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We fabricated multilayered glass/indium tin oxide/anodic aluminum oxide structures by se-
quential RF magnetron sputtering of indium tin oxide (ITO) and aluminum films on glass sub-
strates, followed by electrochemical anodization to convert the aluminum into a nanoporous 
anodic aluminum oxide (AAO) Al2O3 matrix. Surface morphology and structural features of the 
ITO and AAO layers were characterized using AFM, SEM, EDX, spectrophotometry and ellip-
sometry. AAO-based nanoporous substrates, characterized by highly ordered, vertically aligned 
pore arrays, serve as effective templates for promoting homeotropic alignment of liquid crystal 
(LC) molecules. This orientation is necessary for the realization of electric field-induced B-ef-
fect in LCs with negative dielectric anisotropy. This paper investigates the behavior of nematic 
LC (4-methoxybenzylidene)-4’-butylaniline (MBBA) with negative dielectric anisotropy confined 
within cylindrical nanopores formed in AAO films. In LCs with negative dielectric anisotropy, 
an electrohydrodynamic instability (EHDI) occurs at higher electric fields, limiting their use as 
displays. The study examines how confinement in AAO nanopores affects the EHDI threshold 
voltage and critical frequency of disappearance of EHDI in MBBA. Our results demonstrate that 
the AAO substrate enhances the stability of the homeotropic alignment and threshold voltage 
of undesirable EHDI. These findings underscore the potential of AAO-based platforms for ad-
vanced LC devices with better performance.

Keywords: liquid crystal MBBA, dielectric anisotropy, electro-optic effect, electrohydrody-
namic instability, Williams’ domains, cylindrical nanopores, indium tin oxide, anodic aluminum 
oxide.

Циліндричні анодовані нанопори оксиду алюмінію як потенційні структури 
для застосування рідких кристалів з негативною діелектричною анізотропією у 
дисплеях. Shikhamir O. Eminov, Abbas R. Imamaliyev, Ilgar I. Gurbanov, Aysel Kh. 
Karimova, Gultamam F. Ganizade, Ibrahim I. Abbasov

Ми виготовили багатошарові структури зі скла/оксиду індію-олова/анодного оксиду 
алюмінію шляхом послідовного магнетронного розпилення плівок оксиду індію-олова 
(ITO) та алюмінію на скляні підкладки з подальшим електрохімічним анодуванням для 
перетворення алюмінію в нанопористу матрицю анодного оксиду алюмінію (AAO) Al2O3. 
Морфологію поверхні та структурні особливості шарів ITO та AAO були охарактеризовані 
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1. Introduction 
The behavior of liquid crystals (LC) in con-

fined geometries continues to attract signifi-
cant scientific interest. This is largely due to 
the interplay between elastic and surface an-
choring forces, which often leads to the forma-
tion of complex defect structures and singulari-
ties with well-defined director configurations 
[1–5]. These structures can be tuned using 
several parameters. These include the material 
of the confining surfaces (e.g., polymers, met-
als, or semiconductors [6]), the geometry of the 
confinement (spherical [7, 8] and cylindrical 
[9, 10]), and the scale of confinement (micro-
pores [11, 12], nanopores [13]). Other influen-
tial factors are the LC phase, such as nematic, 
smectic or cholesteric as well as the dielec-
tric anisotropy of the LC material, both in its 
sign and magnitude [14-16]. This tunability 
makes LCs highly suitable for various applica-
tions. One example is flexible displays that use 
polymer-dispersed LCs, where micron-scale 
LC droplets are embedded within a polymer  
matrix [17–19].

Anodic aluminum oxide (AAO) films, 
composed of highly ordered arrays of verti-
cally aligned cylindrical nanopores (typically 
20 –100 nm in diameter and 0.5 - 50 μm in 
length), have become a versatile platforms for 
nanostructure fabrication [20–32]. Their uni-
form pore distribution, tunable geometry, and 
favorable electrophysical and optical proper-
ties make AAO films suitable for applications 
in micro- and ultrafiltration, biosensing, and 
fluorescence-based bacterial detection. Fur-
thermore, the aligned pore structure of AAO 
was used to fabricate two-dimensional pho-
tonic crystals [21], where periodic modulation 
of the refractive index on submicron scales  
enables advanced control over light propaga-
tion. Compared to conventional nanofabrica-

tion techniques such as electron-beam lithogra-
phy, AAO templates offer a more accessible and 
scalable route for producing high-aspect-ratio 
nanostructures [25].

