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Abstract: Following the recent experimental discovery of a new polarization conversion
phenomenon in polarization volume gratings (PVGs), in this paper, we investigate its underlying
physical mechanisms in cholesteric liquid crystal (CLC) reflectors and PVGs. We examine the
transition of eigenstates from circular to linear polarization as the incident angle deviates from
the helical axis, which originates such an anomalous polarization conversion effect. While
this transition enables PVGs to double the in-coupling efficiency and brightness uniformity in
waveguide-based augmented reality (AR) displays, it also degrades the polarization selectivity
and alters the transmitted polarization state in both CLC reflectors and PVGs, which in turn
narrows down their spectral and angular bandwidth in the multi-layer design. These findings
help not only deepen the understanding of polarization behaviors in CLC-based optical elements
but also provide valuable insights to optimize their performances for emerging AR smart glasses.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cholesteric liquid crystals (CLCs) naturally form a self-organized helical structure, which can be
viewed as a one-dimensional photonic crystal [1-6]. The sinusoidal rotation of the CLC directors
creates a periodic variation in permittivity, leading to a polarization-sensitive photonic bandgap.
Within this photonic bandgap, circularly polarized light with the same handedness as the CLC
helix is selectively reflected, particularly for the wavelengths near the helical pitch length. Such
a reflection band, commonly known as selective reflection, depends on the pitch length and
birefringence of the CLC. The selective reflection bandwidth can be precisely controlled by
adjusting the chiral dopant concentration in the CLC mixture. The unique optical properties
have made CLCs essential in various practical applications, including reflective displays, circular
polarizers, mirrors, and lasers [7—15]. Recent advances in patterned alignment technology
have significantly enhanced the capabilities of CLCs, particularly in controlling the phase of
reflected light. This innovation has led to the development of new diffractive optical components
[16,17]. Among these advancements, patterned CLCs are emerging as essential elements
for next-generation virtual reality (VR) and augmented reality (AR) displays. A noteworthy
innovation in this area is the polarization volume grating (PVG) [18-29], which features a linear
CLC director variation along the azimuthal direction. This unique patterning results in slanted
periodic CLC layers, enabling highly efficient light diffraction into a single diffraction order.
Waveguide-based AR displays using PVGs are currently under active development [22-27,29,30],
highlighting their potential for high efficiency, strong polarization selectivity, dynamic switching
capabilities, straightforward fabrication processes, and cost-effectiveness, while improving the
optical performance for AR and VR displays.

In a recent study, an anomalous polarization conversion phenomenon was experimentally
observed in the PVG during multiple interactions in waveguide-based AR displays [26]. This
novel polarization conversion phenomenon has enabled PVGs to break the theoretical in-coupling
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efficiency limits of traditional waveguide-based AR displays, establishing PVGs as a promising
high-efficiency coupler. However, the underlying mechanisms of this phenomenon have yet to be
fully understood.

In this paper, we thoroughly investigate the polarization conversion phenomenon in CLC
reflectors and PVGs, focusing on their polarization properties both analytically and numerically.
Our analysis reveals that such a polarization conversion is inherently tied to all CLC-based
devices, including CLC reflectors and CLC-based polarization volume holograms. We find that
this phenomenon is triggered by the transition of eigenstates from circular polarization to linear
polarization as the incident angle deviates from the helical axis. While this polarization conversion
enhances the PVG performance in waveguide displays, it also introduces some challenges, such
as polarization degradation, that can deteriorate the angular and spectral responses of multi-layer
structures. Overall, our findings not only offer new insights into the polarization properties of
CLC-based devices but also provide practical guidelines to optimize these devices for various
applications, including imaging systems and AR/VR displays.

2. Polarization properties in CLC reflectors
2.1. Optical properties in CLC reflectors at normal incidence

Before discussing oblique incidence, we first examine the optical properties of CLC reflectors
at normal incidence, where analytical solutions are available. By analyzing light propagation
along the optical axis of a CLC reflector in this simpler case, we gain valuable insights that form
the foundation for understanding the more complex behavior of CLC reflectors and PVGs under
oblique incidence, as explored in the following sections.

The optical properties of CLCs are most naturally described by solving Maxwell’s equations,
with the dielectric properties of the CLC represented by a coordinate-dependent dielectric tensor,
&(2):

E+é&6cos(rz) x&6sin(rz) O
&(z)=| =+&6sin(rz) &-&6cos(tz) O |» (H
0 0 1

where the z-axis lies along the optical axis, 7 = 47/p (with p as the CLC pitch length), & = ng

and & = &3 = nz are the principal values of the dielectric-constant tensor, £ = (g1 + &)/2,
and § = (g1 — &)/(e1 + &) . The signs in this expression correspond to the two possible
geometric configurations: positive sign for a right-handed cholesteric helix and negative sign
for a left-handed cholesteric helix. The coordinate dependence of the tensor £(z) reflects the
point-to-point variation in the orientation of the principal axes, determined by the local alignment
of the CLC directors.

