Arbitrary pretilt and azimuth angles generation by stacked photoalignment layers
Chung-Yung Lee (SID Member)
Yuet-Wing Li (SID Member)
Man-Chun Tseng (SID Student Member)
Vladimir G. Chigrinov (SID Fellow)
Hoi-Sing Kwok (SID Fellow)

Abstract — We report a method of fabricating a nano-sized stack alignment layer. The stacked alignment
layer consists of nano-domains of vertical and planar alignment materials. Experiments reveal that
photoalignment thin ﬁlm can undergo dewetting and form discrete nano-sized domains. Such selforganized structure creates a discontinuous layer stacked on top of a continuous layer and hence produces an inhomogeneous alignment surface. With two or more different principle alignment directions,
this new alignment layer is capable of producing multiple pretilt and azimuth angle domains on a single
substrate.
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Liquid crystal (LC) alignment layer, which controls the LC
molecule orientations on the panel surfaces, is one of the
most important element to LC display. At present, numerous methods had been proposed for generating pretilt angles
in the range of 30°–60°.1–6 However, there were only a few
attempts to produce both variable pretilt and azimuth
angles.4–6 Jong et al.4 had proposed to control the pretilt angles via ion beam irradiation of silicon carbide (SiC) layers of
various compositions. The azimuth angle could be controlled
by in-plane projection of the particle beam; but the produced pretilt angle only had a limited range of 67° to 90°.
Yaroshchuk et al.5 had suggested using plasma beam irradiation to a ﬂuorinated polyimide. Although the produced
pretilt angle could be varied from 0° to 90°, the processing
window for intermediate values, 30°–60°, was narrow. The
transition was nonlinear and like a step function. The azimuth angle had also showed an abrupt change from parallel
to perpendicular with respect to the plane of incidence of
the plasma beam. In addition, the oblique irradiation might
not be favorable to large-area substrate. The spatial reliability remained to be an issue. Ho et al.6 had attempted to generate variable pretilt angles by photoaligning a mixed
polyimide. The nano-domains were formed by phase segregation during the drying of mixed ﬂuids.7 The processing
was rather simple, but the repeatability was unsatisfactory
because of the uncertainty of the precipitation rate. Hence,
in this paper, we would like to propose a stacked nanostructured surface that can fulﬁll this technology gap. The
stacked nanostructured surface is preferable for large-area
substrate and is highly reliable. The produced pretilt and
azimuth angles can be varied from nearly 0° to 90°. In addition, the processing window is large as the angles are linearly
proportional to the nano-domain area ratios. Moreover, we

introduce thin ﬁlm dewetting mechanism for self-generating
the nano-domains without resorting to micro-fabrication
techniques. The nano-domains of one alignment material
are formed on top of another continuous alignment material.
Hence, it has a stacked structure with only one additional
coating step, which is compatible with existing manufacturing technique. The modeling of this stacked alignment structure had been built. The effects of size and thickness of the
nano-domains have been qualitatively studied. The thin-ﬁlm
dewetting phenomenon had also been reviewed. Simulation
of the dewetting pattern using LC alignment material had
been performed. Experiments of stacked alignment layers,
which are composed of a planar-aligned (PA) linear
photopolymerizable polymer (LPP) and a vertical-aligned
(VA) polyimide, had been performed to check with the
modeling. The experimental results had shown a good match
with the simulation results. The alignments produced are
good quality, robust, reproducible, reliable, and favorable for
mass manufacturing.
Wan et al.8 had given detailed study of the homogenized
pretilt angle induced by inhomogeneous alignment surface.
The homogenized pretilt angle can be modeled by minimizing the total energy of LC bulk and surface energy:
 
 
 

