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Theoretical and Experimental Modeling
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A porous system for LC alignment is reviewed. Fabrication of nanomesh aluminum
films and their porous structure are described. Methods of the nanomesh parameters
for optimal LC alignment are discussed. A model of the LC alignment in a porous
system is proposed. The LC orientation type is determined by the free anchoring energy
and the micropore diameter. The difference between planar and homeotropic anchoring
energies appears to be lower than the interaction energy by two orders of magnitude.

Keywords liquid crystal alignment; anchoring; nanomesh

1. Introduction

An opportunity of LC alignment by substrates with porous surface has been demonstrated
in [1–5]. Such substrates contain high-purity aluminum layers treated by anodic oxidation
process which form porous structures of aluminum oxide Al2O3. Beyond the field of LC
alignment they can be used as transparent electrodes [2,6,7], antireflective coatings [8] and
light emitting devices [9]. The type of LC alignment depends on the pores’ size and LC
anchoring [7,10].

Design and fabrication of LCD elements with nanomesh alumina structure are pre-
sented in [3,4,10,11]. Various types of NLC alignment on the nanomesh alumina films are
presented in Table 1 for the orientation component of the anchoring energy ranged between
10−6 J m−2 and 10−2 J m−2 like in [12] and pore diameter from 50 nm to 250 nm [8].

Theoretical modelling of the LC alignment is well developed for flat surfaces. For
example LC alignment on carbon, polyethylene and polyorganosiloxane has been simu-
lated in [13–16]. Three components of the interaction energy of the mesogen molecules
with the orienting substrate have been calculated theoretically: specific surface interaction
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Table 1. Various types of NLC alignment on the nanomesh alumina films

Pores diameter \
Anchoring
energy (J/m2) 50 nm 100 nm 150 nm 200 nm 250 nm

1·10−2 planar planar planar planar planar
1·10−4 vertical vertical tilted tilted planar
1·10−6 vertical vertical vertical vertical tilted

energy (total interaction energy) ∼4∗10−2 J m−2, polar orientation energy ∼5∗10−4 J m−2,
azimuthal orientation energy ∼5∗10−5 J m−2. As to porous systems a set of models was
reviewed in [17].

One notes, however, that the physical mechanism of this effect is not clear. In this
paper we present a theoretical model of the alignment for different pores.

2. Fabrication of Nanomesh Alumina Films for LC Alignment

We have selected the technology of electrochemical anodizing of thin aluminum films as the
major technology of producing nanomesh aluminum films since it enables one to produce
self-organizing hexagonal-packed nanostructures without using lithographic processes. The
analysis of experimental results enables one to determine the relationship between the cell
size Dc of the nanomesh aluminum film and anodizing voltage U . Thus, if one measures
and calculates the average cell sizes of nanomesh aluminum films and correlates them
with corresponding voltages which are applied while the nanomesh aluminum films are
produced in different electrolytes, one obtains a linear relationship which shows that the
cell size Dc of the nanomesh aluminum films is directly proportional to the applied voltage
Dc = 2.5U . The linear relationship between the cell size and the anodizing voltage enables
one to control the morphology of the structure.

The analysis of experimental results reveals the opportunity to produce self-organizing
nanomesh aluminum films with specific cell sizes Dc of 50–600 nm by means of controllable
electrochemical anodizing of aluminum nanomesh with the thickness over 200 nm which
is followed by the selective etching of Al2O3.

Other characteristic parameters of the nanomesh aluminum film include the pores
diameter Dp, maximum thickness Hmax, minimum thickness Hmin and the width Lmin of
the aluminum nanomesh (Figure 1). By controllable completion of anodizing after selective
etching of porous oxide an aluminum film acquires nanomesh morphology with different
fill factor f , that also characterizes the nanomesh film and is determined as the ratio of the
pore area SDp

to the cell area SDc
.

To determine the relationship between characteristic parameters of the nanomesh alu-
minum film and the time of its formation we have preset its morphology by means of
hollow hemispheres with dense hexagonal packing which are located in the aluminum film.
The thickness of the aluminum film equals the radius of the hemisphere. Figure 1 shows a
schematic image of the morphology of the nanomesh film.

This model depicts a cartoon of the structure “porous alumina - aluminum” at the
moment when the barrier layer touches upon the substrate. The further anodizing process
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Figure 1. Schematic image of morphology of a nanomesh aluminum film.

corresponds to the movement of hemispheres below their preset radius and distance between
them. Methods of control of the parameters listed above are described in detail in [18, 19].

For example, the time of forming of the nanomesh aluminum films ranges from 25 to
300 s and is determined by the cell size. This time range is adaptable to streamlined pro-
duction and sufficient for controllable and reproducible production of nanomesh aluminum
films with the preset fill factor. As shown in Table 1 and the simulation below the pore
diameter influences strongly on the LC orientation type.

3. Theory of LC Alignment in Micro- and Nanopores’ System

If the orientation component of the anchoring energy is small (i.e. �G ≈ 10 6J/m2) the
LC alignment in the pores with diameter up to 200 nm is homeotropic. Experiments with
analog models have confirmed the homeotropic alignment if the LC does not interact with
the micropore surface and the pore diameter is of order of the LC cluster size. The cluster
is a group of the molecules that are reoriented together under action of both electric and
magnetic field. Linear size of the cluster is of the order of the coherence length.

