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ABSTRACT

This study investigates the photoelectric properties and Kerr
constants of vertically-aligned ferroelectric liquid crystal (FLC)
cells driven by horizontal electric fields, focusing on applications
in vehicle display systems. The research examines the effects of
electrode configurations, specifically varying electrode widths
(w) and spacing (s), on birefringence and modulation
performance. FLC cells were fabricated with three
configurations: w =4 pum, s = 8 um (Sample A), w =4 um, s =24
pm (Sample B), and w = 8 um, s = 12 pm (Sample C).
Experimental methods included polarized optical microscopy and
transmittance-voltage (T-V) measurements, revealing that
narrower electrode spacing generated stronger electric fields and
faster transmittance changes but were more susceptible to defect
formation at higher voltages. Kerr constants were calculated
from the T-V data, with Sample B exhibiting the highest Kerr
constant (K = 0.769 nm/V?), highlighting its superior modulation
capabilities. These findings demonstrate the trade-offs between
electrode spacing, electric field strength, and defect stability. The
optimized performance of FLC cells offers significant potential
for advanced vehicle display applications, including heads-up
displays (HUDs) and augmented reality (AR) interfaces, which
require high clarity, rapid response, and durability under dynamic
driving conditions. This study provides a framework for
developing next-generation optical systems tailored to the
automotive environment.

Ferroelectric liquid crystals (FLCs) have capabilities under applied electric fields (Yuan et
emerged as a promising material for advanced al. 2022). These unique properties position FLCs
optical and display technologies due to their fast as ideal candidates for applications in the
response times and precise phase modulation automotive industry, where high-performance,
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reliable, and energy-efficient display systems are
increasingly in demand (Zhang et al. 2023).

In modern vehicles, the integration of
advanced displays for heads-up displays (HUDs),
augmented reality (AR) interfaces, and dynamic
lighting systems is becoming a standard feature.
However, traditional liquid crystal displays face
limitations such as slower response times and
alignment defects, which impact their
performance under dynamic driving conditions
(N4jar et al. 2023). The conventional approach of
driving deformed-helix ferroelectric liquid
crystals (DHFLCs) using vertical electric fields
often leads to alignment issues, reducing their
effectiveness for automotive use (Nakajima et al.
2024).

Recent  advancements  suggest  that
employing horizontally driven electric fields in
vertically-aligned DHFLC cells can mitigate
alignment defects, enhance birefringence, and
improve overall performance (Tkachenko et al.
2024). By optimizing the alignment and
electrode configuration, these FLC cells can
achieve the high transmittance, rapid modulation,
and durability required for automotive display
systems (Wyatt et al. 2021).

However, conventional vertically-aligned
DHFLC systems are typically driven by vertical
electric fields, which often result in defect
formation and inconsistent optical responses,
making them less suitable for automotive
applications. Previous studies have explored
electrode patterning and driving schemes, but
limited work has focused on the impact of
horizontal electric fields on vertically-aligned
FLCs with varying electrode geometries. This
study addresses this gap by investigating the
influence of electrode width and spacing on
birefringence and Kerr constants under
horizontal driving conditions. Unlike prior
methods, this approach offers a promising
pathway for improving modulation performance
and reducing defect risks in automotive display
systems.

This study investigates the photoelectric
properties of vertically-aligned DHFLC cells
with varying electrode designs to understand
their potential for automotive applications (Song
et al. 2024). By analyzing the relationship
between electrode spacing, birefringence, and
Kerr constants, we aim to provide a framework
for optimizing FLC-based systems for HUDs,
AR displays, and other advanced automotive
technologies. The results contribute to the
development of next-generation optical systems
that meet the rigorous demands of automotive
environments.

2. RELATED WORK

The application of liquid crystal technology
in the automotive sector has seen significant
advancements in recent years (Ali et al. 2022).
Liquid crystal displays (LCDs) are widely used
in modern vehicles for infotainment systems,
instrument clusters, and heads-up displays
(HUDs). However, traditional nematic liquid
crystals have inherent limitations, such as slower
response times and restricted phase modulation
capabilities. These challenges impact their ability
to meet the demands of real-time information
display in dynamic automotive environments
(Priscilla et al. 2023).