Building on previous work [1,4,6], we derive the solution to Maxwell’s equations for a CLC
reflector with the dielectric permittivity defined earlier, assuming a right-handed cholesteric helix
(positive sign). For a wave propagating along the helical axis, the wave equation is given by:

PE & OE
P T @

where the z-axis lies along the optical axis, and E represents the electric field vector, which is
perpendicular to the z-axis. The eigenwave in the CLC can be expressed as a superposition of
two circularly polarized plane waves:

E =7.E, exp [i (,8 + %) - iwt] +n_E_exp [i (ﬁ - %) 7+ iwt] , 3)
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Fig. 1. Eigenwaves and Eigenvalues in CLC reflectors at normal incidence. (a) Variation of
eigenvalues with wavelength around the photonic bandgap. (b) Ratio of LCP to RCP light
in each eigenwave as a function of wavelength around the photonic bandgap. (c) Variation
of eigenvalues with short CLC pitches. (d) Ratio of LCP to RCP light in each eigenwave
for short CLC pitches. (e) Variation of eigenvalues with long CLC pitches. (f) Ratio of
LCP to RCP light in each eigenwave for long CLC pitches. (g) Evolution of liquid crystal
structures and the polarization of their corresponding eigenwaves with varying pitch at
normal incidence. The CLC pitch used in (a-b) is 332.5 nm, while the simulated wavelength
in (c-f) is 532 nm. The refractive indices of the liquid crystal are n, = 1.7 and n, = 1.5.

where 71, = (&, * i¢,)/V?2 are the circular-polarization unit vectors, w is the frequency of light,
and g is the propagation constant of the eigenwaves. Substituting Eq. (3) into the wave equation
(Eq. (2)), we arrive at the following system of equations for the amplitudes £, and E_:

o o3

o3

K*SE, + E_ =

[EE—

E, +k*SE_ =0,

“

&)



Research Article Vol. 32, No. 25/2 Dec 2024/ Optics Express 44428 |

Optics EXPRESS

b c
( - e e e > ( - e e o o o o o o
> ® ®©® ® ® o © o o
R A R e T T T T T T T
- ® ®© ®© ®© ® o o I - e o co o o o> o> o
—o oo oo o o= - e e o o> o> o> o>
MY e e e e - - -
oo o o o o o o=
Soooooo o olESESESESEEEEE
e - ce o> o o> o o> o> o
> ® ® ® ® o ®© o & - - oo oo oo
X —- oo oo oo < -, c
Photoalignment layer Photoalignment layer Photoalignment layer
p =100nm p =5000nm p = 80000 nm
r— 1 e — 1 l— 1
SJ SJ
—T —T
0.8 0.8 0.8
0.5 0 0.
0.6 0.6 0.6
0 0 0
0.4 0.4 0.4
0.5 0.5 0.5
0.2 0.2 0.2
0 -1 0 -1 0 -1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
CLC thickness (nm) CLC thickness (nm) CLC thickness (nm)

Fig. 2. Transition of eigenwaves in CLC reflectors with varying pitches at normal incidence.
(a) Polarization conversion as a function of thickness in CLC reflectors with a 100-nm pitch.
(b) Polarization conversion as a function of thickness in CLC reflectors with a 5-um pitch.
(c) Polarization conversion as a function of thickness in CLC reflectors with an 80-um pitch.

where k?> = £w?/c?. From Eq. (4) and Eq. (5), by eliminating £_/E, we obtain the following
eigenvalue equation:
T 2
K* - ( + —)
-3

Solving Eq. (6) yields the following eigenvalues:

2
B = i\/kz + TZ sV + k262, j =1, 2, 3, 4 %

12 - (,B - %)2} — K% = 0. (6)

where ++, +—, ——, —+ represent 1%, 2", 3™ and 4™ eigenvalues, respectively. For a given
frequency w (or wavelength 1), these four solutions correspond to four possible eigenwaves, each
with a unique ratio of amplitudes E, and E_, given by:

E_) k*s
ri=l—] = ———. ®)
’ (E (5-5)-#

According to Eq. (7), the eigenvalues for solutions 2 and 3 become imaginary near the Bragg

frequency wp = ﬁg (or Bragg wavelength Az = pV&), within the frequency range \/% <w< \/“l%

(or pn,<Ap<pne). In this range, the corresponding circularly polarized waves cannot propagate
in the crystal, resulting in a photonic bandgap, as Fig. 1(a) depicts. Since eigenwaves 1 and 4
are closely aligned with the left-handed circular polarization state as shown in Fig. 1(b), while
eigenwaves 2 and 3 are prohibited from propagating due to their imaginary eigenvalues, most
right-handed circular polarization is reflected, whereas most left-handed circular polarization
transmits through the CLC. This behavior explains the circular polarization selectivity observed
in CLC reflectors.