 
1
→
→
Ftotal n ¼ ∫V F n dV þ ∫S W x; y sin2 θ  θ0 x; y dS
2
(1)
where W(x, y) and θ0(x, y) are the surface energy and the
principle pretilt angle at position (x, y) of the simulated
cell.9 Fð→
n Þ is the Frank elastic energy density where
→ 
n ≡ x; y; z is the unit director of the LC molecule. Considering that all Frank elastic constants Kii are equal and the LC
cell consisted of two domains with area ratio p and 1  p
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where 0 ≤ p ≤ 1. The period of the surface pattern is denoted
by λ. In addition, the pretilt angles of the two domains are θ1
K
and θ2. The extrapolation length is deﬁned by le ¼ W
where
W is the polar anchoring strength and K is the Frank elastic
constant.10 For strong polar anchoring alignment layer,
e.g., W ~ 1 × 10 3 J/m2, the extrapolation length is about
10 nm, that is, le ~ 10 nm. For the case where bulk energy is
much larger than surface energy and without twist deformation,
λp
that is, le ≫1 , the analytical solution for homogenized pretilt
angle can be obtained by


θH ¼ pθ1 þ 1  p θ2
(2)
The resulting homogenized pretilt angle solely equals to the
weighted average of the pretilt angles in the two domains by
their area ratio. On the contrary, if the surface energy is much
λp
larger than the bulk energy, that is, le ≪1, the homogenized
pretilt has nonlinear relationship with the domain area ratio p
and the anchoring energies of the two domains W1 and W2:
!


1  p W 2 sin 2ðθ1  θ2 Þ
1 1


(3)
θH ¼ θ1 þ tan
2
p  1 W 2 cos 2ðθ1  θ2 Þ  pW 1
From the aforementioned two extreme cases, it can be
observed that the processing window is maximized if and only
if the bulk energy dominates the surface energy. Furthermore,
in order to make such scenario happen, the dimension of the
domain L cannot be too small and must be larger than the extrapolation length, that is, L = λp ≫ le ≈ 10 nm. Therefore, to fulﬁll the bulk effect requirement, the minimum domain size
should be at least 10 times larger than the extrapolation length,
that is, L > 100 nm. However, the domain size cannot be too
large in order to avoid the cell gap dependence effect of display
applications. Otherwise, the two domains will act like two separate pixels having different optical properties. The minimum
cell gap of typical LCD devices is around 3 μm. The domain size
should be at least one order less than the cell gap, that is,
L < 300 nm. The side effect of the pattern on the LC bulk can
be ignored in this dimension. Hence, by combining these two
constraints, it gives the suitable domain size for inhomogeneous
alignment layer, L ~ 100–300 nm.
The stacked alignment surface is composed of two layers of
different alignment materials. The bottom alignment layer is
ﬁxed as a continuous layer, while the top alignment layer is
varied with different proﬁles. We ﬁrst consider the top alignment layer is also a continuous layer, which covers the bottom
alignment layer completely, that is, continuous–continuous.
The surface energy of this stacked alignment structure can
be modeled by

layers, respectively. αt, βt, αb, and βb deﬁne the alignment axes
of the top and bottom alignment layers. θH and ϕ H are the homogenized pretilt and azimuth angles imposed by the stacked
alignment layers. D η is the exponential decay factor as well as
the screening factor. Alexe-Ionescu et al.11 had suggested that
the screening effect can be approximated by the anisotropic
“van der Waals-like interaction” form: D η = h 3, where h is
the thickness of the top alignment layer. Figure 1 plots the homogenized pretilt angle, θH, versus different thicknesses of the
top alignment layer with different polar anchoring strength ratios. As seen from the ﬁgure, the pretilt angle changes notably
from αb to αt, that is, αb → αt, as the thickness increases from 2
to 5 nm. We further deﬁne “fan angle” to be the absolute difference of the azimuth angles between the two layers, that is,
Δβ = |βt  βb|. The effect of the fan angle is also plotted
in Fig. 2. From the calculation, it can be deduced that
if the thickness of top alignment layer is larger than
5 nm, the effect of the bottom alignment layer is
completely screened out. This critical thickness matched
with previous experimental results of Gwag et al.12. The
abrupt change of the pretilt angles by continuous–
continuous stacked structure might be useful for some
sensor applications. However, it is not good for LC pretilt
angle generation as the processing window is very much
limited. Now, let us consider another scenario where the
top alignment layer is discontinuous, that is, continuous–
discontinuous. For simplicity, we assumed the domain size
falls in the suitable range, which has deduced earlier
L ~ 100–300 nm. Without loss of generality, we further simpliﬁed the thickness proﬁle of the top alignment layer H
(x) as a step function:

