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Abstract

:

A tunable liquid crystal (LC) phase grating based on vertical-field in-plane electrical switching (VIS) is proposed. The tunable LC phase grating is composed of four parts: an LC layer, the top-plane and bottom-plane electrodes, the polyimide (PI) layer, and the top and bottom periodical strip electrodes. On the one hand, a large period LC phase grating can be obtained by applying voltage to the upper plane electrode and the lower periodic strip electrodes. On the other hand, a small period LC phase grating can be obtained by applying voltage to the lower plane electrode and the upper period electrodes. As a result, two kinds of LC phase grating with different periods can be realized by changing the driving scheme. Naturally, the diffraction angle can be adjusted by controlling different LC phase grating periods. The simulation results show that this tunable LC phase grating based on the VIS mode has a relatively short response time and low operating voltage (5.4 V). These characteristics make the tunable LC phase grating have good application prospects in holographic 3D or augmented reality (AR) display.
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1. Introduction


From the perspective of visual effects, 3D display is more impressive and authentic compared with 2D display. Three-dimensional display also greatly enhances the immersion and selectivity of information [1,2]. As a dynamic 3D display, holographic 3D displays have unique advantages compared to other types of 3D displays, such as pixel-level focusing control, phase correction, and vision correction [3,4]. Therefore, holographic 3D display has become the frontier and hotspot of the present research [5]. However, due to the pixel and size limitations of spatial light modulators (SLM), the viewing angle and size of holographic images are very limited, which restricts the wide application of holographic 3D display [6,7]. To address these issues, researchers have proposed many methods, including the use of the metasurface structure [8], non-periodic photo sieve [9], and aspheric optical systems [10]. Although these methods can effectively expand the viewing angle, there are still some difficulties and challenges in their processing.



In order to solve these problems, the method of using the tunable LC phase grating has been proposed. Tunable LC phase grating has potential advantages over conventional ruled or holographic grating because of its attractive features, such as light weight, low cost, no moving parts, a large optical path difference, and the excellent light modulation ability [11,12,13,14,15,16]. It is driven by voltage to realize the adjustment of the light beam, which holds great outlook for use in holographic 3D display [17,18], optical interconnects, optical waveguides [19], and AR display [20], just to name a few. The general optical mechanism of the tunable LC phase grating is to generate the periodic electric field distribution in the LC layer. The electric field is caused by the strip pattern electrodes on the substrates of the tunable LC phase grating, after which the phase distribution of the tunable LC phase grating can be adjusted by changing the driving voltage on the electrodes. Although the tunable LC phase gratings have these unique advantages, most of the current design structures of the tunable LC phase gratings still cannot meet the application requirements of holographic 3D displays well. For example, the viewing angle of holographic reproduction based on an SLM is generally less than 9° and the size is less than 2 cm [21,22], which seriously limits the widespread application of holographic 3D displays. In order to achieve a larger viewing angle and size of a holographic 3D display, many new tunable LC phase gratings have been proposed [23,24,25]. Nevertheless, on the one hand, due to the fact that most of the current LC grating structures are designed with periodic electrodes arranged on one side of the grating structure, it is relatively complex to achieve adjustable diffraction angles with the designed structure. On the other hand, some researchers have proposed adding periodical electrodes on both sides to achieve multi period LC grating, but their operation methods are relatively complex and difficult for wide application [26]. To improve the viewing angle and size of holographic 3D display, an adjustable LC phase grating with a simple way to control the period and the diffraction angle of the transmitted light needs to be proposed.



In this paper, we propose a tunable LC phase grating based on the VIS mode with an adjustable period under a low driving voltage (5.4 V). The tunable LC phase grating is composed of an LC layer, the top-plane and bottom-plane electrodes, the polyimide (PI) layer, and the top and bottom periodic strip electrodes. Under low operating voltage, two different types of gradient electric field are generated in the LC layer. Moreover, different modes can be selected according to corresponding driving schemes, and diffraction angle can be also controlled by modifying its driving scheme. Besides, the proposed tunable LC phase grating has a simple structure and can be produced industrially. Compared with conventional LC phase gratings, this tunable LC phase grating has a relatively fast response time and low driving voltage, making it very suitable for application in holographic 3D or AR display.