Recent studies [20–25] have proposed the 
use of AAO-based cylindrical nanopores as 
substrates to promote reliable homeotropic 
alignment in nematic LCs. This approach has 
shown promise in achieving high-quality verti-
cal (homeotropic) alignment without the need 
for additional surface treatments. The B-effect 
refers to electro-optic effects observed in nem-
atic LCs with negative dielectric anisotropy and 
initial homeotropic alignment: when subjected 
to an electric field above a critical value, the 
LC molecules reorient parallel to the substrate. 
The transition from the homeotropic to the 
planar state in B-effect requires a certain rise 
time. It depends on the material parameters of 
the liquid crystal (elastic constants, rotational 
viscosity, dielectric anisotropy value etc.), as 
well as the thickness of the LC layer and the 
magnitude of the external electric field. To 
achieve short turn-on times, strong fields must 
be applied to the liquid crystal. However, in liq-
uid crystals with negative dielectric anisotropy 
and planar orientation, high fields cause unde-
sirable electrohydrodynamic instability (EHDI) 
in the form of turbulent motion [16]. In this re-
gard, EHDI suppression is an important task 
for the application of negative dielectric anisot-
ropy liquid crystal materials in displays. 

In this study, we examine the influence of 
anodic aluminum oxide (AAO) substrates on 
the electro-optic behavior of MBBA liquid crys-
tals, focusing on key parameters such as the 
threshold voltage for the occurrence and the 
cutoff frequency of electrohydrodynamic insta-
bilities. 

за допомогою АСМ, СЕМ, EDX, спектрофотометрії та еліпсометрії. Нанопористі підкладки 
на основі AAO, що характеризуються високовпорядкованими, вертикально вирівняними 
масивами пор, служать ефективними шаблонами для сприяння гомеотропному 
вирівнюванню молекул рідких кристалів (РК). Ця орієнтація необхідна для реалізації B-
ефекту, індукованого електричним полем, у РК з негативною діелектричною анізотропією. У 
цій статті досліджується поведінка нематичного рідкокристалічного рідинного хроматографа 
(4-метоксибензиліден)-4’-бутиланіліну (MBBA) з негативною діелектричною анізотропією, 
укладеною в циліндричні нанопори, сформовані в плівках AAO. У рідкокристалічних 
рідинах з негативною діелектричною анізотропією при вищих електричних полях виникає 
електрогідродинамічна нестабільність (EHDI), що обмежує їх застосування в дисплеях. 
Дослідження зосереджено на тому, як обмеження в нанопорах AAO впливає на порогову 
напругу EHDI та критичну частоту зникнення EHDI в MBBA. Наші результати показують, 
що підкладка AAO підвищує стабільність гомеотропного вирівнювання та порогову напругу 
небажаного EHDI. Ці результати підкреслюють потенціал платформ на основі AAO для 
вдосконалених рідкокристалічних пристроїв з кращою продуктивністю.
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Experiment
 A widely studied LC n-(4-methoxybenzyli-

dene)-4-butylaniline (MBBA) has the molecu-
lar structure 

and displays nematic phase in the tempera-
ture range of 16 °C to 45 °C. MBBA possesses 
negative dielectric anisotropy due to its mo-
lecular structure. The presence of polar func-
tional groups such as a terminal ether linkage  
(–C–O–C–) and a central imine group (–CH=N–) 
results in a lower dielectric constant along the 
molecular long axis (e||  =  4.75) compared to the 
perpendicular direction (e^ = 4.75),giving nega-
tive dielectric anisotropy e|| – e^ = –0.65   at 
room temperature [16]. 