Ferroelectric liquid crystals (FLCs) have
emerged as a promising alternative, offering
spontaneous polarization and fast response times.
These properties make FLCs ideal for high-speed
optical modulation required in advanced display
systems (Singh et al. 2021). Research has
demonstrated their potential in achieving rapid
phase and transmittance changes, aligning well
with the automotive industry's demand for high-
performance displays, particularly in HUDs and
augmented reality (AR) interfaces (Maldonado et
al. 2023).

Conventional  approaches to  driving
deformed-helix ferroelectric liquid crystals
(DHFLCs) using vertical electric fields often
lead to alignment defects, which result in uneven
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birefringence and compromised optical clarity
(Sadigh, Zakerhamidi, and Ranjkesh 2022). This
poses significant challenges for applications
requiring precision and consistency, such as
HUDs. To address these issues, studies have
shifted toward alternative alignment techniques
and electrode designs that enhance performance
while minimizing defects (Khan et al. 2022).

One promising approach involves using
horizontal electric fields to drive vertically-
aligned FLC cells. This method has been shown
to reduce alignment defects and improve optical
properties, including increased Kerr constants
and enhanced modulation performance.
Optimizing electrode spacing and width has
proven effective in achieving higher clarity and
brightness, which are essential for automotive
applications. These advancements demonstrate
the potential for FLC technology in enabling
adaptive and high-performance optical systems
(Lee et al. 2021).

The automotive industry is also exploring
the broader use of FLC-based displays,
particularly for AR HUDs that project real-time
information onto the windshield. FLC displays
have been found to provide superior contrast and
faster response times under varying lighting
conditions, critical for ensuring driver safety and
comfort.  Furthermore, their ability to
dynamically modulate birefringence makes them
suitable for emerging technologies like smart
windows and adaptive lighting systems in
vehicles(Zakaria, Sanordi, and Laili 2023). There
remains a gap in understanding the relationship
between electrode configurations and the optical
performance of FLC cells in automotive settings.
This study aims to address this gap by
investigating how variations in electrode design
influence Kerr constants and birefringence,
providing valuable insights for optimizing FLC-
based systems for next-generation automotive
applications (Abe et al. 2024).

Research on FLCs has developed along
several thematic directions: (1) improving
response time and phase modulation, (2)
optimizing electrode design for field uniformity,
and (3) exploring reliability under mechanical
Table 1
conventional methods and our approach for

comparison".

Table 1: Comparison of FLC Driving Methods

and thermal stress. summarizes

Method Focus Limitations
Vertical Field . High defect
. Simpler
Driving setu rate, poor
(Conventional) P uniformity
iedaed o gl
L for DHFLCs
Driving control
Get(l)lrrrll:;tiry— Investigates
This Study . trade-offs in
horizontal modulation
field
3. METHODOLOGY
This study aimed to investigate the

photoelectric properties and Kerr constants of
vertically-aligned ferroelectric liquid crystal
(FLC) cells driven by horizontal electric fields.
The methodology involved the fabrication of
FLC cells with varying electrode configurations,
the application of controlled electric fields, and
an analysis of their optical performance under
different conditions (Member et al. 2022).

FLC-10855 was chosen due to its known
electro-optic  properties: high spontaneous
polarization, moderate viscosity, and commercial
availability. These traits allow clear observation
of birefringence shifts and switching thresholds
within accessible voltage ranges. While results
may vary quantitatively for other FLCs, the
trends observed with respect to electrode
configuration, field strength, and defect
formation are expected to hold qualitatively
across similar FLC materials.
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The fabrication process began with the
preparation of glass substrates. The bottom
substrate was patterned with interdigital
electrodes using photolithography, enabling the
application of horizontal electric fields across the
cell. Both the patterned and plain substrates were
coated with vertical alignment polyimides to
ensure the uniform alignment of the liquid crystal
molecules. Spacer beads were used to maintain a
consistent cell thickness of d = 4 pm. The
ferroelectric liquid crystal material (FLC-10855)
was introduced into the cells via capillary action
under vacuum conditions, ensuring uniform
filling and eliminating air bubbles. Three
electrode configurations were fabricated for the
study, characterized by different widths (w) and
spacings (s): w =4 um, s = 8 um (Sample A), w
=4 pum, s = 24 um (Sample B), and w = 8 pm, s
= 12 um (Sample C) (Liu et al. 2021).
The experimental setup consisted of a polarized
optical microscope (POM) equipped with a light
source and photodetector to observe and measure
the optical properties of the FLC cells.
Horizontal electric fields were applied to the
samples by incrementally increasing the voltage
across the interdigital electrodes, ranging from 0
V to 200 V. At each voltage level, observations
were made to monitor the alignment and
deformation of the liquid crystal molecules,
while the transmittance of the samples was
recorded to establish the transmittance-voltage
(T-V) relationship (Jia et al. 2021).

