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In this paper properties of nematic liquid crystals aligned on polyimide surfaces exposed to a
low-energy Ar ion beam are investigated. We studied how the pretilt angle of a liquid crystal cell is
affected by ion-beam conditions, such as the energy of the incident ions, the angle of incidence, and
the exposure time. X-ray photoelectron spectroscopy data indicate that ion-beam exposure changes
the chemical bonding states of the polyimide surface, which may be one of the main causes of
anisotropic liquid crystal alignment. We also found that twisted-nematic cells fabricated by the
ion-beam alignment method have the voltage holding time enough for application to
thin-film-transistor liquid crystal displays. © 2004 American Institute of Physics.
关DOI: 10.1063/1.1759391兴

I. INTRODUCTION

cated by the rubbing method. To demonstrate the applicability of the ion-beam alignment method to TFT 共thin-filmtransistor兲-LCDs, the charge retention capability of a cell
fabricated under various ion-beam conditions was measured.

A liquid crystal layer anisotropic on the surface of both
substrates is required for display applications. Generally
polyimides are used in liquid crystal displays 共LCDs兲 as the
material to align liquid crystals. A number of alternative
alignment techniques to induce anisotropy on both surfaces
have been reported.1–5 Although the rubbing method has
been widely used in actual production of LCDs because of
its high productivity, this technique has many disadvantages.
The method leaves debris by the cloth during the rubbing
process, which may result in electrostatic discharge that influences electronic circuits just below the surface of the
rubbed polyimide. To overcome these problems, a noncontact alignment method is highly desirable for future generations of large, high-resolution LCDs. Since the ion-beam
alignment method was reported recently by IBM,6,7 research
on this alignment method has been conducted for wider application of LCDs.8 –10
To optimize the display performance, it is necessary to
control the pretilt angle suitable for each mode of LCDs. One
of the potential methods for controlling the pretilt angle is
the ion-beam alignment technique. Changes in the ion-beam
parameters affect the pretilt angle of a liquid crystal cell. In
this paper we report the origin of the pretilt in a liquid crystal
cell with polyimide surfaces treated by a low-energy argon
ion beam. We examined the change in the pretilt angle of a
liquid crystal cell using the polyimide ‘‘SE-7492’’ as the
alignment layer under various ion-beam conditions. Optical
characteristics of a unit twisted-nematic 共TN兲 cell fabricated
by the ion-beam method are compared with the ones fabri-

II. EXPERIMENTS
A. Ion-beam treatment

Liquid crystal cells were prepared for experiments in the
following manner. Indium-tin-oxide coated on glass substrates was used as the electrodes for each cell. The substrates were spin coated with the polyimide SE-7492, prebaked at 80 °C for 10 min, and cured at 250 °C for 2 h. The
polyimide layer was bombarded by a low-energy argon ion
beam. Figure 1 shows the schematic drawing of an ion-beam
system. A cold hollow cathode 共CHC兲 type was used as the
source of ions to yield the ion beam. In order to collimate the
ion beam, two perforated grids were used as electro-focusing
lenses. The CHC represents a separate cooled chamber supplied with a magnetic system and connected to a discharge
chamber through an orifice hole. Argon gas feeding into the
ion source is being carried out through the CHC only. A
discharge ignition in the cathode takes place at nominal values of discharge voltages and at nominal gas flow rates. A
neutralizer filament on the outside of the ion source serves as
a source of electrons necessary for the compensation of the
ion-beam spatial charge and reduces the repulsive force
among ions.
B. Alignment

Effective parameters that influence the surface of polyimide may be the energy, the exposure angle, the exposure
time, and the current density. In our experiments, the energy,
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FIG. 1. Schematic drawing of an ion-beam system.

the exposure angle, and the exposure time were varied. After
the substrates were bombarded by an atomic beam, antiparallel cells and TN cells were fabricated with a liquid crystal
‘‘Merck ZLI-1557.’’ The rubbing direction and the in-plane
projection of the ion beam were along the y axis, as shown in
Fig. 2. Next, the pretilt angles of liquid crystal cells fabricated by the rubbing method and by the ion beam treatment
were measured by the crystal rotation method.11,12
The ion-beam-treated polyimides orient the liquid crystal
director parallel to the y axis, while the liquid crystal director
was tilted up from the ⫺y axis as shown in Fig. 2. The
in-plane direction of the liquid crystals and their pretilt
angles on the surfaces of the ion-beam-treated polyimides
could be determined by the following origin.

