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Strong Vertical Alignment of Liquid Crystal on
Porous Anodic Aluminum Oxide Film
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Abstract—Properties of anodic aluminum oxide (AAO) film
as a liquid crystal (LC) alignment material is studied. We
deposit the transparent porous AAO film on glass with the
diameter of the pores controlled between 17–65 nm. The
liquid crystal can be aligned vertically against the substrate
with the AAO film. The measured polar anchoring strength
is about 1.5 ��

�
� �

�, which is comparable to that of
N,N-dimethyl-N-octadecyl-3-aminopropyl -trimethoxysilyl chlo-
ride (DMOAP) layer. AAO films with smaller pore diameters
exhibit higher anchoring strengths. On the other hand, the uni-
formity of the pore array in the AAO films does not affect the
alignment quality significantly.

Index Terms—Anodic aluminum oxide (AAO), liquid crystals
(LCs), vertical alignment.

I. INTRODUCTION

T HE electro-optical effect of liquid crystal (LC) has been
widely used in liquid crystal displays (LCD) and liquid

crystal projectors. One of the most important processes in fabri-
cation of LC device is coating the alignment layers. It provides
the boundary condition to align the LC molecule uniformly
at the surface along a particular designed orientation without
any external field. The common alignment layer for LCD and
the other LC devices is the polyimide film. By using rubbing
method [1], ion-beam bombardment method [2], [3], and ultra-
violet photo-alignment method [4], [5], LC molecules can be
aligned homogenously or homeotropically on the treated poly-
imide film. On the other hand, there are other technologies for
LC alignment based on surface morphologies. It was reported
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that LC molecules can be aligned along microgrooves [6], [7].
In previous works, we have studied the surface alignment of
LC molecules using glass substrates with periodic U-shaped
microgrooves created by reactive ion etching (RIE) without
any coating,[8], [9] where the anisotropic surface morphology
made the LC molecules aligned uniformly along the direction
of these microgrooves. Furthermore, LC molecules on an
obliquely evaporated silicon oxide (SiO) film can be aligned
with pretilt angles controlled by the SiO depositing angle
[10]–[12]. It is interesting that the alignment direction can be
varies by using different deposited materials. For instance, a
copper thin film will give excellent homeotropic alignment,
while the chromium, platinum, aluminum, gold, and SiO films
make LC molecules align homogenously but with a pretilt
angle that depends on the direction of deposition [12].

Recently, several groups have proposed using porous films to
create large arrays of highly ordered nano-structured materials
[13], [14]. Among such porous films, Anodic aluminum oxide
(AAO) [15] has been extensively used. These films are usu-
ally formed through anodizing bulk aluminum plates or foils at
constant voltage in various acidic electrolytes, such as sulfuric,
phosphoric, chromic, citric, oxalic acid, etc. [16]–[18], resulting
in an ordered array of hexagonal columnar structures, each of
which contains an elongated cylindrical pore normal to the alu-
minum surface. Such films present uniform pore sizes (between
10 nm and several hundred nanometers), high pore densities
(ranging from 10 to 10 cm ), and high aspect ratios 20 .
By using the porous AAO as templates, various nano-sized ma-
terials, including metals, semiconductors, organics and poly-
mers, have been reported [19]–[21]. Furthermore, the AAO film
is transparent and colorless, making it a suitable material for
LCD. Previously, T. Maeda and K. Hiroshima had demonstrated
the vertical alignment of LC molecules on AAO films [22], [23].
In their work, the depth and width of the nano pores in the AAO
film are 100–150 nm and 5–20 nm, respectively. The measured
pretilt angle and the observed conoscopic pattern of the LC cells
indicate that the LC molecules are aligned vertically on AAO
films. They also showed that the pretilt angle can be changed by
anodizing the pre-rubbing aluminum film.

In this work, the AAO films with different pore diameters are
prepared by the one-step and two-step processes. We examined
the relationship between the polar anchoring strength and the
anodization voltage. By using different anodization voltages, we
can control the pore size of the AAO films. All these different
AAO films are good vertical alignment layers. It is shown, how-
ever, that the anchoring strength depends on anodization volt-
ages. This is due to the voltage-dependent pore sizes of the AAO
films.
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Fig. 1. Processes of forming anodic aluminum oxide films: (a) one-step process
and (b) two-step process.

