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Abstract: The Bragg reflection of a cholesteric liquid crystal (CLC) gradually turns into phase
retardation effect as the incident angle increases, which causes the polarization degradation in
the CLC medium and explains why it is challenging to achieve a broadband response over a wide
viewing angle. In this paper, we propose three novel solutions to address this issue, including a
newly designed helicoidal structure, using a biaxial LC material, and laminating a compensation
film to the CLC layer. All the results presented in this work are based on theoretical analysis
and numerical simulations. By studying the polarization behavior and the eigenstates of the
structures, we reveal the underlying principles behind the broadband, wide-view performance.
Through optimization, our proposed methods can achieve nearly 100% reflectance across the
visible spectrum up to ±45° incident angle, while keeping a decent contrast ratio. These findings
offer new insights for realizing broadband and wide-view CLCs for display applications.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Cholesteric liquid crystals (CLCs) are a class of photonic materials widely studied for their unique
helical structures and polarization-selective optical properties [1–4]. As a one-dimensional
periodic material, CLCs exhibit a helical molecular distribution, with the helix axis perpendicular
to the LC director and a pitch typically on the order of hundreds of nanometers. This periodic
modulation of the refractive index gives rise to distinctive optical behavior, particularly the
formation of wavelength-selective reflection bands. Within these bands, CLCs exhibit strong
Bragg reflection for the circularly polarized light with the same handedness as the helix, while
transmitting the opposite polarization. The central wavelength (λo) and bandwidth (∆λ) of this
reflection band are determined by the pitch length (p), birefringence (∆n), and incident angle.
Several simulation methods, such as the 4× 4 matrix method [5] and rigorous coupled-wave
analysis (RCWA) [6,7], have been widely used to analyze the spectral and angular responses of
CLCs.

Because of the inherent polarization selectivity, CLCs have found widespread applications in
optical devices, including pancake optics for virtual reality (VR) [8,9], light recycling films for
displays, sunlight readable reflective displays, and broadband polarizers. However, a conventional
single-layer CLC with a fixed pitch exhibits a relatively narrow reflection band (p∆n) and cannot
achieve broadband operation across the entire visible spectrum. This limitation significantly
hinders its potential in full-color and wide-angle display applications. Moreover, due to the
blue shift of Bragg reflection at an oblique incident angle, the CLC must provide an extended
reflection range, especially at the longer wavelength side, to maintain consistent performance
under oblique viewing conditions. To address this issue, pitch modulation strategies have been
proposed, including discrete multilayer structures [10] and gradient-pitch configurations [11–13].
These approaches leverage nonuniform pitch distributions to broaden the reflection bandwidth
and have shown promising results.
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Despite these advancements, our recent analysis revealed a fundamental limitation in con-
ventional CLC designs, that is a broadband and high-efficiency wide-view reflector cannot be
realized solely through pitch modulation [14]. More specifically, as the incident angle deviates
from the helical axis, the eigenstates of light polarization shift from circular to linear polarization,
a phenomenon called polarization conversion effect [15,16]. This effect leads to polarization
degradation and a significant drop in contrast ratio at large incident angles (over 30◦), undermining
the performance of CLC-based optical components [17,18].

In this paper, to address this challenge we investigate multiple strategies aimed at mitigating
the polarization degradation induced by the polarization conversion effect. Specifically, we
explore novel CLC structure designs, biaxial LC materials, and phase compensation techniques.
By either eliminating the polarization conversion or compensating for its effects, we demonstrate
that a broadband, wide-view CLC reflector with high contrast ratio can be achieved. This work
provides new insights into the design of next-generation CLC materials and structures, offering
guidance for their integration into near-eye display systems.

