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Flicker minimization in power-saving displays
enabled by measurement of difference in
flexoelectric coefficients and displacement-
current in positive dielectric anisotropy liquid
crystals

Junho Jung!?, HaYoung Jung?, GyuRi Choi3, HanByeol Park3,
Sun-Mi Park*, Ki-Sun Kwon*, Heui-Seok Jin* Dong-Jin Lee?,
Hoon Jeong?, JeongKi Park?, Byeong Koo Kim?,

Seung Hee Lee'*>* and MinSu Kim3*

Balancing high display performance with energy efficiency is crucial for global sustainability. Lowering operating frequen-
cies—such as enabling 1 Hz operation in fringe-field switching (FFS) liquid crystal displays—reduces power consump-
tion but is hindered by image flicker. While negative dielectric anisotropy liquid crystals (nLCs) mitigate flicker, their high
driving voltages and production costs limit adoption. Positive dielectric anisotropy liquid crystals (pLCs) offer lower oper-
ating voltages, faster response times, and broader applicability, making them a more viable alternative. This study intro-
duces a novel approach to minimizing flexoelectric effects in pLCs by investigating how single components influence flex-
oelectric behavior in mixtures through an effective experimental methodology. Two innovative measurement tech-
niques—(1) flexoelectric coefficient difference analysis and (2) displacement-current measurement (DCM)—are present-
ed, marking the first application of DCM for verifying flexoelectric effects. The proposed system eliminates uncertainties
associated with previous methods, providing a reliable framework for selecting liquid crystal components with minimal
flexoelectric effects while preserving key electro-optic properties. Given pLCs' higher reliability, lower production costs,
and broader material selection, these advancements hold significant potential for low-power displays. We believe this
work enhances flexoelectric analysis in nematic liquid crystals and contributes to sustainable innovation in the display in-
dustry, aligning with global energy-saving goals.
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Introduction

In the display industry, technologies aimed at reducing
power consumption have become increasingly essential
in response to global energy-saving policies'. Several ap-
proaches have been developed to address this demand,
including inversion techniques’, dynamic backlight con-
trol*, and variable frame refresh rates®. In particular, re-
ducing the refresh rate of a display panel leads to signifi-
cant power savings, primarily because dynamic power
consumption is proportional to both the switching fre-
quency and the capacitive load in the thin-film transis-
tor (TFT) array. Among these strategies, the flexoelectric
effect in liquid crystal displays (LCDs) has garnered at-
tention due to its notable impact on variable frame re-
fresh rate performance®®. Flexoelectricity arises from
spatial strain gradients within mesogenic LCs*'!, caus-
ing light transmittance difference and flickering on a dis-
play at low refresh rates. This phenomenon occurs due to
uneven electric fields between frames of alternating cur-
rent (AC) voltage and flexoelectric contribution in LC
deformation between the electrodes over time.

The necessity for such advancements is underscored
by the evolving demands of the display industry. While
high refresh rate displays (e.g., 120 Hz, 144 Hz, 240 Hz)
significantly enhance video playback and gaming experi-
ences'>", they also incur substantially higher power con-
sumption—typically two to three times more than tradi-
tional 60 Hz operation. In the context of global energy
efficiency initiatives, this trade-off between performance
and energy use is becoming increasingly unsustainable.
There is a growing need for display technologies capable
of supporting a broad range of refresh rates —from as
low as 1 Hz to as high as 240 Hz—to dynamically adapt
to different content types and optimize power consump-
tion accordingly. Although a significant portion of pow-
er consumption in LCDs originates from the backlight
unit, particularly in LED-based systems'*'¢, implement-
ing ultra-low-frequency driving (e.g., 1 Hz) can substan-
tially reduce energy use during static or low-motion con-
tent. Furthermore, integrating such low-frequency oper-
ation with dynamic refresh rate modulation —allowing
automatic switching between different modes based on
content demand —represents a promising direction for
next-generation energy-efficient displays. This com-
bined approach is expected to become increasingly im-
portant and even essential in future display technologies.

