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ABSTRACT   

The study of liquid crystal (LC) alignment is important for fundamental researches and industrial applications. The 
tunable pretilt angles of liquid crystal (LC) molecules aligned on the inorganic zinc oxide (ZnO) nanostructure films with 
controllable surface wettability are demonstrated in this work. The ZnO nanostructure films are deposited on the ITO-
glass substrates by the two-steps hydrothermal process, and their wettability can be modified by annealing. Our 
experimental results show that the pretilt angles of LCs on ZnO nanostructure films can be successfully adjusted over a 
wide range from ~90° to ~0° as the surface energy on the ZnO nanostructure films changes from ~30 to ~70 mJ/m. 
Finally, we have applied this technique to fabricate a no-bias optically-compensated bend (OCB) LCD with ZnO 
nanostructure films annealed at 235 °C.  
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1. INTRODUCTION  
The control of liquid crystal (LC) molecules on solid films is very important. LC orientation is determined by the 
interactions between the alignment film and the LC molecules and the topography of the alignment film. The pretilt angle 
of a traditional LC device (LCD) is determined by the commercial homogeneous and homeotropic polyimide (PI) 
materials, and the obtained pretilt angles are either near zero degrees or 90 degrees, respectively. The control of the LC 
alignment is very important to obtain a defect-free LCD and also to improve LCD performances, such as response time 
and driving voltage. The techniques for producing homogeneous and homeotropic alignment are mature in the LC 
display (LCD) industry. However, the required pretilt angles of LCDs depend on their operation modes, e.g. near zero 
degrees for in-plane switching, several degrees for the twisted nematic mode, 45o - 60o for no-bias optically-compensated 
bend (OCB) LCD, and near 90 degrees for the vertical alignment mode [1,2]. There are many methods have been 
developed to control the pretilt angle of LC, such as: polymer-stabilized alignment [3,4], nanostructured surfaces [5,6], 
and hybrid mixture of two materials [7-9]. However, the reliability and mass production for those developed techniques 
are questionable. For example, the reliability of organic PI operated at high temperature and UV irradiation is still a 
problem.  

Applications of inorganic films for aligning LCs are very promising for LCDs operated in severe conditions, where a 
highly durable material is needed [10]. The ion beam (IB) bombardment on inorganic films, such as Zn-doped GaO, ZnO 
and Y2Sn2O7, as an alternative alignment approach has been reported by Seo’s group recently [11-13]. Their results, such 
as fast response and low residual DC, are very promising. However, only a limited range of pretilt angle control (few 
degrees) was obtained. 

Recently, our group and Lim et. al. found that the LC molecules can be aligned vertically to the ZnO nanowire arrays 
synthesized by the solution-based hydrothermal method [14,15]. This low cost method owns the advantages of low 
manufacturing temperature and well-controlled nanostructure of variable size and shape on different substrates [16,17]. 
The ZnO are attractive inorganic materials for applications in photonic devices due to the excellent thermal stability and 
high transparency. Instead of using organic PI films, applications of inorganic ZnO films for LCDs operated in a severe 
environment are promising, where a highly reliable material is required. While annealing the ZnO nanowire arrays at 
different temperatures, we found that the surface wettability of ZnO nanowire arrays changes with temperature. The 
control of surface wettability is very important for both fundamental research and practical applications. Photo-induced 
wettability transitions of ZnO nanostructured films from super-hydrophobic surfaces to super-hydrophilic surfaces have 
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been investigated [18]. In this work, we report that the wettability of the ZnO nanostructured films grown by the 
solution-based hydrothermal process can be modified by annealing temperature. Many studies in LC alignment films 
have shown that the pretilt angle of LC directors on alignment films strongly depends on their surface energy [9,19,20]. 
Therefore, it is expected that the pretilt angle of the LC molecules can be controlled by adjusting the surface property of 
the ZnO nanostructured films. Experimental results show that the pretilt angle of LCs is a function of the surface energy 
of the ZnO nanostructured films, and it can be tuned continuously over a wide range from ~90° to ~0° as the surface 
energy on the ZnO nanostructure films changes from ~30 to ~70 mJ/m.. 

