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We investigate the alignment properties of nematic liquid crystal on polyimide
films bombarded by Ar ion beams with a small diode sputter type ion-beam source.
The alignments of nematic liquid crystal 40-n-pentyl-4-cyanobiphenyl (5CB) on
treated polyimide surface are characterized by using polarizing optical microscope
and conoscope. The polyimide surfaces are also studied by using atomic force
microscope and x-ray photoemission spectroscopy. We have demonstrated that
the polyimide surface treated by Ar ion beams can give both homogeneous and
homeotropic alignments with the same ion beam apparatus but varying the energy
of ion beam and the bombarding time.
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1. INTRODUCTION

Surface alignments of liquid crystals (LCs) are essential in liquid crys-
tal displays (LCDs) and other LC devices. It determines the boundary
condition for the molecular orientation at the surface. Currently, the
most common alignment method used in LCDs industries is the rub-
bing method, which employs a velvet rubbing process on polyimide
(PI) coated on substrates. In spite of its high popularity and success,
this method has some drawbacks such as leaving debris and electro-
static charges on the rubbed surfaces. It becomes increasingly difficult
to maintain uniformity as the substrate size of LCD gets larger rapidly
in industry. In order to enhance the qualities of LC products, non-con-
tact alignment methods are highly desirable. One of the alternative
alignment methods, ion beam alignment, had been reported by an
IBM group [1–4]. They have successfully realized this non-contact
alignment technology by integrating both a low energy ion beam and
diamond-like carbon (DLC) thin films into LCD manufacturing pro-
cesses. The mechanism of this alignment method was contributed to
the anisotropical change of bindings between carbon atoms caused
by ion beam bombardment [4]. Although the ion-beam bombarded
DLC film has shown excellent electro-optical performances in some
aspects for the twisted nematic liquid crystal display, which employs
homogeneous alignments [5], and the homeotropic alignment can be
obtained by using fluorinated DLC thin film as the alignment layer
[6]. The properties of ion-beam bombarded PI films are also worth
studying. Especially, the coating processes have already been built
in the existing manufacturing lines.

In this work, we study the alignment properties of nematic liquid
crystal on the PI films treated by Ar ion beams with various energy
and bombarding time by using a commercial diode sputter as the
ion-beam source. This method is very convenient and inexpensive for
small samples. We found that there exist two alignment modes, home-
otropic and homogeneous alignments, which can be controlled by vary-
ing the energy of ion beams and the bombarding time. We have
studied the surface morphology change of the PI films by using atomic
force microscope (AFM) and the chemical change by using the surface-
sensitive x-ray photoemission spectroscopy (XPS). The alignment
mechanism is discussed by comparing the alignment properties with
AFM and XPS results.

2. EXPERIMENTS

In this research, an ion coater (model IB-2 from EIKO Engineering
Co., Ltd.) has been used for ion-beam treatment on PI surface.
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Its operational principles are the same as those of a diode sputter. The
ion beam coater can be used either as a coating or etching device,
depending on the polarity of the voltage. The etching mode is selected
in this work. Figure 1(a) shows the spatial distribution of glow dis-
charge in our ion coater under the etching mode. The spacing between
the electrodes is 30 mm. The diameters of upper and lower electrodes
are 50 mm and 52 mm, respectively. The cathode dark space has the
most energetic ions and provides the main region for ion-beam treat-
ment. Therefore, the size of substrates has to be controlled such that
they are totally immersed in this region as shown in Figure 1(b).
The arrows indicate the direction of incident ion beam. In our system,
the incidence angle hion, bombarding time s, current density and the
energy of ions Eion are all controllable. The energy of ions can be varied
by changing the dc voltage between electrodes. Before each ion-beam
process, the chamber is pumped down to a base pressure of 30 m Torr
and then argon gas is fed into the chamber to a target pressure. To
keep the current density unchanged, 255 mA=cm2 in this work, the
total pressure of the chamber has to be adjusted between 50 and
180 m Torr when the applied dc voltage is changed. The incidence
angle hion is also fixed at 60� throughout this work.

The indium-tin-oxide coated glasses with size of 20 mm� 10 mm are
used as the substrates. The substrates are spin coated with the poly-
imide SE-130B (Nissan Chemical Industries, Ltd.), which is commonly
used as an alignment agent in super twisted nematic LCD. The spin
rate is 2000 rpm for the first 15 seconds and 4000 rpm for the
25 seconds afterward. The substrates are then pre-baked at 70�C for
15 minutes and cured at 180�C for another one hour. This thermal
treatment process is chosen according to the company’s instruction

FIGURE 1 Sketch of Ar ion-beam bombardment: (a) The space distribution of
glow discharge in a diode sputter, and (b) the arrangement of glass substrates
in the sputter.
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for achieving a pretilt angle of 3�with rubbing method. Two substrates
are bombarded in ion beam chamber simultaneously and then com-
bined with a 23 mm Mylar spacer in between with anti-parallel align-
ment direction to form an empty cell. The nematic liquid crystal
(NLC) 40-n-pentyl-4-cyanobiphenyl (5CB, Merck) with a nematic range
between 24.0�C and 35.3�C is filled into the empty cell for alignment
characterization.

