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Abstract

:

An electrode pattern design generating a parabolic voltage distribution, in combination with usage of the linear response range of the liquid crystal (LC) material, has been recently proposed to obtain nearly ideal phase profiles for LC lenses. This technique features low driving voltages, simple structure, compact design, and the absence of high-resistivity (HR) layers. In this work, the universal design principle is discussed in detail, which is applicable not only to LC lens design, but also to other LC devices with any phase profile. Several electrode patterns are presented to form a parabolic voltage distribution. An equivalent electric circuit of the LC lens based on the design principle is developed, and the simulation results are given. In the experiments, an LC lens using the feasible parameters is prepared, and its high-quality performance is demonstrated.
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1. Introduction


Liquid crystal (LC) is the state of aggregation that possesses the properties of both a crystalline solid and an isotropic liquid [1], which has been extensively researched [2,3,4,5]. The molecular orientation of LC can be controlled with applied electric/magnetic/optical fields leading to the tunable electrical, electro-optical and optical properties [5], allowing for LC to be used in many devices, such as LC displays and LC lenses. The LC lens was first proposed by Sato in 1979 [6] and has been attracting much attention in recent decades [7,8,9,10,11,12,13,14,15,16,17,18]. The focal length of the LC lens is electrically tunable compared with conventional solid lenses. The LC lenses using hole-patterned electrodes have been studied extensively [19,20,21,22,23,24,25], but the substrate between the patterned electrode and the LC layer causes high driving voltages. High-resistivity (HR) layers make the use of the substrate unnecessary, thus making low voltages possible [26,27,28,29,30]. The resistance of the HR layer usually changes over time, which results in the properties of the LC lens becoming unstable. Some other structures, including the use of transmission lines [31,32,33,34,35,36,37], surf relief electrodes [38,39] and lens-shaped dielectric material [40,41,42], have been reported. It is difficult to obtain LC lenses with a parabolic phase profile using these techniques. Multielectrode design makes nearly ideal lens properties possible [43,44,45]; however, too many voltage sources are required to drive the lens [46].



Recently, we proposed [47,48,49,50] forming parabolic voltage distributions using resistive lines and driving the LC lens with voltages within the linear response range of the LC material. An LC lens with a nearly parabolic phase profile is realized and the parabolic phase profile is maintained during focus tuning. In this work, we report several resistive line patterns and discuss the universal design principle in detail. The voltage distribution is simulated, and an LC lens with an aperture of 2 mm is demonstrated. The experimental and simulation results are in agreement.




2. Principle


As shown in Figure 1, suppose a uniform resistive line is applied with voltages V1 and V2 at both ends. The voltage values at N + 1 points on the line are taken and are rearranged at equal intervals to generate the desired voltage distributions determined by the length of the resistive line between these points. For example, if these points are equally spaced, the voltage distribution after rearrangement is linear. In particular, when the length of the resistive line between these points increases linearly, according to Ohm’s law, the voltage value at each point is


  V  ( n )  =  V 1  +     ∑  i = 1  n    (  i − 1  )  l       ∑  i = 1   N + 1     (  i − 1  )  l      (   V 2  −  V 1   )  =  V 1  +    n 2    N  (  N + 1  )     (   V 2  −  V 1   )         (  n = 1 , 2 , 3 , ⋯ , N + 1  )   



(1)




where l is the length of the resistive line between the first two points. From Equation (1), we find that the voltage distribution is a parabolic function of point index n. After rearranging these points equidistantly along the x-axis, the voltage distribution is the parabolic function of x.



In fact, a parabolic voltage distribution can be obtained without considering the shape of the resistive line as long as the length of the resistive line between these points increases linearly from zero. Thus, we can design the shape of the resistive line to make the electrode more compact and avoid the rearrangement process. Several examples are shown in Figure 2; they form a parabolic voltage distribution along the x-axis.



The electrode structures shown in Figure 2 are called a “generating unit”. The parabolic voltage distribution of a generating unit should be distributed over the lens aperture by a “distributing unit”. For a cylindrical LC lens, two identical generating units should be arranged symmetrically to form a symmetrical parabolic voltage distribution, which is then distributed over the lens aperture by a series of parallel ITO electrodes. Taking the first two structures in Figure 2 as examples, the complete electrodes are shown in Figure 3. The solid-filled area represents the resistive line of the generating unit, and the slash-filled area represents the conductive line of the distributing unit.



The fan-shaped generating unit shown in Figure 2b can also be used for circular LC lenses, as shown in Figure 4. The first way is to extend the resistive line of the generating unit along the circumferential direction [50], as shown in Figure 4a. The second way is to add an additional distributing unit, as shown in Figure 4b. In both structures, the center is applied with a voltage through an ITO or metal lines. Although there is a voltage drop on the conductive line, it is trivial compared with that on the generating unit. Therefore, the center voltage can be considered to be approximately equal to the externally applied voltage V1.



