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Abstract

Multilayer liquid crystal (LC) devices offer enhanced optical functionalities for flat optic applications, but
fabrication is severely constrained by solvent incompatibility between conventional photoalignment agents and
underlying polymerized LC layers. Photoalignment materials such as SDI, typically dissolved in N,N-
dimethylformamide (DMF), damage polymerized substrates and necessitate protective intermediate layers
deposited by plasma-enhanced chemical vapor deposition. This study demonstrates a water-soluble
photoalignment approach using AbA-2522 that eliminates these fabrication barriers and enables direct
processing of multilayer liquid crystal polymer (LCP) stacks. We fabricate compact transmissive devices
integrating an LCP polarization grating (LCPG) with an LCP quarter-wave plate (OWP), achieving a maximum
first-order diffraction efficiency of 65.4% at 457 nm for a 9 um grating period for linearly polarized input light.
The multilayer structure exhibits polarization-selective diffraction with efficiency discrimination ratios exceeding
10:1, eliminating the need for external polarization control elements while offering compact form factor,
environmental benefits and significantly simplified fabrication.

Introduction

Flat optical components based on liquid crystals (LCs) have emerged as powerful tools for
compact, lightweight, and highly efficient photonic systems. These devices offer high
efficiency, polarization selectivity, and ultrathin form factors, making them particularly
attractive for applications in augmented reality (AR) and virtual reality (VR) [1]. In particular,
liquid crystal polarization gratings (LCPGs)—also known as Pancharatnam—Berry (PB) or
geometric phase gratings—achieve near-unity diffraction efficiency by exploiting a spatially
varying geometric phase imprinted via the LC director orientation [2]. In a typical holographic
photoalignment setup, two counter-circularly polarized beams interfere at the substrate,
producing a continuously rotating linear polarization pattern with period A. The subsequently
deposited LC polymer (LCP) layer adopts this director profile, providing efficient diffraction:
theoretically 100% into a single first order when the half-wave retardation condition (An-d =
M2) 1s satisfied.

A key challenge in multilayer LC devices which integrate multiple patterned elements such as
polarization gratings and waveplates within a single thin-film stack is the solvent
incompatibility of conventional photoalignment agents. Materials such as SD1 and Brilliant
Yellow (BY) are typically dissolved in N,N-dimethylformamide (DMF), an aggressive solvent
that causes partial dissolution of underlying polymerized LC layers. This degradation creates
surface roughness that prevents proper director alignment in subsequently deposited layers,
severely limiting alignment quality. To work around this, prior approaches have required
vacuum-deposited SiO2 protective interlayers deposited by plasma-enhanced chemical vapor
deposition (PECVD), an approach that increases process complexity and cost [3].

In this work, we present a multilayer LC device fabrication strategy based on AbA-2522, a
water-soluble azo dye photoalignment material. Because AbA-2522 dissolves in water rather
than an aggressive organic solvent, it can be deposited directly on polymerized LC layers
without causing damage. This strategy enables direct stacking of LCPGs and quarter-wave
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plates (QWPs) without protective interlayers. A compact transmissive structure integrating an
LCP-QWP and an LCP polarization grating is fabricated and characterized. The water-soluble
approach additionally offers humidity insensitivity, environmental benefits, and full process
compatibility with reactive mesogen (RM) polymer layers properties that address longstanding
bottlenecks in advanced multilayer LC flat optics.

Materials and Methods

The multilayer device (Figure 1a) was fabricated through sequential deposition of alignment
and polymer layers using spin coating. For alignment of the first liquid crystal polymer (LCP)
layer with quarter-wave retardation, nylon and mechanical rubbing were used, followed by
deposition and polymerization of a reactive mesogen (RM257) mixture. For the liquid crystal
polarization grating (LCPG), AbA-2522 dissolved in water was directly spin-coated on the
LCP layer, and patterned anchoring was performed using an interference setup with blue laser
light. Subsequent LCP layers were deposited using the same method. Polarized optical
microscopy (POM) and diffraction efficiency measurements were performed to characterize
alignment quality and optical performance.
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Figure 1. (a) Schematic illustration of the fabricated multilayer device consisting of a polarization grating with an additional
polarization control layer on a single substrate. (b) Polarized optical microscopy (POM) image of the polarization grating
fabricated using a water-soluble alignment layer on a liquid crystal polymer layer. (¢) Diffraction pattern obtained from the
fabricated multilayer structure.
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Results and Discussion