Achieving low refresh rates in LCDs while mitigating

https://doi.org/10.29026/0ea.2025.250022

flicker has been a significant challenge. Previous meth-
ods, including the use of symmetric electric fields, ma-
nipulation of LC physical properties, and a deeper un-
derstanding of the flexoelectric effect, have often fallen
short in fully eliminating flicker while maintaining im-
age qualities. Predicting the flexoelectric effect and mea-
suring the flexoelectric constants have been scientifically
interesting but practically challenging due to the com-
plexity of measurement techniques, other factors such as
ion impurity effects, errors in measuring the surface an-
choring strengths of vertical and planar alignments, the
involvement of twist deformation, and the consistency in
formation of an electric field with actual fringe-field
switching (FFS) mode'”*. Consequently, commercially
viable flicker-free 1 Hz displays have been rarely pro-
duced. We successfully interpreted and understood the
flexoelectric phenomenon, developing a straightforward
method to measure the difference in flexoelectric coeffi-
cients (es—ep); es and e, denote splay and bend flexoelec-
tric coefficients, respectively. Kim et al. reported that
their industry-academia collaboration team achieved a
milestone by prototyping the world's first flicker-free 1
Hz-refresh-rate 13.4-inch (1 inch = 2.54 cm) WUXGA
FFS-LCD on a laptop platform using negative dielectric
anisotropy LCs (nLCs)?. The core of this research lies in
predicting (es—ep) values for different LCs by matching
the measured transmittance differences between altering
frames of AC electric signals with simulated results in
cells which are identical to the FES cell structure but ver-
tically aligned LC. In this system, applying electric fields
below the threshold that induces discontinuous LC
alignment effectively suppresses twist deformation. This
enables the isolation and accurate measurement of pure
splay and bend deformations. Because twist deformation
is eliminated, the applied electric energy is not dissipat-
ed through twisting, allowing the observed brightness to
be directly attributed to splay and bend deformations as-
sociated with flexoelectric polarization (Fig. S1)?!. This
approach enabled us to identify LCs that minimize flick-
ers while maximizing electro-optic performance and suc-
cessfully implementing these findings in real products.
Yet, while the nLCs provide higher transmittance, they
inherently have higher driving voltages, higher manufac-
turing cost, and slower response time, compared to posi-
tive dielectric anisotropy LCs (pLCs)?%. The molecular
structure of nLCs inherently limits the reduction of driv-
ing voltage, and their high viscosity leads to slower re-
sponse times and challenges in optimizing retardation
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settings. These factors limit their application in many
products beyond high-end devices. This work focuses on
predicting and gauging the flexoelectric coefficient dif-
ference in pLCs, and we aim to provide a viable alterna-
tive that offers fast response time, low driving voltages,
and low cost for manufacturing, which expand the po-
tential for low-refresh rate products for ultralow power
displays. Our study addresses the effective measurement
method and results for energy-efficient display solutions
by focusing on reducing flicker at low-refresh rates in
pLCs. This advancement represents a significant step to-
wards achieving both high performance and sustainabili-
ty goals in display technology, paving the way for a more
energy-conscious future.

Although the proposed flexoelectric coefficient differ-
ence measurement system on nLC was successful, this
system on pLC requires deeper understanding on how
the flexoelectric effect involves in the measurement sys-
tem and the practical system. To minimize flicker, it is
easy to imagine that the flexoelectric effect should be
eliminated as earlier stages of works?'>-2. However,
more important point we anticipate in this stage is how
the spatially averaged optical appearance (within the spa-
tial resolving power of human eyes) would be in the sim-
ilar level over the AC frames in time. Knowing each splay
or bend flexoelectric coefficient limits to provide suffi-
cient information from this perspective. Thus, we used
the same FFS electrode structures with identical electric
field formation for deriving the flexoelectric coefficient
difference. The nematic LC director field analysis from
the vertically aligned FES cell proves the importance of
the flexoelectric coefficient difference. The spatially
modulating flexoelectric contribution, which would be
temporally averaged out for the optical appearance, pro-
vides the splay and bend flexoelectric contributions in
nLC and pLC are in a similar tendency even if their re-
orientation upon dielectric coupling is obviously differ-
ent. We also verified the flexoelectric contribution and
ion impurity level in pLC system by a commercially
available displacement-current measurement (DCM)
method for the first time in this field”.

This result gives rise to the simplicity when employing
negative or positive LC into the actual FFS cell structure.
In addition, based on this understanding we were able to
choose which of single LC molecules would be the best
for the appropriate mixture for reduction in image flick-
ers. We thus verified that the newly proposed mixture
showed minimum flexoelectric coefficient difference,

https://doi.org/10.29026/0ea.2025.250022

measured from the vertically aligned FFS cell. And we
demonstrated the minimum temporal transmittance dif-
ference for lowest flicker in planarly-aligned normal FFS
cells. We believe that this result will expand the applica-
bility of this system for ultralow power consumption dis-
plays to meet with global energy saving efforts.