The above-mentioned structures can produce a parabolic voltage distribution, but when they are used in LC lenses, the voltage distribution is affected by the capacitance effect. To analyze the voltage distribution on the electrode pattern, the LC lens is simplified into an equivalent circuit. The electrode pattern in Figure 4a is taken as an example for the analysis. Each concentric ITO line is a resistor, and they are connected in series. Concentric ITO lines form capacitors with the electrode on another substrate, and they are in parallel with the resistance of the LC material. The circuit of an LC lens is shown in Figure 5.



The resistance of the concentric ITO line is


   R n  =   2 π n  (  w + d  )     σ e  w t         ( n = 1 , 2 , 3 , ⋯ , N )  



(2)




where    σ e   ,  w ,  d  and  t  represent the conductivity, width, inter-line gap, and thickness of the ITO electrode, respectively.   N =  ⌊  r /  (  d + w  )   ⌋    is the number of the concentric ITO line, where  r  is the radius of the lens aperture. The capacitance is


   C n  =   2 π n  ε 0   ε  L C    (  w + d  )  w  T        ( n = 1 , 2 , 3 , ⋯ , N − 1 )  



(3)




where    ε 0    and    ε  L C     represent the vacuum permittivity and the relative permittivity of the LC material, respectively.  T  is the thickness of the LC layer. The capacitive reactance is expressed as    X  C n   = 1 /  (  2 π f  C n   )   , and  f  is the frequency of the voltage signal. The resistance of the LC material between each concentric ITO line and electrode on another substrate is


   R  L C     n  =  T  2 π n  σ  L C    (  w + d  )  w         ( n = 1 , 2 , 3 , ⋯ , N − 1 )  



(4)







The resistance of the capacitive reactance in parallel with the resistance of the LC material can be expressed as    R  P n   =  X  C n    R  L C n   /  (   X  C n   +  R  L C n    )   . Then, the circuit in Figure 5 can be further simplified into Figure 6.



We assume current magnitude    I n  ( n = 1 , 2 , 3 , ⋯ , N )   and current direction. According to Kirchhoff’s Voltage Law, the following equations can be obtained


   {    −  I 1   R 1  + (  I 2  −  I 1  )  R  P 1   −  V 1  = 0     −  I N   R N  − (  I N  −  I  N − 1   )  R  P N − 1   +  V 2  = 0     −  I n   R n  + (  I  n + 1   −  I n  )  R  P n   − (  I n  −  I  n − 1   )  R  P n − 1   = 0   ( n = 2 , 3 , 4 , ⋯ , N − 1 )      



(5)







Solving the equations numerically yields all currents, and the node voltages are expressed as


    V ′  n  = (  I  n − 1   −  I n  )  R  P n         ( n = 1 , 2 , 3 , ⋯ , N − 1 )  



(6)







According to the above analyses, the voltage distribution under any parameters can be simulated, which provides effective guidance for experiments.




3. Experiments and Results


The electrode pattern in Figure 4a is used to fabricate an LC lens, with an aperture size of 2 mm and an LC layer of 30 μm. The parameters of the ITO electrode are   w = d = 5   μ m  ,   t = 20   nm  , and    σ e  ≈   10  6    S / m  . The positive nematic LC material used in experiments is HSG28800-100 from HCCH Co. Ltd., for which the conductivity is    σ  L C   ≈   10   − 10   S / m  , and the optical refractive indices at a temperature of 25 °C and a wavelength of 589 nm are ne= 1.698, no = 1.499 and Δn = 0.199. The dielectric constants at a frequency of 1kHz are ε⊥ = 3.1, ε// = 8.0 and Δε = 4.9. The linear response range of this LC material is measured using the method reported in [47], which is 1.6~2.4 Vrms. Then, the driving voltages are controlled in this range to generate a parabolic phase profile. According to Equations (2)–(6), the voltage distributions in the radial direction of the ITO electrode pattern are calculated when V1 = 1.6 Vrms, V2 = 2.4 Vrms and V1 = 2.4 Vrms, V2 = 1.6 Vrms, respectively. The results are shown in Figure 7. The radial voltage distributions of positive and negative lenses basically follow the parabolic profile when the frequency is 1 kHz, while they gradually deviate from the parabolic profile as the frequency increases. Therefore, voltage signals with a frequency of 1 kHz are used to drive the LC lens in experiments.



The electrode pattern shown in Figure 4a is developed on a glass substrate using a single photolithography step. Then, two substrates (one with an electrode pattern and another with a plane ITO electrode) are cleaned with acetone. The polyimide layer is spun and rubbed on substrates to align the nematic director parallel to the substrate surfaces. Then, two substrates are separated by 30 μm spacers and optically aligned facing each other’s interior surface in opposing directions. Finally, the LC material is injected into the gap between the two substrates and the LC lens is sealed using the UV curing adhesive.