FS ¼ W pt sin2 ðθH  αt Þ þ W at cos2 ðθH  αt Þ sin2 ðϕ H  βt Þ


þDη W pb sin2 ðθH  αb Þ þ W ab cos2 ðθH  αb Þ sin2 ðϕ H  βb Þ

(4)
where Wpt, Wat, Wpb, and Wab account for the polar and azimuthal anchoring strengths of the top and bottom alignment

FIGURE 1 — Simulated homogenized pretilt angle of continuous–continuous stacked alignment surface versus different thicknesses of the top
alignment layer with different polar anchoring strength ratios.
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FIGURE 2 — Simulated homogenized pretilt angle of continuous–continuous stacked alignment surface versus different thicknesses of the top
alignment layer with different fan angles. The polar anchoring strength ratio was ﬁxed at 0.5.

HðxÞ ¼

8
>
< hmin
>
: hmax

x
>p
λ
x
≤p
λ

(5)

where λ is the period of the domain and x ∈ [0, λ]. p is the
area ratio of the top alignment layer where 0 ≤ p ≤ 1. The
simulation parameters were as follows: hmax ∈ [0, 12 nm],
hmin = 0 nm, Wpt = Wpb = 1 × 10 3 J/m2, Wat = Wab = 0.5 ×
10 4 J/m2, (αt, βt) = (1∘, 0∘), and (αb, βb) = (85∘, 0∘). The
Frank elastic constants of the LC were as follows:
K11 = 14 pN, K22 = 7 pN, and K33 = 19 pN. The simulation
result of the homogenized pretilt angle, θH, versus different
thicknesses of the top alignment layer with different area ratios is plotted in Fig. 3. Likewise, when the thickness is
larger than 5 nm, the bottom alignment layer is completely
shielded by the top alignment layer. Hence, the homogenized pretilt angle is governed by Eq. (2), which is linearly
proportional to the area ratio, p. These results are consistent
with the previous continuous–continuous case. The effect of
the fan angle is plotted in Fig. 4 where the area ratio, p, is
ﬁxed at 0.5. The homogenized pretilt angle increases slightly
as the fan angle increases. Such result can be explained in
terms of LC bulk elastic energy. As the fan angle introduces
a twist deformation, LC molecule will vary its pretilt angle
in order to minimize the additional twist elastic energy.
For LC material, which favors splay deformation more than
the bend deformation, that is, K33 > K11, the pretilt angle
will increase. In contrast, the pretilt angle will drop if the
LC material has K11 > K33. Hence, the continuous–
discontinuous stacked alignment structure has a much larger
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FIGURE 3 — Simulated homogenized pretilt angle of continuous–discontinuous stacked alignment surface versus different thicknesses of the top
alignment layer with different area ratios.

FIGURE 4 — Simulated homogenized pretilt angle of continuous–
discontinuous stacked alignment surface versus different thicknesses of
the top alignment layer with different fan angles. The area ratio was
ﬁxed at 0.5.

processing window for LC pretilt angle generation. Figures 5
and 6 plot the homogenized pretilt and azimuth angles versus different area ratios. The thickness of the top alignment
layer is ﬁxed at 5 nm, which is thick enough to avoid the
nonlinear effect. It can be found that the homogenized
pretilt and azimuth angles, (θH, ϕ H), gradually change from
(θb, ϕ b) to (θt, ϕ t). Moreover, as fan angle increases, the

FIGURE 7 — Schematic structure of the proposed stacked alignment surface. PA, planar aligned; VA, vertical aligned.

