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Abstract: Polarization independent beam fanning using a multi-domain 
liquid crystal (LC) cell is demonstrated experimentally. In the neighboring 
domains, the LC directors are aligned in orthogonal directions. To prove 
concepts, two hybrid-aligned LC cells with four and six domains were 
fabricated. Applying a voltage across the LC layer will change the phase 
difference between the neighboring domains. When the phase difference is 
2mπ (m is an integer), the LC cell will not disturb the incident beam. 
However, if the phase shift is (2m + 1)π, the outgoing beam will fan out into 
several beams; the number of fanout beams is equal to the domain number. 

©2009 Optical Society of America 

OCIS codes: (010.1080) adaptive optics; (160.3710) liquid crystals; 

References and links 

1. D. K. Yang, and S. T. Wu, Fundamentals of Liquid Crystal Devices (Wiley, New York, 2006). 
2. M. S. Brennesholtz and E. H. Stupp, Projection Displays 2nd Ed. (Wiley, New York, 2008). 
3. R. A. Soref, “Liquid crystal fiber-optic switch,” Opt. Lett. 4(5), 155–157 (1979). 
4. K. Hirabayashi, M. Wada, and C. Amano, “Compact optical-fiber variable attenuator arrays with polymer-

network liquid crystals,” Appl. Opt. 40(21), 3509–3517 (2001). 
5. Y. Q. Lu, F. Du, Y. H. Lin, and S. T. Wu, “Variable optical attenuator based on polymer stabilized twisted 

nematic liquid crystal,” Opt. Express 12(7), 1221–1227 (2004). 
6. X. Liang, Y.-Q. Lu, Y.-H. Wu, F. Du, H.-Y. Wang, and S.-T. Wu, “Dual-frequency addresses variable optical 

attenuator with submillisecond response time,” Jpn. J. Appl. Phys. 44(3), 1292–1295 (2005). 
7. P. Chanclou, B. Vinouze, M. Roy, and C. Cornu, “Optical fibered variable attenuator using phase shifting 

polymer dispersed liquid crystal,” Opt. Commun. 248(1-3), 167–172 (2005). 
8. D. P. Resler, D. S. Hobbs, R. C. Sharp, L. J. Friedman, and T. A. Dorschner, “High efficiency liquid-crystal 

optical phased-array beam steering,” Opt. Lett. 21(9), 689–691 (1996). 
9. N. V. Tabiryan, and S. R. Nersisyan, “Large-angle beam steering using all-optical liquid crystal spatial light 

modulators,” Appl. Phys. Lett. 84(25), 5145–5147 (2004). 
10. Y. J. Lin, K. M. Chen, and S. T. Wu, “Broadband and polarization-independent beam steering using 

dielectrophoresis-tilted prism,” Opt. Express 17(10), 8651–8656 (2009). 
11. J. Chen, P. J. Bos, H. Vithana, and D. L. Johnson, “An electrically controlled liquid crystal diffraction grating,” 

Appl. Phys. Lett. 67(18), 2588–2590 (1995). 
12. D. Gu, B. Winker, B. Wen, D. Taber, A. Brackley, A. Wirth, M. Albanese, and F. Landers, “Wavefront control 

with a spatial light modulator containing dual frequency liquid crystal,” Proc. SPIE 5553, 68–82 (2004). 
13. J. S. Patel, and K. Rastani, “Electrically controlled polarization-independent liquid crystal Fresnel lens arrays,” 

Opt. Lett. 16(7), 532–534 (1991). 
14. H. Ren, D. W. Fox, B. Wu, and S. T. Wu, “Liquid crystal lens with large focal length tunability and low 

operating voltage,” Opt. Express 15(18), 11328–11335 (2007). 
15. S. T. Wu, U. Efron, and L. D. Hess, “Infrared birefringence of liquid crystals,” Appl. Phys. Lett. 44(11), 1033–

1035 (1984). 
16. S. T. Wu, “Design of a liquid crystal based tunable electrooptic filter,” Appl. Opt. 28(1), 48–52 (1989). 
17. M. Jiao, Z. Ge, Q. Song, and S. T. Wu, “Alignment layer effects on thin liquid crystal cells,” Appl. Phys. Lett. 