The fabrication of glass/ITO/Al2O3 struc-
tures began with cutting commercial soda–lime 
microscope glass slides (1 mm thick) into rect-
angular pieces measuring 15 mm × 20 mm us-
ing a diamond cutter.  Prior to deposition, the 
glass substrates were cleaned ultrasonically 
in acetone and methanol, rinsed with distilled 
water, and dried using a nitrogen gun. Subse-
quently, the cleaned substrates were loaded 
into the vacuum chamber of a Leybold Heraeus 
Z550 RF magnetron sputtering system, oper-
ated in an argon/oxygen plasma and fitted with 
ITO (90 wt.% In2O3 and 10 wt.% SnO2) and Al 
(99.95% purity) targets. The system has three 
magnetrons, enabling the deposition of up to 
three different materials within a single evacu-
ation cycle.

In contrast to studies that used commercial 
glass substrates with pre-deposited indium tin 
oxide (ITO) [20, 21], in this work we performed 
all film depositions in a single vacuum cycle to 
minimize interfacial contamination. First, ITO 
films with thicknesses of 80–200 nm were de-
posited onto glass substrates by RF magnetron 
sputtering. Subsequently, an aluminum layer 
with a thickness of 1–2 μm was selectively de-
posited onto a portion of the prepared samples 
without breaking vacuum. This approach mini-
mized contamination and native oxidation at 
the Al/ITO interface, resulting in cleaner inter-
facial contact and improved adhesion between 
the layers.

After removal from the vacuum chamber, 
the glass/ITO/Al structures were immediately 
subjected to electrochemical anodization ac-
cording to the procedure described below,  
followed by thermal annealing. The electro-
chemical anodization of the aluminum layer 
was carried out in a specially developed two-

electrode configuration intended for the fab-
rication of Glass/ITO/AAO hybrid structures. 
To ensure controlled pore formation and sup-
press thermal effects during oxide growth, the 
electrolyte cell was maintained in an ice–wa-
ter bath containing 0.3 M aqueous oxalic acid. 
Conditions for homogeneous anodization were 
achieved by continuous magnetic stirring of the 
electrolyte using an electric motor, providing 
stable ionic transport throughout the process.

The ITO/Al-coated glass substrate acted as 
the working electrode (anode), and the plati-
num grid served as the counter electrode (cath-
ode). The distance between the electrodes was 
set at 3 cm to ensure reproducible electric field 
distribution across the active surface. Anodiza-
tion was performed at a constant voltage of 40 V 
under low-temperature conditions (3–5 °C) for 
10–30 min, depending on the initial thickness 
of the thermally deposited aluminum layer.

Under these conditions, the aluminum layer 
was fully transformed into a transparent nano-
porous Al2O3 (AAO) matrix, forming an integral 
component of the Glass/ITO/AAO multilayer 
architecture. The anodization process was con-
tinued until complete conversion of metallic Al 
was achieved, ensuring the absence of residual 
aluminum both within the porous matrix and 
at the AAO/ITO interface, which is critical for 
maintaining electrical integrity of the underly-
ing transparent electrode.

Subsequently, pore enlargement was 
achieved by chemical etching in a 5 wt.% aque-
ous orthophosphoric acid solution at 60 °C for 
20 min, which allowed for controllable adjust-
ment of pore diameter and improved structural 
accessibility for subsequent functional integra-
tion into a hybrid device platform. Afterward, 
these samples, together with the samples con-
taining only ITO coatings, were annealed at 
250 °C under identical conditions in a quartz 
tube furnace under argon atmosphere. The heat 
treatment was performed to crystallize the ITO 
layer, which is usually amorphous immediately 
after deposition, and to remove residual water 
and organic contaminants from the AAO film.

The overall properties of the multilayer 
structure are determined by the individual 
characteristics of the glass, ITO, and AAO lay-
ers, as well as by the quality of their interfaces. 
Therefore, the structural, optical, morphologi-
cal, and electrical properties of each individual 
layer, together with those of the complete mul-
tilayer glass/ITO/AAO structure, were system-
atically investigated.
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Various techniques were employed to ana-
lyze the morphological, structural, and opti-
cal characteristics of the samples, including 
Scanning Electron Microscopy (SEM), Energy-
Dispersive X-ray Spectroscopy (EDX), Atomic 
Force Microscopy (AFM), UV–Visible Spectro-
photometry and Spectroscopic Ellipsometry. 
Optical transmittance measurements were 
performed using a Specord 250+ UV/VIS spec-
trophotometer. 