2. Device Structure and Principle


As shown in Figure 1a, the tunable LC phase grating comprises an LC layer, the top and bottom glass substrate, the polymer layer, the plane electrode and PI layer, and the top and bottom strip electrodes. A direct voltage VDC is applied to the top and bottom plane electrodes and an alternating voltage VAC is applied to the top and bottom strip electrodes. At the top of the structure, as shown in Figure 1a, the width of each electrode is w11, the gap between the two bottom electrodes is w12, so the grating constant of the small period LC phase grating is d1 = w11 + w12. At the bottom of the structure, the width of each electrode is w21, the gap between two bottom electrodes is w22, and thus, the grating constant of the small period LC phase grating is d2 = w21 + w22. All the thickness of the electrodes are the same, and the thickness of the dielectric layer both top and bottom are identical. The periodic pitch 1 and pitch 2 and the gap of the tunable LC phase grating cell are d1, d2, and h, respectively.



All electrodes are etched with indium tin oxide (ITO) to generate a symmetrical electric field distribution under voltage-on state, which is used to generate periodic refractive index distribution. In the voltage-off state, the LC director distribution aligns homogeneously in the cell, indicating the LC layer refractive index has homogeneous distribution. When driving voltage is applied on the strip electrodes, a gradient electric field is generated in the LC layer. The LC molecules tend to align in parallel with the spatial inhomogeneous electric field direction. Therefore, different electric field distributions can be obtained through different driving schemes, and different phase distributions can be obtained. Here, two different modes of modulation can be achieved by adjusting the driving scheme. For the first driving scheme, as shown in Figure 1b, when a direct voltage VDC is applied to the bottom plane electrode and an alternating voltage VAC is applied to the top strip electrodes, the short-period LC phase grating can be achieved. The upper and lower electrodes form vertical electric field that change the orientation of the LC molecules at the LC layer. In this case, the bottom strip electrodes and the top plane electrode work together to generate an electric field distribution. The electric field of the LC layer from the edge to the LC grating center gradually decreases, and the LC molecules become parallel to the direction of the electric field arrangement, forming the gradient distribution center of symmetry. The phase distribution of the tunable LC phase grating is adjusted by controlling the magnitude of the VDC and VAC. For the second driving scheme, as shown in Figure 1c, when a direct voltage VDC is applied to the top plane electrode and an alternating voltage VAC is applied to the bottom strip electrodes, the large-period LC phase grating can be achieved. In this case, the top strip electrodes and the bottom plane electrode work together produce another electric field distribution, which leads to another periodic refractive index distribution. Therefore, different diffraction angles can be achieved by adjusting different driving schemes. The effective refractive index of the LC is given by the index ellipsoid equation [27,28]:


    n   e f f     θ   =     n   e     n   0           n   o   2       sin   2    ⁡  θ +   n   e   2       cos   2    ⁡  θ         1 / 2      



(1)




where θ stands for the angle between the incident light and the optical axis of the LC and no and ne are ordinary and extraordinary light refractive indices, respectively, in the LC layer. Using the final average effective birefringence distribution, the phase difference between the center and edge of each LC phase grating can be calculated. At the voltage-on state, the LC director tends to align with the electric field, and the optical phase profile can be calculated by:


  ∆ φ =   2 π   λ     ∫  0   h      n   e f f     x , z   d z    



(2)




where λ represents the wavelength of the incident light, the x-axis is perpendicular to the long side direction of the strip electrode, the z-axis is parallel to the normal direction of the substrate, and h is the thickness of the LC layer. The grating equation can be obtained as follows:


dsinθ1 = mλ



(3)




where d is the grating period, θ1 presents the diffraction angle, and m is the diffraction order.