II. EXPERIMENTAL PROCEDURES

We used Display-grade glass substrates (Wintek Corpora-
tion, Taiwan) coated with indium tin oxide (ITO) on one side,
and AAO films were fabricated on the side of the substrates
without the ITO coating. First, a thermal coating system to
evaporate a pure aluminum (99.99%) film on clean glass sub-
strates. The thickness of the aluminum film was about 300
nm. Then, the aluminum film was anodized under a constant
voltage with 3 wt% oxalic acid H C O aqueous solution in
a homemade electrochemical trough. The temperature of the
anodic solution was controlled at 6.0 0.5 C. A platinum plate
was used as the cathode. By using a voltage supply (Model
2410 sourcemeter, Keithley), the dc anodization voltage was
varied between 20 and 70 V while the anodization current was
monitored simultaneously.

Fig. 1 depicts two different processes we employed for an-
odization. In the one-step process, the aluminum film was di-
rectly anodized until the anodic current became zero, where the
whole aluminum film was anodized to become AAO, as shown
in Fig. 1(a).

According to the thickness of aluminum film and the total
anodization time of the one-step process, the anodization rate
for AAO could be determined. The film formed had irregular
structure; the pores were usually not straight either. In order
to produce the highly ordered hexagonal pore arrays, we fol-
lowed Masuda and Satoh [24] by employing a two-step process
as shown schematically in Fig. 1(b). The first step was an an-
odization process, same as in one-step process, with an anodiza-
tion time determined by the required thickness of AAO film and
the anodization rate. Then, the substrate with AAO film was im-
mersed in a mixture of chromic acid (1.5 wt% H CrO ) and
phosphoric acid (6 wt% H PO ) at 60 C for 40 min to remove
the AAO film on top of the aluminum layer. Now, a textured pat-
tern of concaves was obtained on the surface of the remaining
aluminum layer [see Fig. 1(b)]. Next, in the second anodization

Fig. 2. SEM image of the AAO film. (a) One-step AAO film. (b) Two-step
AAO film.

step, the sample was anodized again using the same parameters
as those in the first anodization step. In this step, AAO films with
regular cylindrical pores were created from the regularly spaced
concaves.

III. RESULTS AND DISCUSSION

The nanostructure and the morphology of the AAO films were
observed using a field emission scanning electron microscope
(SEM: S-4700i, Hitachi). In order to minimize charging effects,
the AAO films were covered with a thin evaporated platinum
or gold layer. Fig. 2(a) shows the SEM image of the AAO film
formed by using the one-step process. There were fine crack-like
structures connecting irregular small pores on the surface of the
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Fig. 3. The relationship between the pore diameter and the anodization voltage.

AAO film. When the anodized voltage was varied from 20 to
70 V, the widths of the pores remained almost the same, about
5–15 nm. By using the two-step process, the surface of the AAO
film had regular pores as shown in Fig. 2(b). These pores were
self-assembled into hexagons. According to cross-sectional ob-
servation by the SEM, the actual thicknesses of AAO films pre-
pared by the one-step process were 415 15 nm, while those
by the two-step process were 210 30 nm.

In Fig. 3, we show the relationship between the diameter of
pores and the anodization voltage. The pore size is determined
by measuring some pores in the SEM image directly. The data
dots in Fig. 3 are the average size of these pores and the error
bars are the standard deviation of these pores.

The diameters of pores for the two-step process increased lin-
early from 15 to 50 nm as the anodization voltage was increased
from 20 to 50 V. For V, the diameter of pore was sat-
urated at a value around 65 nm. The saturated values for pore
diameters were observed for both cases, nonetheless. We note
that the anodization current was saturated at 21 mA, the current
limit of the power supply, when . In contrast, the di-
ameters of pores for AAO prepared by the one-step process were
small and did not exhibit apparent trend when the anodization
voltage was varied in this range.

Fig. 4 shows the transmittance of the AAO films as a function
of wavelength from 300 to 800 nm. The data were taken by using
a UV-Visible spectrometer (Oceanoptics, model ISS-UV-VIS
and USB2000) with air as the reference. The cut off wavelength
at 350 nm is due to absorption of the glass substrate. For the
AAO films anodized at a bias voltage from 20 to 40 V, the trans-
mittance is about 65% over this spectral range. In comparison,
transmittance of the substrates is around 80%. For AAO films
anodized at a bias voltage from 50 to 70 V, the transmittance
reduces to about 55%. Ripples in the spectral transmittance for
the AAO films, for which the thickness varies from 300 to 500
nm, are attributed to the interference effects of the films. The
spectral transmittance of the substrate is relatively smooth, be-
cause the ITO-film is very thin, 50–100 nm in thickness. Our
data showed that the AAO film is highly transparent in the vis-
ible region and is a very good candidate of alignment layer in
LCD applications.

By putting together a pair of glass substrates with the AAO
film face to face, a cell with cell gap of 23 m was made.

Fig. 4. Transmittance of and the substrates with AAO films with anodized at
different voltages.