Here, we primarily focus on the region outside the bandgap, where nearly all light passes
through the CLC. To investigate the polarization conversion in this region, we first consider two
extreme cases: when the optical pitch of the CLC approaches infinity or zero.
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Fig. 3. Polarization conversion in CLC at large incident angles. (a) Schematic illustration
of polarization conversion in CLC. Polarization conversion as a function of PVG thickness
at incident angles (b) 8 = 25°, (¢) 8 = 30°, (d) 8 = 50° in a glass substrate, for A= 532 nm.
The CLC pitch is 332.5 nm, with LC refractive indices n, = 1.7 and n, = 1.5. PS indicates
polarization state in (a).

In the first extreme case, when the optical pitch of the CLC reflector approaches zero (p << A),
the forward eigenwaves approach to left-handed circular polarization state and right-handed
circular polarization state with same eigenvalues as shown in Fig. 1(c-d). As a result, any incident
polarization state is preserved as it passes through the CLC. For instance, if an LCP light is
incident on the crystal, the normalized Stokes parameter S3 = —2Im(E,EY)/ (|Ec|*+ |E, |?) remains
constant with increasing thickness. To validate this explanation, we employ the 4 X 4 matrix
method [31] for CLC reflectors with a pitch of 100 nm, as shown in Fig. 2(a), which aligns well
with our findings. Furthermore, in this extremely short pitch case, the CLC can be effectively
treated as a negative C-plate [32], characterized by an effective extraordinary refractive index
given by:

L o [ o 242
Mee = 5 I \/necos ¢ + ngsin“¢dg. ©))

In the second case, as the optical pitch of the CLC reflectors approaches infinity (p >> ), the
CLC effectively behaves like a homogeneous waveplate. In this scenario, the forward eigenwaves
correspond to s-polarization and p-polarization states with distinct eigenvalues as shown in
Fig. 1(e-f). Consequently, the phase difference between these eigenwaves accumulates with
increasing thickness of the CLC. When an LCP light is incident on the crystal, the Stokes
parameter S3 oscillates between —1 and 1 as the thickness increases. To validate this explanation,
we implement simulation for a CLC reflectors with a pitch of 80 pm, as shown in Fig. 2(c), which
aligns well with our findings.
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Between these two extreme conditions, the amplitude ratios 7; of the forward eigenwaves
gradually decrease and converge toward 1 as the pitch increases, as shown in Fig. 1(f). This
suggests a transition of the polarization states of the forward eigenwaves from circular to linear
polarization. For example, when an LCP light is incident on a CLC with a medium optical pitch of
5 um, the Stokes parameter S3 oscillates from —1 to a value less than 1 as the thickness increases,
as illustrated in Fig. 2(b). Overall, as illustrated in Fig. 1(g), the polarization of eigenwaves
gradually evolve from circular to linear polarization states as the optical pitch increases.

2.2. Polarization conversion in CLC reflectors at oblique incidence

Similarly, in a CLC reflector designed for a specific wavelength (e.g., Ap = 532 nm) at normal
incidence, we observe a similar phenomenon when the oblique incident angle 6 falls outside the
photonics bandgap (or Bragg region). As the incident angle increases, the eigenstates gradually
transition from circular to linear polarization. Since the eigenfunctions cannot be analytically
solved at oblique incidence, we numerically simulate the optical response for various incident
angles. For relatively small angles (e.g., 8 = 25° in surrounding medium with a refractive index
of 1.6), the incident light perceives a longer pitch, as illustrated in Fig. 3(a). The simulation
results in Fig. 3(b) show that the Stokes parameter S3 oscillates from 1 to a value larger than —1
as the CLC thickness increases, indicating that the eigenwaves are in an elliptical polarization
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Fig. 4. Polarization degradation in CLC reflectors at oblique incidence. (a) Multi-layer
structure of CLC reflectors. (b) Stokes parameter S3 of the transmitted light at an incidence
angle of 6 = 18° in a glass substrate. (c) Spectral response of reflection in multi-layer CLC
reflectors at incidence angles of = 0° and § = 18°. The CLC pitch and thickness used in
(b) are 293.75 nm and 9 um, respectively. The CLC pitches used in (c) are 293.75 nm, 325
nm, 356.25 nm, 387.5 nm, and 418.75 nm, with each layer having a thickness of 5 um. The
refractive indices of the liquid crystal are n, = 1.7 and n, = 1.5.
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state. As shown in Fig. 3(c-d), with increasing incident angles, the Stokes parameters transition
more completely from 1 to —1, signifying that the eigenstates evolve towards linear polarization,
specifically the s and p waves.