The sheet resistance of both as-deposited 
and annealed samples was determined using 
a standard four-point probe method. Thermal 
annealing was found to play an important role 
in improving the optical and electrical proper-
ties of deposited ITO films. It was established 
that, the transparency of the ITO films is di-
rectly proportional to the oxygen content in the 
plasma in the sputter chamber and increases 
with annealing temperature, while the sheet 
resistance is inversely proportional to it [31].

An atomic force microscope NT-MDT was 
employed to investigate the surface topography 
of the indium tin oxide (ITO) thin film. AFM 
scanning of a 5 µm × 5 µm area revealed a ho-
mogeneously textured surface with nanoscale 

roughness (Fig.1). The surface profile along 
a representative scan line further confirms 
the uniform height distribution, with height 
fluctuations confined between approximately 
10.5 nm and 12.5 nm. The absence of deep val-
leys or extreme peaks supports the suitability 
of this ITO layer for device architectures re-
quiring conformal contact and stable electri-
cal performance. Such a surface morphology is 
advantageous in transparent electrodes, solar 
cells, and other multilayer thin-film structures, 
where low roughness minimizes light scat-
tering and ensures uniform carrier transport 
across interfaces.

Variable-angle spectroscopic ellipsometry 
(VASE) measurements of the annealed glass/
ITO thin-film structure were performed using 
a rotating compensator ellipsometer (M2000-
DI, J.A. Woollam Co., USA) in the photon en-
ergy range of 0.73–6.3 eV at room temperature. 
The probe beam diameter was 250 μm, and an 
incidence angle of 75° was chosen for optical 
modeling.

The obtained VASE spectra, namely the 
spectral dependences of the refractive index (n) 
and extinction coefficient (k), are presented in 

Fig. 1. AFM scan (5 µm × 5 µm area) and height histogram of ITO film
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Figure 2. The figure shows the proposed optical 
model and a comparison of the experimental 
pseudo-n and pseudo-k spectra with the fitted 
model at 75°. The modeling structure consists 
of an 83 nm thick ITO layer deposited on a 
glass substrate.   The refractive index exhib-
its normal dispersion in the low-energy region, 
followed by pronounced spectral features at 
higher photon energies. A maximum value of 
n ≈ 2.7 is observed in the 4–5 eV range, which 
is associated with interband electronic transi-
tions in metal-oxide semiconductor materials. 
In the same energy region, the extinction coef-
ficient demonstrates a strong absorption peak 
corresponding to optical transitions from the 

valence band to the conduction band. At low 
photon energies, the extinction coefficient ap-
proaches zero, indicating weak absorption 
and high transparency in the visible spectral 
region. Such behavior is typical for transpar-
ent conductive oxides, where free-carrier ab-
sorption remains relatively weak in the visible 
range and increases toward the near-infrared 
region.

The experimental spectra are well repro-
duced by the optical model, confirming the re-
liability of the extracted optical constants and 
the validity of the selected dispersion model. 
The good agreement between measured and fit-
ted curves also indicates a homogeneous film 
with low surface roughness and good optical 
quality. Overall, the spectral behavior of n and 
k indices reflects the combined contribution of 
free-carrier absorption and interband electron-
ic transitions typical for conductive oxide thin 
films.

The plasma frequency (ωp) is an important 
parameter governing the optical response of 
conductive materials and is related to the free-
carrier concentration according to:
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where nc is the concentration of free charge car-
riers, e is the electron charge, ε0 is the vacuum 
permittivity, ε∞ is the high-frequency dielectric 
constant, m* is the effective mass of free charge 
carriers. 

From the k(E) spectrum, it follows that the 
plasma frequency approximately corresponds 
to a photon energy of 2.5–2.7 eV, which rep-
resents the transition region between metallic 
and dielectric optical behavior in ITO. Using 
the above relation and an effective carrier mass 
of m* = 0.35 m = 3.19 × 10–31 kg the electron 
concentration in the ITO layer was estimated 
to be approximately 1.1 × 1021 cm–3.  This val-

  Fig. 2.  The proposed optical model for SE data 
and comparison of measured pseudo n – refrac-
tive index and k – extinction indexes with model 
at 75°.