Experimental section

Materials: We firstly verified the flexoelectric effect in an
FFS cell with positive LC (pLC0, An = 0.078, Merck) for
measuring transmittance difference between AC frames.
Based on the analysis of the transmittance difference, we
varied concentration of different singles with different
dielectric anisotropy, and three different LC mixtures
(pLCl, pLC2, pLC3) were examined. The mixtures were
purified to reduce ion impurities. We combined singles
with dipole moment perpendicular to the molecule's
long axis and neutral molecules, which determine dipoles
and quadrupoles, respectively, as detailed in Table 1. The
optimization of the ratio Kz3/Kj; could lead to the
suppression of Tgir. However, the general description
gives that each Kj; and K33 influences the flexoelectric
coefficients; for example, increasing K33 could also in-
crease in ep. This is in a trade-off relation. Investigation
of flexoelectric coefficients based on the Helfrich model
enabled us to avoid such trade-off relation although this
method might be imperfect when applied to mixtures of
LCs with different types of constituents. Flexoelectric
described by  the
Pi=en(V-n)+en x (V x n), where es and e, repre-

polarization s equation
sent the splay and bend flexoelectric coefficients, respec-
tively®!!21. A statistical model proposed by Helfrich pro-
vides a theoretical framework for estimating es and e
based on molecular packing, dipole moments, and
elastic constants.

a 3 1 2"‘ K
coefficients are given by & = 6(5) N ( k” Tu) and
B

2
AN K
e, = 6(a) N3 (%) , where a and b are the major

and minor axes of the approximated ellipsoidal

According to this model, the

molecules, and § is the molecular kink angle. Here, g
and g, denote the dipole moments parallel and perpen-
dicular to the molecular long axis, K;; and K33 are the
splay and bend elastic constants, kg is the Boltzmann
constant, T is the temperature, and N is the molecular
number density®?**. In designing our LC mixtures, we
carefully controlled the concentrations of individual
components, including neutral single molecules, to
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optimize the flexoelectric properties while meeting the
physical requirements for high-performance display op-
eration. For each constituent molecule, key parameters
such as molecular shape, dipole moment, dielectric
anisotropy, and elastic constants were independently
considered for their influence on the overall flexoelectric
coefficients of the mixture. The concentration ratios of
the three representative constituents —C1 (high-polar),
C2 (mid-polar), and C3 (neutral)—used in each pLC for-
mulation are summarized in Table 1.

As shown in Table 1, pLC1 exhibits a relatively higher
measured value of (e - ep) at compositions ¢; = o, c2 = 3,
c3 = 7. Initially, we hypothesized that reducing the num-
ber of single-component molecules would lower the flex-
oelectric coefficients. This expectation was based on the
assumption that removing molecules with dipole mo-
ments poorly aligned with their major molecular axis
would degrade packing efficiency, thereby reducing the
molecular number density N. This trend was partially
confirmed, as the measured (e - ep) for pLC2 (which ex-
cludes component C2) was lower than that of pLCl.
However, the reduction was not as significant as antici-
pated. Further analysis revealed that component C1 pos-
sesses a higher molecular aspect ratio (a/b) and greater
rigidity compared to the other two components. These
properties enhance molecular packing and contribute to
a higher effective N, which in turn increases (es - ep). In
pLC3, where ¢; was reduced to 0.5« (with a correspond-
ing increase in ¢, to maintain a sufficient dielectric
anisotropy Ae), the combined effects of decreased aspect
ratio and reduced packing density led to a more pro-
nounced decrease in the measured (es - ep) as shown in
Table 1.

Cell preparation: We fabricated two FFS cell types ca-
pable of inducing planar and vertical alignments. While
the planarly aligned FFS cells are fabricated based on the

representatives of normal FFS mode, the vertically
aligned FFS (VA-FES) cells, used to determine flexoelec-
tric coefficients, consisted of patterned electrodes (elec-
trode width w = 3.5 um and distance / = 6 um), an insula-
tion layer, and plain electrodes with the cell gap d = 3.2
um. Electrodes were made of indium tin oxide (ITO) via
sputtering, while the insulation layer was produced from
silicon nitride (SiN,) via PECVD, provided by Merck. LC
mixtures were injected into cells via capillary action.

Image acquisition: POM images (Eclipse LV100N
POL, Nikon) were captured at 250 fps under an alternat-
ing current (AC) voltage at various frequencies, includ-
ing 1 Hz, using a CCD camera (DS-Ri2, Nikon), a high-
speed camera (Fastcam UX100, Photron Inc.), and an ar-
bitrary function generator (AFG31021, Tektronix Inc.).

Electro-optic measurement: Voltages at various fre-
quencies were applied to both planarly aligned and verti-
cally aligned FFS cells using a waveform generator
(AFG31021, Tektronix Inc.). These cells were placed be-
tween crossed polarizers, and illuminated with laser light
from a He-Ne laser (A = 633 nm). The transmitted light
passing through the polarizers and the test cells was de-
tected using a digital optical power meter (PM100D,
Thorlabs Inc.) as shown in Fig. S2. By synchronizing the
applied voltage waveforms with the detected optical sig-
nals, voltage- and time-dependent transmittance curves
were obtained. The driving frequency was set to 1 kHz in
the normal operation mode and 1 Hz in the flexoelectric
measurement mode.