While the polarization conversion in an CLC reflector is intriguing, it notably compromises
the spectral performance of a broadband CLC reflector at oblique incidence. In a multi-layer
broadband CLC reflector [9,33,34], as shown in Fig. 4(a), each layer modifies the transmitted
light’s polarization state due to this conversion (Fig. 4(b)), similar to the effect of a negative
C-plate discussed earlier. This progressive alteration in polarization reduces the reflection
efficiency in subsequent layers. Consequently, as the central wavelength of the CLC layers
increases from the bottom to the top in Fig. 4(a), the reflection efficiency gradually declines,
as shown in Fig. 4(c). This degradation in angular performance also occurs in gradient-pitch
broadband CLC reflectors, albeit with a more gradual efficiency drop. To enhance the angular
performance in broadband CLC reflectors, future developments should focus on polarization
compensation films or innovative CLC structures [35].

3. Polarization properties in PVGs
3.1. Polarization degradation in PVGs around normal incidence

PVG is a polarization-selective holographic optical element that records the polarization infor-
mation of two interfering beams: RCP and LCP. As shown in Fig. 5(a), the PVG features a
slanted CLC structure, where the liquid crystal directors rotate along the helical axis. This CLC
structure imparts polarization-selective characteristics to the PVG, enabling it to reflect circular
polarization states that match the handedness of the helical twist while transmitting the opposite
component. For instance, it diffracts the LCP light while allowing the RCP light to pass through.

However, the slanted CLC structure also leads to degraded circular polarization selectivity in
the PVG in comparison with an CLC reflector at normal incidence. Interestingly, this polarization
selectivity is not uniform across different incident angles, even within the photonic bandgap.
As the incident angle deviates from the helical axis, the circular polarization response of the
PVG gradually deteriorates. Because the eigenfunction of the PVG is not analytically solvable,
we utilize RCWA model [36] to simulate its optical response. For instance, let us consider a
PVG with a horizontal period of 400 nm and a slant angle of 28.96° (corresponding to a central
wavelength of 532 nm). As illustrated in Fig. 5(b), as the incident angle departs from the helical
axis toward the Bragg plane, the diffraction efficiency of the RCP light decreases, even at a very
large thickness, while the LCP light starts to show a diffraction response. This trend signifies
a declined polarization selectivity, primarily due to the slanted CLC structure. Our studies of
CLC reflectors reveal that the eigenstates shift away from circular polarization as the incident
angle increases. Therefore, the PVG achieves an optimal circular polarization response when the
incident angle remains close to the helical axis, owing to the slanted structure.

Additionally, in contrast to an CLC reflector, PVGs exhibit polarization degradation in
transmitted light even at normal incidence, primarily due to the slanted CLC structure, as
Fig. 5(c) shows. This degradation adversely affects not only the angular response but also the
spectral performance of multi-layer PVGs. For instance, when using multi-layer or gradient-pitch
PVGs [22,25,27,37,38] to achieve broadband performance, this polarization degradation can
significantly reduce the diffraction efficiency of the upper layers, even at normal incidence as
depicted in Fig. 5(d). Fortunately, most applications do not require extremely high diffraction
efficiency (e.g., 99.9%), so a thinner PVG with lower efficiency can still be used without a
significant polarization degradation. Therefore, multi-layer PVGs with moderate efficiency
remain feasible.
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Fig. 5. Polarization degradation in PVG around normal incidence. (a) The slanted structure
of PVG. (b) Angular response of diftraction order R (+1) in PVG at normal incidence with a
wavelength of 532 nm for both LCP and RCP light. (c) Stokes parameter S3 of the transmitted
light (diffraction order T (0)) at normal incidence. (d) Spectral response of diffraction order
R (+1) in single-layer and two-layer PVGs at normal incidence. The single-layer PVG in
(b-d) has a horizontal period of 400 nm, a thickness of 3.5 um, and a slant angle of 28.96°.
The two-layer PVG in (d) features the same horizontal period, with thicknesses of 3.5 um
and slant angles of 28.96° and 33.75° for each layer. The refractive indices of the liquid
crystal are n, = 1.7 and n, = 1.5.

