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The rubbed polyimide (PI) and PI LB films were fabricated and treated to align the nematic 
liquid crystal (LC) 5CB. The rubbed polyimide (PI) films aligned LC cell shows a higher LC 
pretilt angle than the cell aligned by PI LB films. Atomic force microscope (AFM) observations 
indicate that the rubbed PI films have a needle-like structure, while PI LB films have a groovy 
structure. We think that the needle-like structure plays a major role in producing the higher LC 
pretilt angle. 

Keywords: Liquid crystal; alignment; polyimide; atomic force microscope 

1. INTRODUCTION 

A uniform and orderly liquid crystal (LC) alignment is a prerequisite for the 
preparation of a high quality liquid crystal device [l]. The rubbing polymer 
method is widely used for the commercial purpose to get homogeneous 
alignment [2] .  As a rubbing-free technique, Langmuir - Blodgett (LB) 
method has aroused quite a lot interest for its monolayer scaled control 
of film thickness [3, 41. No matter what kind of alignment treatment is 
adopted, i t  is essential that we obtain an appropriate LC pretilt angle 
through the application of the alignment procedure. For example, super- 
twisted nematic (STN) devices need a 5" to 20" pretilt angle to avoid the 

*Corresponding author. Phone: 021-65492222 ext. 2374, Fax: 021-65642374; e-mail: 
9601 87(a)ms.fudan.sh.cn 
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52 R. LU ef al. 

stripe instability [5] .  Surface-stabilized ferroelectric liquid crystal (SSFLC) 
devices need a several degree pretilt angle to eliminate the zig-zag defects 
that may deteriorate the eletro-optic characteristics [6]. Therefore, it is 
important to elucidate the corresponding LC mechanism involved in them 
from both the theoretical and practical view. In order to understand the 
mechanism, it is meaningful to investigate the LC aligning films directly 
with high resolution. The emergence of atomic force microscope (AFM) 
has proved to be a powerful tool in this area for its atomic level resolution 
[7-lo]. Even though some work has been done to investigate the rubbed 
polymer films and LB films, few reports are concerned about their different 
alignment ability. In this paper, we used both the rubbed polyimide (PI) and 
PI LB films to align nematic liquid crystal molecules and characterized the 
topological properties of the corresponding films by AFM. According to 
the AFM observations, we propose a possible underlying mechanism that 
causes the different LC alignment configurations. 

2. EXPERIMENTAL 

The polymer molecular structure used in this study is shown in Figure 1. 
Two different kinds of PI films were prepared from the corresponding 
polyamic acid with an average molecular weight of 6 x lo4 (Product from 
Applied Chemistry Department, Shanghai Jiaotong University, China). One 
is the rubbed polyimide (PI) films. The polyamic acid solution with a 
polymer concentration of 1 wt% was firstly spin-coated onto the indium 
tin oxide (JTO) glass substrates. The spinning speed was 2000rpm. The 
substrates were prebaked at  100°C for one hour, then pre-imidized at 
150°C for another hour. After that, the substrates were cooled down to the 
room temperature for the rubbing process. The substrate surfaces were 
unidirectionally rubbed under a moving, velvet-coated cylinder a t  the 
constant force of 10 gf/cm. This is also a standard process used in the mass 
production. A further imidization was applied later at the temperature of 
200°C for one more hour. 

FIGURE 1 The polymer molecular structure of the polyimide compound. 
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LIQUID CRYSTAL ALIGNMENT 53 

The other type film is PILB films. Since the polyamic acid shows no 
obvious amphiphilic properties, it is not appropriate for depositing LB films 
onto the substrates directly. So, a polyamic acid alkylamide salt (PAAS) was 
previously transferred as the precursor of PI LB films. The PAAS solution 
was a mixture of the polyamic acid and N ,  N-dimethylhexadecylamine in the 
molecular ratio 1 :4 using N ,  N-dimethylacetamide and benzene 1 : 1 as the 
solvent. The concentration is 1 .O mM. The PAAS solution was spread onto 
the distilled water subphase and compressed at  the air-water interface. At 
the surface pressure of 25mN/m, the PAAS was deposited onto the I T 0  
substrate by the vertical depositing method and five layers were transferred. 
After a similar imidization process as the rubbed PI films, the desired PI LB 
films were obtained. 