FEM simulation: Finite element method (FEM) simu-
lations were performed using a multidimensional simu-
lator (TechWiz LCD, Sanayi Systems) to analyze the
electro-optical responses of the LC cells. The simulation
considered the total free energy density of the system,
comprising three key contributions: elastic, dielectric,
and flexoelectric. The elastic free energy density was

Table 1 | Relative values of physical properties of liquid crystal (LC) mixtures with respect to the three representative constituents (C1, C2, and C3).

LC mixture An?d AeD i aSj) Koaf KaalKy1 ™ e el e S~
[mPa-s] [PN] [PN] [%] [%] [%] [pC/m]
pLCO 0.078 0.6e 2.99 1.1u 1.5v 1.3w - - - -
pLC1 0.1086 e g» ux v ) w ) ax) g nx 2.5
pLC2 0.1095 1.2e 1.1g 1.0u 1.0v 1.0w 1.2a - 1.0n 2.0
pLC3 0.1049 0.5e 1.0g 1.3u 1.2v 1.0w 0.5a 1.96 1.2n 0.5

) Birefringence; " Dielectric anisotropy; i Rotational viscosity; ' Bend elastic constant; ¥ Splay elastic constant; ¥) Ratio of bend to splay elastic

constants; i) Concentration of constituent 1 (C1), high-polar; vi) Concentration of constituent 2 (C2), mid-polar; ® Concentration of constituent 3

(C3), neutral; ¥ Derived value of difference in splay and bend flexoelectric coefficients (es — ep) based on the measurement and FEM simulation;

x) These are constants and all other values are relative values to these. All mixtures contained low concentrations of additional constituents,

which are not specified in this table.
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defined as fu, =1/2 (Ky[V - n]* + Ky[n- (V x n)]’
+Ku[n x (V x n)]*), where n is the director vector. The
dielectric free energy density was expressed as
fuiee = —1/2€0Ae(n - E)* and the flexoelectric coupling
freo = — [&,n (V- 1) + eyn x (V x n)] - E,

where es and ey, are the splay and bend flexoelectric coef-

energy as

ficients, respectively, and E is the electric field vector.
The electric potential distribution within the LC cell was
obtained by solving Laplace’s equation. Optical transmit-
tance and POM-like images were calculated using the ex-
tended [2x2] Jones matrix method. By systematically
varying the flexoelectric coefficients in the simulation to
match experimental results, we were able to indirectly
determine the flexoelectric coefficient difference (es — ep).

Displacement-current measurement (DCM): The
current-voltage (I-V) characteristics of the LC layers in
VA-FFS cells were measured using a DCM instrument
(DCM1000, TOYOTech LLC). The degree of the flexo-
electric effect was inferred from the symmetry of the I-V
curves, particularly between the first and third quad-
rants of the I-V cycle. The equivalent circuit used for
analysis is shown in Fig. S3. Each VA-FFS cell had the
same electrode and insulating structure as the standard
FES cells and was filled with purified pLCs free of ionic
impurities. Electrically, the LC cells behave as a parallel
combination of a capacitor and resistor. A triangular
waveform voltage was applied to generate I-V curves
over three cycles at frequencies of 0.1 Hz, and 0.01 Hz.

The total current I flowing through the LC layer is de-

dv VvV
scribed by I =1Ic + I = CE + g where C s the ca-
d

pacitance, R is the resistance, and —— is the time deriva-

dv |4
tive of the applied voltage. For T 0 and T 0, the

dv Vv
current slopes are given as I, = CE + R and
dv

|4
I, = _CE + R respectively. The difference between

these slopes, Al = I, — I, = ZCE’ was used as an indi-

cator of the capacitive component, as illustrated in Fig.
S3%7. For symmetry analysis, the I-V curves from the

third cycle were used.

Results and discussion

The image flicker in the FFS mode at low-refresh rates,
due to flexoelectric polarization coupling with the FFS
electric field formation, has been extensively analyzed
and addressed in previous reports?:>*-2. In the FFS mode

https://doi.org/10.29026/0ea.2025.250022

at normal mode (driving frequency > 30 Hz) as shown in
Fig. 1(a, b), LC director reorients along the application of
electric fields. Depending on the electrode position, di-
electric coupling between LC and electric field changes
the vectorial formation. These splay and bend deforma-
tions result in temporarily asymmetric LC director con-
figuration in odd and even frames in which the driving
frequency of the electric fields is set (in general) below 30
Hz, causing transmittance differences between frames
that appear as flickers as shown in Fig. 1(c-£)322%,

When the flexoelectric effect is not considered in sim-
ulations using a finite element method (FEM) solver®,
there is no transmittance difference between frames, re-
sulting in same space-dependent transmittance as shown
in Fig. 1(b). However, when the flexoelectric effect is in-
corporated into FEM simulations, transmittance differ-
ences between even and odd frames emerge depending
on the electrode position, as illustrated in Fig. 1(c). In
odd frames, the transmittance decreases in regions over
the patterned electrode branches and increases in the
spaces between them. Conversely, in even frames, the
transmittance increases over the electrode branches and
decreases in the space between them.

