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Abstract

:

Photoalignment by azo dye nanolayers can provide high alignment quality for large-area liquid crystal devices. Application of this technology to active optical elements for signal processing and communications is a hot topic of photonics research. In this article, we review recent demonstrations and performance of liquid crystal photonic devices, discuss the advantages of the proposed technology, and identify challenges and future prospects in the research field of photoaligned multi-domain liquid crystal structures. We believe that the developments discussed here can provide directions for future research and potential opportunities for applications of liquid crystal devices based on multi-domain photoalignment.
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1. Introduction


Over the past 25 years, advances in liquid crystal (LC) technology have given rise to the emergence of optical materials for the fabrication of advanced photonic devices [1]. This success was due to the synthesis of azo dyes that can form thin films with the functionality to provide predetermined surface alignment of LCs by using linearly polarized light [2]. As a result, it became possible to realize the potential of LC films as three-dimensionally structured anisotropic optical materials for the fabrication of thin-film optical devices based on spatial modulation of geometric phase. Nowadays, there exists a number of azo dye compounds for photoalignment of LC: brilliant yellow, sulfonic dye 1 (SD1), methyl red, etc. [3,4]. A variety of modifications and improvements were suggested three decades after the initial discovery [5]. A combination of multiple illumination steps through a photomask with homogeneous polarization provides patterned alignment of the surface [6]. The manipulation of multi-dimensional solitons on the photoaligned surface is beneficial for holography alignment [7]. Through these studies, it has been identified that photoaligned multi-domain LC structures are beneficial for photonic applications.



Commercial application of photoalignment technology is already applied in the ProMotion technology, which enables adaptive screen-refresh rates ranging from 24 to 120 Hz [8]. In addition to photoaligned LC displays, many other applications have been proposed and demonstrated (e.g., [9,10]). Applications of photoalignment in active optical elements for optical signal processing and communication are widespread in photonics research [11,12,13]. Simulation of various average LC orientations after exposure to linearly polarized light represents an emerging trend in terms of fundamental research [14].



This article shows relevant research in photoaligned azo dye nanolayers for a variety of applications and discusses the physics of the devices. The proposed technique of photoalignment does not involve any photochemical or structural transformations of the molecules [15]. New photoaligning films are robust and acceptable for applications with optically controlled anchoring energy. This is useful for photovoltaic, optoelectronic, and photonic devices. Such novel and highly ordered layer structures of organic molecules exhibit certain physical properties similar to aligned LC layers.



This article is organized as follows. In Section 2, we briefly review the physics of photoalignment technology. Then, we evaluate the physical mechanisms of beam transmittance through a security film, field sequential color displays, LC lenses, and sensors (Section 3). Finally, applications of photoaligned multi-domain LC devices are discussed in the conclusion.




2. Photoalignment Based on Azo Dye Nanolayers


Irradiation of azo dye molecules by linearly polarized light leads to light absorption in such a way that the potential energy of interaction between electromagnetic waves and azo dye nanolayer spontaneous polarization is proportional to     c o s   2   θ  , where   θ   is the angle between the absorption oscillator (parallel to the long axis of the azo dye molecules) and the polarization plane (see Figure 1a). As a result, azo dye molecules have an excess of energy and randomly reorient to minimize the potential energy. In other words, this is a process of the formation of equilibrium statistical distribution of potential energy over the rotational degrees of freedom of molecules, and it is described by the rotational diffusion model [16]. Typically, the exposure process lasts from 10 to 60 s and the exposure time depends on the azo dye thickness.



The typical thickness of the photosensitive layer is in the range 1–15 nm, and this is enough for LC alignment in the bulk; however, anchoring energy significantly decreases in nanometer-size films. This effect can be understood by a proposition that a photosensitive coating with a thickness of 1–2 nm forms island-shaped formations and long-range orientational order keeps the director alignment on the azo dye-free surface. Once a continuous film is obtained, LC alignment can be achieved with the desirable anchoring properties, where LC molecules adhere due to steric and van der Waals interactions.



