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We demonstrate uniformly and unidirectionally distributed pretilt characteristics of a liquid crystal cell fabricated via a substrate with a scan-

directional slant nanosized surface groove pattern driven through an atomic force microscopic (AFM) tip that is continuously modulating the

contact force in the scanning line direction. The resultant electro-optic characteristics of the liquid crystal (LC) cell made by our advanced AFM

lithography technique show that it generates a unidirectional pretilt that guarantees wider LC applications.

# 2012 The Japan Society of Applied Physics

1. Introduction

The surface alignment of liquid crystal (LC) molecules is
a crucial factor considering the electro-optical properties of
an LC device. In a general homogeneous LC cell, several
surface LC alignment techniques with high productivity
including the rubbing method have been presented to
produce anisotropy on the LC alignment layer.1–8) However,
few methods can simply control the surface condition at
the nano-scale, which greatly influences LC behavior.7–10)

Atomic force microscopy (AFM) nanolithography has
emerged as an important research area capable of producing
nanoscale-surface undulation for LC alignment.11,12) And it
is well known that directors of liquid crystal have a tendency
to align parallel to the groove-shaped solid surface.13)

However, such surface undulation cannot produce LC pretilt
due to the symmetric surface morphology. Thus, its use is
limited to LC cells with horizontal switching, since zero
pretilt gives rise to LC disclination formation in LC cells
with vertical switching. Recently, in order to solve this
pretilt problem, Tsui et al. have suggested an LC device
with uniformly distributed submicron patterns by AFM.14,15)

However this method does not produce unidirectional
pre-tilt, since there is no preferred direction between both
alignments (x or �x directions) even though LCs have
bidirectional pre-tilt. Furthermore, little has been reported on
the voltage-dependence-transmittance characteristics of LC
cells fabricated to examine whether such surface morphol-
ogies produce LC disclination formation when voltage is
applied to an LC cell. This would indicate whether LC pretilt
is negligible.

In this letter, to expand the application of AFM
lithography, we demonstrated twisted nematic (TN) cells
with uniformly and unidirectionally distributed pretilt angle
using a scan-directional slant nanosized-groove pattern
scraped by an AFM tip with continuously modulated contact
force in the scanning line. And we observed the electro-optic
characteristics of LC cells made by our technique in order to
confirm the unidirectional pretilt generation that guarantees
wider LC applications.

2. Experiment

An ITO glass was spin-coated with a layer of polyimide

(Nissan Chemical SE7492), which is currently used
for homogeneous alignment, and its pretilt angle was 5�.
And another homogeneous polyimide (Nissan Chemical
RN1199) that has zero pretilt angle was used to confirm
the pretilt angle created by AFM nanolithography. Each
glass was spin-coated at 1000 rpm for 10 s and 2500 rpm
for 10 s as the first and second step, respectively. And it
was pre-baked at 100 �C for 10min to remove the solvent
and subsequently hard-baked at 210 �C for 1 h on a hot plate
to completely polymerize it. The AFM nanolithography
process was performed by commercial AFM (Park System
XE-100) using the contact mode with various load forces.
A diamond coated cantilever (905U-DT-NCHR) was used
and its radius of apex is almost 20–30 nm. Using this
AFM nanolithography process, we produced nano-scaled
surface morphology whose size was 50� 50 �m2 on the
LC alignment layer. The big difference between our AFM
nanolithography process and the conventional one14,15) is
the scan-directional slant nanosized surface groove pattern
driven through the atomic force microscopic tip that is
continuously modulating the contact force in the scanning
line direction.