3. Simulation Results and Discussion


In order to verify the performance of the proposed tunable LC phase grating and discuss its optical properties, we use commercial simulation software Tech Wiz LCD 3D (Sanayi System Co., Ltd., Incheon, Republic of Korea) and MATLAB (MathWorks Co., Ltd., Natick, MA, USA) to simulate. In the simulation, the results of all models are calculated by the Jones matrix, while the polarized light propagating along the z-axis is expressed as [29]:


    E  →  =       E   x       E   y       =       E   o x     e   − i   φ   x         E   o y     e   − i   φ   y          



(4)




where Ex and Ey are the component of the polarized light in the x-axis and y-axis, respectively, Eox and Eoy represent the amplitudes of polarized light in the x-axis direction and y-axis, respectively, and φx and φy are the initial phase of the polarized light, respectively. MATLAB is used to process the simulation results and draw the refractive index distribution map of the tunable LC phase grating under different conditions. Furthermore, since the grating constant (here, d1 = 20 μm, d2 = 40 μm) is much larger than the wavelength (here, λ = 550 nm), the light interference inside the grating can be neglected and the periodical boundary condition can be applied [30]. In the simulation, the numerical network is a square network with a side length of 1 μm, and the results obtained under this setting are clear and detailed.



The LC material used in the simulation is the JC-TNLC-E7 (King Optronics Co., Ltd., Suzhou, China), with K11 = 16.7 pN, K22 = 7.3 pN, K33 = 18.1 pN, ne = 1.741, no = 1.517, the birefringence ∆n = 0.224, dielectric constant ∆ε = 11.4, and viscosity γ = 29 mPa·s. The parameters of the different tunable LC phase gratings are shown in Table 1 and Table 2. The grating constants d of the first type and second type tunable LC grating are 20 μm and 40 μm, respectively. Adjustments of the period is accomplished by changing the driving scheme. The thickness of the PI layer is 0.1 μm, and the thickness of the electrodes and polymer layer is 0.04 μm.



As the voltage gradually increases, the LC molecules will gradually change their direction of deflection under the action of an electric field. When the voltage increases to a certain angle, the polarization of the LC will reach saturation, and the voltage at the time of saturation is obtained through extensive adjustment. Under this voltage condition, some characteristics of the LC phase grating are studied. On the one hand, when a direct voltage VDC = 1 V is applied to the bottom plane electrode and an alternating voltage VAC = 5.4 V is applied to the top strip electrodes, the periodical electric field distribution in small period can be achieved because of the periodical electric field distribution. As shown in Figure 2a, the electric field distribution inside the LC layer has spatial heterogeneity and symmetry. Since electric field intensity on the edge is stronger than the LC phase grating center of electric field strength, the LC layer presents internal electric field gradient distribution. Therefore, the phase distribution can be adjusted by adjusting the internal electric field distribution. According to the simulation, the electric potential distribution is shown in Figure 2b. From the figure we can see, the electric potential lines become denser from the center to the border of the LC phase grating, so the electric field intensity becomes stronger, which indicates that the inclination angle of the LC director at the LC phase grating border is larger than that at the center. Moreover, the electric potential distribution also shows axisymmetric distribution, as shown in Figure 2b. On the other hand, when a direct voltage VDC = 1 V is applied to the top plane electrode and an alternating voltage VAC = 6.2 V is applied to the bottom strip electrodes, the large-period grating can be achieved. The electric field distribution and the electric potential distribution are shown in Figure 2c,d, respectively. From an application perspective, such a low operating voltage can meet the requirements of holographic 3D display.



In order to further study the distribution of LC molecules in the LC phase grating, the side views of the distribution of LC molecules in the small and large periods are derived, as shown in Figure 3a,b, respectively. The LC distribution area of individual LC phase grating is framed by a dotted frame, as shown in Figure 3a,b. From the figure, we can see that the angle of inclination of LC molecules at the edge is significantly greater than that of the center, indicating extraordinary light refractive index from the center ne can gradually be reduced to the edge of no. Therefore, the LC layer formation with gradient refractive index distribution of LC phase grating can converge incident light. As shown in Figure 3a,b, the period of the small-period LC phase grating is half of that of the large-period LC phase grating, which indicates that the diffraction angle doubles compared to the large-period LC phase grating, since the diffraction angle is inversely proportional to the grating period when the diffraction angle is very small.