An important property of photoalignment is the saturated dependence of the azimuthal anchoring energy versus the exposure energy (λ = 365 nm or 450 nm) [15]. Thus, the pretilt angle of LCs becomes controllable and the quality of the photoaligned LC cell is comparable with the rubbing technology (see Figure 2).



An important feature of this alignment method is the thermal and UV stability of azo dye nanolayers. This means that the impact of 100 °C during 24 h and UV illumination of 100 mW/cm2 during 12 h does not have any effect on the electrooptic response of the LC cell. Another valuable feature of photoalignment is its applicability for curved plastic substrates, which do not tolerate high temperature, which is a problem for the imidization process in rubbing technology [17].



Below, we consider several applications of multi-domain photoalignment for various applications.




3. Applications of Photoalignment


Fabrication of patterned multi-domain photoaligned surface is possible by using two or more consecutive interference illumination steps [18]. This approach allows a variety of new patterns with submicrometer resolution to be fabricated [19]. It is expected that similar patterns can be useful for LC devices designed for diffractive optical gratings, light shutters, lenses, or beam steerers. Below we consider several applications of photoalignment.



3.1. Security Films


Authentication of encrypted information is required for applications in optical security [20]. As a result, there exists a growing interest in polarization control devices for multi-channel optical communication and advanced systems of optical security [21,22]. Previous research works suggest the fabrication of photocopy-protected devices and gadgets that are hard to counterfeit due to thin-film coatings with nanoscale encoding [23,24]. The working principle of first security films was based on chromaticity variation, a shift in reflectance spectra, etc. However, recent trends determine that verification of information must be carried out by means of non-contact photonic systems. Thus, passive imaging systems have become widely used in many devices against forgery and fraud [25].



In order to follow this trend, it has been suggested to manipulate the boundary conditions of LC layers, preferably realized through photoalignment. With this idea, patterned wave plates demonstrated the switching ability between predetermined images in the LC cell. Consequently, the anisotropy of LCs   Δ n =   n   ∥   −   n   ⊥     induces relative phase retardation, which is defined as follows:


  Γ =   2 π     n   ∥   −   n   ⊥     d   λ   ,  



(1)




where     n   ∥     and     n   ⊥     denote the refractive indices parallel and perpendicular to the in-plane slow axis, and   λ   is the wavelength of the irradiation light.



Modification of optically rewritable electronic paper represents a new class of highly counterfeit and simulation-resistant micro-optic security films that provide a wide range of visual effects for the public with different demands (supplementary video [26]). The required functionality of security films is provided by the multi-domain alignment of the LC film [27]. This works as follows: a photosensitive surface undergoes a number of exposures by plane-polarized light through a photomask, and a patterned wave plate converts the polarized light to the desired polarization states (Figure 3).



Simulation of the reflected spectrum is achieved by splitting an LC layer into several sublayers with identical director configurations. This methodology enables each sublayer as a phase plate to be represented. The light intensity reflectance   R ( λ )   of the LC film sandwiched between polarizers can be obtained by using the Jones calculus. The spectral dependence   R   λ     is governed by the input polarizer angle   α  , half of the relative phase retardation   δ =   Γ  /  2 ,     and the twist angle   Φ   between the alignment directions of the substrates [28]. Here, the value of   δ   is explained by the case study, shown in Figure 4. Then, the reflectance at normal incidence is defined by the function   R = R   α , Φ , δ     or


  R =            cos  ⁡  α       sin  ⁡  α         t   L C   T     t   L C            cos  ⁡  α         sin  ⁡  α               2   ,  








where     t   L C     is the unimodular transmission Jones matrix of LC layer in the xy-plane under the assumption that light propagates along the z-axis, i.e., perpendicular to the surfaces (see Figure 3a). The fact that complex transmission functions are measured and radiation with well-defined polarization states is used means that unimodular transmission Jones matrix formalism can be used to analyze the spectrum:


    t   L C   =      a + i b   − c + i d     c + i d   a − i b      ,  








where the elements   a , b , c , a n d   d   are defined by trigonometric relations


   a =  cos χ   cos Φ  +   Φ   χ    sin χ   sin Φ  ,   b =   δ   χ    sin χ   cos Φ  ;    c =  cos χ   sin Φ  −   Φ   χ    sin χ   cos Φ  ,   d =   δ   χ    sin χ   sin Φ  ;    χ =    Φ   2   +   δ   2    .   