To quantify the optical performance of the
samples, the Kerr constants (K) were calculated
using the relationship An = K E?, where An is the
induced birefringence, and E is the electric field
strength. The electric field (E) was determined by
the equation E =V / s, where V is the applied
voltage, and s is the electrode spacing. The

calculated Kerr constants allowed for a
comparison of  birefringence  modulation
capabilities across the three electrode

configurations (Chang et al. 2023).

This methodology provided a systematic
approach to evaluating the influence of electrode

design on the optical and photoelectric properties
of FLC cells. The results of this study offer
valuable insights into optimizing FLC cell
performance  for advanced applications,
particularly in vehicle display systems (Dasgupta
et al. 2023).

4. EXPERIMENTAL

This study utilized a comprehensive
experimental process to fabricate and evaluate
the  performance of  vertically-aligned
ferroelectric liquid crystal (FLC) cells driven by
horizontal electric fields. The experimental
procedure focused on fabricating cells with
varying electrode configurations, applying
electric fields, and analyzing their optical
properties.

Fig.1 The sample structure

The fabrication process began with the
preparation of glass substrates. The bottom
substrate was patterned with interdigital
electrodes using photolithography, enabling the
application of horizontal electric fields. Both the
patterned and plain substrates were coated with a
vertical alignment polyimide layer, followed by
rubbing to ensure the uniform alignment of liquid
crystal molecules. Spacer beads were added to
maintain a uniform cell thickness of d = 4 pum.
The ferroelectric liquid crystal material (FLC-
10855), characterized by its high spontaneous
polarization, was introduced into the cells via
capillary action under vacuum conditions to
eliminate air bubbles and ensure uniform filling.
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Three sample configurations with varying
electrode widths (w) and spacings (s) were
prepared:

- Sample A: w =4 um, s = 8 um,
- Sample B: w =4 um, s = 24 um,
- Sample C: w =8 um, s = 12 pm.

The three configurations chosen Sample A (4
um, 8 um), Sample B (4 um, 24 pm), and Sample
C (8 um, 12 um) represent distinct electric field
strength regimes. These span from strong-field,
high-defect (A) to weaker-field, stable operation
(B), with Sample C as an intermediate case.
While more configurations could be explored to
generalize the trends, these three were selected to
balance fabrication feasibility with parameter
variation. We propose including additional (w, s)
sets in future work to statistically reinforce the
findings. Sample A exhibited the fastest rise time
(~2.8 ms), followed by Sample C (~3.5 ms) and
Sample B (~4.1 ms). Higher electric field
strength correlated with faster modulation but
also higher defect risk and power demand.

The experimental setup included a polarized
optical microscope (POM) equipped with a light
source and a photodetector to observe and
measure the optical properties of the cells.
Horizontal electric fields were applied across the
interdigital  electrodes by  incrementally
increasing the voltage from 0 V to 200 V. At each
voltage step, the transmittance was recorded
using a photodetector, while the molecular
alignment was monitored using the POM.
Observations  focused on  changes in
birefringence and the transitions between dark
and bright states in the interelectrode regions.

To analyze the Kerr constants, the induced
birefringence (An) was calculated as a function
of the square of the electric field (E?), where E is
given by:

E=V/s

Here, V is the applied voltage, and s is the
electrode spacing. The transmittance-voltage (T-

V) curves were used to calculate the Kerr
constant (K) for each sample configuration
using the equation:

An =K E?

The  experimental observations and
calculations provided insights into the effects of
electrode configurations on birefringence and
transmittance. Samples with narrower electrode
spacings exhibited stronger electric fields,
leading to faster modulation of birefringence but
a higher likelihood of defect formation at
elevated voltages. These results highlight the
importance of optimizing electrode
configurations  for  specific  applications,
particularly in automotive display systems.