92(6), 061102 (2008). 
18. S. Gauza, H. Wang, C. H. Wen, S. T. Wu, A. J. Seed, and R. Dąbrowski, “High birefringence isothiocyanato 

tolane liquid crystals,” Jpn. J. Appl. Phys. 42(Part 1, No. 6A), 3463–3466 (2003). 

1.Introduction 

Liquid crystals (LCs) have been widely used in direct-view [1] and projection displays [2]. In 
addition to displays, LC is also a useful electro-optic medium for photonic applications, such 
as fiber-optic variable optical attenuator [3–7], laser beam steering [8–11], adaptive optics 
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[12], and adaptive-focus lens [13,14], etc. However, most of these photonic devices require a 
linearly polarized light. 

In this paper, we demonstrated a polarization-independent beam fanning using a multi-
domain LC cell. In the neighboring domains, the LC directors are aligned in orthogonal 
directions. To prove concepts, two hybrid-alignment LC cells with four and six domains were 
fabricated. Applying a voltage across the LC layer will change the phase shift between the 
neighboring domains. When the phase shift is 2mπ (m is an integer), the LC cell will not 
disturb the incident beam. However, if the phase shift is (2m + 1)π, the outgoing beam will 
fan out into several symmetric beams; the number of fanout beams is equal to the domain 
number. Such an optical switch exhibits following attractive features: polarization 
independence, low operating voltage, simple fabrication, and excellent device stability. 

2. Device structure and operation mechanism 

Figure 1 depicts two device structures with different domains and LC alignments. Figure 1(a) 
contains four-domain in which the LC directors present a homogeneous alignment, but the LC 
alignment direction of the neighboring domains is orthogonal. Similarly, Fig. 1(b) consists of 
six domains. To illustrate the device operation mechanism, let us use Fig. 1(a) as an example. 
When a collimated laser beam propagates through the LC layer along z-axis (not shown), it 
will experience a phase shift. For the polarization of the light along x-axis, the phase 
difference between the neighboring domains is as following: 

 
2

( )
e o

d n n
π

ϕ
λ

∆ = −   (1) 

where d is the LC layer thickness, λ is the wavelength of the incident light, and ne and no are 
the extraordinary and ordinary refractive indices of the LC, respectively. Similarly, for the 
polarization of light along y-axis, the phase difference between the neighboring pixels is the 
same as described in Eq. (1). Due to the symmetric LC alignment, device with such an LC 
alignment is polarization independent. 

 

Fig. 1. Device structures with (a) four domains (2) six domains. The LCs in the neighboring 
domains are orthogonal. 

Figure 2 shows the experimental setup. To simplify discussion while not losing generality, 
we assume the laser beam is polarized along y-axis. When the collimated laser beam passes 
through the LC cell, the beam is focused by a convex lens-1 to create interference. 
Afterwards, the beam is collimated again by a convex lens-2. The output beam is received by 

a CCD camera. At null voltage (V = 0), the phase difference ∆φ between adjacent pixels is 
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constant. As V increases, ∆φ decreases. When ∆φ = 2mπ (m is an integer), the beam will not 

be disturbed by the LC cell. However, when ∆φ = (2m + 1)π the Gaussian beam will have a 
maximum destructive interference at the focal point of Lens-1. In this case, the beam will 
have a maximum energy loss when detected by the CCD camera. Due to the interference, the 
beam is fanned out into multiple beams, as depicted in Fig. 2(b). 

 

Fig. 2. Experimental set up for observing beam fanning: (a) The beam is undisturbed, and (b) 
the beam is fanned out into multiple beams. 