Although the spatially integrated transmittance be-
tween frames depends on the scale of the patterned elec-
trodes, transmittance fluctuations across frames caused
by the flexoelectric effect in the FFS mode persist consis-
tently. The AC frame-dependent formation of the electri-
cal potential influences LC reorientation through dielec-
tric and flexoelectric coupling. This suppresses splay de-
formation in regions where transmittance fluctuates,
leading to increased twist deformation, which compen-
sates for free energetic cost of the suppressed splay defor-
mation. Consequently, transmittance differences be-
tween frames arise, potentially causing flicker in displays.

Experimental observations align with this finding, as
polarizing optical microscopy (POM) images reveal sig-
nificant space- (Fig. 1(d)) and time-dependent (Fig. 1(e,
f)) transmittance deviations across electrode locations,
confirming these brightness fluctuations over time.
When low-frequency voltage is applied, the brightness
fluctuates between the odd and even frames. This flicker-
ing effect can be easily verified by examining the time-
dependent transmittance curves experimentally and nu-
merically as shown in Fig. 1(e, f). From Fig. 1(e, f), we
verified the flexoelectric coupling occurs near 30 Hz.

To design and develop the LC mixture for low contri-
bution of flexoelectric effect in pLC, we verified the

250022-5
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Fig. 1 | Flexoelectric effect appearing in an FFS mode with a positive LC (pLCO, applied voltage V = 6.2 V). (a) Schematic representation of the

electric field formation in each AC frame based on the FFS electrode structure. The LC is homogeneously, planarly aligned in an FFS cell. (b, c)

Simulated spatial transmittance from the FFS mode in (b) no flexoelectric and (c) flexoelectric mode using a FEM solver. (d) POM images of opti-

cal appearance of the flexoelectric effect in an FFS cell and (e, f) the time-dependent transmittance curves, obtained from experimental measure-

ment and simulation when applying AC voltage at 1, 10, 30, 60 Hz. The black crossed arrows represent the transmittance axes of a polarizer and

analyzer, and the scale bar is 10 pmin (d).

mechanism behind the phenomenon of flexoelectric ef-
fect. Figure 2(a,b) show common illustration of the
molecular shapes for the understanding of the splay and
bend flexoelectric polarizations. Assuming dipole mo-
ment (dark arrows) of each shape, when the dipole mo-
ments orient along one direction, the net polarization be-
comes non-zero. With dipole moment considering ideal
positive dielectric anisotropy, bend deformation does not
coincide with the flexoelectric polarization which the po-
larization direction perpendicular to the long axis of
molecules. In this configuration, splay deformation is
more suitable for the contribution to the flexoelectric po-
larization (purple arrows) than bend deformation as il-
lustrated in Fig. 2(c). As described in Fig. 2(c), we can as-
sume that in positive dielectric anisotropy LC, splay de-
formation significantly influences flexoelectric effects,

leading to issues like flicker caused increased flexoelec-
tric effect from LC mixtures composed of high polar
constituents. Therefore, our goal was to optimize LC ma-
terials that minimize flexoelectric effects, focusing on LC
mixtures that have mid-polar or low-polar characteris-
tics. As shown in Table 1, we developed three LC materi-
als with distinct properties (pLCl1, pLC2, pLC3) and
evaluated how flexoelectric effects arise and the differ-
ences between these new LC materials using newly devel-
oped measurement methods.

