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Abstract: A 2D/3D switchable and rotatable autostereoscopic display using 
a high-resistance liquid-crystal (Hi-R LC) lens array is investigated in this 
paper. Using high-resistance layers in an LC cell, a gradient electric-field 
distribution can be formed, which can provide a better lens-like shape of the 
refractive-index distribution. The advantages of the Hi-R LC lens array are 
its 2D/3D switchability, rotatability (in the horizontal and vertical 
directions), low driving voltage (~2 volts) and fast response (~0.6 second). 
In addition, the Hi-R LC lens array requires only a very simple fabrication 
process. 
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1. Introduction 

There is interest in pursuing more realistic images on displays permitted by advancements in 
technology. Because 3D displays provide depth information that is lacking in 2D displays, 3D 
displays play an important role in next-generation display technology. Autostereoscopic 3D 
displays have certainly entered the mainstream in recent years, thanks to the convenience of 
achieving the 3D effect without wearing glasses [1–10]. The most common methods in 
autostereoscopic 3D technology are fixed parallax barriers and lenticular lenses [11–14]. 
However, the 2D image quality is degraded by the use of these approaches; when the ability 
to switch between 2D and 3D display modes is a necessary function, the image quality in 2D 
mode must be maintained. In addition, the use of portable devices has been rising sharply for 
the past decade, and the displays of such devices do not only show images in the vertical 
direction but also offer the horizontal mode (Fig. 1). Therefore, rotatable functionality is a 
standard requirement for a portable 3D display. 

3D 3D

Rotate
 

Fig. 1. A sketch of rotatable functionality. 

There are several technologies can achieve 2D/3D switchable functionality, such as 
sequential backlight systems [15], switchable barriers [16] and switchable LC lenses [17–31]. 
Sketches and the various features of these technologies are shown in Table 1. The main 
advantage of sequential backlight technology is that it can provide a full-resolution 3D image 
to the observer. However, the viewing freedom in 3D mode is narrow; a 3D image can be 
shown only in the normal direction. In contrast, switchable barriers and switchable LC lenses 
can provide wider viewing freedom than sequential backlight systems. However, only 
switchable barriers and switchable LC lenses have the potential for rotatable functionality. 

#202069 - $15.00 USD Received 27 Nov 2013; revised 28 Jan 2014; accepted 28 Jan 2014; published 30 Jan 2014
(C) 2014 OSA 10 February 2014 | Vol. 22,  No. 3 | DOI:10.1364/OE.22.002714 | OPTICS EXPRESS  2715



Nonetheless, the switchable barrier has a significant drawback: low brightness. Therefore, 
according to the above consideration of desirable features, an LC lens is the best candidate for 
mobile applications. 

Table 1. Review of 2D/3D Switchable Technology 

2D/3D Sequential Backlight 2D/3D Switchable Barrier 2D/3D Switchable LC Lens 

   
 Full resolution 
 Narrow viewing freedom 

 Simple process 
 Wide viewing freedom 
 Low brightness 

 Wide viewing freedom 

 

Fig. 2. Two electric-field-driven LC lenses (ELC lenses): (a) a structure with external 
electrodes and (b) a structure with internal electrodes. 
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Fig. 3. Sketches of the high-resistance liquid-crystal lens (Hi-R LC lens): (a) the structure in 
perspective view, (b) the driving method for the lenticular lens, and (c) the driving method for 
the flat electrode. 
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Among current types of LC lenses, only an electric-field-driven LC lens (ELC lens) has 
the potential to yield 2D/3D rotation because it has no fixed physical lens structure. In a 
previous work, an external-electrode LC lens (Fig. 2 (a)) has been proposed that utilizes a 
glass substrate as a high-K material to smooth the electric field, producing a gradient 
distribution of the electric field in the LC cell. However, such a high-K material also 
increases the operating voltage (> 50 volts). Thus, an internal-electrode LC lens (Fig. 2 (b)), 
which can provide a lower operating voltage than the external-electrode lens, has been 
proposed [18]. However, without high-K material, the fringing electric field spreads only 
around the electrodes; therefore, the LC molecules in the central region are not driven, and an 
internal-electrode LC lens cannot form an ideal lens shape. 

In this paper, we propose an internal-electrode LC lens with 2D/3D switchable and 
rotatable functionality by incorporating a high-resistance (Hi-R) layer [32]. The Hi-R LC lens 
is coated with a high-resistance layer within the cell, thus permitting the establishment of a 
continuous electric field with a gradient profile. In this manner, a lens-like profile can be 
formed. The most important concern when using a Hi-R layer is to avoid the electric-field 
distortions caused by crossed electrodes, thus maintaining high-performance 3D images in 
both the horizontal and vertical directions. A low operating voltage and fast switching time 
can be obtained using this design, as well. Moreover, the proposed Hi-R LC lens array 
requires only a very simple layout circuit with a similarly simple fabrication process. 

