretically we can stack different layers
of planar-twisting structure together, but that further
increases the fabrication difficulty.

3.3 Reflective LC grating

Reflective LC gratings have very different optical prop-
erties and fabrication requirements from their transmis-
sive counterparts. In order to diffract light to reflective
orders, the grating pitch is usually small. Therefore,
reflective LC gratings are generally Bragg gratings. We
will focus on the tilted-helical structure due to its easier
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fabrication than the planar-twisting structure. As an
example, we chose a grating with Ag = 190 nm and tilt
angle between Bragg surface and substrate is « =20°. The
efficiency in relation with incident angle and wavelength
is plotted in Fig. 7c. Unlike Bragg transmissive grating
with a straight high-efficiency band, the reflective grating
has a “U-shape” band with a cut-off wavelength. In our
case, the cut-off wavelength is around 620 nm. Over the
cut-off wavelength the efficiency quickly drops to zero
regardless of the incident angle. We can obtain the spec-
tral plot by sectioning the U-shape band in Fig. 7c along
the incident angle. For a specific incident angle, there is
always only one peak in the spectral plot. The angular
plot can be acquired similarly by sectioning the U-shape
band along a specific wavelength. The angular plot, how-
ever, could have one or two peaks, depending on the
wavelength. For example, for the wavelength of 400 nm,

the angular plot has two peaks. But when the wavelength
is close to the cut-off wavelength, for example, at 600 nm,
there is only one peak in the angular plot. To under-
stand the angular response more clearly, we will con-
sider the general conical diffraction where both incident
polar angle 8 and azimuthal angle ¢ change. The result
for A=550 nm is plotted in Fig. 7d. The high-efficiency
band has a donut shape. With a certain range of incident
angles in center exhibit low efficiency. When ¢ =0, that
is, when we draw a horizontal line and see the intersec-
tion, the efficiency-8 plot corresponds to the two-peak
case of Fig. 7c. As the wavelength increases to a certain
range, the hole in “donut” disappears and the whole band
is connected, with the shape of a disk. Further details of
optical properties of various types of LC optical elements
can be found in [81].
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Finally, it is necessary to discuss the polarization
dependency of above LC gratings. For a transmissive PB
grating, as seen from Eq. (18), the output phase is oppo-
site for the incident LCP and RCP lights. As a result, the
diffraction angle is opposite, as Fig. 8a depicts. The hand-
edness is also flipped after the PB grating. Although the
PB grating is passive, we can add an active half-wave plate
to control the incident polarization (LCP or RCP) so that
we can switch the diffraction order. A twisted-nematic
LC cell with a quarter-wave plate is a commonly used
broadband polarization rotator [87]. For binary switch-
ing, its response time can be as fast as 1-2 ms, depend-
ing on the LC material and cell gap employed. If we
stack multiple of these devices together, we can achieve
a beam steerer with multiple but discrete steering angles
[88]. Transmissive PB lenses can also be fabricated, by
replacing one collimated beam with a divergent beam in
the interferometer. Opposite phase profiles for LCP and
RCP in this case means opposite optical powers, one cor-
responding to converging lens and the other diverging,
as shown in Fig. 8b. The combination of a PB lens and a
polarization converter results in a bifocal lens. If we stack
multiple bifocal lenses together and carefully choose
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the lens’ optical powers, we can obtain a quasi-continu-
ous tunable lens. For reflective LC optical elements, the
polarization dependency is different. If the incident cir-
cularly polarized light, say LCP, has the same handed-
ness as the CLC, then diffraction occurs. While for RCP,
there is no diffraction. Various types of reflective optical
elements can be fabricated, such as grating, reflective on-
axis lens or off-axis lens, as illustrated in Fig. 8c—e. When
combined with a polarization-modulating device, reflec-
tive gratings or lenses can also achieve different types of
functionalities.

4 Applications

4.1 Virtual reality displays

Most of current VR displays adopt a simple optical lay-
out with a display panel and a collimation lens, as shown
in Fig. 9. The image from a high-resolution display panel
(LCD, OLED, or micro-LED) is relayed to a far distance.
Two different images are delivered to the viewer’s left
and right eyes. The spatial parallax of images induces
3D perception in the viewer’s brain. Three factors in a
VR display play important roles: resolution density, form
factor, and vergence accommodation conflict (VAC)
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Fig. 9 a Sketch of optical layout of a VR system with a hybrid

Fresnel refractive lens. b Sketch of vergence cue coinciding with
accommodation cue viewing a real object. ¢ Diagram of formation of
VAC viewing a stereoscopic display