The fabricated LC lens is inserted into an interferometer to capture the interference fringes, the results of which are shown in Figure 8. The dimensions of each image are 801 × 801 pixel. In Figure 8, the schematic illustration of LC directors corresponding to each lens state is also shown. When V1 < V2, the tilt angle of the LC director in the border is larger than that in the center, and positive lenses are formed, as shown in Figure 8a–d. The tilt angle in the border is smaller than that in the center for the negative lens states, as shown in Figure 8e–h. As |V1–V2| increases, the number of interference fringes increases. This means the optical power of the lens is electrically tunable and positive–negative switchable. Furthermore, these interference patterns demonstrate the high-quality performance of the LC lens.



In the interference patterns, the neighboring bright and dark interference fringes have an optical phase difference of π. Therefore, we extract the phase profiles on the horizontal axis of the lens, the results of which are shown in Figure 9a. The symbols are measurements and the curves are parabolic fittings. The phase profiles follow almost parabolic profiles in the whole focus range. The total root-mean-square (RMS) errors of the wavefront are then extracted and are shown in Figure 9b. It can be seen that both positive and negative lenses have a very small RMS error. The positive lens has an RMS maximum around 0.047 λ, while it is 0.040 λ for the negative lens.



To test the imaging performance of the LC lens, it is inserted into an imaging system with an ISO 12233 chart placed at approximately 19 cm from the CMOS camera. The LC lens is turned off, and the record image (out of focus) is shown in Figure 10a. Then, the LC lens is turned on (V1 = 1.6 Vrms, V2 = 1.9 Vrms), and the image is brought into focus by the positive lens, as shown in Figure 10b. The dimensions of Figure 10a,b are both 2346 × 1623 pixel. The modulation transfer functions (MTFs) are shown in Figure 11. The value of MTF50 is approximately 0.25 when the LC lens is turned on, which confirms the high-quality performance of the LC lens.




4. Conclusions


The principle of the proposed design method is discussed in detail, and several electrode patterns capable of producing a parabolic voltage profile are proposed. The equivalent electric circuit of the LC lens designed using the proposed method is developed. An LC lens with an aperture of 2 mm and LC layer of 30 μm is fabricated. The experimental results show a high-quality performance and small wavefront RMS errors. The proposed design method is applicable not only to LC lens design, but also to other LC devices with any phase profile.
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Figure 1. The schematic diagram of a resistive line. 
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Figure 2. Several electrode patterns to form a parabolic voltage distribution. (a) triangle, (b) fan-shaped, and (c) rectangle. 
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Figure 3. The electrode patterns of cylindrical LC lenses based on different generating units. (a) triangle type and (b) fan-shaped type. 
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Figure 4. Two kinds of electrode patterns of a circular LC lens extended from the fan-shaped generating unit: (a) extend the resistance line of the generating unit itself, or (b) connect with a distributing unit. 
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Figure 5. The equivalent circuit of an LC lens based on the electrode pattern in Figure 4a. 
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Figure 6. The further simplified circuit from Figure 5. 
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Figure 7. The radial voltage distributions under different frequencies. (a) Positive LC lens V1 = 1.6 Vrms, V2 = 2.4 Vrms. (b) Negative LC lens V1 = 2.4 Vrms, V2 = 1.6 Vrms. 






Figure 7. The radial voltage distributions under different frequencies. (a) Positive LC lens V1 = 1.6 Vrms, V2 = 2.4 Vrms. (b) Negative LC lens V1 = 2.4 Vrms, V2 = 1.6 Vrms.



[image: Crystals 13 00008 g007]







[image: Crystals 13 00008 g008 550] 





Figure 8. Interference fringes and the corresponding schematic illustration of LC directors: (a–d) positive-lens states, (e–h) negative-lens states. (a) V1 = 1.6, V2 = 1.8, (b) V1 = 1.6, V2 = 2.0, (c) V1 = 1.6, V2 = 2.2, (d) V1 = 1.6, V2 = 2.4, (e) V1 = 1.8, V2 = 1.6, (f) V1 = 2.0, V2 = 1.6 (g) V1 = 2.2, V2 = 1.6 and (h) V1 = 2.4, V2 = 1.6 (Vrms value, f = 1 kHz, λ = 457 nm). 






Figure 8. Interference fringes and the corresponding schematic illustration of LC directors: (a–d) positive-lens states, (e–h) negative-lens states. (a) V1 = 1.6, V2 = 1.8, (b) V1 = 1.6, V2 = 2.0, (c) V1 = 1.6, V2 = 2.2, (d) V1 = 1.6, V2 = 2.4, (e) V1 = 1.8, V2 = 1.6, (f) V1 = 2.0, V2 = 1.6 (g) V1 = 2.2, V2 = 1.6 and (h) V1 = 2.4, V2 = 1.6 (Vrms value, f = 1 kHz, λ = 457 nm).



[image: Crystals 13 00008 g008]







[image: Crystals 13 00008 g009 550] 





Figure 9. (a) Phase profile extracted from interference fringes in Figure 8, (b) total RMS error. 
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Figure 10. Recorded images when the LC lens is (a) turned off and (b) turned on. 
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Figure 11. The modulation transfer functions corresponding to the lens-off and lens-on states. 
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