Fig. 3.  Top-down (a,) and cross-sectional views (b, and c) of the AAO thin film (Magnification: a: 20,000×; 
b: 20,000×; c: 30,000×).
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ue is consistent with those commonly reported 
for highly conductive and heavily doped ITO 
thin films employed as transparent electrodes 
in optoelectronic and photovoltaic devices.

The surface morphology and elemental com-
position (EDX) of AAO thin layer were charac-
terized using a JEOL JSM-5600 LV scanning 
electron microscope (Germany) and a Bruker 
Nano GmbH system (Berlin), respectively.  
Figure 4 presents a top-down view of the AAO 
surface (a) and a cross-sectional SEM image of 
the anodic aluminum oxide layer (b).

The surface is uniformly covered with hexag-
onally arranged nanopores. Well-ordered verti-
cal nanochannels extend perpendicularly from 
the surface, indicating a highly regular porous 
architecture. Occasional curved or slightly dis-

torted pore walls are observed, which are likely 
attributed to minor etching non-uniformities 
or mechanical stress introduced during sample 
preparation (e.g., cleaving or fracturing).

Figure 4 shows the distribution of pore di-
ameters and interpore distances obtained from 
a scanning electron microscope image of an an-
odic alumina thin film (top view).The average 
pore diameter is ~39 nm, with a narrow distri-
bution centered around this value, indicating 
high structural uniformity. The interpore spac-
ing varies from ~70 to 150 nm, with a maxi-
mum near ~100 nm, further confirming a well-
ordered porous arrangement.

The relatively low dispersion in both pore 
diameter and interpore distance reflects stable 
anodization conditions, including controlled 

Fig. 4. Pore diameter and the interpore spacing distribution of AAO thin film.

Fig. 5. EDX spectrum of the AAO layer.
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voltage, electrolyte composition, and tempera-
ture, which collectively ensure the formation of 
a highly ordered porous structure.

Figure 5 presents the EDX spectrum of the 
anodic aluminum oxide layer. The elemental 
distribution of Al and O confirms the formation 
of an aluminum oxide (Al2O3) matrix across 
the analyzed region, including both surface 
and edge areas. The EDX spectrum exhibits 
pronounced Al and O peaks, further verifying 
that Al2O3 is the dominant constituent of the 
structure. A weak Ni signal is also observed, 
which originates from a thin nickel coating de-
posited on the non-conductive AAO surface to 
minimize charging effects and improve signal 
stability during electron beam measurements.

UV-vis spectra of the ITO thin film and ITO/
AAO layers spectra are shown in Fig. 6. The 
thickness of the AAO layer was determined 
from spectrophotometric transmittance mea-
surements using the standard thin-film inter-
ference method (Fig. 6).  Based on the positions 
of the observed interference minima, the thick-
ness was estimated to be approximately 1.2 
μm. This value is an important structural pa-
rameter for evaluating the optical response of 
the AAO layer and confirms its suitability for 
photonic and optoelectronic applications.  

The electro-optic properties of the LC ma-
terial were studied in an electro-optical cell 
having a layered sandwiched structure and 
consisting of two parallel glass plates sepa-
rated by a 50 µm teflon spacer. The internal 
surfaces of glasses were covered by a transpar-
ent ITO or ITO/Al2O3 layer. In the case of the 
ITO/Al2O3 layer, strong homeotropic anchoring 

is obtained. In the absence of any surface treat-
ment of the ITO layer, weak planar anchoring 
of liquid crystal molecules is obtained. In order 
to obtain strong anchoring of LC molecules, 
polyimide was used as an aligning material 
[33]. The electro-optical cell was filled by a cap-
illary method in the isotropic state of the LC. 
Measurements were carried out at 23 oC. The 
electric field was applied to the LC cell using a 
G3-109 AC voltage generator, and the structur-
al changes in the optical pattern were observed 
using a KARL ZEISS JENA polarization micro-
scope equipped with a 5 Mp AmScope MD 500 
USB camera.