In order to better study the characteristics of the proposed tunable LC phase grating, the refractive index distribution and phase distribution of the LC phase grating are plotted under different conditions. When VDC = 1 V and VAC = 5.4 V, the profile of refraction index distribution of LC phase grating within a small period is derived. In this case, the minimum refractive index is 1.631 and the maximum refractive index is 1.732, as shown in Figure 4a. When VDC = 1 V and VAC = 6.2 V, the profile of refraction index distribution of LC phase grating within a large period is derived. In this case, the minimum refractive is 1.575 and the maximum refractive of index is 1.726, as shown in Figure 4b. Through a large number of simulation experiments, we can find that other cases have similar refractive index distribution. In order to further study the diffraction effect, we plot the phase difference distribution of in-ray polarized light in LC phase grating, compared with the ideal of the parabolic curve. For ease of understanding, we set the phase in the center of the LC phase grating to zero. LC phase grating of the phase distribution of linear polarized incident (blue solid square) and ideal parabola distribution (red solid line) are shown in Figure 4c,d. As shown in Figure 4c,d, the polarization of the incident ray of light phase distribution and the ideal parabola match very well.



As an important reference factor for grating applications, diffraction efficiency needs to be studied. Figure 5 shows the diffraction efficiency of the zeroth, first, and second orders for large-period and small-period tunable phase gratings. The diffraction efficiency is calculated as the ratio of the intensity of the diffraction order to the overall intensity without the driving voltage. The diffraction efficiency is similar for +m and −m orders. The energy transfers between the zeroth order and the higher orders by controlling the applied voltage, which provides a wide potential application for optical interconnects. For an ideal phase grating, the diffraction efficiency can be calculated as Equation (5), theoretically, where D is the active area above the strip electrodes, ∆φ is the optical phase difference between the active area and the other area, and the period d equals d1 and d2 for small-period and large-period phase grating, respectively [31]:


          η   0   = 1 − 2   D   d   ( 1 −   D   d   ) ( 1 −   cos  ⁡  ∆ φ )           η   m   =   1     m   2     π   2     ( 1 −   cos  ⁡  ∆ φ )   ( 1 −   cos  ⁡    2 π m D   d   )          



(5)







Due to the existence of the fringing electric field, the real active area is larger than the width of the strip electrodes [12]. The active area D increases with the increase of the driving voltage. Thus, during the calculation, we fit the parameter D. The value of active area D is considered to be linear change with the applied voltage. The obtained D is varied from 2 to 7 μm for small-period phase grating, and from 2 to 28 μm for large-period phase grating. The diffraction efficiencies under different applied voltages are under the combined effect of the change of phase difference ∆φ and duty cycle. As shown in Figure 5, the first-order diffraction efficiency can reach 29.7% at 6.5 V for large-period phase grating, and 31.1% at 8.1 V for small-period phase grating. This feature makes it more promising for optical applications.



Due to the speed of the response time is an important criterion for evaluating the quality of a device, the characteristics of the response time of tunable LC phase grating under different conditions have been studied. The response time of LC phase grating under different conditions is shown in Figure 6. The rise and decay times are defined as the times that the diffraction efficiency of the first order changed from 90% to 10% and from 10% to 90%, respectively. Firstly, by measurement, the rise time is 6.5 ms and the decay time is 15.7 ms for the applied voltage of 5 V in the case of small-period LC phase grating, as shown in Figure 6a. Moreover, the rise time is 7.8 ms and the decay time is 16.7 ms in the case of large-period LC phase grating, as shown in Figure 6b. Due to the thin thickness of the LC layer and low viscosity nematic phase LC materials, the response time is relatively fast during diffraction pattern changes, which is mainly adaptive for the holographic 3D display [32]. If tunable LC phase grating is used for faster switching, such as modulators, and filters, further improvement in dynamic response time is needed. In addition to using low viscosity LC materials, overdriven and undershoot drive schemes can also be used to accelerate response speed. Furthermore, on the one hand, the frequency convertible dielectric anisotropy of the dual frequency mixture allows us to create a fast responsive in plane switching metamaterial surface at the nanoscale, which can be tuned by electrical signals with different frequencies [33,34,35]. On the other hand, blue phase liquid crystal materials also have a fast response time, at a submillisecond level [36].