3.2.  Optical conversion in PVGs at oblique incidence

As the incident angle increases toward the Bragg plane, the incident light may no longer satisfy
the Bragg conditions, which in turn experiences a phase mismatching described by following
equation:

>|nout, (10)

. A
n,-,,szn@m - A_
X

where n;, and n,,, are the refractive indices of the input and output media, ;, is the incident
angle, A is the wavelength, and A, is the horizontal period of the PVG. In this scenario, nearly all
light will pass through the PVG, and polarization conversion begins to occur. For example, when
the incident angle is relatively small (e.g., 6 = —11° in the glass with a refractive index of 1.57),
the incident light perceives a longer pitch, as illustrated in Fig. 6(a). The simulation results in
Fig. 6(b) indicate that the Stokes parameter S3 oscillates from —1 to a value less than 1 as the
PVG thickness increases, suggesting that the eigenwaves exhibit an elliptical polarization state.
As Fig. 6(c-f) shows, increasing the incident angle allows the Stokes parameters to transition
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Fig. 6. Polarization conversion of PVG at large incident angles. (a) Schematic illustration
of polarization conversion in an PVG. Simulated PVG thickness dependent polarization
conversion at incident angle (b) 8 = —11°, (c) 8 = =20°, (d) 8 = -30°, (e) 6 = —50°, and
(f) @ = =70° in the glass substrate, for a wavelength of 532 nm. The horizontal period and
slanted angle of the PVG is 400 nm and 28.96°, respectively, and the LC refractive indices
are n, = 1.7 and n, = 1.5. PS indicates polarization state in (a).

gradually from —1 to 1, indicating a shift of eigenstates toward a linearly polarized light (s and p
waves). Notably, the simulation reveals that PVG can achieve a complete circular polarization
conversion at a smaller incident angle compared to an CLC reflector. This is primarily due
to the slanted structure of the PVG, which provides a wider angular range for achieving a
complete polarization conversion, thereby significantly enhancing the in-coupling efficiency in
waveguide-based AR displays.
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Fig. 7. Angular and spectral response of polarization conversion at (a) first-order half-wave
phase retardation at PVG thickness of 1.6 um and (b) second-order phase retardation at PVG
thickness of 4.3 um. The horizontal period and slanted angle of the PVG is 400 nm and
28.96°, respectively, and the LC refractive indices are n, = 1.7 and n, = 1.5.

Furthermore, we also investigate the angular and spectral responses of PVGs. The results
above indicate that PVGs can achieve a complete circular polarization conversion at multiple
optimal thicknesses, akin to multiple-order half-wave phase retardations. However, as the
order of phase retardation increases, corresponding to a greater optical thickness, the angular
and spectral bandwidths of the circular polarization conversion become narrower. As shown
in Fig. 7(a-b), a PVG at the first optimal thickness (first-order half-wave phase retardation)
exhibits a significantly broader angular and spectral bandwidth compared to a PVG at the second
optimal thickness (second-order half-wave phase retardation). However, neither can convert
the polarization in the entire TIR angles for the visible light. Therefore, adding a polarization
compensation film or modifying the device structure is required to achieve a broadband and
wide-view polarization conversion. Additionally, like a conventional half-wave plate, increasing
the LC birefringence does not expand the angular or spectral bandwidth. However, it does reduce
the optical thickness required for each order of half-wave phase retardation, thereby lowering
the fabrication complexity of PVGs. This is crucial since a thicker PVG film is more difficult to
align well due to the limited anchoring energy provided by the photoalignment layer. In contrast,
the diffraction of a transmissive PVG mainly relies on the half-wave condition, which can be
naturally explained by the above-mentioned polarization conversion as well because it usually
has a Bragg angle (or slanted angle) larger than 45 degrees, like the large incidence angle in a
reflective PVG.

4. Conclusion

In summary, we have investigated the underlying mechanism of the recently observed anomalous
polarization conversion in CLC reflectors and CLC-based PVGs. Our findings demonstrate that
as the incident angle deviates from the helical axis, the eigenstates gradually shift from circular to
linear polarization, resulting in an anomalous polarization conversion in both structures. While
this transition enables PVGs to break the in-coupling efficiency limit in waveguide-based AR
displays, it also reduces the polarization selectivity and alters the transmitted light’s polarization
state in CLC reflectors and PVGs, thereby impairing their spectral and angular performance in
multi-layer broadband configurations. Overall, these physical insights contribute to a deeper
understanding on the polarization behavior of CLC-based optical elements, which in turn offers
valuable guidance to optimizing the CLC design for advanced optical applications.
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