The AFM (Nanoscope 111, Digital Instruments) observations of the 
rubbed PI films and multilayer LB films were carried out on the I T 0  
substrates at the temperature of 20°C in the air. The constant force mode 
was applied between the tip and the film surface. A 12.5pm scanner was 
used for the large area scanning and a 0.7pm scanner for the molecular 
resolution images. The force was on the order of 1OnN. 

The sandwiched type LC cells were assembled along the antiparallel- 
rubbed surface direction for the rubbed films or with the depositing 
direction antiparallel for the PI LB films. The cell distance was controlled to 
be 25 pm. LC material 4-n-pentyl-4’-cyanobiphenyl (5CB) was injected into 
the cells when heated above the isotropic point, then cooled down slowly 
into the nematic phase under the vacuum. The pretilt angle of LCs was 
measured by the crystal rotation method [l 11. 

3. RESULTS AND DISCUSSION 

Figure 2 shows the typical isotherm curve between the molecular area and 
the surface pressure of PAAS on the air-water interface. The curve 
indicated that PAAS has a steep condensed region ranging from 15 to 
45 mN/m for film deposition. So, it is appropriate for choosing 25 mN/m as 
the transferring surface pressure. It can also be seen from the curve that the 
limiting area per monomer unit was 0.92nm2. 

The polarized microscope was used to observe the LC alignment in the 
cells. Both types of LC cells showed a uniform monodomain and no obvious 
nematic textures appeared rotating the cells under the polarized microscope. 
It indicates that the treated films have a good anchoring ability to align the 
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FIGURE 2 The isotherm curve between the molecular area and the surface pressure of PAAS 
at the temperature of 18°C. 

LC molecules. The measured LC pretilt angle of the rubbed PI films aligned 
cell is 7", while that of the PI LB films aligned cell is about 1". 

We first imaged a non-rubbed polymer surface for the comparison aim. 
At the scanning size of 4 x 4 pm, an uneven surface topology can be 
observed as shown in Figure 3a. From this figure, one can see that the 
polymer molecules form irregular domains with a diameter ranging from 
several nanometer to 0.1 pm, The three dimensional (3D) image in Figure 3b 
reveals that the surface is an island-like domain region, which is different, as 
shown below, from the rubbed surface even though the irregular domains 
are still present after the rubbing process. 

Figure 4a is a typical topological image of the rubbed films obtained by 
AFM. The scanning size is 1 1.1 x 1 1.1 pm. Obvious scratches can be seen on 
the film even though they are not always parallel to each other along the 
rubbing direction. The randomly distributed spots, which are bright on the 
image, were regarded as deformed spherical shape clusters by Kim et al. [9]. 
From Figure 4b, the corresponding 3D topological image of Figure 4a, we 
could find that the clusters show a needle-like structure erecting out of the 
film surface with the average height around 9nm. Under the zoom scale of 
3 x 3 pm (Fig. 5a), the section analysis reveals that the root mean square 
(RMS) roughness of the structure is 1.9 nm as shown in Figure 5b. Similar 
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LIQUID CRYSTAL ALIGNMENT 55 

(b) 

FIGURE 3 AFM image (a) and the corresponding 3D topological image (b) of the non- 
rubbed films under the microscale observation. The scanning size is 4.5 x 4.5 pm. (See Color 
Plate 1 1 1 ) .  

phenomena and results, as described above, can be got with good re- 
producibility when the tip scanned at different regions. 

The existence of the needle-like structure may be from the free of rubbing 
after the further imidization. On the other part, since a weak rubbing has 
been employed in the pre-imidized period, the polymer films can be modified 
by the mechanical force without eliminating the clusters as under a hard 
rubbing [8]. In addition, our polymer sample has the properties of easy 
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56 R. LU er a/. 