Polarised optical microscopy confirmed that a pre-baking step (80°C, 5 min) prior to UV
polymerisation is essential for uniform alignment in the LCP-QWP layer; samples polymerised
without pre-baking showed pronounced domain formation from competing tilt directions at the
LC-air interface. With the optimised protocol, the rubbed nylon layer produced a uniform,
defect-free QWP film. When AbA-2522 was spin-coated directly on this LCP-QWP and the
LCPG deposited over it, POM of the 9 um grating (Figure 1b) revealed a homogeneous pattern
with equal bright and dark line widths and uniform intensity, confirming high-quality director
alignment. No damage to the underlying QWP was observed. The stark contrast with SD1-in-
DMF samples is shown in Figure 2: DMF causes damage to LCP-QWP, creating surface
roughness that propagates alignment defects through the full LCPG bulk [4].
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Figure 2. POM images of LCPGs between crossed polarisers, deposited on top of a polymerised LCP-QWP layer. (a) LCPG
patterned with SD1 dissolved in DMF (A = 4.7 um): severe polymer layer damage causes pervasive alignment defects.
(b)Zoomed-in view of defects from SD1 observed on the polymer layer [4].

Diffraction efficiency measurements at 457 nm validated the polarisation-selective operation
of the QWP + LCPG multilayer (Figure 1¢). For —45° linear input, the QWP converts light to
left-circular polarisation, which the LCPG diffracts predominantly into the +1 order with an
efficiency of 65.4%; the suppressed —1 order received only 5.5%, giving a discrimination ratio
N-1/M+1 = 0.084. For +45° input, diffraction reverses: 60% into the —1 order and =5% into the
+1. For 0° input (parallel to the QWP fast axis), the polarisation state is unaffected by the QWP
and the LCPG diffracts equally into both first orders (=36.6% and 36.0%), as expected for
linearly polarised input on a PB grating. Zero-order transmission of =11.6% is consistent with
the measured LCPG retardation of ~1.22x at 457 nm (theoretical leakage ~12%). The small
residual in the half-integer +)% orders (<1.5%) reflects minor out-of-plane director tilt at the
LC-air surface. The overall diffraction efficiency is limited because of Fresnel reflections,
scattering, absorption, and deviations from ideal retardation in both waveplate layers which is
consistent with the experimental values, confirming that the compact two-layer stack performs
as designed without any protective interlayer.

Conclusion

We demonstrated a compact transmissive multilayer LC device combining an LCP quarter-
wave plate and an LC polarization grating, fabricated using water-soluble AbA-2522 as the
intermediate photoalignment layer. Depositing AbA-2522 from an aqueous solution caused no
damage to the underlying polymerized LCP layer, in sharp contrast to the layer degradation
observed with SDI1 dissolved in DMF. The integrated QWP + LCPG structure achieved a
maximum first-order diffraction efficiency of 65.4% at 457 nm for the 9 pum grating period
under linearly polarized input, with discrimination ratios exceeding 10:1 between the preferred
and suppressed first orders, eliminating the need for an external polarization control element.
Further efficiency improvements are expected through control of individual layer thicknesses
to hit exact quarter- and half-wave retardation at the operating wavelength, and through
suppression of out-of-plane LC tilt at the top surface via surfactant additives or multi-sublayer
deposition strategies. The water-soluble photoalignment approach is broadly applicable to
multilayer LC stack designs and opens a practical route to integrating multiple independent
patterned LC functions in a single compact component, with relevance to AR/VR optics and
silicon photonic integration.
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