The alignment modes are checked with conoscope and polarizing
optical microscope (POM). The pretilt angle of 5CB molecules near
the surface is measured by using the ‘‘crystal rotation method’’ [7],
and the azimuthal anchoring strength Ea is determined by using the
twisted cell method [8]. In addition, the surface morphologies of ion-
beam treated PI films are characterized by using a DINS3a atomic
force microscope with tapping mode. To study the possible reactions
caused by ion-beam bombardment, the compositions of chemical bonds
of the polyimide film after ion-beam treatment at various conditions
are also analyzed by using x-ray photoemission spectroscopy (XPS,
PHI-1600).

3. RESULTS AND DISCUSSION

We have observed both of the homeotropic and homogeneous align-
ments with the ion bombarded films. Figure 2 shows the POM photo-
graphs of 5CB cells with crossed polarizer. The substrates treated by
Ar ion beam with various energies exhibit good alignment qualities.
In Figure 2(a), the homogeneous alignment of 5CB is obtained by
using substrates bombarded with the following ion beam parameters:
the dc voltage of 560 V and bombarding time of 40 min. The easy axis
of 5CB lies in the incidence plane of ion beam and tilts toward the
direction of incident ion beam. These alignment properties agree with
the results reported by an IBM group [1]. In Figure 2(b), we show the
homeotropic alignment obtained with another set of ion beam para-
meters: the dc voltage of 1120 V and bombarding time of 7 min. The
conoscopic pattern shown in the inset further indicates that the cell
is homeotropically aligned.

The measured pretilt angles for two dc voltage are shown in Figure 3
with respect to the bombarding time. In the case of homogeneous
alignment (Eion ¼ 560 V), the pretilt angle approaches to a maximum
value about 6.43� and then decreases with the increasing bombarding
time. However, the pretilt angle of homeotropic cell (Eion ¼ 1120 V)
remains constant with the increasing bombarding time. The pretilt
angle can achieve as high as 89.98� at bombarding time of 7 min.
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FIGURE 3 The pretilt angle vs. the ion beam bombarding time for two differ-
ent ion energy Eion ¼ 560 V (top) and 1120 V (bottom).

FIGURE 2 The POM photographs of NLC cells treated by different ion beam
parameters: (a) homogeneous alignment, and (b) homeotropic alignment.
(Inset: conoscopic pattern).
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With substrates treated with Eion ¼ 560 V, the measured azimuthal
anchoring strength Ea as a function of bombarding time from 15 min to
30 min is plotted in Figure 4. The cells with bombarding time less than
15 min have lower alignment qualities. We can see that the azimuthal
anchoring strength is maximized at bombarding time of 24 min. While
the bombarding time is over 24 min, the Ea decreases abruptly with
time. This is possibly due to that the PI film is etched away as it is
common in the ion beam system running in the etching mode.

To investigate the possible alignment mechanism for liquid crystals
on treated PI films, the surface topology are surveyed using AFM. The
surface roughness clearly increases with bombarding time as shown in
Figure 5. The mean roughness of Figures 5(a)–(d) is 0.2 nm, 1.7 nm,
1.8 nm, and 4.8 nm, respectively. All of the treated substrates shown
in Figure 5 give homogeneous alignments.

Figure 6 also shows the AFM images of the PI surfaces but bom-
barded by various ion energies. The mean roughness for ion energy,
560 V, 840 V, and 1120 V is 1.2 nm, 1.4 nm, and 0.3 nm respectively.
The roughness of PI surface bombarded by high energy ion (dc voltage
1120 V) is much smaller. It is expected because the higher energy ions
have better etching ability and reduces the roughness more. There is
not a straightforward relation between the alignment modes and sur-
face topologies induced by ion beam bombardment with different ion
energy.

Although the generation of micro-scaled directional grooves is one of
the major alignment mechanisms for traditional rubbing method, the

FIGURE 4 The azimuthal anchoring strength Ea as a function of the
bombarding time s with Eion ¼ 560 V.

50 H.-Y. Wu et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

52
 0

9 
A

ug
us

t 2
01

2 



groove structures are not found on the ion-beam treated surfaces.
The more possible mechanism for aligning liquid crystals is the inter-
molecular interactions.