The starting point for the calculation of reflectance spectra is the so-called parameter space approach [29]. The reflectance of this security film is a unique function of the angle   α  ,   Φ  , and   δ   and the thickness–birefringence product   Δ n d  . For certain values of   Δ n d  , the reflectance spectrum has a pronounced maximum. In other words,   Δ n d   is the most dominant parameter in the model. Color dispersion of   Δ n d   enables colors in the security film to be produced. By fixing parameters   α   and   Φ   for a certain cell, it is possible to simulate the spectral dependence   R   λ    .



The governing parameters of supertwisted nematic (STN) liquid crystals are defined in Table 1. Specification of the boundary conditions enables the director alignment along the z-axis (perpendicular to the substrates) to be calculated. Then, the LC layer is represented as a multi-sublayer model for the application of Jones-matrix formalism.



Plots in Figure 4 summarize the simulation results with the material parameters (Table 1). The computer-generated image in the inset was obtained from the theory of partial coherence, which is relevant for partial reflections at surfaces that have larger distances and can be observed under the given experimental conditions [30]. Static consideration of the problem allows us to note that the values of elastic and dielectric constants do not have critical importance.



The color and contrast ratio are defined by the fast axis of the wave plate and the optical path difference. Successive simulation of the reflected color spectra in MOUSE-LCD results in blue and yellow monochromatic images with a reflectance coefficient greater than 30%. Then, the images were merged into a single letter “M” (see Figure 4).



When the value of Δnd is known, the change of the color coordinates is due to the modification of the polarization. Since the thickness–birefringence product plays a dominant role in Formula (1), then small changes in Δnd result in a considerable shift in the color spectrum. The layer thickness d is adjusted in such a way that the device appears blue at normal light incidence and violet to blue when tilting around the reference axis in the regions, where the optical axis is parallel to the reference axis, while the color in the other regions simultaneously changes from blue to yellow. If the layer is tilted, the information appears yellow on a blue background or vice versa. Other colors can be generated by optimization of the LC layer thickness.




3.2. Field Sequential Color Ferroelectric LCD


An inherent problem of LCDs is the absorption of backlight emissions in the color filters (70%) and polarizers (up to 60%). Fast manipulation of the optical phase delay together with a modulated backlight allows color filters to be avoided, by using a Field Sequential Color (FSC) system. This approach simultaneously triples the spatial resolution and optical efficiency, but the FSC system requires fast switching and driving transistors, since typical values of turn-on time are about ~0.3 ms. This contradiction shows that the peak brightness must be optimized.



Sequential transmission of colors results in an intrinsic effect known as color breakup. In order to avoid this issue, LC response time in the FSC display must be sufficiently small. Previous examination of ferroelectric liquid crystals (FLC) revealed their high potential due to their sub-millisecond response time and properties of photoalignment [31]. Meanwhile, the driving circuits for modulation of grey levels are complicated, but provide an acceptable low-voltage response time. The electrically suppressed helix mode based on FLC fulfills the requirements of an FSC display system (Figure 5a) [32]. The main properties of the ESH mode are the following: (i) shock stability (Figure 5b), (ii) fast response time (24–32 µs) at the voltage of ±2 V/µm, and (iii) the contrast ratio superiors 10,000:1 (Figure 5d). Note that the display recovers to the acceptable contrast ratio for the human eye just in 8–10 s after the shock impact.



The response time of a reflective FLC cell driven at 5 kHz by an electric field of 5 V constitutes about 14 µs. Pulse width modulation (PWM) is used to control the switching and provide grey levels. The main advantage of PWM is that the power loss in the switching device remains low.