[9]. Resolution density determines the pixels per degree
(PPD) perceived by the viewer. For a normal eye, the vis-
ual acuity is 1 arcminute, which translates to PPD =60.
To achieve 100° FoV, the display resolution should be
6 K [89]. An inadequate resolution density would cause
the annoying screen-door effect. At present stage, most
of the VR displays have not reached this target yet, but
the resolution density is steadily increasing. Therefore,
here we will mainly focus on form factor and VAC. Form
factor is mainly determined by the total track from dis-
play panel to eyebox. The distance from collimation lens
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to display panel is usually equal to the lens focal length.
Further shrinking the focal length brings issues of aber-
rations. VAC results from the stereoscopic nature of dis-
play. It causes nausea and visual discomfort to users and
is considered a major obstacle for VR.

The formation of VAC is plotted in Fig. 9b, c. There
are two main cues in human’s 3D perceptions: vergence
cue and accommodation cue. Vergence cue comes from
the relative rotation of two eyes to overlap left and right
images in viewer’s perception. Accommodation cue
comes from focusing of eye lens to get a sharp image
of object. When viewing a real 3D object, as depicted
in Fig. 9b, both cues fall on the object and there is no
conflict. But in an optical system plotted in Fig. 9a, the
distance of image plane is fixed and so is the accommoda-
tion cue. When the intended distance of virtual 3D object
is different from image plane, the induced vergence cue is
different from accommodation cue. Such a mismatch is
referred as VAC.

To reduce form factor, polarization-based folded
optics, also known as “pancake” optics can be used
[90, 91]. A typical layout of pancake optics is plotted in
Fig. 10a. Let us assume the display panel emits a linearly
polarized light (s-wave). First, the s-wave passes through
the half-mirror and is reflected by the reflective polarizer.
Then it is reflected again by the half-mirror, which is inte-
grated with a quarter-wave plate (not shown in the draw-
ing). The light is converted to p-wave and passes through
the reflective polarizer. It should be noted the quarter-
wave plate can also be integrated onto the reflective
polarizer. The optical path in between the half-mirror
and the reflective polarizer is three-folded. However, the
conventional pancake optics still requires some refractive
elements, which adds to system weight and form factor.
The total system efficiency is relatively low (25%) mainly
because of the transmission and reflection loss from the
half-mirror.

If we replace the reflective polarizer with a flat CLC
lens as plotted in Fig. 10b, then the form factor can be
dramatically improved. In this case, all the optical power
is provided by the CLC lens. Alternatively, we may
replace the half-mirror with a holographic lens fabricated
by, for example, holographic exposure of photopolymer.
Then the holographic lens can provide an extra opti-
cal power to compensate for aberrations. The different
behaviors of light on holographic lens, as indicated by A
and B, are due to the strong angular selectivity of holo-
gram. The replacement of half-mirror also improves the
system efficiency to nearly 100%. But the strong spec-
tral angular selectivity of holographic lens necessitates a
monochromatic laser light source.

Another important issue, VAC, can also be well
addressed with LC flat optics [92-95]. As previously
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Fig. 10 a Schematics of a pancake optical system for VR using a refractive lens, reflective polarizer and half mirror. b Sketch of a thin pancake

discussed, the polarization dependent focusing power
and electrically switchable property of PB lens enable
us to fabricate a quasi-continuous tunable LC lens. As
sketched in Fig. 11a, the quasi-continuous tunable LC
lens module consists of N sets of PB lens and polariza-
tion converter modules. If the PB lens is a passive device
(made of LC polymer), then each lens set can produce 2
optical powers,+=D. The quasi-continuous tunable LC
lens module should have a total of 2N focal powers. If the
PB lens itself is active (made of LC cell), then the lens set
can produce 3 optical powers, 0,+D. The lens module
should have 3N focal powers. For estimate, a stack of 6 bi-
focal lenses will produce 64 focal powers, which should
be sufficient for a smooth transition. Compared to other
tunable lenses, such as liquid lens or deformable lens, the
quasi-continuous tunable LC lens has advantages in fast
response time (~ms), large aperture, and small optical
aberrations.