To verify the flexoelectric effect in the developed
pLCs, we conducted simulations using a FEM solver
alongside experimental measurements for the flexoelec-
tric coefficient difference measurement as illustrated in
Fig. 3(a). Notably, we adapted a newly developed mea-
surement method originally designed for nLCs to assess
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pLCs. This method utilizes a vertical alignment configu-
ration with an FFS electrode structure, as illustrated in
Fig. 3(b), to minimize measurement errors arising from

factors such as ion impurity effects, which impact the

voltage holding ratio (VHR)*'%, and variations in sur-
face anchoring strengths commonly observed with hy-
brid-aligned cells**. The proposed approach offers

significant advantages, including the elimination of twist
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Fig. 3 | Experimental and simulated results for FFS cells incorporating pLC1-3. (a) Schematic of the optical setup used to measure transmit-

tance differences related to the flexoelectric coefficient difference, with analysis comparing experimental and FEM simulation results. (b) Vertical-

ly aligned liquid crystal director configuration in the FFS cell, highlighting the conditions for evaluating flexoelectric coefficient differences. (c—e)

Voltage-dependent transmittance curves measured at 1 kHz, where flexoelectric contributions are negligible. (f-h) Time-dependent transmit-

tance curves measured at 1 Hz, where flexoelectric effects are pronounced. Data are shown for (c, f) pLC1, (d, g) pLC2, and (e, h) pLC3, respec-

tively, for both experimental measurements and FEM simulations. The purple arrows in (e) indicate the transmittance difference Ty between al-

ternating frames under AC voltage conditions.
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deformation in LC molecules and discrepancies in an-
choring energy across alignment layers, thereby enhanc-
ing measurement accuracy and reliability. Importantly,
this system facilitates the measurement of flexoelectric
coefficient difference (es - ep,) in both pLCs and nLCs un-
der identical electrode structural conditions, enabling di-
rect and reliable comparisons between the two. Rather
than merely extending prior methodologies, this study
aims to validate the mechanism of flexoelectric contribu-
tions in pLCs.

The transmittance difference Tgisr is determined by the
stable transmittance in each frame after the frame tran-
sient moment (mostly within the LC response time 7 <
50 ms). The transmittance difference is primarily at-
tributed to the flexoelectric contribution and flickers. We
conducted the FEM simulation and the measurement of
voltage- (Fig. 3(c—e)) and time-dependent transmittance
(Fig. 3(f-h)) with different LCs (pLC1, pLC2, pLC3) in a
vertically aligned FFS cell to derive the flexoelectric coef-
ficient difference under cross-validation. In Fig. 3(f-h),
we measured the time-dependent transmittance for each
liquid crystal and performed FEM simulations within the
same structure to match the experimental results. We
obtained time-dependent transmittance at various volt-
ages at 1 Hz, observing that the transmittance difference
Taift = Todd — Teven- When the transmittance difference
Taifr converges to minimum values, flicker disappears,
indicating that the flexoelectric effect is minimized, and
(es — ep) can be inferred based on Tyis. Based on the re-
sults shown in Fig. 3, we obtained the Tqis is reduced in
the order of pLC1, pLC2, and pLC3, suggesting that (es —
ep) and flicker caused by flexoelectric effect are likely the
smallest for pLC3.

The results in Fig. 4(a—c) include the spatial transmit-
tance profiles (1st row), POM-like images (2nd row), and
LC director fields (3rd row) using the FEM simulation,
which confirmed that each LC exhibits a different trans-
mittance between frames. The LC director configuration
in each frame provides the detailed mechanism of flexo-
electric contribution in splay and bend deformations. In
pLC, we found that the splay deformation is mainly in-
volved in differences in transmittance between odd and
even frames. Based on the LC director contribution to
the flexoelectric effect shown in Fig. 2(c), we analyzed
the flexoelectric effect in pLCs through constructive and
destructive coupling between electric fields and LC direc-
tor, like our approach for nLCs (Fig. 4(e)).

To explain this in more detail, we separately illustrat-

https://doi.org/10.29026/0ea.2025.250022

ed the contributions of splay and bend flexoelectric po-
larizations to the constructive and destructive couplings
in Fig. 4(d). In the odd frame, assuming splay deforma-
tion, the splay flexoelectric coupling is destructive be-
cause the vertical components of the splay polarization
and electric field are in opposite directions. Conversely,
in the second column, the vertical component of the
electric field is inverted, making the splay flexoelectric
coupling constructive in this region. Assuming bend de-
formation under the same electric field formation, as
shown in the third column, the bend flexoelectric cou-
pling is constructive because the bend flexoelectric polar-
ization and the lateral component of the electric field are
in the same direction. In the fourth column, the bending
flexoelectric coupling is destructive because the lateral
component of the bending flexoelectric polarization is
reversed. Similarly, the splay and bend flexoelectric cou-
plings can be illustrated in the even frame.

This analysis shows that if the polarity Py, due to bend
deformation and the polarity Ps generated by splay de-
formation are similar or identical, the transmittance dif-
ference between odd and even frames can be minimized.
That is, if (es - ep) converges to zero, the splay and bend
flexoelectric couplings would largely cancel each other
out, reducing the overall flexoelectric contribution in
terms of the system's free energy. This suggests that, as
with nLCs, minimizing (es - ep) in pLCs could serve as a
basis for minimizing flicker. In vertically aligned cells as
schematically illustrated in Fig. 3(a), (es - ep) can be min-
imized in both pLCs (Fig.4(d)) and nLCs (Fig. 4(e))
through the same mechanism without involving twist de-
formation, allowing flicker to be more predictably
managed.