Further development of photoaligned FSC FLC displays is aimed at the following: (i) fundamental study of electro-optical modes used for switching; (ii) understanding the physical mechanisms of FLC interaction with the photoaligned surface exhibiting a different photosensitive nature to produce stable alignment within a large surface area; (iii) synthesis of new FLC materials with fast switching and a sufficient number of grey levels (V-shaped switching); (iv) implementation of advanced prototypes of FSC FLC displays; and (v) investigation of operation modes for efficient addressing of FLC displays.




3.3. Liquid Crystal Sensors


Liquid crystal materials are highly sensitive to weak external fields and can work as indicators of a number of parameters. They are sensitive to temperature, concentration, pressure, mechanical stress, electric fields, magnetic fields, pH, environmental pollution, etc. [34,35,36]. Based on these materials, it is possible to build smart systems based on molecular recognition. Below. we consider several types of sensors for biomedical applications and fiber optics.



3.3.1. LC polarimetry Sensor


The observation of biological processes at the molecular level shows that small molecules, biomarkers, and biological agents play crucial roles. In particular, biomarkers have attracted particular attention in diagnosing diseases and optimizing treatment based on precise measurement of their amounts in body fluids. Studying the methods for early identification of cancer cells is necessary for early diagnosis of cancer and timely selection of treatment methods. Currently, analytical diagnostic techniques are relevant for clinical applications. Examples of such techniques are Raman spectroscopy of tissues [37,38] and surface plasmon resonance effects in biosensors [39]. Liquid crystals have also become an emerging analytical tool [40].



The sensitivity of LCs to translate properties of the bounding surface to an optical signal makes it possible to record chemical and biological changes in biological tissues using polarized light. Multiple light scattering affects the degree of polarization and the Stokes parameters of reflected light. The change in polarized light reflection by a biological object allows one to extract information about the structural state of the sample (tissue, cell, or saliva) and the presence of morphological changes (Figure 6a). These changes can be detected by a simple pattern recognition [41,42].



It is possible to manufacture a matrix of micro-polarizers to record the Stokes parameters in combination with multiple microscopic images of a tissue [43]. Theoretical and experimental study of the matrix can create the prerequisites for rapid analysis of tissues for the detection of pathogens [44].



A polarimetry sensor uses a patterned micro-polarizer array, which is fabricated by photoalignment in combination with a metal-oxide-semiconductor (CMOS) backplane image sensor for the simultaneous detection of four Stokes parameters in an output optical image (Figure 6b) [44]. There is a stringent requirement for normal light incidence, which makes applications with oblique incident light infeasible. The size of the micro-polarizer array pixels is 5×5 µm, and a thickness of 0.95 µm is achieved by using photoalignment of SD1 nanolayer across the 400–700 nm visible spectrum range. The micro-polarizer array includes a multi-domain matrix of polarizers with a patterned SD1 layer, which is used to align another azo dye molecular layer (azo dye 1, AD1), which is capable of polarizing light. The proposed geometry of micro-polarizers makes it possible to detect three Stokes parameters of light (S0, S1, S2). The light transmitted through each domain will have different polarization characteristics (0°, 90°, or ±45°). Right- or left-handed circular polarized light can be detected by using a phase retarder, placed after the micro-polarizer array.



Thus, the sensor includes the formation of a photosensitive surface. The proposed fabrication technology completely removes the need for any selective etching during the fabrication/integration process of the micro-polarizer array. The proposed device is completely compatible with the CMOS backplane and requires only spin-coating followed by ultraviolet exposure.