4. Materials and Methods


The parameters of the JC-TNLC-E7 (King Optronics Co., Ltd., Suzhou, China) material used in the simulation are as follows: elastic constant K11 = 16.7 pN, K22 = 7.3 pN, K33 = 18.1 pN, refractive indices of o and e waves ne = 1.741 and no = 1.517, respectively, dielectric anisotropy Δε = 11.4, birefringence ∆n = 0.224, and viscosity γ = 29 mPa·s.



To validate the performance of the proposed tunable LC phase grating, we carried out electro-optical simulation using commercial simulation software Tech Wiz LCD 3D (Sanayi System Co., Ltd., Incheon, Republic of Korea) and MATLAB (MathWorks Co., Ltd., Natick, MA, USA) and performed the numerical calculations.




5. Conclusions


We demonstrate tunable LC phase grating with an adjustable period based on VIS modes. The LC phase grating period and the diffraction angle can be alternatively tuned through controlling the driving scheme. For each period of LC phase grating, the diffraction efficiency and phase distribution can be adjusted by changing the applied voltage and intensity of applied voltage. Relatively high efficiencies of 31.1% for the small-period phase grating and 29.7% for the large-period phase grating have been achieved. Compared to tunable LC gratings made of blue phase liquid crystal materials, the driving voltage required for the proposed grating is very low (5.4 V). Besides, the tunable LC phase grating possesses the characteristic of a relatively fast response time, entirely meeting the needs of synchronous control. Compared to traditional systems with a single SLM, the holographic display achieved by combining the proposed tunable LC phase grating can increase the viewing angle obviously. In a nutshell, the tunable LC phase grating shows great application prospects in holographic 3D and AR displays.
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Figure 1. The device configuration of the tunable LC phase grating with adjustable period (a). The LC director distribution within the small-period (b) and large-period (c) LC phase gratings. 
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Figure 2. (a) Intensity distribution of the electric field distribution (VDC = 1 V, VAC = 5.4 V). (b) Distribution of the electric potential (VDC = 1 V, VAC = 5.4 V). (c) Intensity distribution of the electric field distribution (VDC = 1 V, VAC = 6.2 V). (d) Distribution of the electric potential (VDC = 1 V, VAC = 6.2 V). 
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Figure 3. The LC director distribution (a) within a small period and (b) within a large period. 
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Figure 4. Simulated refractive index distribution profile across the tunable LC phase grating (a) within a small period, and (b) within a large period. Simulated relative phase difference profiles across the tunable LC phase grating (c) within a small period, and (d) within a large period. 
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Figure 5. Simulation results of diffraction efficiencies of zeroth, first, and second orders. (a) Large-period phase grating and (b) small-period phase grating. 
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Figure 6. Electro-optical response of the tunable LC phase grating with different periods in rise and decay processes upon application of 5 V. (a) Small-period phase grating and (b) large-period phase grating. 
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Table 1. Material parameters of the different tunable LC phase gratings.
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	Material
	∆n
	∆ε
	γ
	K11
	K22
	K33
	ne
	no





	E7-LC
	0.224
	11.4
	29 mPa·s
	16.7 pN
	7.3 pN
	18.1 pN
	1.741
	1.517
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Table 2. Parameters of the different tunable LC phase gratings.






Table 2. Parameters of the different tunable LC phase gratings.





	Type
	Gap
	Width
	d
	h
	Periodic Order





	1
	w12 = 18 μm
	w11 = 2 μm
	20 μm
	10 μm
	Small



	2
	w22 = 38 μm
	w21 = 2 μm
	40 μm
	10 μm
	Large
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