Fig. 5. Microscopic images of the LC cell by using AAO substrates. (a), (b)
Images in a pair of crossed polarizers; (c) the conoscopic image of the LC cell.

The nematic LC, 5CB (Merck) was filled into the cell in the
isotropic phase (above 36 C). The LC alignment in the cell was
examined with a polarizing microscope. The cell was between
a pair of crossed polarizers. The microscopic images of the LC
cell were always dark regardless of the direction of the cell. In
Figs. 5(a) and (b), we show two such polarizing micrographs,
corresponding to two orientations of the cell, 45 with respect
to each other. The dark state observed for both cases indicates
that vertical alignment of LC was achieved. Fig. 5(c) shows
the conoscopic image of the same LC cell. The cross texture
also shows that the LC cell was vertically aligned. To confirm
the vertical alignment, the pretilt angles of the LC cells were
measured by using the crystal rotation method [25]. For all of
the samples with anodization voltage between 20 and 70 V, the
pretilt angles were larger than 89.5 . There is no significant dif-
ference between the samples prepared with one-step or two-step
processes.

We made a few LC cells with the same AAO alignment layer,
and measured the polar anchoring strength of these samples
by using the magnetic field method [26]. The polar anchoring
strengths of the LC cells are plotted versus the anodization volt-
ages from 20 to 60 V as shown in Fig. 6. The data dots in Fig. 6
are the average anchoring strength, and the error is the standard
deviation. For AAO films anodized at different voltages, the uni-
formities of the films are different. The error bars in anchoring
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Fig. 6. Relationship between the polar anchoring strength and the anodization
voltage.

Fig. 7. Relationship between the polar anchoring strength and the pore
diameter.

strengths of AAO films with non-uniform pore sizes are larger
than those of uniform ones.

As a reference, we have determined the polar anchoring
strength of N,N-dimethyl-N-octadecyl-3-amino-propyl-trimeth
oxysilyl chloride (DMOAP) to be 38 6 10 J/m . Notably,
AAO films prepared by these two methods show similar polar
anchoring strengths, comparable but still somewhat smaller
than that of the traditional vertical alignment film (DMOAP).
Fig. 6 also indicates clearly that the uniformity of the pore array
is not a key parameter in effective alignment. In this sense, the
one-step process for preparing AAO films is advantageous over
the two-step process.

By the way, it is possible to reduce the anodizing voltage to 5
or 10 V. We expect such AAO films will have higher anchoring
strength. Unfortunately, this will increase the anodization time
appreciably. According to our experimental data, the anodiza-
tion time for 20 V is around 30 min. If we use lower anodization
voltage (5 or 10 V), it maybe take more than 1 hour.

According to Figs. 3 and 6, it is easy to show the relation-
ship between the polar anchoring strength and pore diameter in
Fig. 7. Regardless of whether the AAO films were prepared by
the one-step or two-step processes (the solid circles and squares,
respectively), the polar anchoring strengths of AAO film with

smaller pore diameters are stronger. The maximum polar an-
choring strength for 5CB on the uniformly porous AAO film is
15 10 J/m . Because 5CB is a rod-like nematic LC, the
long axis of 5CB will tend to align parallel to the long axis of
AAO cylindrical pore. In AAO films with small-pores, most of
LC molecules would be confined by the pore wall. In large-pore
AOO films, the LC molecules near the pore wall would still be
well-confined. but the LC molecules in the central part of the
pores would just tend to align parallel to the adjacent LC and
not strongly affected by the walls. As a result, large-core AOO
films exhibit less anchoring strength. On the other hand, AAO
films with smaller pore diameters would have more surface area
for effective alignment.

IV. CONCLUSION

We investigated the alignment properties of AAO films pre-
pared by two types of anodization processes. In contrast to those
anodized by the one-step process, the AAO films prepared by
the two-step process exhibit regular hexagonal pore arrays. The
diameter of pores of AAO films can be controlled easily by ad-
justing the anodization voltage. For the two-step process, the
diameter of pore is controlled from 17 nm to 65 nm. Using the
nanoporous AAO film as the alignment layer, excellent vertical
alignment for the LC cell can be achieved. The pretilt angle of
the LC cell by using AAO film as an alignment layer is very
close to 90 . The polar anchoring strength for this LC cell is
about 15 10 J/m which is just a little weaker than DMOAP,
commonly used vertical alignment layer. The AAO films, on the
other hand, can be used without rubbing and easily scalable for
industrial applications. Our studies further indicates that AAO
films prepared by the one-step process, even though do not ex-
hibit uniform array of pore, are as effective in alignment as those
prepared by the two-step process. We also demonstrated that
AAO films with smaller pore diameters exhibit higher anchoring
strengths.
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