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Abstract: The pretilt angles of liquid crystal molecules can be controlled by 
using conventional polyimide (PI) alignment material doped with different 
concentrations of Polyhedral Oligomeric Silsequioxanes (POSS) 
nanoparticles, which have been observed to spontaneously induce vertical 
alignment. The addition of POSS in the homogenous PI changes the surface 
energy of the alignment layer and generates a variable pretilt angle. 
Experimental results demonstrate that the pretilt angle θp is a function of the 
POSS concentration, and can be tuned continuously over the range of 
0°<θp<90°. The polar anchoring energy of POSS/PI alignment layer is 
almost constant regardless of the POSS concentration. This technique is 
very simple and is compatible with methods familiar in the current LCD 
industry. 

©2010 Optical Society of America 

OCIS codes: (160.3710) Liquid crystals; (160.4236) Nanomaterials; (220.1140) Alignment; 
(230,3720) Liquid-crystal devices. 

References and links 

1. F. S. Yeung, and H.-S. Kwok, “Fast-response no-bias-bend liquid crystal displays using nanostructured 
surfaces,” Appl. Phys. Lett. 88(6), 063505 (2006). 

2. X. J. Yu, and H.-S. Kwok, “Bistable bend-splay liquid crystal display,” Appl. Phys. Lett. 85(17), 3711 (2004). 
3. E. J. Acosta, M. J. Towler, and H. G. Walton, “The role of surface tilt in the operation of pi-cell liquid crystal 

devices,” Liq. Cryst. 27(7), 977–984 (2000). 
4. J. L. Janning, “Thin film surface orientation for liquid crystals,” Appl. Phys. Lett. 21(4), 173 (1972). 
5. T. Uchida, M. Ohgawara, and M. Wada, “SiO2 liquid crystal orientation on the surface of obliquely-evaporated 

silicon monoxide with homeotropic surface treatment,” Jpn. J. Appl. Phys. 19(11), 2127–2136 (1980). 
6. T. J. Chen, and K. L. Chu, “Pretilt angle control for single-cell-gap transflective liquid crystal cells,” Appl. Phys. 

Lett. 92(9), 091102 (2008). 
7. F. S. Yeung, J. Y. Ho, Y. W. Li, F. C. Xie, O. K. Tsui, P. Sheng, and H. S. Kwok, “Variable liquid crystal pretilt 

angles by nanostructured surfaces,” Appl. Phys. Lett. 88(5), 051910 (2006). 
8. L. Komitov, “Nano-engineering of the anchoring of liquid crystals on solid surfaces,” Thin Solid Films 516(9), 

2639–2644 (2008). 
9. L. Komitov, “Tuning the alignment of liquid crystals by means of nano-structured surfaces,” J. Soc. Inf. Disp. 

16(9), 919 (2008). 
10. K. E. Vaughn, M. Sousa, D. Kang, and C. Rosenblatt, “Continuous control of liquid crystal pretilt angle from 

homeotropic to planar,” Appl. Phys. Lett. 90(19), 194102 (2007). 
11. W.-Y. Wu, C.-C. Wang, and A. Y.-G. Fuh, “Controlling pre-tilt angles of liquid crystal using mixed polyimide 

alignment layer,” Opt. Express 16(21), 17131–17137 (2008). 
12. D. Ahn, Y.-C. Jeong, S. Lee, J. Lee, Y. Heo, and J.-K. Park, “Control of liquid crystal pretilt angles by using 

organic/inorganic hybrid interpenetrating networks,” Opt. Express 17(19), 16603–16612 (2009). 
13. M. Nishikawa, “Design of polyimides for liquid crystal alignment films,” Polym. Adv. Technol. 11(8-12), 404–

412 (2000). 
14. Y. J. Lee, J. G. Choi, I.-K. Song, J. M. Oh, and M. H. Yi, “Effect of side chain structure of polyimides on a pretilt 

angle of liquid crystal cells,” Polymer (Guildf.) 47(5), 1555–1562 (2006). 
15. S.-C. Jeng, C.-W. Kuo, H.-L. Wang, and C.-C. Liao, “Nanoparticles-induced vertical alignment in liquid crystal 

cell,” Appl. Phys. Lett. 91(6), 061112 (2007). 
16. S.-J. Hwang, S.-C. Jeng, C.-Y. Yang, C.-W. Kuo, and C.-C. Liao,“Characteristics of nanoparticle-doped 

homeotropic liquid crystal devices,” J Phys. D 42, 025102 (2009).  
17. S.-C. Jeng, S.-J. Hwang, and C.-Y. Yang, “Tunable pretilt angles based on nanoparticles-doped planar liquid-

crystal cells,” Opt. Lett. 34(4), 455–457 (2009). 
18. http://www.firsttenangstroms.com/pdfdocs/SurfaceEnergy.pdf 

#130506 - $15.00 USD Received 22 Jun 2010; revised 13 Jul 2010; accepted 14 Jul 2010; published 21 Jul 2010
(C) 2010 OSA 2 August 2010 / Vol. 18,  No. 16 / OPTICS EXPRESS  16507



19. Y. W. Li, J. Y. L. Ho, F. S. Y. Yeung, and H. S. Kwok, “Simultaneous determination of large pretilt angles and 
cell gap in liquid crystal displays,” J. Display Technol. 4(1), 13–17 (2008). 