FIGURE 4 AFM image (a) and the corresponding 3D topological image (b) of the rubbed 
films under the microscale observation. The scanning size is 1 1 . 1  x 1 . 1  1 pm. The rubbing 
direction is shown by the arrow. (See Color Plate IV). 

crystallization. So, it is possible that the polymer balls formed by the 
polymer chains in the solution can be crystallized to stand out of the 
substrate surface during the heating process even with a rubbing process 
after the pre-imidization. 

Figure 6a is a scanned image of the multilayer LB films on the I T 0  
substrate (4.5 x 4.5 pm). The bright streaks correspond to the PAAS 
imidized PI LB films. The streaks are nearly oriented along the depositing 
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LIQUID CRYSTAL ALIGNMENT 57 

(b) 

FIGURE 5 The zoom of AFM image in Figure 4a at the size of 3 x 3pm (a) and its 
corresponding section analysis (b). (See Color Plate V). 

direction though the streaks has an evident width difference ranging from 
20 nm to more than 100 nm. The streaks therefore can not be judged as PI 
chains but as PI aggregates. The 3D image in Figure 6b revealed that the PI 
aggregates have a groovy surface between the neighboring ones with an 
average depth of 35 nm. When we further scanned a certain groovy surface 
down to the nanometer scale (4.4 x 4.4 nm), a molecular scale polymer 
structure was observed as shown in Figure 7. The image was stable during 
the tip probing process and similar images were also observed when different 
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58 R. LU el al. 

(b) 

FIGURE 6 AFM image (a) and the corresponding 3D topological image (b) of the LB films 
under the microscale observation. The scanning size is 4.5 x 4.5 pm. The film depositing 
direction is shown by the arrow. (See Color Plate VI). 

positions were selected on the substrate for the investigation, which in- 
dicates that the images are not artifacts and can disclose the nano-scaled 
information of the deposited LB films. The little twisted structure is believed 
to be a polymer chain because it has an average chain width of 0.2nm 
and a chain-to-chain distance of 0.48 nm that are consistant with the mole- 
cular dynamics calculation [ 121. The chains are on the whole in-line oriented 
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LIQUID CRYSTAL ALIGNMENT 59 

along the depositing direction that probably comes from the vertical film 
deposition. 

A scratch-free region of the rubbed films was also further scanned under 
a nanometer level (27 x 27 nm) as shown in Figure 7. An orderly in-line 
nanometer structure is discernible that is similar to the case of the LB films. 
Unfortunately, the oriented structure can not be definitely determined to be 
a single polymer chain because it has a chain width of 1.2 nm and a chain-to- 
chain distance of 1.8 nm that are both larger than the LB film nanostructure. 
This kind of polymer chains was along the rubbing direction, which may 
come from the polymer film rearrangement induced by the rubbing 
procedure [ 131 . 

It has been known that the success of any surface-induced alignment 
method depends on the orderliness of the aligning films introduced by the 
substrate, the aligning material and the film treatment procedure employed. 
According to the alignment mechanism theory of the chemical and physical 
interactions, there are four factors that contribute to the LC alignment at 
the LC/substrate interface, which are the dispersive, the polar, the steric and 
the topological interactions [14]. Except for the topological part, the other 
three contributions are mainly governed by the intermolecular interactions 
between the substrate and the LC. Which interaction is dominant under 
a particular aligned system depends on the prevailing circumstances and 
finally determines the LC pretilt angle in the cell. Under the nanoscale AFM 
investigation, both the rubbed PI films and the LB films showed an orderly 

FIGURE 7 
4.4 x 4.4 n m .  The arrow indicates the film depositing direction. (See Color Plate VII). 

AFM image of the LB films under the nanoscale observation. The scanning size is 
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60 R. LU el al. 

FIGURE 8 
size is 27 x 27 nm. The arrow indicates the rubbing direction. (See Color Plate VIII). 

AFM image of thembbed films under the nanoscale observation. The scanning 

in-line polymer chain structure along either the rubbing direction or the 
LB film depositing direction, which was caused or oriented by the film pre- 
paring procedure. So, the orderliness of the polymer chains can induce 
the LC molecules to align along a certain direction which derives from the 
intermolecular interactions concerning about the dispersive, polar and steric 
forces on the film surface. That is also the prerequisite for getting a uniform 
LC alignment. Since the same LC molecules were aligned and a same 
polymer material was used as the aligning films that showed a simi- 
lar nanoscaled configuration, it is reasonable to think that the topological 
part may be the dominant factor that causes the different pretilt angles 
macroscopically. 