Three types of LC alignment in the electro-
optical cell were considered:

1) In both substrates, the surface of ITO is 
treated with polyimide and rubbed in one direc-
tion to obtain a homogeneous planar alignment 
of LC (Fig. 7a).

2) In both substrates, cylindrical aluminum 
oxide nanopores are created on the ITO surface. 

Fig. 6. Transmission spectra of ITO (blue line) 
and ITO/AAO (brown line) thin films

Fig. 7. Liquid crystal configurations in cells with different boundary conditions: a) homogenous planar 
alignment; b) homeotropic alignment; c) hybrid alignment.
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This ensures high-quality homeotropic orienta-
tion of the liquid crystal (Fig. 7b).

3) In one substrate, the ITO surface is treat-
ed with polyimide and rubbed in one direction, 
while in the other substrate, cylindrical alumi-
num oxide nanopores are created on the ITO 
surface. This configuration is called hybrid 
alignment (Fig. 7c).

Results and discussion
As mentioned above, for liquid crystal 

MBBA, the condition e e


< ^  is fulfilled. In ad-

dition, the electrical conductivity in the direc-
tion parallel to the director (s



) is higher than 
the conductivity in the direction perpendicular 
to the director (s^ ): s s



> ^ . When these con-
ditions are met simultaneously, just above a 
certain critical voltage, electrohydrodynamic 
instability (EHDI) in the form of Williams do-
mains is observed [14-16]. It should be noted 
that Williams domains represent a dynamic 
structure where LC molecules rotate on the 
surface of cylindrical rolls whose axes are per-
pendicular to the director. 

Figure 8. Williams domains as seen under a polarizing microscope: planar (a), homeotropic (b), and hy-
brid (c) cells. The field of view is 40 μm.
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Photographs of each of the above-mentioned 
states (in the absence of a field and at a volt-
age above the EHDI threshold), taken with a 
polarizing microscope, are shown in Figures 
8. Fig. 8a corresponds to a planar alignment, 
where the LC layer borders on both sides with 
(PI/PI). Fig. 8b corresponds to a homeotropic 
alignment, where the LC is bordered on both 
sides with AAO (AAO/AAO). Finally, Fig. 8c 
corresponds to a hybrid alignment, where the 
LC layer is bordered on one side with AAO and 
on the other side with AAO. In each case, the 
unperturbed texture is shown on the left, and 
the Williams domains corresponding to that 
texture are shown on the right. Note, that in 
case b), the process of the appearance of Wil-
liams domains is preceded by the B-effect 
(homeotropic-planar transition).

They are observed only at low frequencies 
and at voltages exceeding the threshold volt-
age Uth at which these domains arise. The Uth 
value grows strongly with increasing frequency 
(Fig.9). Starting from a certain frequency (cut-
off frequency) the observation of Williams do-
mains becomes impossible. Figure 9 shows the 
frequency dependences of the threshold volt-
age for the occurrence of Williams domains for 
each cell of a planar (ITO/ITO – curve 1), hy-
brid (ITO/AAO – curve 2) and homeotropic cell 
(AAO/AAO – curve 3).

From the obtained plots, the following con-
clusions can be drawn:

1) Compared to the planar aligned cell (both 
ITO surfaces are treated with polyimide), in 
the hybrid cell (one surface is treated with poly-
imide and the other surface is coated with AAO) 
domains occur at low voltages and the domain 
cutoff frequency is noticeably higher.

2) In a homeotropically oriented cell (both 
surfaces are coated with AAO) Williams do-
mains occur at high voltages, and the cutoff 
frequency is strongly reduced.

3) In a homeotropically oriented and hybrid 
cell, Williams domains have a complex struc-
ture, and periodicity is observed.