20. Yu. A. Nastishin, R. D. Polak, S. V. Shiyanovskii, V. H. Bodnar, and O. D. Lavrentovich, “Nematic polar 
anchoring strength measured by electric field techniques,” J. Appl. Phys. 86(8), 4199 (1999). 

21. S.-H. Paek, C. J. Durning, K.-W. Lee, and A. Lien, “A mechanistic picture of the effects of rubbing on polyimide 
surfaces and liquid crystal pretilt angles,” J. Appl. Phys. 83(3), 1270 (1998). 

22. B. S. Ban, and Y. B. Kim, “Surface free energy and pretilt angle on rubbed polyimide surfaces,” J. Appl. Polym. 
Sci. 74(2), 267–271 (1999). 

23. H.-Y. Wu, C.-Y. Wang, C.-J. Lin, R.-P. Pan, S.-S. Lin, C.-D. Lee, and C.-S. Kou, “Mechanism in determining 
pretilt angle of liquid crystals aligned on fluorinated copolymer films,” J. Phys. D 42(15), 155303 (2009). 

24. S. J. Hwang, “Precise optical retardation measurement of nematic liquid crystal display using the phase-sensitive 
technique,” J. Display Technol. 1(1), 77 (2005). 

25. D.-S. Seo, and S. Kobayashi, “Effect of high pretilt angle for anchoring strength in nematic liquid crystal on 
rubbed polyimide surface containing trifluoromethyl moieties,” Appl. Phys. Lett. 66(10), 1202 (1995). 

1. Introduction 

The pretilt angle of a conventional liquid crystal (LC) device is either near zero degrees or 90 
degrees for the homogeneous and homeotropic alignments, respectively. The technique of 
producing homogeneous and homeotropic surface alignment is mature in the LC display 
(LCD) industry. However, many LCDs, such as the no-bias optically-compensated bend 
(OCB) LCD and the bi-stable bend-splay (BBS) LCD, require high pretilt angles in the range 
of 45° - 60° [1,2]. The OCB LCD has attracted much attention in recent years by reason of its 
fast response and inherent wide view angle property [3]. The memory effect of a bistable LCD 
is very highly suitable for electronic-paper applications due to the low power consumption. 
There are many methods have been developed to control the pretilt angle of LC with a wide 
range, such as: SiOx oblique evaporation [4,5], polymer-stabilized alignment [6], 
nanostructured surfaces [7–9], hybrid mixture of two materials [10–12], and chemical 
synthesis [13,14]. However, the reliability, the mass production capability and ease of 
material synthesis for those developed techniques are questionable. For example, a high 
vacuum system is required for oblique evaporation of SiOx. Hence, the throughput of 
production is low, and the display size will be limited. 

Recently, we have reported a new method, nanoparticle-induced vertical alignment 
(NIVA), to align LC vertically by adding polyhedral oligomeric silsesquioxane (POSS) 
nanoparticles with POSS molecules of diameters of the order of a few nanometers to the 
liquid crystal [15,16]. In practice, the NIVA phenomenon results from the adsorption of the 
nanoparticles on the inner surfaces of the ITO glass substrates. The aptitude of vertical 
alignment induced by POSS nanoparticles was found to be significantly influenced by the 
doped POSS concentrations [15,16]. The NIVA technique was applied to generate variable 
liquid crystal pretilt angles based on doping different concentrations of POSS nanoparticles in 
the planar-aligned LC layer. The competition between the nanoparticle-induced vertical 
alignment domains and the horizontally aligned polyimide (PI) will result in the LC molecules 
realigning themselves to achieve a variable pretilt angle near the alignment surface [17]. 
However, it is not easy to reach a uniform distribution of POSS nanoparticles in the LC layer 
and to avoid POSS aggregation in the LC layer, therefore some scattering is produced around 
the POSS clusters and these reduce the contrast of LCDs. In this work, we propose and 
demonstrate a novel method that the pretilt angle of liquid crystal molecules can be 
continuously controlled by using conventional homogeneous PI alignment material doped 
with different concentrations of POSS nanoparticles. The addition of POSS in the 
homogenous PI lowers the surface energy of the alignment layer and generates the variable 
pretilt angle θp in a range of 0°<θp<90°. This method utilizes the conventional PI alignment 
materials, the manufacture processes and facilities, therefore it can readily be adopted by the 
current LCD industry. 