2. EXPERIMENTAL SECTION 
The ZnO nanostructured films were synthesized by the hydrothermal method with the two-steps process as shown in Fig. 
1. A solution of zinc acetate dihydrate (0.22 g, 1 mmol) in 10 mL of isopropanol was stirred vigorously at 120 °C for 10 
minutes. 2-(Dimethylamino)ethanol (0.089 g, 1 mmol) was slowly added to the above solution and stirred at the same 
temperature for an additional 2 h to form a homogeneous precursor solution. The solution was then cooled to room 
temperature and spin-cast on the ITO glass substrate. The coated thin film was annealed at 200 °C in air for 60 min to 
obtain a ZnO seed layer. A bath solution consisting of zinc sulfate heptahydrate (0.144 g, 0.5 mmol) and ammonium 
chloride (1.07 g, 20 mmol) in de-ionized water (50 mL) was prepared. 2M NaOH aqueous solution was then slowly 
added for adjusting the pH value of the solution to 10.3. The ITO glass substrate with a ZnO seed layer was immersed in 
the above bath solution (ZnO seed layer downward) and placed in a preheated oven at 90 °C for 15 min for obtaining 
nanostructured films. The growth time of 15 min is shorter than that for growing the ZnO nanowire arrays [14]. The ITO 
glass substrate with ZnO nanostructured films was then washed with de-ionized water, acetone, and isopropanol, 
followed by annealing in air for 60 minutes to form the as-prepared ZnO nanostructured films. Annealing processes were 
carried out on the as-prepared ZnO nanostructured films at either 170, 200, 220, 230, 235, 240, 250, 270, or 300 °C. The 
surface of the ZnO nanostructured film was then subjected to rubbing treatment using a nylon cloth in such a way that 
the nanostructured film was rubbed once in each direction. 

 

 
Figure 1. The schematic illustration of fabrication process of the ZnO nanostructured films on the ITO glass substrate. 

 

In order to determine electro-optical properties of LC molecules on ZnO nanostructured films, the antiparallel LC cells 
were fabricated with a cell gap of ~ 5.1 μm and capillary filled with LC molecules (E7, Δε = 14.1, ε⊥= 5.2, ne = 1.74, no = 
1.52, Daily Polymer Corp.). A no-bias OCB LC cells with a cell gap of ~ 8.5 μm with ZnO nanostructure films annealed 
at 235 °C was also fabricated and capillary filled with LC E7.  

The morphology of ZnO nanostructured films was observed by using a SEM (Hitachi SU8000). The wettability of 
rubbed- nanostructured films was evaluated by measuring the contact angle of distilled water on their surfaces using a 
contact angle analyzer (Creating Nano Technologies, CAM-100). The surface energy of the ZnO nanostructured films 
can be further determined by measuring the contact angle of distilled water and methylene iodide on the films according 
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to the Owen-Wendt model [21]. The pretilt angles of LC cells were measured by the modified crystal rotation method 
[22], where a laser interferometer (Agilent 5530) was used to determine the phase retardation [23]. The electro-optical 
properties of the LC cells and no-bias OCB cells were also evaluated by means of the polarizing optical microscope 
(POM) and transmittance-voltage measurements. The voltage-dependent optical transmission of the LC cell, placed 
between crossed polarizers, was measured using a 635-nm diode laser, and the applied voltage was a 1-kHz square wave. 
The polar anchoring energy of the ZnO nanostructured films was measured by using the high electric field method [24]. 

3. RESULTS AND DISCUSSION 
The typical nanostructure and the morphology of the as-prepared ZnO seed layers observed by SEM are shown in Fig. 2, 
where the annealing temperature is 200 °C. The thickness of the ZnO films is around 15 nm. Fig. 3 shows the typical 
ZnO nanostructured films annealed at 200 °C after the second step of hydrothermal method. In this work, we controlled 
the growth time in the second step for obtaining the particle-like geometry rather than the nanowire arrays used in our 
previous work [14].  Most of ZnO nanoparticle shown in Fig. 3 is regularly grown on the substrate with diameters of ∼50 
nm. 

 
Figure 2. SEM images of the ZnO seed layers annealed at 200 °C. (a) Top view and (b) cross section view. 

 

 

 

 

 

 

 

 

Figure 3. SEM images of the ZnO nanostructured films annealed at 300 °C. (a) Top view and (b) cross section view. 