2. Polarization conversion of a planar CLC

In a conventional CLC structure, also known as planar CLC, the helix axis is perpendicular
to the local LC director. The LC molecules form layers in which the directors are aligned
uniformly. Across these layers, the LC directors rotate, creating a sinusoidal helical pattern
along the helix axis, as illustrated in Fig. 1(a). Such CLCs strongly reflect light with a specific
circular polarization. At normal incidence, this polarization selectivity is highly effective, and the
transmitted light remains circularly polarized after passing through the CLC layer. However, at
oblique incident angles and outside the reflection band, the transmitted light no longer maintains
an ideal circular polarization, as Fig. 1(b) depicts. To demonstrate this polarization conversion
effect more clearly, we use a multilayer CLC configuration, whose structure is shown in Fig. 1(c).
All the incident angles (θ) mentioned in this paper refer to the angle of incidence in air, measured
relative to the surface normal before the light enters the glass substrate. In our simulations,
the glass substrate has a refractive index of 1.6. Figure 1(d) shows the reflection spectra of
the multilayer CLC at incident angles = 0◦ and 30◦. The pitches of the layers are 293.75 nm,
325 nm, 356.25 nm, 387.5 nm, and 418.75 nm, with each layer having a thickness of 5 µm.
The refractive indices of the LC material are ne = 1.7 and no = 1.5. At = 30◦, the reflection
efficiency corresponding to the first layer (p = 293.75 nm) is nearly ideal. However, as the
light traverses through the CLC medium, the reflection efficiency drops due to polarization
degradation. In our recent study, we thoroughly examined the eigenstates of CLCs at different
incident angles [14]. The polarization of these eigenstates gradually changes from circular to
linear as the incident angle deviates from the helical axis. At large incident angles, the eigenstates
exhibit elliptical polarization. Therefore, in theory, it is challenging to achieve a high-contrast,
broadband, wide-view reflector using multi-layer or gradient planar CLCs alone [10,11]. This
conventional structure can offer broadband performance only at near normal incidence.

In the following, we describe three approaches to address the polarization degradation problem
and enhance the CLC reflectance in the visible spectral range with incident angle varying from
0o to 60o.

3. Broadband wide-view CLC with tilted helicoidal structures

To better understand the polarization degradation in a planar CLC, it is important to first look
into the basic optical properties of LC materials. One key factor is birefringence, which is
the difference between the extraordinary and ordinary refractive indices. In general, higher
birefringence causes the polarization state of light to change more rapidly as it travels through
the material, especially in a thicker layer. In addition, when the light enters at a larger angle,
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Fig. 1. (a) Schematic of a planar CLC structure. (b) Wavelength-dependent reflectance and
transmitted light polarization (represented by the Stokes parameter S3) for a CLC with a 350
nm pitch at 30° incident angle. (c) Schematic of a multilayer CLC structure with varying
pitches. (d) Simulated reflectance spectra at various incident angles for the multilayer CLC
configuration.

it becomes more sensitive to the birefringence. As a result, the circular polarization begins to
break down gradually, particularly at oblique incidence.

To mitigate this issue, one effective approach is to reduce the birefringence of the employed
LC material. In our work, we achieve this by modifying the LC alignment. Specifically, we tilt
the orientation of the planar nematic LC and then introduce a rotational twist, creating a new
helicoidal CLC structure [19,20], as shown in Fig. 2(a). In this configuration, when light enters
at an oblique angle, the effective refractive index along the z-direction increases, which leads
to a reduction in overall birefringence. As a result, the phase retardation is also reduced. This
structural change introduces an extra degree of control over the molecular alignment, which
significantly affects how light interacts with the LC layer. From the perspective of polarization
eigenstates, we also analyze the behavior of the modified helicoidal structure. The results show
that the new design enhances the effective refractive index along the z-direction, which helps
maintain polarization stability and keeps the eigenstates closer to circular polarization, even at
larger incident angles.

As shown in our recent study, no analytical solution exists for describing the eigenstates
under tilted incidence. Therefore, we evaluate the polarization conversions using the Stokes
parameter S3, which characterizes the degree of circular polarization. Figure 2(b) shows that
under normal incidence, the output polarization in a planar CLC oscillates around the circular
state as the LC thickness increases. However, at larger incident angles, the oscillation amplitude
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Fig. 2. (a) Schematic comparison between planar and tilted helicoidal CLC structures.
(b) Polarization conversion (Stokes parameter S3) versus thickness for planar CLCs with a
300-nm pitch, under various incident angles. (c) Polarization conversion versus thickness for
15° tilted helicoidal CLCs with a 300-nm pitch. (d) Polarization conversion versus thickness
for 30° tilted helicoidal CLCs with a 300-nm pitch. The wavelength is fixed at λ=550 nm in
both (b), (c) and (d).

increases significantly, indicating a stronger deviation from circular polarization and a shift of
the eigenstates toward linear polarization. When a helicoidal CLC structure with a tilt angle
of 15◦ is used, the polarization oscillation is slightly reduced, as Fig. 2(c) depicts. As the tilt
angle increases to 30◦, the oscillation is significantly suppressed. Figure 2(d) shows that the
polarization state stays much closer to circular, even at oblique incidence. In other words, the
eigenstates remain nearly circular under these conditions, confirming the effectiveness of the
structural modification in maintaining polarization stability.