2. Experimental 

The mixture of the POSS/homogeneous alignment PI solution was prepared at different POSS 
weight ratios from 0.01% to 0.18% by using an ultrasonic processor (S4000, Misonix) to 

#130506 - $15.00 USD Received 22 Jun 2010; revised 13 Jul 2010; accepted 14 Jul 2010; published 21 Jul 2010
(C) 2010 OSA 2 August 2010 / Vol. 18,  No. 16 / OPTICS EXPRESS  16508



obtain a good dispersion. Propyl-hepta-isobutyl substituted POSS (aminoethyl-
aminopropylisobutyl-POSS, Aldrich) which have been observed to spontaneously induce 
vertical alignment (NIVA) and which was used as the nanoparticle. The POSS/PI mixture was 
then spin-coated on the ITO glass substrates to obtain a thin alignment film. Afterward, a 
prebaking at 100°C for 10 minutes and post baking at 200°C for 1 hour, were applied to cure 
the POSS-doped PI mixture to form the alignment layer. Then the surface of the alignment 
layer was subjected to rubbing treatment using a nylon cloth in such a way that the alignment 
layer was rubbed once in each direction. The surface energy of the alignment layer was 
determined by measuring the contact angle of distilled water (DIW) on the films according to 
the Girifalco-Good-Fowkes-Young model [18]. To determine the pretilt angle of LC 
molecules on POSS/PI alignment layers, the antiparallel LC test cells were fabricated with a 

cell gap of 6.75µm and the capillary filled with LC molecules (E7, ∆ε = 14.1, ε⊥ = 5.2; 
Merck). The electro-optical properties of the LC cells were evaluated by means of the 
polarizing optical microscope (POM), phase retardation-voltage (PV) and transmittance-
voltage (TV) measurements, respectively. The pretilt angles of LC cells were measured by the 
modified crystal rotation method [19]. The voltage-dependent optical transmission of the LC 
cell, placed between crossed polarizers, was measured using a 633-nm He-Ne laser, and the 
applied voltage was a 1-kHz square wave. The polar anchoring energy (PAE) of the POSS/PI 
alignment layers was measured by using the high electric field method [20]. 

3. Results and discussion 

The results of the contact angle of DIW drop on the PI/POSS alignment layer with different 
POSS wt% doped in PI are shown in Fig. 1. The contact angle increases with the POSS wt% 
doped in PI; that is the surface energy decreases with the POSS concentration as shown in Fig. 
1. It indicates that the addition of the POSS nanoparticles in the PI mediates and lowers the 
surface tension of the alignment layer. 

 

Fig. 1. Contact angle of distilled water drop on POSS/PI alignment layer and surface energy of 
POSS/PI alignment layer as a function of POSS concentration in PI. 

The photographs of antiparallel LC cells with different POSS wt% doped in PI film 
observed by the POM are shown in Fig. 2. Each color represents a different pretilt angle 
corresponding to a different phase retardation. From the uniform color images of different LC 
cells, we can conclude that this novel method of POSS/PI alignment layer provides a simple 
way to reach a uniform and controllable pretilt angle in each LC cell. By using our previous 
method of doping POSS into LC bulk, ~1.2 wt% POSS in LC is required to reach the 
maximum pretilt angle due to only part of POSS absorbed on the PI surface [17]. In this work, 
only ~0.16 wt% POSS are added into the PI to reach the maximum pretilt angle. Therefore, 
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the proposed method in this work shows better uniformity of POSS distribution and less 
POSS aggregation than our previous work. 

 

Fig. 2. Photographs of antiparallel LC cells observed by POM with various POSS 
concentration doped in PI: (a) 0.05%, (b) 0.08%, (c) 0.10%, (d) 0.11%, (e) 0.12%, and (f) 
0.14%. 

The pretilt angles of the LC cells with different POSS wt% doped in PI film are shown in 
Fig. 3. The pretilt angle is observed to increase with increasing the POSS concentration doped 
in PI material, and a wide range of pretilt angles, 0°< θp<90°, can be generated by varying the 
doped POSS concentration from 0 to 0.16 wt %. The pretilt angle of the LC molecules on the 
rubbed alignment layer was mainly determined by the anchoring factors, steric effect, and 
electronic interaction [21]. The dependence of an increase of pretilt angle with a decrease of 
the surface energy of alignment layer was reported [21–23]. The addition of the POSS 
nanoparticles in the PI mediates and lowers the surface energy of the alignment layer as 
shown in Fig. 2. Consequently, both the lower surface energy, and the higher POSS wt% 
doped in PI, correspond to a higher pretilt angle as shown in Fig. 3. 