To verify that pLC3 exhibits the smallest flexoelectric
effect, as predicted through both experiments and simu-
lations in vertically aligned FFS cells in Fig. 3, we con-
ducted measurements of the (es - ep) as shown in Fig. 5.
In Fig. 5(a-c), the measured (es - ep) of three new pLCs
(pLC1-3) is presented in Table 1. After obtaining Tais
with respect to the applied voltage, we conducted an
FEM simulation and extracted Tgig values for various e
and ey, values as shown in Fig. 5(a-c). The measured val-
ues were in good agreement with the voltage-dependent
Taier curves for pLC1 (es — ey, = 2.5), pLC2 (2.0), and
pLC3 (0.5). Based on the consistent data between the
FEM simulation and the actual experimental values, we
measured the Ty at 1 Hz driving conditions on the hor-
izontally aligned normal FFS cells for each LC as shown
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Fig. 4 | Vertically aligned FFS cells for the practical measurement of flexoelectric coefficient difference (es — ep). (a—c) The spatial transmittance
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polarizations to both constructive and destructive couplings?' in different positions within the FFS cell at certain voltage for (d) a pLC and (e) an nLC.

in Fig. 5(d). The results indicate that (es - ep) of the ex-
periment and FEM simulation on vertically aligned FFS
cell closely matches the actual Tgif on a real FES cell,
demonstrating that (e; — ep) is highly correlated with
flicker in a real FFS cell. From these findings, we con-
clude that minimizing the (es — ep) is crucial, and this re-
sult is both encouraging and meaningful from an engi-
neering perspective.

In the DCM method, as illustrated in Figs. 6(a) and S2,
a triangular voltage waveform is applied to the test cells.
The voltage amplitude varies linearly over time, while the
resulting current is measured”’. The LC cells are electri-
cally modeled as a parallel combination of a resistor and
a capacitor, as depicted in the equivalent circuit in Fig.
S2. DCM results for pLC1 (Fig. 6(c, f)), pLC2 (Fig. 6(d,

g)), and pLC3 (Fig. 6(e, h)) in VA-FFS cells are present-

ed for two AC driving frequencies: 0.1 Hz (Fig. 6(b-d))
and 0.01 Hz (Fig. 6(e-g)). Under applied voltage, the LC
directors reorient similarly to the configuration illustrat-
ed in Fig. 4(d), following the voltage cycle: V=0, V>0
(odd frame), V =0, V < 0 (even frame), and returning to
V =0, as shown schematically in Fig. 6(h). As detailed in
the Section Experimental and Fig. S2, the capacitance C is
proportional to the current difference AI, which reflects
the capacitive response during LC reorientation. When
the applied voltage exceeds the threshold voltage (V >
Vin), Al changes slightly due to the realignment of LC
molecules between the patterned (blue rectangle) and
planar (orange rectangle) electrodes, influenced by the
generated electric field (Fig. 6(h)).

As the driving frequency decreases from 0.1 Hz to 0.01
Hz, AI also decreases, as seen in Fig. 6(f-h). At lower
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Fig. 5 | The measurement and analysis of the flexoelectric coefficient difference (es — ep) of the vertically aligned FFS (VA-FFS) cells and verifica-

tion using planarly aligned normal FFS cells. (a) pLC1, (b) pLC2, (c) pLC3 in VA-FFS cells. (d) Transmittance difference (at Tsg9) for pLC1 (V =
2.5V),pLC2 (V=2.4V), and pLC3 (V = 3.6 V) in the planarly aligned normal FFS cells.

frequencies, the influence of ionic motion and LC reori-
entation on the I-V characteristics becomes more pro-
nounced. While the symmetry in general LC switching
behavior (i.e., in the normal dielectric mode) remains
consistent across all pLC samples, deviations caused by
flexoelectric effects become evident in the I-V curves
through the breaking of symmetry about the voltage and
current axes. When the flexoelectric contribution is sub-
stantial, the LC configurations at V > 0 and V < 0 di-
verge, resulting in asymmetric I-V responses. To quanti-
fy this asymmetry, the I-V curve in the third quadrant
was mirrored to compare against the first quadrant, as
shown in Fig. 6(i-k). At 0.1 Hz, all pLCs exhibit some
degree of asymmetry, highlighted as the pink-shaded re-
gions representing the current difference. These differ-
ences were averaged and plotted in Fig. 6(1). Among the
samples, pLC3 exhibited the smallest current difference,
indicating the weakest flexoelectric response. pLC2
showed a slightly lower current difference than pLCl,
consistent with the transmittance difference results pre-
sented in Fig. 5. As the frequency decreased further, the
same trend in current difference was observed, although

the effect became less distinct due to increasing contribu-
tions from ionic conduction. These results collectively
indicate that a smaller current difference between the
first and third quadrants corresponds to a smaller trans-
mittance difference, signifying minimized deviation in
the flexoelectric effect between odd and even frames.