3. Results and Discussion

In order to examine the LC alignment in conventional
AFM nanolithography producing constant amplitude, we
made a directional linear pattern by the AFM contact
mode with a cantilever force of 4000 nN. Generally, in this
surface configuration, an azimuthal surface anchoring at A,
the amplitude of the modulations is dominated simply by
Berreman’s theory, written as13)

WA ¼ 1

2
KA2q3 ð1Þ

where q is the wave number defined as q ¼ 2�=� (� is the
groove pitch) and K is the elastic constant of LC. Figure 1
shows the AFM image of the surface morphology formed by
conventional AFM nanolithography with a constant force.
The pitch and depth of the surface morphology were 1 �m
and about 20 nm, respectively. In that case, the azimuthal
anchoring strength obtained from eq. (1) is �3� 10�6 N/m.
The patterned polyimide substrate with the indium tin oxide
(ITO) electrode was assembled with a counter ITO substrate
coated by the same polyimide rubbed perpendicular to
the AFM nanolithography direction in order to fabricate�E-mail address: jhoon@hanyang.ac.kr
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90� TN cells. LCs (MAT-03-382) were injected into the
sandwich cell with a cell gap of 4.5 �m in the nanolitho-
graphy direction, and the cell was sealed by a UV curable
sealant. Figure 2 consists of microscopic images showing
the electro-optical changes of the TN cells fabricated in the
above manner under crossed polarizers. The upper three
images show microscopic images of TN cells fabricated with
SE-7492 polyimide generating a pretilt angle of 5�. Due to
the LC pretilt angle of the rubbed substrate, no disclination
lines can be observed, as shown in Figs. 2(b) and 2(c),
when voltage is induced for the cell. On the other hand, the
lower three images show microscopic images of TN cells
fabricated with RN-1199 polyimide producing zero LC
pretilt. In this case, however, many declination lines occur
with an applied field, as shown in Figs. 2(e) and 2(f ). These
results obviously imply that the surface relief generated
by conventional AFM nanolithography does not lead to the
pretilt angle of LC.

In order to produce the pretilt angle by AFM lithography,
we propose an improved line structure with continuously
variable amplitude as shown in Fig. 3(a)which is schematic of
the proposed line structure. Figure 3(b) is an AFM image of
the proposed line structure. This structure is produced by
continuously modulating the force of the AFM tip from start
to end in the period of the AFM scanning process. In our
experiment, the start force is set to 150 nN as the reference
force of the contact mode, and the end force is set to 4000 nN.
The scan rate of the AFM tip is 10 nm/s. In this surface
configuration, if we assume the groove length is very long
compared to the groove pitch, the azimuthal surface anchoring
may be determined by the mean amplitude, written as

W ¼ 1

L

Z L

0

1

2
Kq3a2 da ¼ 1

6

A

L
Kq3A2 ¼ 1

3

A

L
WA ð2Þ

where a ¼ l, tan ’ ¼ lðA=LÞ. Here, a,L,A, and ’ are arbitrary
amplitude in the scan direction, the pitch in the scan direction,
maximum amplitude, and the sloop angle, respectively.
If ’ ¼ 45� or A ¼ L, W ¼ ð1=3ÞWA. The period of the scan
direction and the groove pitch of the lithographed pattern are 2
and 1 �m, respectively. The depth varies from 0 to 20 nm and
the sloop of this piece is 0.01, as shown in Fig. 3. Then,
the azimuthal anchoring strength obtained from eq. (2) is
�10�8 N/m, which is very weak anchoring. In this line
structure, LC director will arrange toward the slant line. The
total free energy per unit area, Ft can be expressed as the sum
of the bulk elastic energy, Fb and the surface anchoring
energy, Fs as follows:

14–17)

Ft ¼ Fb þ Fs ¼ 1

2

Z
½K1ðr � nÞ2 þK2ðn �r� nÞ2

þK3ðn�r� nÞ2� dr
þ 1

2
Wp2 sin

2 � þ 1

4
Wp4 sin

4 �

þ 1

2
Wa cos

2 � sin2 �ðx; yÞ; ð3Þ
where n is the LC director, and K1, K2, and K3 are,
respectively, the splay, the twist, and the bend elastic
constants. � and � are the polar and azimuthal angles of
LCs, respectively. Here, Wp and Wa stand for the polar
anchoring strength and the azimuthal anchoring strength of
LC on substrate, respectively. Generally,Wp2 is much smaller
than Wp4. So here, Wp2 is neglected. Then, with putting
Wp4 ’ 10�5 N/m which is a typical value for a polyimide,
through minimization calculation of eq. (3), we expect that
the surface morphology by our advanced AFM lithography
will produce the pretilt angle of about 23� that agrees to
ref. 15. Therefore, when voltage is induced to the sample, we
expect disclination line doesn’t occur in the lithography area
unlike previous one.