 

Fig. 3. Dependence of pretilt angle on POSS concentration in PI for two different rubbing 
depth. 

The dependence of rubbing depth on pretilt angle is also illustrated in Fig. 3. A stronger 
rubbing depth produces a lower pretilt angle. The increase of rubbing depth can enhance the 
polarity of the POSS/PI alignment surfaces due to the anisotropic alignment of the polymer 
chain to the rubbing direction [22]. The influence of surface polarity of alignment layer on 
pretilt angle has been investigated [21–23]. It showed that an alignment layer with more polar 
surfaces gives the lower pretilt angle due to the increased attractive strength between LC 
molecules and molecules of the alignment surface. 

The voltage-dependent optical phase retardation of antiparallel LC cells with different 
POSS wt% doped in PI was measured by common path heterodyne interferometry [24] as 
shown in Fig. 4. In the voltage-off state, the LC molecules are mainly aligned by alignment 
layers with a pretilt angle θp, meaning that the maximum phase retardation φmax of the LC cell 

Rubbing depth 
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and no are the extraordinary and ordinary refractive indices of the LC material, respectively. 
The maximum phase retardation below the threshold voltage decreases with the POSS wt% 
doped in PI, indicating that the liquid crystal pretilt angle increases from ~0° to ~90° as the 
concentration of POSS doped in PI increases. These results are consistent with the results of 
Fig. 3. 

 

Fig. 4. Voltage dependent phase retardation curves of antiparallel LC cells with different POSS 
concentration doped in PI. 

Dependence of the PAE of the alignment layer on POSS concentration doped in PI is 
shown in Fig. 5. The PAE does not depend on the rubbing depth in this work, so the Fig. 5 
only illustrates the average value of PAE of two rubbing depths (0.02mm and 0.04 mm). The 

PAE is almost constant around 2.4 × 10
−4

 J/m
2
 regardless of the POSS concentration doped in 

PI. From the literatures, the anchoring energy can vary with pretilt angle [25] or maintain at 
an approximately constant value regardless of pretilt angle [7]. The alignment mechanism of 
LC on PI is complex and still not well understood. Two models, elastic deformations of the 
LC configuration due to alignment surface topologies and anisotropic molecular interaction 
between LCs and alignment layer, are mainly adopted to explain the alignment properties. The 
anchoring of the POSS/PI alignment layer investigated in this work may fall into the 
alignment region dominant by surface topology. Therefore, the anchoring energy is not 
changed with the surface energy. The constant PAE of POSS/PI alignment layer for each 
pretilt angle makes this novel method good for many LCDs application requiring a tunable 
pretilt angle and moderate PAE. 

To verify the technique of pretilt angle control proposed in this work, one traditional OCB 
LCD without POSS dopant in PI (θp~2°) and one proposed OCB LCD with 0.1 wt% POSS 
dopant in PI (θp~48°) were fabricated for comparison. The voltage dependent transmission 
properties of each OCB LCD were measured as shown in Fig. 6, 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 and the data were recorded for one second at the first second after the voltage 
was applied. Due to the energy barrier between the splay and bend state of a traditional OCB 
LCD, some transient time (warm-up time) is required to switch a traditional OCB LC cell 
between those two states, and that is the reason that the forward voltage dependent 
transmission curve does not overlap with the backward voltage one as shown in Fig. 6. The 
proposed OCB LC cell with a high pretilt angle could overcome the energy barrier and show a 
better electro-optical property than the traditional one. 
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Fig. 5. Polar anchoring energy (PAE) as a function of POSS concentration doped in PI. 

 

Fig. 6. Voltage dependent transmission curves of traditional and proposed OCB LC cells by 
applying forward (0 V to 10 V) and backward (10 V to 0V) voltages. 

4. Conclusion 

Based on the experimental results, the pretilt angle of the LC molecules can be continuously 
controlled over a range of 0°< θp<90° by adjusting the POSS concentration doped in a 
homogenous PI layer. The addition of POSS in the PI changes the surface energy of the 
alignment layer and generates the variable pretilt angle. The anchoring energy of POSS/PI 
alignment layer keeps a constant value for each pretilt angle regardless of the POSS 
concentration doped in PI. The proposed method of making the pretilt angle tunable in this 
work is very simple and is compatible with methods familiar in the current LCD industry. 
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