2. High-resistance liquid crystal lens 

2.1 Structure of single-layer Hi-R lenticular LC lens 

Placing internal electrodes in an LC lens can yield lower driving voltages because the applied 
voltage can affect the LC molecules directly. However, because of the large slit between the 
electrodes, an internal-electrode LC lens can only share a weak electric energy and 
distribution of phase retardation. Most of the energy concentrates on the electrodes; the LC 
molecules can only be driven near the electrodes. Therefore, to overcome these issues, a high 
resistance-layer is coated onto the electrodes to generate a gradient voltage distribution in the 
LC cell. The LC molecules under the slits can also be affected by the electric field. As shown 
in Fig. 3(b), VD and Vcom are applied to the side and central electrodes of the LC lens, 
respectively. According to the function of the resistance layer, the voltage takes on gradient 
distribution on the resistance layer, and the voltage gradually changes from high to low for 
better phase retardation [33]. Therefore, the LC lens profile is not controlled by the fringing 
field but directly by the gradient voltage. In addition, if all electrodes on the same substrate 
are driven by Vcom, the entire layer will perform as a flat ground electrode. As shown in Fig. 
3(b) and Fig. 3(c), by changing the driving method, we can switch the electrodes from a strip 
to a flat form in the same layer. 

2.2 Modeling of Hi-R LC lens 

To further investigate the high-resistance LC lens, we construct an R-C circuit model to 
determine the parameters of the LC cell, as shown in Fig. 4. The resistance R in Fig. 4 is 
calculated using Eq. (1). To calculate the capacitance C in Fig. 4, the structure is first 
considered to be controlled by a uniform electrode field. The induced dipole moments of the 
two directions parallel and perpendicular to the LC direction are used. The equivalent 
polarization is shown in Eq. (2) and Eq. (3). The electric field is along the z direction, which 

induces the polarizations P  and P
. The equivalent capacitance, C, can be calculated from 

z  as shown in Eq. (4). 

From the model, it can be seen that the resistance of the high-R layer should be controlled 
within the proper range. If the resistance is chosen to be too low, the resistance from the 
hetero junction will consume a large proportion of the applied voltage. However, if the 
resistance of the Hi-R layer is too large, only a small proportion of the current can reach the 
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center region if V1 is higher than V0. These two situations both result in no phase retardation 
in the central region. 
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Fig. 4. The R-C circuit model of the high-resistance LC lens. 
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where 
r  is the resistivity of the Hi-R layer. 

rA  and 
rl are the cross section and length of the 

resistance. 
sR  is the sheet resistance. 

According to the equation, to have an optimized distribution of gradient voltage, the range 

of resistivity of the Hi-R layer is from 1 to 10 m . 
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   (4) 

where d and A are the thickness and area of the meshed element, respectively. 

2.3 Rotatable lenticular LC lens 

Because of the increasing popularity of portable devices, the rotatable functionality of a 
display in 3D mode has become a requirement that must be considered. To achieve rotatable 
functionality in a lenticular LC lens, the two sets of stripe electrodes should be arranged in 
different directions. The structure is shown in Fig. 5 (a). However, when we apply a voltage 
to a top or bottom electrode in this structure, there is no full flat electrode on the other side. 
According to the structures and electrode fields of the LC cell, the LC cell will not behave as 
a lenticular lens. To form the shape of a lenticular lens, the variation of the electrode field 
should be changed only in one direction. The high-resistance layer can be used to overcome 
this issue. 

According to the switchable functionality of the electrodes, we propose a rotatable 
lenticular LC lens with a high-resistance coating on both inner electrodes. To form a 
lenticular lens in two directions, the top electrodes and the bottom electrodes should be nearly 
perpendicular to each other. To achieve switchable functionality in two directions, the top and 
bottom electrodes are coated with high-resistance material, as shown in Fig. 5 (b). When all 
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bottom electrodes are connected to Vcom and the top electrodes are driven by alternating 
voltages, VD and Vcom, an LC lenticular lens shape will form in the horizontal direction, as 
shown in Fig. 5 (c). Because of the application of the same driving voltage on each electrode, 
the bottom electrodes behave as a full electrode with the ground voltage. However, the 
voltage distribution on the top side becomes a gradient and continuous distribution because of 
the function of the high-resistance layer. 

 

Fig. 5. Sketch of the rotatable high-resistance liquid-crystal lens (Hi-R LC lens): (a) without 
high-resistance layer, (b) with high-resistance layer, (c) the structure in the X-Z(horizontal) 
plane, and Y-Z(vertical) plane. 

Furthermore, in the vertical direction, the LC lens can be operated in the same manner, as 
shown in Fig. 5 (c). The bottom electrodes are driven by VD and Vcom alternately, and all 
electrodes on the top are driven by Vcom. 