To investigate the changes of chemical bonds on ion beam treated PI
films with different ion energy, the XPS is used. Because the liquid
crystal molecules interact directly with the carbon bonds, the type of
carbon bonds are important and can be extracted from XPS core-level
spectra C1s as shown in Figure 7. The binding energies of several car-
bon bonds (C�C=C�H at 284.7 eV, C�N at 285.68 eV, C�O�C at
286.29 eV, and N�C=O at 288.61 eV) [9] are investigated in this study.
As an example of the peak fitting procedure, the results of the line sep-
aration for the C1s signal from as-deposited PI films are plotted below
the raw signal. The carbon bonds except the N�C=O are all decreased
after ion beam bombardment. It indicates the etching effect that the
ion beams with higher energy destroy significantly the main
structures of PI films including the C�N, C�O�C bonds, and the aro-
matic rings. Since the bond-breaking process is dominant in ion beam

FIGURE 5 AFM images of the PI films treated for different bombarding time:
(a) As-deposited, (b) 6 min, (c) 14 min, and (d) 30 min with ion energy Eion of
560 V. The films here give homogeneous alignments.

Controllable Alignment Modes of NLC 51

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

52
 0

9 
A

ug
us

t 2
01

2 



FIGURE 7 C1s spectra for the as-deposited and ion beam treated PI films
with various ion energies.

FIGURE 6 AFM images of the PI films treated by different ion energies: (a)
560 V, (b) 840 V, and (c) 1120 V with bombarding time s of 5 min.
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treatments, many dangling bonds will be created. Once the treated
surface are exposed to the air, the re-oxidization will occur to form
new N�C=O bonds. Figure 8 shows the relative compositions of carbon
bonds on PI films treated with different ion energy Eion. The composi-
tions of C�N and C�O�C bonds decrease slightly with the ion energy.
These results indicate that the backbones of PI are divided into
shorter segments and more dangling bonds are available to grab more
oxygen.

The bond-breaking effects of PI films to the LC alignment induced
by ion beams here are similar to that induced by polarized ultraviolet
(UV) light irradiation [10,11]. They are both attributed to the inter-
molecular interactions between the liquid crystals and the unbroken
polyimide chains. To confirm that the alignment in this work is
indeed induced by ion beam rather than the UV irradiation in the
ion beam chamber, we have formed a cell with substrates partially
covered by a fused silica plate while performing the ion-beam treat-
ment. At the covered area the UV light can transmit through the
silica plate while the ion beam is blocked. The pictures of this cell
between crossed-polarizers are shown in Figure 9, only the
uncovered area (right hand side) shows good alignment. Since no
alignment effect appears in the untreated area (left hand side), we can
conclude that the alignment effects are not caused by the UV light
from plasma discharge.

FIGURE 8 The compositions of chemical bonds C of as-deposited and ion-
beam treated PI films as a function of the ion energy Eion with bombarding
time of 5 min.
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However, the mechanism of homeotropic alignments induced by
Ar ion beam bombardment with higher energy is still unclear. More
studies on this subject are still being carried on.

A different kind of PI, HTX-6700 (Hitachi Chemical Co., Ltd.), has
also been used as alignment layer with the same ion beam procedure.
We can also obtain these two alignment modes selectively by control-
ling the bombarding time at a specific energy of ion beams.

4. CONCLUSION

We have demonstrated that both homeotropic and homogeneous
alignments can be obtained with the same ion beam apparatus and
polyimide by varying the ion beam energy or the bombarding time.
This apparatus can be very small and inexpensive. It is also very con-
venient particularly for small size samples. Both of the homeotropic
and homogeneous cells have uniform and high contrast under the
crossed polarizer. AFM images of polyimide surfaces treated by ion
beams show no microgroove structure but only with roughness

FIGURE 9 Photographs of an ion beam treated NLC cell placed between
crossed-polarizers. The left side of the substrates was covered with fused silica
plate while being ion-beam treated. The ion beam energy and bombarding time
are 560 V and 20 min, respectively.
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changing with bombarding time and ion-beam energy. The ion-bom-
barding-time-dependent azimuthal anchoring strength and pretilt
angle measurements suggest that the etching effect of the ion beams
place an important role for the alignment properties. The XPS results
show that the main structures including the C�N, C�O�C bonds, and
the aromatic rings of polyimide films are significantly destroyed in
high energy ion beam bombardments and the N�C=O bonds formation
is considered as the neutralization of dangling bonds when exposed to
the air. The possibility of UV light induced alignment effect has been
excluded in our ion beam treatment process.
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