FIGURE 5 — Simulated homogenized pretilt angle of continuous–discontinuous stacked alignment surface versus different area ratios of the top
alignment layer with different fan angles.

is to obtain both continuous and discontinuous alignment
layers at the right position and order. Our proposed method
relies on dewetting of thin liquid ﬁlm. The self-organized
dewetting formation is generally regarded as one of the
most promising bottom-up approaches for fabricating
nano-domains structure without the need of using any
photomask.
Consider a thin liquid ﬁlm on a non-wettable substrate.
The liquid ﬁlm is not stable and will bead up.14–17 The viscous ﬂow is considered as the dominant mechanism. The
dynamics is driven by pressure gradients within the ﬁlm,
which are primarily dominated by the surface energy of
the thin liquid ﬁlm and the effective interface potential
to the substrate. When a thin liquid ﬁlm beads off a solid
substrate, it is eventually transformed into an ensemble of
individual liquid droplets, the arrangement of which may
vary strongly according to the dewetting process. The free
energy of a thin liquid ﬁlm on a substrate can be written
as18
γ

HðhÞ ¼ ∫ ð∇hÞ2 þ φðhÞ dx→
(6)
2
→

FIGURE 6 — Simulated homogenized azimuth angle of continuous–discontinuous stacked alignment surface versus different area ratios of the
top alignment layer with different fan angles.

corresponding pretilt angle also rises owing to the twist effect. These simulation results of stacked alignment surfaces
were consistent with previous experimental results of Zhang
et al.13 where they called double-layer alignment ﬁlm.
Hence, our proposed model for stacked alignment surface
is accurate and comprehensive.
In this work, we focus on the continuous–discontinuous
stacked alignment structure as we want to control the pretilt
and azimuth angles for the LC devices. The structure of the
proposed stacked alignment layers is drawn in Fig. 7. The
stacked alignment surface is composed of two layers of different alignment materials. The bottom alignment layer is a
continuous layer, while the upper one is a discontinuous
layer. As derived from the preceding text, such structure
has the maximum processing window for generating LC
pretilt angle. The most important feature of the experiment

where x denotes a spatial point within the two-dimensional
substrate, γ is the surface tension, h is the thickness of the
thin ﬁlm, and ϕ(h) is the effective interface potential. This
expression comprises a long-wavelength approximation for
the capillary energy with surface tension and effective interface potential that covers intermolecular forces beyond
capillarity. Seemann et al.19,20 had suggested that the
effective interface potential of this system can be
expressed by
ϕ ðhÞ ¼

B
h

8



A
12πh2

(7)

where B denotes the strength of the short-range part of
the potential and A is the Hamaker constant. The effective
interface potential is also known as the excess free energy
per unit area. It is composed of antagonistic, that is, attractive and repulsive, long-range and short-range interactions.
The ﬁrst term, hB8 , includes the short-range interactions of

A
strength B, whereas the second term, 12πh
2 , characterizes
the long-range interactions by the van der Waals potential.
The spinodal dewetting can only take place when the second derivative of ϕ(h) with respect to the ﬁlm thickness is

Lee et al. / Stacked photoalignment layers

205

negative, that is, ϕ″(ho) < 0, where h0 is the initial homogeneous ﬁlm thickness. The expression can be further derived to obtain the critical thickness, hc:21,22

rﬃﬃﬃﬃﬃ
γ
θe
sin
hc ¼ 2
2
ρg

(8)

where γ is the surface tension, ρ is the liquid density, g is
the gravitational constant, and θe is the equilibrium contact
angle. A ﬁlm with h0 ≥ hc is stable. But if the ﬁlm is forced
to adopt a thickness smaller than hc, spinodal dewetting will
occur until its thickness becomes equal or larger than hc.
Typically, hc ≈ 10 nm for nano-scopic thin ﬁlm. Such phenomenon results in a discontinuous thin ﬁlm layer. According to the literature,23,24 the size of these thin ﬁlm droplets
is a function of the ﬁlm thickness and the interface potential
of the coated surface. That is, once spinodal dewetting
occurs, there is a certain wavelength, λs, the amplitude of
which grows fastest, leading to a characteristic emerging
dewetting pattern of the liquid ﬁlm.
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8σπ 2
λs ðhÞ ¼  ″
ϕ ðh Þ

(9)