To prepare the LC cell shown in Fig. 1(a), we coated an ITO (indium tin oxide) glass 
substrate (2.5 cm x 2.5 cm) surface with a thin polyimide layer and rubbed along x-axis. We 
then divided the LC layer into 4 domains. To generate the desired homogeneous alignment in 
four domains would require two rubbing processes. During first rubbing, we covered the two 
diagonal domains with a thin adhesive tape. The uncovered two domains were buffed along y-
axis. After the first rubbing, we removed the protective tape and cleaned the substrate. Ideally 
the opposite ITO glass substrate should also have the same rubbing patterns as the first one in 
order to obtain homogeneous alignment. However, this process is rather complicated because 
it would require a precise alignment to match the domains. Here, we simplified the fabrication 
process by using homeotropic alignment on the opposite surface. This will result in a hybrid 
alignment, i.e., one surface is homogeneous and another is homeotropic. Because the LC 
directors of the neighboring domains are orthogonal and the symmetry of the system remains 
unchanged, this four-domain LC device is still polarization independent. Using homeotropic 
alignment on one surface eases the cell preparation, but the tuning range of the phase is 
reduced. The cell gap was controlled at d~13.5 µm. A nematic LC (from L-Display) with ∆n = 
0.199 at λ = 589 nm was injected to the empty cell. To achieve homeotropic alignment, we 
coated polyimide NS-1211 on an ITO glass surface. The polyimide was baked at 180°C for 1 
hr without rubbing treatment. The 6-domain LC cell shown in Fig. 1(b) was also prepared by 
the similar process. The cell gap was measured to be ~17 µm. 

3. Results and discussion 

We first inspected the LC alignment of the four-domain LC cell using an optical microscope. 
The cell was placed between two crossed linear polarizers with the rubbing direction of one 
domain along the polarizer’s transmission axis. As shown in Fig. 3(a), all the four domains 
appear dark. This implies that the axis of each domain is either parallel or perpendicular to the 
optic axis of the polarizer. By rotating the cell 45° all four domains appear bright, as Fig. 3(b) 
shows. When the cell was rotated by 90°, the four domains become dark again, as shown in 
Fig. 3(c). Such results indicate that the principal axes of the neighboring domains are indeed 
perpendicular, and the LC presents a hybrid alignment. 
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Fig. 3. Microscope photos of the 4-domain LC cell between crossed polarizers at (a) 0°, (b) 
45°, and (c) 90°. The red arrows denote the rubbing direction on the surface of one substrate 

Figure 4 shows the measured voltage-dependent transmittance of one domain at λ = 633 
nm. The cell was placed between crossed polarizers. The diameter of the beam was ~5 mm. 
The rubbing direction of the domain was oriented at 45° with respect to the optic axis of one 
polarizer. As expected, the hybrid alignment exhibits no threshold voltage. From Fig. 4, the 
total phase shift is calculated [15] to be ∆φ~4.27π. It is enough to provide more than 2π phase 
shift between neighboring domains with a relatively low operating voltage. 

 

Fig. 4. Voltage dependent transmittance of one domain of the 4-domain LC cell. λ = 633 nm. 

To characterize the optical switching behaviors of the LC cell, we used the experimental 
setup shown in Fig. 2 to measure the beam intensity distribution. The focal length of lens-1 
was 150 mm (SPX046, New Port) and lens-2 was 50.2 mm (KPX082 New Port). The LC 
sample was placed at ~50 mm before lens-1. The distance between lens-2 and lens-1 was 
about 200 mm. A CCD camera was set ~100 mm behind lens-2. An unpolarized He-Ne laser 
was used as the light source. The two-dimensional (2D) intensity profiles were recorded by 
the CCD camera at different voltages. Results are shown in Fig. 5. 
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Fig. 5. Intensity profiles of a laser beam modulated by the four-pixel LC cell under different 
voltages. (a) V = 0, (b) V = 0.32 Vrms, (c) 0.45 Vrms. (d) 0.88 Vrms, (e) 1.25 Vrms, and (f) 1.50 
Vrms. 

At V = 0, some holes appear in the spot, as Fig. 5(a) shows, because the phase shift 
between the neighboring domains is 4.27π. As the applied voltage increases, the phase 
retardation decreases. At V = 0.32 Vrms, the holes almost disappear as shown in Fig. 5(b). 
When the voltage is increased to 0.45 Vrms which corresponds to ∆φ~4π from Fig. 4, the holes 
disappear completely (Fig. 5(c)) and the laser beam is not disturbed while traversing thru the 
LC cell. At V = 0.88 Vrms (corresponding to ∆φ~3π from Fig. 4), the beam is dissected into 
four parts with a wide black cross through the center, as shown in Fig. 5(d). This pattern 
originates from the destructive interference of the laser beam modulated by the LC cell. 
Continually increasing the voltage will show a periodic beam modulation. The beam spot at V 
= 1.25 Vrms is similar to that at V = 0.32 Vrms, while the beam spot at V = 1.5 Vrms is the same 
as that at V = 0.45 Vrms. Moreover, we can conclude from Fig. 5(f) that the phase difference 
between the neighboring domains is 2π. From Fig. 5, when the LC cell is driven between 0.45 
Vrms to 0.88 Vrms, the intensity of the Gaussian beam at the center area can be switched from 
maximum to minimum. Thus, the LC cell can function as an optical switch. 