 

The results of the contact angles of distilled water and methylene iodide drops on the ZnO nanostructured films annealed 
at different temperatures are shown in Fig 4 and Fig. 5, respectively. The surface energy, including polar and dispersive, 
of ZnO nanostructured films determined by contact angle measurement is shown in Fig. 6. The increase of annealing 
temperature increases the surface energy of ZnO nanostructured films. Fig. 7 shows the pretilt angle of ZnO 
nanostructured films as a function of surface energy. A wide range of pretilt angle from ~ 90° to  ~ 0° can be generated 
by varying the surface energy of ZnO nanostructured from ~30 to ~70 mN/m. The LC alignment on ZnO nanostructured 
films can be explained by the empirical Friedel-Creagh-Kmetz (FCK) rule [25]. According to the FCK rule, the pretilt 
angle of LC molecules on the alignment film depends on its surface energy. An alignment film with a higher surface 
energy will induce a lower pretilt angle and vice versa.  

(a) (b) 
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Figure 4. Contact angles of distilled water drop on ZnO nanostructured films annealed at different temperatures. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 

Figure 5. Contact angles of methylene iodide drops on ZnO nanostructured films annealed at different temperatures. 
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Figure 6. Surface energy of ZnO nanostructured films annealed at different temperatures. 

 
Figure 7.  Pretilt angle of LCs as a function of surface energy. 

 

The voltage-dependent transmittance of antiparallel LC cells with ZnO nanostructured films annealed at different 
temperatures are shown in Fig. 8. In the voltage-off state, the LC molecules are mainly aligned by ZnO nanostructured 
films with a pretilt angle θp. The very small transmittance below the threshold voltage appeared at the low annealed 
temperatures indicates that the liquid crystal pretilt angle is near ~90°, and the transmittance does not change with the 
applied voltage for using the positive dielectric anisotropic LC. The anchoring energy of ZnO nanostructured alignment 
films annealed at different temperatures is shown in Fig. 9. The anchoring energy is around 3×10－4 J/m2. No relationship 
between the annealing temperature and the anchoring energy is observed. The moderate anchoring energy of ZnO 
nanostructured alignment films for each pretilt angle makes this novel method good for many LCDs requiring a specific 
pretilt angle.  
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Figure 8. Voltage dependent transmittance curves of antiparallel LC cells with ZnO nanostructured films annealed at 
different temperatures. 

 

 
Figure 9. Anchoring energy as a function of ZnO nanostructured alignment films annealed at different temperatures. 

 

To verify the proposed technique for controlling pretilt angle in this work, one traditional OCB LCD with ZnO 
nanostructured alignment films annealed at 270 °C (θp~ 2°) and one on-bias OCB LCD with ZnO nanostructured 
alignment films annealed at 235 °C (θp~ 52°) were fabricated for comparison as shown in Fig. 10 and Fig. 11, 
respectively. The voltage dependent transmission properties of each OCB LCD were measured by applying forward 
voltage (0V to 10 V) and backward voltage (10V to 0 V) where there was no bias voltage applied on the OCB LCDs. 
Due to the energy barrier between the splay and bend state of a traditional OCB LCD, some transient time is required to 
switch a traditional OCB LC cell between those two states. Therefore, the voltage dependent transmission curves for 
forward and backward voltages do not overlap as shown in Fig. 10. The OCB LC cell with a high pretilt angle could 
overcome the energy barrier and show a better electro-optical property than the traditional one as shown in Fig. 11.  
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Figure 10. Voltage dependent transmission curves of the traditional LCD by applying forward (0 V to 10 V) and backward 
(10 V to 0V) voltages. 

 

 
 

Figure 11. Voltage dependent transmission curves of the no-bias OCB LCDs by applying forward (0 V to 10 V) and 
backward (10 V to 0V) voltages. 

 

4. CONCLUSION 
This work demonstrates that annealing treatment can be applied to modify the surface energy of the ZnO nanostructured 
alignment films prepared by the two-steps hydrothermal method. The relationship between surface energy of 
nanostructured alignment films and LC pretilt angle is studied. We find that the pretilt angle strongly depends on the 
surface energy. The pretilt angle of LCs can be tuned continuously from ~90 to ~0° as the surface energy changes from 
~30 to ~70 mJ/m. The no-bias OCB LCD requiring the medium pretilt angle has also been demonstrated by using ZnO 
nanostructure films. The proposed approach for controlling the pretilt angle is simple and may provide a new reliable 
inorganic alignment film for LCDs. 
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