At the rubbed polyimide, the orientational order of liquid
crystal is generated from the crystalline order of polymer
chains.13 However, in the ion-beam-treated polyimides, the
order may be created by the selective destruction of  bonds
of imide rings in the polyimide.14
The probability of interaction between the ion beam and
 electrons will be high if the ion beam is incident from the
normal direction, compared to being parallel to the plane of
the p orbital. The ion beam will destroy  bonds perpendicular to the incident ion beam, which have larger cross section.
Consequently, the pretilt angle of the liquid crystal will be
created by the remaining  bonds parallel to the incident ion
beam. By varying the conditions of the ion beam, such as the
energy of the incident ions, the angle of incidence, and the
exposure time, the pretilt angle of the liquid crystal is
changed.
III. RESULTS AND DISCUSSION
A. Pretilt angle

With SE-7492 used as the polyimide, Fig. 3共a兲 shows a
plot of the pretilt angle as a function of the angle of incidence of the ion beam with respect to the plane of the substrate, where the ion beam energy, the ion beam exposure
time, and the beam current density were 80 eV, 20 s, and 15
A/cm2, respectively. Then a maximum pretilt angle is about
2.7° at the exposure angle of 50°. The pretilt angle decreases
with increasing ion-beam energy for samples exposed for 20
s and at an incidence angle of 45°, as shown in Fig. 3共b兲. The
pretilt angle also decreases with increasing the exposure time
for samples exposed to an ion beam with the energy of 80 eV
and an incidence angle of 45°, as shown in Fig. 3共c兲. The
experiment shows that the control of the pretilt angle is possible, but its value and varied range are low and small. Thus,
this ion-beam method can be restrictively applied to liquid
crystal modes with a low pretilt angle, such as in-plane
switching mode and bistable twisted-nematic mode.
B. V À T characteristics

Figure 4 shows a plot of transmission of light as a function of voltage for four TN cells, which were fabricated by
the ion-beam alignment and by the conventional rubbing
alignment. The thickness of the liquid crystal film was 4.2
m. The incidence angle, the energy, the exposure time, and
the current density of the ion beam were 45°, 150 eV 共250
eV and 350 eV兲, 25 s, and 50 A/cm2, respectively. The
transmission characteristics are very similar for the two
cases. Only a slight difference exists due to the difference in
the cell gap and the pretilt angle for the two TN cells. When
5 V was applied to TN cells, their response times were also
very similar 共20 ms; the rising time of about 6.5 ms and the
falling time of about 13.5 ms兲.
C. X-ray photoelectron spectroscopy
FIG. 2. Pretilt angles of a liquid crystal cell measured by the crystal rotation
method in antiparallel cells fabricated by rubbing 共left兲 and ion-beamtreatment 共right兲. Pictures show that the tilted direction of liquid crystal cells
is opposite to each other. The pretilt angle is determined by the direction of
the  bond in polyimide.

The surface chemical properties of a PI film SE-7492
were studied by x-ray photoelectron spectroscopy 共XPS兲 共An
electron spectrometer ‘‘Physical Electronics PHI 5700’’ was
used兲. The core level peaks were analyzed by means of the
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FIG. 4. Comparison of the voltage-transmittance curves of TN cells fabricated by the rubbing method and the ion-beam method. Then, the ion-beam
energy: 150, 250, and 350 eV, the incidence angle: 45°, and the exposure
time: 25 s.

phenyl carbon peak decreases obviously after the atomic
beam exposure, and the intensity of the C–O peak increases
relative to the carbon of the phenyl ring. This indicates the
destruction of the benzene ring with double bonds. Alignment by an ion beam may be due to the breakdown of 
bonds in imide rings, phenyl rings, and carbonyl groups7,13,14
because disordered systems with  bonding are more readily
oriented than those with saturated bonds.14 The probability of

FIG. 3. The pretilt angle as a function of 共a兲 the incident ion-beam angle, 共b兲
the ion-beam energy, 共c兲 the exposure time of the ion beam. SE-7492 was
used as the polyimide.