3. Experimental results 

3.1 Specifications 

We designed the Hi-R LC lens to generate 2 views of an autostereoscopic image in the 
vertical direction on an LCD panel and 4 views of an autostereoscopic image in the horizontal 
direction on the same panel. The specifications and parameters are shown in Table 2. 

Table 2. Specification of Hi-R LC Lens and Panel 

Item Value 

LC material MLC-2140 
Δn 0.253 

Cell gap 50 μm 
Focal length 1.17 mm 

Electrode width 15 μm 
Resistance material IGZO 

Thickness of high-R layer 10 nm 
Resistivity 4.6 m  

Pixel size 153 μm 
Driving Voltage (2 views) 2 volts 
Driving Voltage (4 views) 1.5 volts 

Power Consumption 0.02 mW 
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3.2 Fringe pattern 

To prove the effect of the high-resistance layer, a fringe pattern is an obvious method of 
demonstrating the result of the LC phase. In Fig. 6, the operated LC cell is observed under a 
crossed polarizer; the alternate white and black patterns represent the phase variations. Here, 
VD and Vcom are 2 and 0 volts, respectively. And the waveforms were square wave with 
constant 1 KHz frequency. The phase variation in the LC lens without the Hi-R layers is 
discontinuous and bent under the horizontal electrodes, as shown in Fig. 6 (b). Because Vcom 
is applied only on the electrodes of the bottom substrate, the electric field cannot reach the 
centers of the slits between the electrodes. Thus, the electric fields of the vertical electrodes 
bend strongly toward the horizontal electrodes. Therefore, without the Hi-R layers, the 
electric-field distribution cannot form a lenticular LC lens profile. 

(a) (b)
 

Fig. 6. The experimental results of a fringe pattern in a cross-electrode LC lens (a) with high-
resistance layers and (b) without high-resistance layers. 

In contrast, the fringe pattern in the Hi-R LC lens exhibits a continuous and smooth phase 
variation, so it can produce a good lens shape, as shown in Fig. 6 (a). The result demonstrates 
that the neff does not change gradually near the positions of the electrodes. Although there is a 
high-resistance layer, the electrode and high-resistance layer are connected in parallel. This 
means that the effective resistance must be smaller than the total resistance of the electrode, 
and the Hi-R layer, so the electrode will interfere with the driven gradient. 

Therefore, a narrower electrode width will generate better performance. The electrical 
fields propagate smoothly from the vertical electrode to the planar electrode, which is a 
horizontal electrode coated with a Hi-R layer. Therefore, the phase distribution of the 
lenticular lens in the Hi-R LC cell is better than that in the LC cell without Hi-R layers. 

3.3 Rotatable function 

To demonstrate the 2D/3D switchable and rotatable functionalities on the same LC lens, the 
focusing ability becomes a criterion by which to judge the direction of the lenticular lens. The 
focusing ability of the Hi-R LC lens can be observed by using a parallel light, and the CCD 
locate at the focal plane of LC lenticular lens. When the parallel light passes through an LC 
cell voltage applied to the cell, there is no significant pattern on the CCD, as shown in Fig. 7 
(a). If the driving voltage is applied along the vertical direction of the cell, the LC lenticular 
lens array forms in the horizontal direction. Therefore, the focused lines appear on the CCD 
as shown in Fig. 7 (b). The result is similar when the driving voltage is applied to the 
horizontal electrodes; the LC lenticular lens array forms in the vertical direction, as shown in 
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Fig. 7 (c). The full video is available at the following web address: 
http://youtu.be/5LA9o0XPABw. 

(a) (b) (c)
 

Fig. 7. Test of the focusing ability the Hi-R LC Lens: (a) without any driving voltage, (b) 
operating the Hi-R LC lens in the horizontal direction, and (c) operating the Hi-R LC lens in 
the vertical direction (Media 1). 

3.4 Angular crosstalk distribution 

The angular distribution of the 2D/3D switchable autostereoscopic display achieved by 
operating the Hi-R LC lens array in the horizontal direction is shown in Fig. 8. The Hi-R LC 
lens simulation results indicate that defects near the electrodes cause leakage. The width ratio 
of all electrodes and lenses corresponds to a pitch of approximately 0.3. This defect will cause 
a high crosstalk in 3D mode. When the cell is operated at 1.5 volts, the multi-view crosstalk 
in the horizontal direction is 34.3%, as shown in Fig. 8 (b). In the vertical direction, the width 
ratio of all electrodes and lens corresponds to a pitch of approximately 0.06, as shown in Fig. 
8 (a). When the cell is operated at 2 volts, the crosstalk in the vertical direction is 9.8%. 
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Fig. 8. The angular distribution of the Hi-R LC Lens in (a) the vertical direction and (b) the 
horizontal direction. 
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Table 3. Specification of Hi-R LC Lens on Simulation 