Fig. 1. (Color online) Topological AFM image of lithographed area.

Fig. 2. (Color online) Optical microscope images of TN cells according

to field under crossed polarizers; at (a) 0, (b) 3, and (c) 6V of TN cell with

SE7492 and at (d) 0, (e) 3, and (f) 6V of TN cell with RN1199.

Fig. 3. (Color online) Schematic (a) and topological AFM image (b) of

proposed slant groove structure.
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Figure 4 is the microscopic images showing the electro-
optical changes of TN cells using our advanced AFM
lithography technique on RN-1199. Transmissive color in
the general 90� twisted nematic cell under cross polarizers is
white, but in this case it is green due to the very weak
anchoring strength of the lithographed substrate. To find the
LC pretilt angle in the proposed pattern through the optical
color of Fig. 4(a), we use the optical transmission equation
in a twisted nematic LC cell given by18,19)

T ¼ cos� cosð�� ’pÞ þ
�r

�
sin� sinð�� ’pÞ

� �2

þ �2

�2
sin2 � cos2ð�þ 2’0 � ’pÞ; ð4Þ

where � is twist angle, ’p is the angle between the
transmission axes of input and output polarizers, ’0 is the
angle between transmission axis of input polarizer and input
LC director, and � ¼ ð�2

r þ �2Þ1=2, � ¼ �d�nð�Þ=� ,

�nð�Þ ¼ 1

d

Z d

0

nenoffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2e sin

2 � þ n2o cos
2 �

q dz� no: ð5Þ

Here � is the pretilt angle, � is the wavelength of light
source, d is cell gap, and ne and no are the extraordinary and
ordinary refractive indices of the LC material, respectively.
In order to get twist angle of the LC cell, we use the general
torque balance equation obtained by minimizing total free
energy density. Then, in the asymmetrical structure like our
cell structure with top substrate of very strong anchoring
strength, the surface anchoring strength, W can be
approximately written as

Wasy ¼ 2K22

sinð��asyÞ
�

d
¼ 2K22

sin
1

2
ð2�e � �Þ

�

d
; ð6Þ

where �e is the angle between the easy axes of the two
substrates and ��asy is the angle at which the surface LC
deviates from the easy axis which is the groove direction.
Here, K22 and d of LC used are �10�12 Pa and 4.5 �m,
respectively. Then, the twist angle obtained by azimuthal
anchoring strength (�10�8 N/m) of the groove pattern
from eq. (6) is ca. 11�. When putting this into eq. (4), the
approximate pretilt angle corresponding to the spectrum of
Fig. 4(a) is about 13�. This is in an acceptable result even
though the pretilt result has some difference with it (23�)
obtained from eq. (3) because this is the average value

considering the top substrate having the pretilt angle of 0�.
Compared with the previous data, we can easily establish
that no disclination lines of the lithographed area occur in
Figs. 4(b) and 4(c) with voltage. Consequently, we know the
liquid crystal director of the lithographed area is arranged in
a unique direction when voltage is induced. This result
indicates that the pretilt angle of LC can be controlled by the
proposed AFM technique. We expect that this technique will
be useful to control surface LC behavior.

4. Conclusions

In summary, for complementing current AFM lithography
techniques that do not generate unidirectional pretilt angle,
we proposed a new lithography technique that produces
a periodic slant groove structure. This can generate the
pretilt angle and is induced through an AFM tip that is
continuously modulating the contact force in the scanning
line direction. And we confirmed pretilt generation in the
proposed AFM lithography technique through observing the
changes in macroscopic texture according to the voltage of
the TN LC cell. This showed non-disclination formation
of LC, indicating unidirectional pretilt generation. Our
advanced AFM lithography technique may guarantee wider
LC applications.
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