In other words, for our application, the patterned domain
island of the alignment layer can be extremely uniform by
carefully controlling the experimental environment. Such
feature allows mass manufacturing of large-scale display
panel. Figure 8 shows the simulated dewetting pattern of
different initial ﬁlm thicknesses, (a) h0 = 3 nm, (b)
h0 = 4 nm, and (c) h0 = 5 nm, where γ = 60 mN/m, η = 30
mPas, A = 5.3 × 10 19 J, and B = 6 × 10 75 Jm6. For
the details of the dewetting modeling, please refer to our
another published article.25
In order to verify the theory, several experiments had
been carried out. The details of experiment steps were as
follows: Firstly, several well-cleaned indium tin oxide (ITO)
glass substrates were prepared. Figure 9 shows the atomic

FIGURE 8 — Simulated dewetting patterns of different initial ﬁlm thicknesses: (a) 3, (b) 4, and (c) 5 nm. The surface tension was 60 mN/m.
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FIGURE 9 — Atomic force microscopic picture of an indium tin oxide
glass substrate.

FIGURE 10 — Atomic force microscopic picture of the continuous vertical-aligned polyimide alignment layer, JALS-2021, (a) before and (b) after mechanical rubbing.

FIGURE 11 — Atomic force microscopic picture of the discontinuous planar-aligned linear
photopolymerizable polymer (LPP) alignment layer, ROP-103, with different concentrations: (a) 0.02, (b)
0.04, (c) 0.06, (d) 0.08, and (e) 0.1 wt%. The LPP alignment layer is stacked on top of the polyimide layer.
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force microscopic (AFM) picture of the ITO crystalline pattern of the glass substrate. Secondly, a VA polyimide JALS2021 from JSR Corporation (Tokyo, Japan) was spin-coated
on the ITO glass substrates at 3000 rpm for 180 s. Then
the glass substrates were baked inside the oven at 230°C
for 90 min. It was expected that no dewetting would occur
during the baking as the ﬁlm thickness of the polyimide
was thick, h0 > 100 nm. Figure 10(a) proves this prediction;
the ITO crystalline patterns were completely covered by the
continuous polyimide layer. Before coating the upper layer,
the substrates were rubbed by a rubbing cloth to obtain
the ﬁrst principle pretilt and azimuth angles (θ1, ϕ 1).
Figure 10(b) shows the AFM picture of the VA polyimide
layer after rubbing. Rubbing lines scratched by the velvet
cloth can be clearly observed in the picture. After that, the
rubbed substrates were further coated with different
weighted concentrations of a LPP, ROP-103, provided by
Rolic Technology Ltd (Allschwil, Switzerland). The LPP provided PA to LC molecules with a small pretilt angle. The
concentrations of the ROP-103 could be adjusted by using
the solvent cyclohexanone and was varied from 0.02 to
0.1 wt%. As a result, different concentrations of ROP-103
would induce different ﬁlm thicknesses. Similar to the previous coating steps, the ROP-103 was also spin-coated on the
substrate with spinning speed of 3000 rpm for 60 s. Afterward, the substrates underwent soft-baking at 130°C for
5 min on a hot plate. At the end, the substrates were exposed by linear polarized ultraviolet (LPUV) light source
with wavelength 280–340 nm at normal incident angles.
The dosage was about 200 mJ/cm2. The azimuthal orientation direction of the LPP was deﬁned parallel to the plane
of LPUV polarization, so that the second principle pretilt
and azimuth angles (θ2, ϕ 2) were obtained. Because lowviscosity solvent cyclohexanone was applied, the thickness
of the ROP-103 layer was expected to be very thin and
dewetting should occur. Figure 11 shows the AFM picture
of the stacked alignment layers with (a) 0.02, (b) 0.04, (c)
0.06, and (d) 0.08 wt% concentrations of ROP-103 solution.
It can be observed that the upper alignment layers are indeed discontinuous and the period of the domains are quite
uniform. As the concentration of ROP-103 increases, the
thickness of the alignment layer will also increase. Eventually, the solution cannot undergo dewetting. Figure 11(e)
shows a continuous ROP-103 alignment layer with 0.1 wt%
concentration.
From the AFM pictures, it can be found that the average
domain size, L, is about 100 to 300 nm. Such domain size is
suitable for generating pretilt angles of LC display. There are
two reasons. First, the domain sizes are much larger than the

FIGURE 12 — The area ratios of the top linear photopolymerizable polymer (LPP) layer with regard to different LPP concentrations.