It is important to note, however, that reducing birefringence comes with a trade-off. Specifically,
it leads to a narrower reflection bandwidth [21]. Therefore, to fully benefit from improved
polarization stability while still maintaining adequate spectral performance, an optimization
process is required to balance these competing factors. Besides, a high ∆n LC material helps
solve this problem.

After establishing the design principle of the modified structure, optimization is conducted
to achieve the best possible optical performance. The goal of this optimization is to realize a
high contrast ratio across the visible spectral range (400 − 700 nm) while maintaining good
performance over a wide range of incident angles. The refractive indices of the LC material
remain ne = 1.7 and no = 1.5 throughout the process. To accommodate practical fabrication
constraints for tilted CLC structures, a gradient pitch profile is introduced. Specifically, the
pitch varies exponentially along the z-direction, which enables smoother structural conversions
and improved optical behavior. The detailed fabrication guidance will be described on Sec. 5.
The variables considered during optimization include the initial pitch pi, the final pitch pf , the
total cell gap d, and the tilt angle α. Figures 3(a-b) show the optimized results, demonstrating
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strong angular and spectral responses. Across the target wavelength and angle ranges (0◦−30◦),
the reflectance remains close to 100%, indicating excellent performance. As the incident angle
increases, the blue shift becomes more obvious, and the efficiency gradually drops. To further
quantify the effectiveness of the design, a typical red (R= 633 nm), green (G= 527 nm) and blue
(B= 464.5 nm) LED spectrum (Fig. 3(c)) is used to calculate the contrast ratio (CR) using the
following equation:

CR =
∫ R(λ)S(λ)dλ
∫ T(λ)S(λ)dλ

, (1)

where R(λ) is the reflectance, T(λ) is the transmittance, and S(λ) is the normalized LED spectral
intensity. Based on the reflectance data shown in Fig. 3(a), the calculated CR is 593 : 1, 795 : 1,
and 903 : 1 at = 0◦, 15◦, and 30◦, respectively. At = 45◦, the CR drops to 163 : 1. As the
incident angle continues to increase to = 60◦, the edge of the reflection band shifts to ∼650 nm
and the efficiency drops slightly to ∼95%. Although the target is set at 30°, the CLC still works
reasonably well at larger incident angles, with a reduced contrast ratio. These results highlight
the structure’s effectiveness in delivering high contrast and wide-angle performance within the
visible spectral range.

Fig. 3. (a) Reflectance spectra of helicoidal CLCs as a function of wavelength at different
incident angles. (b) Angular and spectral reflectance response of helicoidal CLCs. (c)
Normalized emission spectra of RGB LEDs. In (a) and (b), the CLC pitch varies exponentially
from pi = 495 nm to pf = 248 nm, with a total cell thickness d = 50.03 µm and a tilt angle
α = 33.6◦.

4. Broadband wide-view CLC with biaxial material and compensation film

After demonstrating the feasibility of structural modification, two additional methods to improve
the polarization performance of CLCs are introduced in this section. Based on our previous
analysis, increasing the effective refractive index along the z-direction reduces polarization
conversions and shifts the eigenstates of the CLC closer to circular polarization. This insight
provides a clear design direction for improving the broadband spectral stability over a wide-view
angle.

4.1. Biaxial liquid crystal for broadband and wide-angle reflection

From the material perspective, one promising method is to use a biaxial LC, as illustrated in
Fig. 4(a). Unlike uniaxial LCs, which have two principal refractive indices, biaxial LCs possess
three distinct indices nx, ny, and nz. By carefully choosing a biaxial LC where nz lies between nx
and ny, we can effectively enhance the refractive index along the propagation (z) direction. This
mimics the optical behavior of a helicoidal CLC structure, but within a fully planar configuration
[22,23].