Gauss-Lorentz-fit algorithm with background subtraction.
The C1s level spectrum was recorded using the monoenergetic Al K ␣ radiation with energy of 1486.6 eV. The base
pressure in the sample chamber was 2⫻10⫺10 Torr.
Figure 5 shows XPS detail spectrum of the C1s of the
polyimide 共SE-7492兲 surface observed before the atomic
beam exposure, and after the exposure 共the ion beam energy:
350 eV, the exposure time: 40 s, the current density: 100
A/cm2兲. The peak at 288.5 eV corresponds to carbonyl carbon 共CvO兲 in imide rings. After the atomic beam exposure,
the intensity of the peak decreases. This is apparently related
to the significant reduction of oxygen in carbonyl groups and
nitrogen in imide rings broken by argon atoms. The peak at
284.8 eV appears to correspond to the carbon atoms of the
benzene ring. Actually, the peak at 285.7 eV includes three
different peaks.15 The peak at 286.3 eV corresponds to the
C–O single bond. Figure 5共b兲 shows that the intensity of the

FIG. 5. Curve fitting of XPS data for SE-7492 as polyimide: 共a兲 before the
ion-beam exposure, 共b兲 after the ion-beam exposure.
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FIG. 6. Schematic drawing of the initial voltage (V 0 ) applied during selected periods and the final voltage (V) obtained by the relaxation of the
liquid crystals during nonselected periods.

interaction between an ion beam and  electrons will have a
larger value with the ion beam normal than parallel to the
plane of the p orbital.
The broken bonds on the polyimide surface bombarded
with Ar ion beams shown in Fig. 5 could induce radicals or
ions. When a voltage is applied to a liquid crystal cell, these
ionic impurities could result in a charge build up. It will
cause the electric field to be different from the intended
value, which could affect the voltage holding time that leads
to the change in transmission during a frame time.
D. Voltage holding ratio

To check the applicability of the ion-beam alignment
method to TFT-LCDs by using an n-channel field-effecttransistor, the voltage holding capability was measured for a
cell fabricated under the ion-beam conditions with the beam
energy of 350 eV, the incidence angle of 45°, and the exposure time of 25 s.
Figure 6 illustrates the initial voltage (V 0 ) for selected
periods and the final voltage (V) obtained by the relaxation
of the liquid crystals during nonselected periods. The voltage, maintained in a cell, must be kept more than 90% of the
applied voltage during a frame. To a unit TN cell 5 V was
applied fabricated by the ion-beam method for 10 s, then it
remained open for 600 ms. As shown in Fig. 7, the time
during which above 90% of applied voltage is kept in the cell
was about 200 ms. It is similar to the results for the cell
fabricated by the rubbing method, which is enough for application to TFT-LCDs. This result shows that there are few
ions or radicals induced by broken bonds on polyimide surfaces bombarded with Ar ion beams.
IV. CONCLUSIONS

SE-7492 polyimide surfaces bombarded by a low-energy
Ar ion beam align the liquid crystals parallel to the direction
of the ion-beam exposure and create a pretilt angle by controlling ion-beam parameters, such as the energy level of the

FIG. 7. Charge retention time measurement of TN cells fabricated by the
rubbing method and the ion-beam method. The ion-beam energy: 350 eV,
the incidence angle: 45°, and the exposure time: 25 s. The dotted line corresponds to the voltage holding of 90%.

incident ions, the incidence angle, the exposure time, and the
current density. The result of curve fitting with XPS indicates
that ion bombardment on polyimide surfaces changes the
chemical bonding states of polyimide surfaces, even though
its energy is low. The selective destruction of the chemical
bonding may be the main cause of anisotropic LC alignment.
We also found that a TN cell fabricated by the ion-beam
alignment method has a sufficient voltage-holding time for
application to TFT-LCDs. This could mean that there are few
ions or radicals induced by broken bonds on polyimide surfaces bombarded with Ar ion beams.
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