FIGURE 13 — The arithmetic average and root mean squared surface
roughness of different concentration linear photopolymerizable polymer
(LPP) samples.

λp

extrapolation length, le ≈ 10 nm. As a result, le ≫1, the bulk
energy is much larger than the surface energy. The homogenized pretilt angle should be linearly proportional to the
domain ratio, p. The second reason is the domain sizes are
one order smaller than the typical cell gap of the LC display,
which is about 3 to 5 μm. Hence, the cell gap dependence
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FIGURE 14 — Atomic force microscopic section analysis of a 0.06 wt%
linear photopolymerizable polymer concentration sample.

FIGURE 15 — Photo of the 0.02, 0.04, 0.06, and 0.08 wt% (from left to right) samples placed under a pair of
crossed polarizers.

effect can be avoided. By applying simple image processing to
the AFM pictures, we can obtain the area ratio of the top PA
LPP layer with regard to different LPP concentrations,
p¼

AreaPA
AreaPA þ AreaVA

(10)

The AreaPA corresponded to the top layer PA LPP (ROP103) material, while the AreaVA corresponded to the bottom
uncovered layer VA polyimide (JALS-2021) material. The result is plotted in Fig. 12. The area ratio is almost linear to
the weighted concentration; hence, the processing window
should be large. Both the arithmetic average and root mean
squared surface roughness of different-concentration LPP
samples are shown in Fig. 13. We further analyzed the thickness of the formed nano-sized island domains. Figure 14
shows the section analysis of a 0.06 wt% sample. The thickness of the islands is >5 nm, which is thick enough to
completely shield the alignment effect of its bottom layer
and avoid the nonlinear thin layer stacked effect.

FIGURE 16 — Measured homogenized pretilt angles θH versus different
area ratios p of linear photopolymerizable polymer (LPP) for |φ2  φ1| = 0.

FIGURE 17 — Measured homogenized pretilt angles θH versus different
(a) concentrations wt% and (b) area ratios p of linear photopolymerizable
polymer (LPP) for |φ2  φ1| > 0.
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By using the stacked alignment layers, two principle alignment directions (θ1 = 87 , ϕ 1) and (θ2 = 0.5 , ϕ 2) can be generated by JALS-2021 and ROP-103, respectively. Several LC
cell samples were fabricated to measure their homogenized
pretilt and azimuth angles, (θH, ϕ H). The cells were assembled in antiparallel structure with stacked alignment layers
on both substrates. The cell gap was 5 μm and was ﬁlled with
LC MLC-6080 (Δn = 0.2024) from Merck Corporation
(Darmstadt, Germany). Figure 15 shows the photo of the
0.02, 0.04, 0.06, and 0.08 wt% samples placed under a pair
of crossed polarizers. As shown in the photo, the quality of
LC alignment in the cells produced by the proposed method
is good. Their azimuth angles were ﬁrst determined under a
polarized light microscope. Then the pretilt angles were
measured by using the crystal rotation method.26 For the case
|ϕ 2  ϕ 1| = 0, Fig. 16 shows a linear relationship between the
area ratio and the pretilt angle. Such result agrees with the