According to Berreman's theory, it has been shown that grooved surfaces 
minimize the elastic deformation energy of the nematic LC molecules by 
forcing their directors to align parallel to the rubbed grooves or scratches 
[ 151. Through neglecting possible competing anchoring forces from the 
intermolecular interactions, Berreman showed that the grooved topology of 
the rubbed surfaces would combine with the inherent tendency of nematics 
to minimize splay and bend elastic deformations and induce the homo- 
geneous LC alignment. As another topological LC alignment technique, the 
angular evaporation of SiOx was firstly described by Janning [16]. The SiOx 
films deposited at different evaporating angles can provide different surface 
topologies which produce different pretilt angles from 0" to 90" [17 - 191. 
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LIQUID CRYSTAL ALIGNMENT 61 

The glancing-angle deposited needle structure of SiOx films can usually 
bring about a high pretilt angle. 

As we observed on the micrometer scaled AFM image, there existed a 
needle-like structure on the rubbed film surface. The phenomenon is similar 
to the case of glancing angle evaporated SiOx where the surface topologies 
of the evaporated SiOx determines the LC pretilt on it. The LC molecules 
near the film surfaces have the venture of aligning themselves along the 
growth direction of the needle-like structure for the energy minimization. 
While the needle-like structure on the rubbed polymer films has no the 
roughness and robustness of the evaporated SiOx revealed by AFM [20,21], 
the corresponding LC cell only showed a medium pretilt angle of 7". 
Seo et al., recently reported that the rubbed polymer films with a high 
concentration had a higher pretilt angle than that of a low concentration 
[22]. The topological contribution should be considered because a high 
sample concentration is liable to form the deformed spherical clusters or 
some kind of structures alike after the imidization. 

The rubbed films aligned nematic LC cells have a stable LC alignment 
configuration and show no tilt domains even under the electric field. It has 
also been proved that it is effective to eliminate the zig-zag defects in the 
SSFLC cells using the rubbed films, which can provide a several degree 
pretilt angle in the nematic phase, as the aligning layers [23]. 

To the condition of the PI LB films, there appeared a groovy-like polymer 
structure mainly along the film depositing direction on the micrometer scale. 
It is possible that the LC molecules just lie in the grooves and showed a 
small pretilt angle about 1" along the groovy film surface. It is also a familiar 
case as on the conventionally rubbed polymer films [2]. 

As discussed above, we proposed that the dispersive, polar and steric 
forces induce a uniform LC alignment near the aligning films, while the 
AFM revealed topological difference determines the final LC pretilt angle. 
The needle-like structure on the rubbed polymer films plays a major role in 
producing the oblique LC alignment configuration. 

4. CONCLUSIONS 

In summary, we fabricated two kinds of PI films to align NLC molecules. 
The rubbed films aligned LC cell showed a higher pretilt angle than that 
of aligned by PILB films. The aligning films were investigated by AFM 
observation. The AFM images revealed that both kinds of films show an 
orderly in-line polymer chain structure along either the rubbing direction 
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62 R. LU et al. 

or the LB film depositing direction on the nanoscale observation. Scanned 
under the micrometer scale, the rubbed films have a needle-like structure, 
while PI LB films show a groovy structure. We explained the most possible 
underlying factor that causes the different LC alignment on the different 
method treated films from the view of chemical and physical interactions. 
We proposed that the intermolecular interactions from the dispersive, polar 
and steric forces have the main contribution for the uniform alignment of 
LC molecules along a certain direction that is usually consistent with the 
employed outer force direction, which is the rubbing direction or the LB film 
depositing direction, during the films preparation procedure. On the other 
hand, the AFM revealed microscale topological difference determines the 
final LC pretilt angle. The needle-like structure on the rubbed PI films is 
regarded as the dominant factor to determine the pretilt angle and plays the 
major role in producing the oblique LC alignment configuration. 
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