The biaxial CLC structure maintains a planar alignment while introducing a multilayer pitch
distribution. In the optimization process, the refractive index along the z-direction, nz, is treated
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Fig. 4. (a) Schematic illustration of a biaxial CLC structure. (b) Reflectance as a function of
wavelength at different incident angles for the biaxial CLC with nz = 1.55. (c) Angular and
spectral reflectance response for biaxial CLCs with nz = 1.6. (d) Reflectance as a function
of wavelength at different incident angles for the biaxial CLC with nz = 1.6. The pitches
used in (b), (c) and (d) are 293.75 nm, 325 nm, 356.25 nm, 387.5 nm, and 418.75 nm, with
each layer having a thickness equal to 12 times its pitch.

as a variable. As nz increases, the optical performance begins to resemble that of a helicoidal
CLC with a larger tilt angle, which means that the increase of nz suppresses the phase degradation.
Figure 1(d) illustrates the reflectance performance for nz = 1.5. The pitches used in Fig. 4(b-d)
are 293.75 nm, 325 nm, 356.25 nm, 387.5 nm, and 418.75 nm, with each layer having a thickness
equal to 12 times its pitch. As shown in Fig. 4(b), increasing nz leads to higher reflectance, but it
still does not reach an ideal level. After optimization, the best-performing material configuration
is found to have nx = 1.7, ny = 1.5 and nz = 1.6. The simulation results, presented in Fig. 4(c-d),
show that the reflectance stays close to 100% across a wide portion of the visible spectrum,
particularly from 450 nm to 650 nm. We obtain excellent broadband and wide-view performance
across the 0◦−30◦ incidence angle range. Notably, even at θ=30◦, the minimum reflectance
within the target bandwidth remains as high as 99.42%, indicating strong polarization retention
and minimal degradation. Moreover, the contrast ratio at = 30◦ still exceeds 170:1, highlighting
the effectiveness of biaxial material design in preserving high optical performance across angles.
As shown in Fig. 4(d), the simulated results at = 45◦ and 60◦ are also included for comparison,
showing a slight drop in reflectance and blue shift. These results are less impressive than those
shown in Fig. 3 for the helicoidal structure.

In summary, the use of a biaxial LC provides a material-based solution to polarization
degradation by increasing the z-direction refractive index and stabilizing the polarization state.
When combined with multilayer pitch design, this method shows strong potential for use in
advanced wide-view optical devices.
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4.2. Compensation film design for polarization correction

In addition to structural and material modifications, another straightforward and practical method
to improve the polarization performance of a planar CLC is to use a compensation film. This
approach aims to compensate for the polarization degradation that occurs due to the intrinsic
birefringence of the CLC layer, especially at larger incident angles.

To understand the compensation principle, let us consider a planar CLC structure with a small
pitch. In such cases, the rotation of LC directors along the z-direction is very rapid, leading to a
strong anisotropic optical response. This behavior is similar to that of a negative C-plate [24],
as illustrated in Fig. 5(a). Under normal incidence, the effective extraordinary refractive index
is primarily determined by the optical axis orientation and the intrinsic properties of the CLC.
Thus, the entire CLC layer can be approximated as functioning like a negative uniaxial film. To
evaluate the polarization behavior and the feasibility of compensation, we analyze the phase
retardation characteristics using S3 parameter. Figure 5(c) compares the behavior of a planar
CLC and an ideal negative C-plate. In this plot, the red region denotes the reflection band of the
CLC whose right side is the corresponding polarization needed compensation. While the blue
region represents the phase conversion behavior of the CLC begins to closely match that of the
negative C-plate (starting around 530 nm). Such a similarity implies that this spectral region is
suitable for optical compensation.

Fig. 5. (a) Comparison between a planar CLC structure (top view) and a negative C-plate
(oblique top view). (b) Schematic of a CLC layer combined with a compensation film. (c)
Stokes parameter S3 as a function of wavelength for both the CLC and the negative C-plate.
(d) Stokes parameter S3 as a function of wavelength for the CLC structure with a positive
C-plate compensation film (CF).

Based on this match, a positive C-plate is introduced on top of the CLC medium to form a
compensation stack, as shown in Fig. 5(b). The positive C-plate induces a phase retardation
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opposite that of the CLC in the degradation region. As a result, the polarization distortion
introduced by the CLC can be partially compensated, improving the polarization purity of the
transmitted light. This effect is most noticeable in the wavelength region beyond 600 nm, where
the match in phase behavior is the strongest.