FIGURE 18 — Measured homogenized azimuth angles φH versus different (a) concentrations wt% and (b) area ratios p of linear
photopolymerizable polymer (LPP) for |φ2  φ1| > 0.
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theory and proves that the bulk effect dominates the pretilt
angle generation. Hence, the processing window is maximized. For the case |ϕ 2  ϕ 1| > 0, a new parameter is induced: homogenized azimuth angle ϕ H. Figures 17 and 18
show the effect of the case |ϕ 2  ϕ 1| > 0 on the homogenized
pretilt and azimuth angles. From Fig. 17, it can be found that
as the |ϕ 2  ϕ 1| becomes larger, the pretilt angle with the
same area ratio will always become slightly higher. The reason
is properly due to the twist elastic energy induced by |ϕ 2  ϕ 1|
such that the homogenized pretilt angle has to increase to
minimize the elastic energy caused by the twist effect. Furthermore, as the concentration of the LPP increases, (θH,
H) will eventually equal to (θ 2, ϕ 2). This result is very important as it proved that the top alignment layer is not only continuous but also thick enough to completely shield the bottom
alignment layer. Hence, we can consider the top and bottom
alignment layers into two independent domains. The corresponding polar anchoring energy of different homogenized
pretilt angle was measured by using high voltage method27
as shown in Fig. 19. The average value is about 1.2 mJ/m2.
Such value is comparable with conventional polyimide. The
bottom alignment layer is simply conventional polyimide, having the polar anchoring energy strength about 0.8 mJ/m2. And
the polar anchoring energy strength of the top layer
photoalignment polymer, ROP-103, was measured to be
1 mJ/m2. The trend of the polar anchoring is increasing with
the homogenized pretilt angles. Such observations are consistence with measurement results of Murauski et al.28
The reproducibility of the stacked alignment layers had
been checked. Specimens of different concentrations of LPP
were tested. For each concentration, 10 sample sets had been
fabricated. The homogenized pretilt and azimuth angles were
then measured. The results are shown in Fig. 20(a) and 20(b).

FIGURE 19 — Measured polar anchoring energy for different homogenized pretilt angles.

FIGURE 20 — Reproducibility test of homogenized (a) pretilt and (b) azimuth angles with 10 fabricated sample sets for the stacked alignment layers.

The deviations of both angles for all 10 samples were less than
2°, which is acceptable for most of the applications. The reasons for the highly repeatable results are twofold. Firstly, the
nonlinear effect induced by the anchoring energy is prevented
because of the desirable domain size. Secondly, all the materials used in the experiment are commercially available. They
are robust and of high quality. The effect of LPP polymerization time to the stacked alignment layers was also investigated.
The power of the LPUV source was about 5 mW. Several samples with the same concentration of LPP, but using different
polymerization time, had been fabricated. The measured
pretilt angles are shown in Fig. 21. The pretilt angle remained
unchanged when the polymerization time was longer than

400 s. The reason is that once the irradiation exceeds the required dosage, the LPP material becomes fully polymerized.
Hence, the domain size and the azimuthal alignment direction
cannot be changed anymore. The stacked alignment layers
were found stable against temperature cycling up to 100 °C.
The results are shown in Fig. 22. Four different samples with
different pretilt angles were put into a 100 °C oven after they
had been end-sealed. Their pretilt angles were checked every
2 h interval after the samples were cooled down. It was found
that the pretilt angles remained almost unchanged throughout
the experiment. The operating temperature range of the
stacked alignment layers had also been checked. Figure 23
shows the pretilt angles measurement of a 0.06 wt% LPP

FIGURE 21 — The homogenized pretilt angle dependence on the linear
polarized ultraviolet polymerization time for linear photopolymerizable
polymer.

FIGURE 22 — Temperature cycling test for the stacked alignment layers.
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FIGURE 23 — The ﬂuctuation of the homogenized pretilt angle of a
0.06 wt% sample operating between temperatures 10 and 80 °C.

sample cell operating between temperatures 10 and 80 °C.
The sample was ﬁlled with LC MLC-6080, provided by Merck
Corporation. The clearing temperature of the LC is 95 °C. The
sample was put on a metal heater stage. The stage was allowed
to rotate for the pretilt angle measurement. The temperature
of the sample was monitored by a digital thermometer. The
pretilt angle remained almost constant throughout the test.
In fact, this temperature behavior is similar to the ordinary
polyimide.29 Thus, the proposed new alignment layers
described here are practical for common LC displays.
In conclusion, we have demonstrated a practical method to
generate multiple and arbitrary pretilt and azimuth angles for
LC devices. Such effect is particularly useful for LC switchable focal lens,30 wave-guide devices,31 fast-response displays,32 bistable displays,33 multi-domains displays,34 and LC
dynamic ﬂow control studies.35 The processing window of
such method has been maximized. As the self-organized
domains are very uniform, highly reproducible results can
be obtained even for large-area manufacturing.
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