Item Value 

LC material MDA-00-3461 
Δn 0.257 

Cell gap 50 μm 
Lens Pitch 100 μm 
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Fig. 9. The comparison of the effective refractive index between ideal lens and Hi-R LC Lens. 
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Fig. 10. The influence of the ratio of electrode width on the effective refractive index (neff): (a) 
structure of low ratio of electrode width, (b) structure of high ratio of electrode width, (c) 
various ratios of electrode width and (d) the ideal case. 
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To find out what is the reason will cause the crosstalk on Hi-R lens, the effective 
refractive index (neff) is measured and show on Fig. 9. Compare with the profile of ideal lens, 
the distribution of neff is too flat at the center and the edge of LC-lens. Therefore, the light will 
not refract to the designed angle. We believe this phenomenon comes from the electrode 
width of the Hi-R LC lens. Because of manufacturing limitations, the electrode width of the 
Hi-R LC lens of our sample is around 15 μm. According to these parameters, the effective 
refractive index was simulated using 2DiMOS. The ratio of electrode width to lens size varies 
from 10% to 40%, and the sketch is shown on Fig. 10 (a) and (b). The parameters of LC lens 
on simulation are shown in Table 3. The result indicates that the neff does not change 
gradually near the position of the electrode, as shown in Fig. 10 (c). Although there is a high-
resistance layer, the electrode and the high-resistance layer are connected in parallel. This 
means that the effective resistance must be smaller than the total resistance of the electrode 
and the Hi-R layer, and the electrode with interfere with the driven gradient. Therefore, a 
narrower electrode width will generate better performance. Figure 10 (d) shows the neff 
distribution of an ideal Hi-R LC lens with a very small electrode width. Therefore, lower 
crosstalk could be achieved if narrower electrodes were used. The 5μm electrode width can be 
easily achieved by conventional TFT-LCD company, thus shall be able to yield much lower 
crosstalk for the dual-directional Hi-R LC-lens. 

3.5 Response time 

To fit the power of the lens, the cell gap of LC Lens is 50 μm in our experiment. According to 

rising time, rise of LC devices, larger cell gap results in slow focusing time which is 

proportional to 2d  from relaxing state to focusing state, as Eq. (5) shows. 
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where 
rise  is the function of cell gap d, rotational viscosity 

1 , elastic constant K, threshold 

voltage 
thV , and applied voltage V . To overcome slow response of LC cells, over-drive is 

employed for accelerating the response times in LCD industry. By optimized the over driving 
voltages and switching to target operation, the LC response time can be much reduced. In our 
experiment, the optimized over-drive value is about 4 volts, and the rising time is close to 0.6 
second. Figure 11 shows the sequential photograph of LC lens form non-focusing to focusing 
on different period. 

To fit the power of the lens, the cell gap of LC Lens is 50 μm in our experiment. 

According to rising time, rise of LC devices, larger cell gap results in slow focusing time 

which is proportional to 2d  from relaxing state to focusing state, as Eq. (5) shows. 
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where rise  is the function of cell gap d, rotational viscosity 
1 , elastic constant K, threshold 

voltage thV , and applied voltage V . For current LCD, which has cell gap around 5um, the 

response time is about 6ms with over-driving technology [34]. According to the listed 
equation, LC-lens with 50um cell gap shall be around 6ms × 10

2
 = 600ms. In our experiment, 

the optimized over-drive value is about 4 volts, and from the experiment results, our rising 
time is close to 600ms which is similar to the theoretical calculation. Figure 11 shows the 
sequential photograph of LC lens form non-focusing to focusing on different period. 
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(a) (b) (c) (d)
 

Fig. 11. The sequential photograph of focusing of LC lens driven by over-drive method: (a) 0 
sec, (b) 0.2 sec, (c) 0.4 sec and (d) 0.6 sec. 

4. Conclusion 

A High-Resistance Liquid Crystal (Hi-R LC) lens that is capable of 2D/3D switching and 3D 
rotation is proposed. Using high-resistance layers, a continuous gradient electric-field 
distribution can be generated within the cell. Consequently, high-quality 3D images for 
horizontal and vertical viewing can be obtained. In our prototype, the crosstalk of the two-
view system is below 10%, but in the rotated direction, the crosstalk of the multi-view system 
is approximately 34.3% because of the slanted 4-view design, but could be much improved by 
narrowing the electrode width. The Hi-R LC lens requires only a low operating voltage and a 
simple driving system. Finally, the Hi-R LC lens was successfully implemented on an LCD 
for 2D/3D switching and 3D rotation functionality, thereby demonstrating its high potential 
for application in future mobile autostereoscopic displays. 
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