Therefore the maximum cluster diameter is approximately equal to 200 nm and the
cluster comprises ∼400 molecules in one dimension because the diameter of the mesogenic
molecule is about 0.5 nm. Assume that the cluster form ratio is the same as for the LC
molecules, i.e. ∼5, then the cluster length is ∼1 μm and the cluster comprises 0.6 × 108

mesogenic molecules. This number is by one or two orders of magnitude higher than
the number of molecules in the cluster obtained by photoalignment [20]. Therefore the
cluster length is 300–400 nm, its diameter is 65–85 nm (1/3 of the pore diameter) and the
clusters’ packing in the pore is of the hexagonal type. Semispherical pore is considered
in the paper. Therefore its curvature radius is a parameter that characterizes the surface
topology.

Other experiments with analog models demonstrated the planar type of the LC ori-
entation if the LC does not interact with the micropore surface and the pore diameter is
1.5–2 times larger than the LC cluster size (∼ 1 μm).

For higher anchoring energy value (�G = 10 2J/m2) the LC orientation in the micro-
pores is planar and independent on their size. For intermediate values of �G the alignment
is homeotropic for moderate pore diameter (up to 150 nm) and is tilted if the diameter of
the pores is between 150 nm and 250 nm.
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The alignment type is determined by the anchoring free energy which is expressed as

Gpl = Hpl − T Spl,

Ghom = Hhom − T Shom,

where Gpl and Ghom is the Gibbs free energy, Hpl and Hhom is the enthalpy and Spl and
Shom is the entropy for planar and homeotropic alignment, respectively. Thus

�G = Gpl − Ghom = Hpl − Hhom − T
(
Spl − Shom

)
.

For �G < 0 the orientation is planar, and for �G > 0 the orientation is homeotropic.
For small anchoring energy Hpl ≈ Hhom and thus the alignent type is determined by the
orientation entropy. If Spl > Shom the orientation is planar, and if Spl < Shom the orientation
is homeotropic. For both high and moderate anchoring energy the orientation type is
determined by the orientation entropy because the difference of the energy of the LC
interaction with the pore surface for both planar and hometropic orientation depends on the
interaction of the molecules which are located close to the internal pore surface only. This
difference is of the order of 1/100 of the total interaction between the molecules and the
surface. For higher values of this difference the alignment would be homeotropic.

The entropy can be calculated using the lattice model. The clusters are oriented inde-
pendently and entropy is determined by the Boltzmann formula:

S = k ln W

where k is Boltzmann constant, and W is the number of microstates which corresponds to
the given macrostate.

The number of microstates in the case of planar orientation is expressed as:

Wpl =
(
vpl · v0

pl

)
!(

vpl · v0
pl − N

)
!N !

,

where N is the clusters number density (N = NA/n), n is the number of mesogenic
molecules in the cluster, vpl is the number of micropores in one mole, and v0

pl is the number
of the orienational states in the pore in the case of planar orientation.

In the case of homeotropic of alignment the placement number is given by:

Whom =
(
vhom · v0

hom

)
!(

vhom · v0
hom − N

)
!N !

,

where νhom– number of micropores per mole with homeotropic orientation, v0
hom is the

number of the orienational states in the pore in the case of homeotropic orientation.
The molar entropy difference for planar and homeotropic orientation is equal to

�S = Spl Shom = k ln

(
vplv

0
pl

)
!
(
vhomv0

hom N
)
!(

vhomv0
hom

)
!
(
vplv

0
pl N

)
!
.
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Using the Stirling formula and the expansion ln(1 ± x) = ±x− x2

2 ± x3

3 : one obtains
the following expression

�S = kN

⎛
⎝ln

v0
pl

v0
hom

+ ln
vpl

vhom
− 1

2

[
N

vpl · v0
pl

− N

vhom · v0
hom

]
− 1

3

⎡
⎣
(

N

vpl · v0
pl

)2

−
(

N

vhom · v0
hom

)2
])

It can be shown that N

vplv
0
pl

<< 1, N

vhomv0
hom

≈ 1 and vpl

vhom
≈ 1, so

�S ≈ kN ln
ν0

pl

ν0
hom

.

Then

T �S

A
=

kN ln
(
ν0

pl/ν
0
hom

)
NA0

=
k ln

(
ν0

pl/ν
0
hom

)
A0

,

where A0 and A – hemispherical values of cross-sectional area per one cluster and N

clusters, respectively.
The model presented in this part enables one to calculate the thermodynamic parameters

that determine the LC alignment. For the clusters with diameters presented in Part 2.2 a
part of the free anchoring energy difference which is determined by the difference planar
and homeotropic orientation entropies is equal to 10−6 ÷ 10 5J/m2. It corresponds to low
values of the free anchoring energy presented in Table 1.

Therefore the increase of the LC interaction with the micropores’ surface results in
an increase of the contribution of the clusters interaction with this surface and then to an
increase of the anchoring energy.

4. Conclusions

A theory of the LC alignment in porous system is proposed for the first time that enables
one to predict the alignment type and to explain the existing experimental data.

In the framework of this theory a dependence of the pore diameter on the fabrication
conditions has been established and the effect of the minimum width of the alumina
nanomesh on the pores’ performances has been simulated. One concludes that the LC
alignment type is determined by the LC clusters formation and by the ratio of their size and
the pore size.

The mesogen orientation is determined the entropy difference between states with
planar and homeotropic orientation.

A simple method of fabrication of the nanomesh alumina films for the LC alignment is
presented and theoretical models which describe their structure and manufacturing process
are developed.
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