5. RESULTS

The experimental results highlighted the
influence of electrode configurations on the
optical and photoelectric properties of vertically-
aligned ferroelectric liquid crystal (FLC) cells
driven by horizontal electric fields. The
observations,  transmittance-voltage  (T-V)
characteristics, and Kerr constant calculations
provided valuable insights into the performance
of the three sample configurations. Due to
equipment constraints, detailed FEM or
COMSOL simulations are not yet available.
However, we include a schematic in Figure 2
illustrating expected field distribution based on
interdigitated electrode geometry. As the
electrode spacing decreases, fringe field intensity
and inhomogeneity increase, which contributes
to the observed birefringence modulation and
defect localization. Quantitative simulations will
be pursued in subsequent research. Figures 3 to 5
illustrate  the visual evolution of the
interelectrode regions in Samples A, B, and C
respectively. At 0 V, the areas appear dark due to
molecular alignment parallel to the optical axis.
As voltage increases to 100—150 'V, bright regions
emerge due to induced birefringence. Notably,
defects begin forming above the electrodes at
voltages exceeding 150 V, especially in Sample
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A. At 200 V, all samples exhibit bright
interelectrode modulation, with Sample B
maintaining the cleanest image and minimal
defect formation.

Fig. 3 Sample C with (a) OV (b) 100 V (c) 150V
(d) 200V

Initial observations under polarized optical
microscopy (POM) revealed that all samples
exhibited a dark state when no voltage was
applied, with the optical axis aligned parallel to
the helix axis. As the voltage increased, the
interaction between the spontaneous polarization
(P_s) of the FLC molecules and the horizontal
electric field induced a tilt in the optical axis,
leading to phase retardation. This phenomenon
resulted in a transition from dark to bright states
in the interelectrode regions.

At higher voltages, particularly beyond 100
V, vertical electric field components became

significant, causing defects above the electrodes.
These defects were permanent and did not
recover upon removing the voltage, indicating a
critical threshold for defect-free operation.

1.0 b =Sample A
o Sample B
s Sample C

0.8

0.6 -

Transmittance(a.u.)
=
N

L 1 I 1 1

0 50 100 150 200

Voltage(V)

Fig. 4 T-V curves of samples A, B, and C

Sample Kerr constant
A 0.231 nm/V?
B 0.769 nm/V?
C 0.615 nm/V?

Fig.5 Kerr constants of samples A, B, and C

The T-V curves revealed distinct differences
among the three samples. Samples A (w =4 pm,
s=8 um) and C (w =8 um, s = 12 um) showed
faster and more pronounced transmittance
changes at lower voltages compared to Sample B
(W =4 um, s = 24 pum). This behavior was
attributed to the stronger electric fields generated
in samples with narrower electrode spacings, as
the electric field strength (E) is inversely
proportional to the electrode spacing (s).
However, narrower spacings also increased the
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likelihood of defect formation at higher voltages.
ANOVA testing confirmed that differences in
Kerr constants were statistically significant (p <
0.05). Table 2 presents trade-offs observed.

Table 2: Summary of Sample Performance

Kerr Response  Defect
Sample Constant Time (ms)  Level
(nm/V?)
A 0.231 2.8 High
B 0.769 4.1 Low
C 0.615 3.5 Moderate

The Kerr constants (K) for each sample were
calculated from the relationship between
birefringence (An) and the square of the electric
field strength (E?). The results showed that
Sample B, with the largest electrode spacing,
exhibited the highest Kerr constant (K = 0.769
nm/V?), followed by Sample C (K =0.615 nm/V?)
and Sample A (K = 0.231 nm/V?). The higher
Kerr constant in Sample B indicates superior
modulation performance, producing greater
birefringence for a given electric field strength.
Under 1000 voltage switching cycles and thermal
fluctuations from -20°C to 80°C, Sample B
maintained stable performance, while Samples A
and C showed minor alignment degradation.
Wider spacing appears to enhance reliability.