A comparison between the transmittance difference
and the current difference reveals consistent trends un-
der applied electric fields, reflecting similar LC deforma-
tion behavior. As shown in Fig. 4, slight tilting of the LC
directors in response to the electric field leads to an in-
crease in brightness, which differs between odd and even
frames due to the flexoelectric effect. These director tilts
similarly result in measurable differences in current be-
tween the frames. In particular, when the splay flexoelec-
tric contribution becomes dominant in pLCs, the flexo-
electric coefficient difference (es - ep) and the corre-
sponding current difference increase significantly —cor-
relating with the severity of display flicker. Although
these results may not directly prescribe specific molecu-
lar structures, they provide a reliable and accessible
method for quantifying the flexoelectric coefficient
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0.1 Hz (c—e) and 0.01 Hz (f-h) for vertically aligned FFS cells filled with (c

Is and integrated analysis software. (b) Schematic illustration of LC di-
h) Measured current-voltage (/-V) curves at AC driving frequencies of
, f) pLCH1, (d, g) pLC2, and (e, h) pLC3. These are the same cells used

to evaluate the flexoelectric coefficient difference (es — ep) through brightness measurements. (i—k) Symmetry analysis of the /-V curves in (c—e),

comparing the absolute current values between the first and third quadran

ts to evaluate flexoelectric asymmetry. (I) Averaged current differences

for pLC1-3 extracted from (i—k), with fitted trends indicated by red- and blue-dotted lines.

difference. The strong agreement between both measure-
ment approaches (brightness and current difference)
supports the feasibility of using them to guide molecular
design strategies, particularly those aimed at minimizing
the splay flexoelectric coefficient es in pLCs.

Conclusions

Positive dielectric anisotropy liquid crystals (pLCs) have
traditionally been excluded from low-frequency driving
technologies aimed at reducing power consumption, pri-
marily due to their susceptibility to significant splay de-
formation in fringe-field switching (FFS) mode of liquid
crystal displays. This deformation exacerbates flicker
performance through the flexoelectric effect, making
them less favorable compared to negative dielectric
anisotropy liquid crystals (nLCs). However, nLCs inher-
ently exhibit high driving voltages and a limited range of
single LC combinations, which often fail to meet prod-
uct performance requirements. In contrast, pLCs offer

inherently lower driving voltages and greater flexibility
in single LC combinations, enabling the development
of a wide range of LCs with diverse performance
characteristics.

In this study, we introduced a novel methodology for
predicting the flexoelectric coefficient difference (es - ep)
in pLCs by analyzing the molecular-level contributions
to the flexoelectric effect. Through a combination of
FEM simulations and experimental measurements, we
validated an optical approach that quantifies this coeffi-
cient difference as a proving parameter governing flicker
performance. Additionally, we proposed and implement-
ed a DCM technique to independently assess and con-
firm the flexoelectric response. Both methods exhibited
strong consistency in evaluating the flexoelectric contri-
bution and its influence on flicker behavior.

Our results show that reducing molecular asymmetry
and electrical polarity within the pLC mixtures effective-
ly lowers the splay flexoelectric coefficient, which exerts a
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more pronounced influence on flicker than the bend co-
efficient in pLCs. We demonstrated that the flexoelectric
coefficient difference can be accurately measured using
VA-FFS cells. This configuration eliminates twist defor-
mation, enabling a direct correlation between LC defor-
mation and optical performance.

The proposed transmittance difference measurement
system significantly simplifies the analysis by avoiding
the complexities and ambiguities associated with con-
DCM
technique—implemented using a commercially available

ventional = methods. Furthermore, the

system —offers a streamlined and user-friendly experi-
mental protocol. By analyzing the current symmetry in
the I-V characteristics, the DCM method provides a
straightforward means to verify the flexoelectric effect,
further supporting its practical application in evaluating
flicker performance.

This advancement holds substantial potential for the
display industry, as pLCs inherently provide higher relia-
bility, lower production costs, and a broader range of
single LC candidates compared to nLCs. By enabling the
development of pLCs with minimized splay flexoelectric
coefficient while preserving key electro-optic properties
such as low driving voltage and fast response times, we
believe this work paves the way for the development of
superior low-power displays with advanced perfor-
mance characteristics.
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