As described earlier, the issue of VAC mainly originates
from the fixed image plane and therefore accommodation
cue. With quasi-continuous tunable LC lens, the image
plane is no longer fixed, driving accommodation cue to
coincide with vergence cue. Regarding how to drive the
focal plane, generally two approaches can be adopted.
One is vari-focal and the other is multi-focal, as depicted
in Fig. 11b, c. In a vari-focal approach, the tunable lens
only has one focal plane in each time frame, which has
the same depth as the viewer’s vergence cue (e.g., object
1). This implies the system needs to know the viewer’s
vergence in advance and therefore an eye tracker sys-
tem is required. The eye tracker recognizes the viewer’s
pupil locations of both eyes and calculate the vergence
cue. Then the tunable lens chooses the closest depth

to display a 2D image. However, in our natural viewing
experience, any object (e.g., object 2) not at our gazed
depth should be blurred. Therefore, we have to digitally
blur the corresponding contents in the 2D image to make
it look natural.

The multi-focal approach produces multiple depths
at each time frame. The purpose is to restore the 3D
light field by approximating it with multiple planes. For
human vision, it is analyzed that around 6 planes should
be enough to construct a high-quality light field [96].
The main question to be answered is how to determine
the position and content of each plane. This involves the
optimization of light field [97, 98], which often requires a
heavier computation for a better image quality. In prin-
ciple, with an adequate number of planes, eye tracking is
no longer required. But in the case of inadequate num-
ber of planes, eye tracking helps improve the image qual-
ity [99]. As for how to produce multiple depths with the
quasi-continuous tunable lens, time-multiplexing [93]
or polarization-multiplexing [94] can be used. In time-
multiplexing, the quasi-continuous tunable lens simply
switches among intended multiple depths in a single time
frame. But the display should also update its content in
synchronization, which lowers the final frame rate of sys-
tem by the number of depths. Polarization-multiplexing
requires a pixel-level polarization management and does
not require synchronization of display. It therefore does
not sacrifice frame rate. However, it only supports two
depths. But when combined with time-multiplexing, it
can mitigate the frame rate sacrifice by half.

Finally, it is worth mentioning although the PB lens can
well address VAC, it also brings potential issue of chro-
matic aberration due to its intrinsic diffractive property.
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For a fixed configuration, the PB lens can be used to alle-
viate original chromatic aberration in a system [86]. For
a system with multiple focal planes, the situation is more
complicated. In theory, we can still optimize the chro-
matic aberration for a specific depth. For other depths,
digital corrections may be applied to alleviate the issue.

4.2 Augmented reality displays

As discussed above, VR displays have a relatively sim-
ple optical system with a display panel and a collima-
tion optics. The display panel size could be large and
placed in front of the viewer’s eyes. However, for AR dis-
plays the situation is very different. The requirement of
see-through capability rules out the possibility of plac-
ing a display panel in front of the eye. Rather, an optical

combiner that lets environment light passing through
is configured at the front. The display module is usually
placed on the backside of the combiner, along the eye-
glass temples. Therefore, the display module should have
a small size to fit into the compact, eyeglass-like form
factor. A small display module, however, brings up the
étendue problem. In a traditional geometric optical sys-
tem with refractive and reflective surfaces, the étendue of
system is conserved, which can be expressed as

; FoV
Etendue = Dyjspiqy - NA = Dgp - sin <OT> (19)

where D, is the size of display panel, NA is the sys-
tem’s numerical aperture, D is the size of exit pupil, and
FoV is the field of view. There is a clear trade-off between
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FoV and exit pupil size, both of which are desired in an
AR system. To increase both FoV and exit pupil size
means to increase the system étendue, which encounters
design difficulty mentioned above.

To avoid this issue, waveguide display is proposed [2,
100]. As shown in Fig. 12a, the emitted light from display
panel is firstly collimated by a lens. The input light is dif-
fracted by the in-coupling grating to an angle which satis-
fies the total internal reflection (TIR) condition. Such a
propagating light then encounters the out-coupling grat-
ing multiple times and gets diffracted out of the glass
substrate. Each time the light encounters the out-cou-
pling grating, the system étendue increases. This can also
be interpreted by the fact that the eyebox is increased
in each out-coupling without influencing FoV. Although
grating is used here as an example, the in-coupler and
out-coupler can also be reflective mirrors [101, 102].
Those types of display are usually referred as “lightguide”
displays.

Presently, some waveguide based commercial AR prod-
ucts use surface-relief gratings, which are fabricated by
nanoimprint and photolithography processes. The in-cou-
pler should have a high efficiency to collect all the light
from image source. The out-coupler, on the other hand,
should have a low but gradient efficiency, which can be
achieved by the modulation of grating depth. The purpose
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is to obtain a relatively uniform light intensity distribution
for the out-coupled light. Ideally, the grating efficiency
should gradually increase from the in-coupler side to
the out-coupler side. However, such a gradient efficiency
makes the brightness of environment light non-uniform.