These findings demonstrate a clear trade-off
between electrode spacing and modulation
performance. Samples with smaller electrode
spacings provide faster response and stronger
electric fields but are prone to defects at higher
voltages. Conversely, larger spacings enhance
Kerr constants and reduce defect formation but
require higher driving voltages. The results
underscore the importance of optimizing
electrode configurations to balance these factors,
particularly for applications such as automotive
heads-up displays (HUDs) and augmented reality

(AR) interfaces. Compared with OLED and
MicroLED, FLC-based displays provide faster
response and bistability, with lower thermal
degradation and cost. While OLEDs offer self-
emission, they suffer from burn-in; MicroLEDs
offer brightness but at higher cost. FLCs offer a
modulated, transparent layer suitable for HUDs
and adaptive vehicle interfaces.

6. CONCLUSION

This study examined the photoelectric
properties and Kerr constants of vertically-
aligned ferroelectric liquid crystal (FLC) cells
under horizontal electric fields, focusing on how
electrode width and spacing affect optical
performance. Analysis of three configurations
revealed key links between design parameters
and modulation behavior.

The experimental results demonstrated that
the spacing and width of the electrodes
significantly influence the electric field strength,
birefringence, and Kerr constants of the cells.
Samples with narrower electrode spacings
generated stronger electric fields at lower
voltages, resulting in faster transitions in
transmittance. However, these configurations
were more susceptible to defects at higher
voltages due to the stronger vertical electric field
components. In contrast, samples with larger
electrode spacings exhibited higher Kerr
constants, which enhanced birefringence and
modulation performance but required higher
driving voltages to achieve comparable optical
effects.

The highest Kerr constant (K =0.769 nm/V2
K = 0.769nm/V2) was observed in the sample
with the largest electrode spacing, highlighting
its potential for applications that require high
birefringence and stable operation. However, the
trade-offs between voltage requirements, defect
formation, and response times suggest the
necessity for careful optimization of electrode
configurations to meet specific application
requirements.
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These findings holds important implications
for the design of advanced optical systems,
particularly in automotive applications such as
heads-up displays (HUDs) and augmented reality
(AR) interfaces. The capability to attain high
modulation performance, clarity, and durability
positions FLC cells as a promising technology
for next-generation display systems. Future work
could explore further optimization of electrode
designs and material properties to improve
performance and reliability under practical
operating conditions.
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TOM TAT

Nghién ctru nay khao sat cac ddc tinh quang-dién va hang s6 Kerr
clia cac té bao tinh thé 1ong sit dién (FLC) c6 cdu trac thang dimg,
duogc diéu khién boi dién trudng theo phuong ngang, véi trong tim
g dung trong hé thong hién thi trén phuong tién giao thdng. Nghién
ctru tip trung phan tich anh hudng cua cdu hinh dién cuc, cu thé 1a
su thay d6i vé chiéu rong dién cuc (w) va khoang cach gitta cac dién
cuc (s), dén hién tugng ludng chiét va hiéu suét diéu bién.

Ba mau té bao FLC duoc ché tao v6i cac ciu hinh: w = 4 um, s =8
pum (Mau A); w =4 um, s = 24 um (Mau B); vaw =8 um, s = 12 um
(Méu C). Phuong phép thuc nghiém bao gém kinh hién vi phan cuc
va do duong cong truyén qua—dién ap (T-V). Két qua cho thiy
khoang cach dién cuc nho tao ra dién truong manh hon va tde do
thay ddi truyén qua nhanh hon, tuy nhién lai d& hinh thanh khuyét tat
hon & dién ap cao. Hang s6 Kerr dugc tinh toan tir dit liéu T-V, trong
d6 Mau B dat gié trj hang sé Kerr cao nhét (K = 0,769 nm/V?), chimg
t6 kha nang diéu bién vuot tréi. Nhitng phat hién nay cho thiy sy
danh ddi gitra khoang cach dién cuc, cuong d6 dién truong va do on
dinh khuyét tat. Hiéu suét t6i wu cta cac té bao FLC mo ra tiém nang
16n cho céc tmg dung hién thi tién tién trén phuong tién, bao gdbm
man hinh hién thi trén kinh l4i (HUD) va giao dién thyc té ting cuong
(AR), v6n doi hoi do rd nét cao, phan hdi nhanh va do bén trong diéu
kién lai xe dong. Nghién ctru ndy cung cdp mot co sé khoa hoc cho
viéc phat trién cac hé théng quang hoc thé hé méi, phu hop véi méi
truong Umg dung trong nganh cdng nghiép 6 to.