3.3.2. Fiber/LC Sensor


The linear response in a reflective deformed helix ferroelectric (DHF) FLC cell enables applications in fiber Bragg grating sensors. These sensors have inherent sensitivity to temperature changes, axial strain, and pressure [45], i.e., observable as a shift in the Bragg wavelength in the reflected/transmitted power spectrum. The sensor head consists of an FLC cell, which acts as a variable electric-field-controlled polarizer. Application of an electric field across the cell leads to rotation of the optical axis around the axis parallel to the electric field, which results in a change in the dielectric tensor. This mechanism is the basis of the sensor functionality (see Figure 7a [46]). Alignment of FLC with the submicron helix pitch is obtained by making a 10 nm thick photoaligned layer on the golden electrode prior to injecting LC into the cell. The operating principle of the LC sensor is as follows: an optical fiber is attached by glue to the top glass substrate. The glass substrate has an aperture, which is fitted for a single-mode optical fiber, and a golden coating in front of the fiber tip is patterned to form a grid with a 200 nm period. Consequently, light travels through the following parts of the device: (1) the front golden electrode (–), which represents a nanowire grid (i.e., a linear polarizer); (2) photoaligned layer (light blue); (3) an LC layer; (4) second alignment layer (light blue); and (5) rear golden electrode (+), which plays the role of a broad band mirror for light reflection into the fiber. The reflected light has linear polarization and the LC cell exhibits a continuous hysteresis-free optical phase delay. The reflectivity can be measured by means of the integrated single-mode fiber using unpolarized light (λ = 1.55 μm). The operating conditions are chosen to maximize the modulation in reflectance and obtain a linear response   R   V    , see Figure 7b [47,48]. One can note that at zero voltage, the crossed polarizer’s reflectance achieves its maximum value for   β = 45  ° and vanishes for   β = 0  . Fiber Bragg sensors have already been applied to measure flow velocity and pressure in pipelines.





3.4. Liquid Crystal Lenses


Among LC-based applications, adaptive lenses have been studied for more than 40 years. Pioneering research was carried out in the late 1970s, giving rise to the first proposals of adaptive lenses, known as the works of Berreman et al. [49] and Sato et al. [50]. Originally, the developed adaptive lenses were based on a curved cavity that was filled with LC. A low response time due to high LC layer thickness and inhomogeneity of molecular alignment on curved surfaces represented the main problems of the prototype lens. Due to these issues, this technique was not further developed.



Lenses with electrically tunable focal lengths have a number of potential applications [51]. The absence of moving components in such lenses makes this element base reliable and resistant to mechanical shock. The application of tunable lenses offers a number of interesting results in autofocus cameras, LED light steering applications, and 2D/3D switchable LCDs. Many photonic devices require lenses with a variable focal distance. A zoom lens system usually consists of a group of lenses, with the separation distances between them mechanically adjusted. Mechanical adjusting processes are, as a rule, complicated and bulky. This is the reason for developing a new type of tunable lens that is compact, lightweight, low-cost, and efficient. Such lenses are highly desirable as an element base for adaptive optics, optoelectronics, machine vision, stereo displays, and eyeglasses applications.



Control of the pretilt angle of the director leads to the opportunity for the fabrication of low-power-consuming tunable LC lenses [52]. A laser beam with a Gaussian intensity profile induces a spatially variable pretilt angle ranging between 1 and 89°. In order to generate spatially variable UV irradiance, a mask with a circular structure of radius R is placed at a distance D from the substrate (Figure 8a). Liquid crystal molecules are planar aligned between electrodes. Because the profile of the refractive index n(x,z) depends on the applied electric field, then the corresponding retardation parameter profile   δ =   π d Δ n  /  λ     also shows smooth parabolic dependences versus the radius of the photomask, where   Δ n   is the effective refractive index between the lens center and its edge (Figure 8b). Investigation of interference patterns shows that the increase in voltage forms declinations in LC cells, and optical properties become distorted (see the inset in Figure 8b) [53].



As was noted in Section 2, the pretilt angle depends on the absorbed energy (see also Figure 2). Therefore, spatially variable UV irradiance can be used to achieve any desired pattern. The light intensity exposed on the substrate was distributed with circular symmetry with the smallest intensity at the center and the largest at the border of the circle. All of these retardation parameter profiles show a parabolic character that is acceptable for all lenses. The possibility of creating optically rewritable lenses has practical implications in the ophthalmic lens industry as a solution for people whose compensation needs to be changed over time due to age-related physiological changes.



More generally, there exist other photonic elements (e.g., beam steering devices, diffraction gratings, etc.) that can take advantage of photoalignment. However, further research is needed to improve and stabilize the lens profile, which must include the advantages of greyscale masks or control of exposing environments.