To explain the results, let’s briefly discuss 
the phenomenon of EHDI in liquid crystals and 
the theory of this phenomenon. This instability 
is observed in alternating fields with frequency 

w
s
e e

=
0

 not exceeding the inverse dielectric re-

laxation time, where  e and s are the dielectric 
permittivity and electrical conductivity of liq-
uid crystal, respectively, and e0 8 85= . /pF m  
is the electrical constant. If a low-frequency si-

nusoidal voltage is applied to a cell with a suf-
ficiently conductive liquid crystal and negative 
dielectric anisotropy, then a regular pattern of 
vortex motion of the liquid will appear in the 
form of long cylindrical rolls perpendicular to 
the director [14]. The instability occurs in cells 
of thickness d = 10–5 – 10–4m with a threshold 
voltage that weakly depends on the thickness. 
Such periodically arranged rolls are called Wil-
liams domains. In the polarization microscope 
Williams domains appear as well-defined par-
allel strips if the planar texture is sufficiently 
homogeneous. When the polarizer axis is paral-
lel to the director, the sharpest diffraction pat-
tern is formed with a period of the order of the 
cell thickness.  

According to the Carr-Helfrich model [14], 
the cause of Williams domains is the destabi
lizing moment of viscous flow, which is associ-
ated with the anisotropy of electrical conductiv-
ity. The threshold voltage for the appearance of 
Williams domains is determined from the bal-
ance of viscous, elastic and dielectric moments 
using the formula [16]:
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Here K33 is the elastic constant of bend de-

formation, h  and g  are Leslie coefficients (sim-
plified names are translational and rotational 
viscosity, respectively). For LC with a small 
value of dielectric anisotropy (De e<< av ) the 
formula takes a simplified form
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Figure 9. Frequency dependence of EHDI (Wil-
liams domains) threshold voltage: 1 – planar 
alignment (PI/PI), 2 – hybrid alignment (PI/
AAO), 3 – homeotropic alignment (AAO/AAO).
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As noted, when the LC structure is bordered 
by AAO on both sides, a homeotropic alignment 
with high anchoring energy is obtained. In this 
case, the EHDI effect is preceded by a transi-
tion from the homeotropic state to the planar 
state in the form of B-effect with a threshold 
voltage of 3.5 V [32]. Just above the threshold 
value, only molecules located in the middle of 
the sample rotate. As the voltage increases, 
the thickness of the planar layer increases. 
And EHDI is possible only if the thickness of 
this planar layer exceeds some critical value 
comparable to the cell thickness, which re-
quires sufficiently high voltages. Therefore, the 
EHDI threshold voltage for a cell where the LC 
is bounded on both sides by AAO (curve 2 in  
Fig. 9) is significantly higher than for a cell 
where the LC is bounded by polyimide (curve 1 
in Fig. 9). The strong lowering of the threshold 
in the case of the hybrid cell (curve 3 in Fig. 9) 
is, in our opinion, related to the flexoelectric po-
larization [14], which plays a destabilizing role 
in this phenomenon. 

Careful consideration of the micrographs (Fig. 
8) obtained with a polarizing microscope shows 
that in the homeotropically oriented and hybrid 
cells, the Williams domains have a complex 
structure, but the periodicity is also observed. 
This suggests a different dynamical distribution 
of the director due to the strong homeotropically 
anchoring of LC molecules to AAO.

4. Conclusion
The use of liquid crystals in display technol-

ogies requires the application of relatively high 
voltages in order to achieve fast electro-optic 
response times. However, for liquid crystals 
with negative dielectric anisotropy, the use of 
high DC or low-frequency voltages is restricted 
by the onset of electrohydrodynamic instabil-
ity, which deteriorates the optical performance 
and operational stability of the device.

The present study demonstrates that the 
formation of vertically oriented cylindrical 
aluminum oxide nanopores on the surfaces 
of both electrodes provides several important  
advantages:

1.	 This ensures high-quality homeotropic 
(vertical) alignment of liquid crystal molecules, 
which is necessary for the B-effect to occur.

2.	 This significantly increases the thresh-
old voltage for the onset of electrohydrodynamic 
instability, thereby extending the permissible 
operating voltage range of the electro-optic cell 
(display pixel).

As a result, the proposed nanoporous elec-
trode structure improves both the stability and 
electro-optic performance of liquid crystal dis-
play devices operating with negative dielectric 
anisotropy materials.
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