Reflective LC gratings can also be used in waveguide
displays, with additional degrees of freedom for polari-
zation management. As illustrated in Fig. 12b, when the
out-coupler is a reflective LC grating, the grating itself
is uniform except that a polarization management layer
(PML) is laminated to the bottom substrate. The LC mol-
ecules inside the PML have spatially variant distributions,
which provides additional design freedom for optimi-
zation. Whenever the TIR-guided light hits the PML, it
experiences a polarization state change. As a result, the
efficiency of next diffraction from the LC grating will
change. Such a uniform LC grating with PML not only
provides a method to control the uniformity of display
light with potentially more degrees of freedom but also
eliminates the non-uniformity of background light.

Aside from waveguide displays, there is another type of
display with potential for overcoming the étendue issue,
called Maxwellian display [103—-105]. The basic working
principle of Maxwellian display is depicted in Fig. 13a.
The output light from a point source is collimated by a
lens and passes a spatial light modulator (SLM), forming
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an image. The SLM can also be replaced by a laser scan-
ning system using micro-electro-mechanical system
(MEMS). The light is then focused by a lens coupler,
forming a viewpoint on the viewer’s eye pupil. The image
is directly projected onto the retina. The viewpoint can be
considered as the image of light source. If the viewpoint
is significantly smaller than the eye’s pupil size, then the
adjustment of eye lens has no influence on the formed
image on retina. Therefore, the image is always in-focus,
which also partially solves the VAC issue because the
accommodation cue is absent. The FoV is determined by
the f/# of the lens coupler and can be increased without
limit. The eyebox, however, is tiny and has the same size
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as the eye pupil diameter, which typically ranges from
2 to 4 mm in bright environment. How to enlarge the
eyebox is considered the most important task for Max-
wellian displays.

Using the above-described polarization-dependent LC
optical elements, we can steer the viewpoint in an elegant
way, without the need of mechanical components [106,
107]. As sketched in Fig. 13b, c, two reflective LC lenses
with opposite handedness are used as coupler. Here, the
left-handed (LH) reflective LC lens responds to the LCP
light and the right-handed (RH) one to the RCP light.
A polarization converter is used to switch the incident
LCP and RCP states. The polarization converter can be
an active LC cell with homogeneous alignment or verti-
cal alignment for a narrow-band light source or twisted-
nematic alignment for a broadband light source. When
the polarization converter is at voltage-off state, the
incident LCP light is deflected by the LH lens into view-
point A. When the polarization converter is activated, it
switches the input LCP light into RCP light, which firstly
passes through the LH lens and gets deflected by the RH
lens into viewpoint B. Of course, the illustrated setup
only serves as one of many possible cases. By stacking
multiple lens-converter sets together, we can steer light
into multiple viewpoints. The employed two LC lenses
can also have same handedness, with a polarization con-
verter sandwiched in between.

Waveguide displays exhibits a large eyebox, but the FoV
is constrained by the TIR process. Maxwellian displays,
on the other hand, has tiny eyebox, but the FoV is not
limited. Lately, an interesting display system based on flat
LC optics has been proposed by combining the advan-
tages of these two approaches, called scanning wave-
guide display [57, 108]. The working principle is shown
in Fig. 14. The light from a laser beam scanning system is
collimated by a lens and then diffracted into waveguide

retina
Fig. 14 Sketch of the working principle of a scanning waveguide display
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by the in-coupling grating. Instead of a grating, a LC lens
array with low f/# is used as the out-coupler. As light
propagates in the waveguide, it encounters the lens array
and gets coupled out for multiple times. An array of view-
points is formed. The light rays of these viewpoints are
parallel to each other. Thus, these rays are converged to
a single point on the viewer’s retina, forming an intended
image. With expanded eyebox from the TIR process, and
the large FoV from the low f/# lens array, the scanning
waveguide display can achieve an unprecedented large
étendue, while maintaining a favorable form factor.

5 Conclusions

We have briefly reviewed the operation principles, fabri-
cation processes, and potential applications of diffractive
LC optical elements. Some major problems in current
VR and AR systems, such as VAC, FoV, and form fac-
tor can be mitigated by the unique optical properties of
these LC devices. Advantages of these planar LC optical
elements like high efficiency, compact form, dynamic
switching ability, polarization-dependent behaviors, and
high degrees of design freedom are expected to continue
impacting next-generation imaging and display systems.
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