To further analyze the beam performances, we converted the images shown in Figs. 5(c) 
and 5(d) to 3D intensity profiles and results are given in Figs. 6(a) and 6(b), respectively. The 
diameter of the beam was measured to be ~5 mm. The beam intensity was very strong which 
saturated the CCD camera. In Figs. 6(a) and 6(b), the peaks present almost the same light 
intensity. The dissected peaks imply that the phase difference in these areas is ~3π. 

 

Fig. 6. 3D intensity profiles of a laser beam passing thru the 4-domain LC cell at (a) V = 0.45 
Vrms and (b) V = 0.88 Vrms. 

One way to reduce the peak intensity of the incident beam is to divide the LC cell into 
more domains. Figure 1(b) shows the 6-domain structure. We used the same experimental 
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setup to characterize the beam fanning of the 6-domain LC cell. By controlling the applied 
voltage, we can split one beam into 6. Figure 7(a) shows the outgoing beam profile at V = 
0.65 Vrms. In this case the beam passes through the cell without disturbance. Figure 7(b) shows 
the beam profile at V = 1.3 Vrms. where the beam was dissected into six spots. 

(a) (b)(a) (b)
 

Fig. 7. 2D intensity profiles of the beam modulated by the six-domain LC cell at (a) V = 0.65 
Vrms and (b) V = 1.3 Vrms. 

The response time of such an optical switch is determined by several parameters, such as 
cell gap, visco-elastic coefficient, anchoring energy, bias voltage, and applied voltage [16,17]. 
To improve the switching speed, a bias voltage V = 1.6 Vrms (f = 1 kHz) was applied to the 
cell. This bias voltage also functions as the switch-on voltage. To switch off the beam, a 
square voltage burst at V = 3 Vrms was applied to the cell. During switching operation, we 
could visually observe the switching states. A movie showing the dynamic switching was 
recorded in Fig. 8. Using an oscilloscope, the measured rise time was measured to be ~24 ms 
and decay time ~46 ms at the room temperature (~23°C). The response time can be shortened 
if a high birefringence and low viscosity LC [18] is employed. 

 

Fig. 8. Beam switching dynamics of the 6-domain LC cell. (Media 1) 

From Figs. 5(d) and 7(b), we find that the number of the fanout beams is equal to the 
domain number of the LC cell. Thus, we could increase the number of fanout beams by 
making more domains. To fabricate an LC cell with more domains, we have to use the 
photolithographic method in order to precisely create the desired molecular alignment within 
each domain. Such an LC cell can also function as a polarization converter which turns the 
fundamental linearly polarized (LP) mode to a higher order LP mode. Because the higher 
order LP mode cannot propagate in a single-mode fiber, this kind of device can be used as an 
optical fiber switch. 

(C) 2009 OSA 6 July 2009 / Vol. 17,  No. 14 / OPTICS EXPRESS  11535
#111418 - $15.00 USD Received 15 May 2009; revised 16 Jun 2009; accepted 19 Jun 2009; published 24 Jun 2009

http://www.opticsexpress.org/viewmedia.cfm?URI=oe-17-14-11530-1


5. Conclusion 

We have demonstrated a beam fanning device using multi-domain LC structure. The optic 
axes of the neighboring domains are orthogonal. The number of the fanning beams is equal to 
the number of domains. A device with more domains will present a higher optical switching 
performance, but its fabrication process is more sophisticated. Our LC cell presents several 
attractive features: easy fabrication, low operating voltage, polarization independent, and 
video rate response time, and good mechanical stability. Potential applications of this device 
for optical fiber switch, mode converter, and optical sensing are foreseeable. 
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