However, it is important to note that there is a mismatch region between the red and blue regions
in Fig. 5(c). In this gap, the phase behavior of the CLC changes rapidly, and the compensation
effect becomes ineffective due to the lack of phase matching. The sharp conversion at the
edge of the reflection band makes this region particularly difficult to compensate. Within this
mismatch region, the positive C-plate does not effectively correct the polarization distortion,
resulting in residual polarization errors and decreased optical efficiency. This phenomenon is
clearly observed in Fig. 5(d), which shows the transmitted S3 parameter of the CLC with the
compensation film applied. Beyond 530 nm, the transmitted light exhibits a polarization state
that remains close to circular, confirming the effectiveness of the compensation. However, as the
wavelength approaches the main reflection band, the polarization begins to deviate from the ideal
state, indicating the breakdown of the compensation effect in that range. Therefore, to ensure
optimal performance, it is necessary to avoid using light within this mismatch region. In practice,
the spectral output of the light source should be filtered or limited to exclude the compensation
bandgap to maintain high polarization fidelity across the operating range.

With the addition of a compensation film, CLC structures can be designed to reflect multiple
discrete spectral bands, specifically narrow RGB bands, rather than a continuous broadband range.
This narrowband approach is motivated by the sharp spectral transition at the edge of the CLC
reflection band, which makes it challenging to align multiple bands precisely within the visible
range. To better align the reflection peaks with the RGB wavelengths, the LC birefringence
should be reduced, which in turn narrows the reflection bandwidth. This strategy not only helps
avoid the problematic wavelength regions near the bandgap edges but also allows for more precise
control over polarization behavior in each color channel. Such narrowband multi-reflection
designs are especially advantageous in applications like full-color reflective displays, AR systems,
and polarization-sensitive imaging, where maintaining distinct polarization states across RGB
channels is essential for performance and image quality.

5. Discussion

Due to the intrinsic helical structure of CLCs, polarization conversions occur as light propagates
through the material, making broadband reflection difficult to achieve. One effective way to
reduce this effect is by increasing the refractive index along the z-direction, which helps maintain
circular polarization, especially at oblique angles. This study explored two approaches based
on this principle: a novel helicoidal CLC structure and the use of biaxial LC materials. Both
methods demonstrated near-unity broadband reflectance and high contrast ratios across wide
viewing angles. Additionally, a compensation film using a positive C-plate was introduced to
counteract polarization rotation in planar CLCs. While small-pitch CLCs can be approximated
as negative C-plates and partially compensated, spectral mismatch near the reflection band edge
limits full polarization recovery and will slightly reduce efficiency.

This study primarily focuses on methods for achieving broadband reflection in CLC-based
devices and provides detailed theoretical analysis and simulation results to support each approach.
In addition, practical fabrication guidance for realizing the helicoidal structure is presented.
The first fabrication method involves preparing an LC cell filled with a mixture of LC material,
chiral dopant, and UV-sensitive dye. The chiral agent induces helical structure, while the UV
dye enables spatial control of polymerization. During the curing process, UV light with a
gradient intensity profile is applied along the incident direction. This results in a nonuniform
polymerization rate, forming a gradient pitch structure throughout the cell. After curing, applying
an external voltage tilts the CLC molecules, forming the desired helicoidal configuration. Another
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effective approach is to use polymer-stabilized CLCs [25–29], which are well-suited for forming
stable gradient structures. In this process, the mixture includes a monomer, chiral dopant, and UV
dye. Unlike the first method, the curing process here involves simultaneous application of UV
light and voltage. The gradient light intensity induces a varying polymerization rate along the
z-axis, resulting in a spatial gradient of polymer concentration. This structure remains fixed after
curing and can function either passively or with an applied voltage for switchable applications.

As demonstrated in Sec. 3, the optimized CLC structure requires a relatively thick film to
cover the full visible spectrum from 400 nm to 700 nm when using a low ∆n LC material.
However, for LC polymer systems with a higher birefringence (e.g., ∆n>0.4) (from Merck), the
same broadband performance can be achieved with a significantly thinner film. This makes the
approach more practical and suitable for modern fabrication techniques.

6. Conclusion

In conclusion, we present three effective strategies to suppress the polarization conversion in
a CLC system. These methods significantly improve the optical performance of a broadband
and wide-view CLC. Through physical analysis, including eigenstate evaluation and angular
and spectral response modeling, we demonstrate why these techniques work and how they
influence polarization behavior. Reflectance within the target bandwidth can reach nearly 100%,
accompanied by high contrast ratios. Collectively, these findings provide new insights into
enhancing CLC performance and offer promising directions for future development in advanced
optical and display technologies.
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