3.5. Fresnel Lens


There exist two main traditional methods for the fabrication of Fresnel lenses: electron-beam lithography [54] and thin-film deposition [50]. However, the focusing efficiency and the focal length of the Fresnel lens fabricated in these ways are fixed and the devices are not tunable. This issue is solved by using LCs as optical materials with an electrically modulated refractive index and surface structure by using photoalignment technology.



The desired phase profile is achieved by the electrically controlled effective birefringence of a ferroelectric liquid crystal sandwiched between a flat Fresnel zone electrode substrate and a reference substrate. Fabrication of this lens leads to a flat, thin-film, phase retarder known as the Fresnel lens [55]. The most suitable electro-optic effect for a Fresnel lens is an electrically suppressed helix FLC. Hysteresis-free, sub-millisecond switching time (<0.1 ms for the voltage of 8 V), absence of a fringe field effect, good electro-optic performance, and shock stability constitute the main properties of electrically suppressed helix FLC [32]. These properties offer numerous possibilities for polarization rotators or shutters for various applications in combination with polarization-dependent passive LC lenses.



The focusing properties of the Fresnel lens are electric-field-controlled, show high diffraction efficiency, and a quick response time. Orthogonal alignment of the domains is achieved by using a hybrid photoalignment technique of LCs (Figure 9a,b), where the dashed lines represent smectic layer normal and   θ   is the smectic cone angle [56]. Typical radii of the inner domain can range within 250–350 μm. Accordingly, the director can rotate an angle of   2 θ   in each domain. Orientation of the easy axis between the neighboring zones can make angle   β   either     π  /  4     or     π  /  2     with the switching time of 120 µs and the diffraction efficiency of 37%, which is close to the theoretical limit of 40%. If an FLC Fresnel lens is used with a patterned polarized screen, a projection of a color image becomes possible. Focus (diffractive)/Off (dark) mode occurs when   β =   π  /  2     and Focus/Defocus (transmission) mode occurs when   β =   π  /  4    . A prototype application of the Fresnel lens is depicted in Figure 9c. A focus spot size of 25 µm achieves a diffraction efficiency of 34% for the diffracted beam of the first order [57]. Note that the light intensity at the focusing spot corresponding to a specific wavelength is governed by the applied voltage and significantly increases illumination at the observation point. Thus, with the described characteristics, photoaligned Fresnel zone plates have significant potential for applications in advanced electro-optical devices.





4. Conclusions


In this work, we considered the physical mechanisms behind photonic LC devices employing multi-domain photoalignment and phase modulation. We note that photosensitive alignment materials bring new design rules for photonic devices. The main disadvantages of LC phase modulators are dispersion and sensitivity to polarization. The alignment based on a photosensitive azo dye nanolayer can reduce the pixel size since the illumination domain size can be less than 100 nm. The alignment of patterned areas in a single LC cell enables independent optimization of the performance for orthogonal polarizations, whether they need to be identical or different. All these results are promising for the development and fabrication of LC photonic devices with photoinduced structures of long molecular axes. In particular, photoalignment promotes the development of diffractive optical components for augmented-reality displays [58].



We believe that further research in photoaligned multi-domain LC components should concentrate on theoretical developments as well as experimental improvements. Theoretically, photoaligned multi-domain LC systems with wide diffraction angles require a thorough study in addition to the capacity to tailor angular and spectrum response. These issues are important to satisfy the requirements of realistic optical systems. The focus should also be placed on utilizing azo dye nanolayer photoalignment technology to provide experimental demonstrations of multi-domain liquid crystal devices. This is crucial for investigating methods for producing high-resolution polarization holograms, which are capable of utilizing large areas.
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Figure 1. (a) Photoinduced ordering of photochemical stable azo dye films: (a) model of azo dye molecule and the absorption oscillator (azo-benzene -N=N- groups); (b) photoinduced reorientation process of azo dye. 
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Figure 2. Continuous dependence of the azimuthal anchoring energy versus the exposure energy. Inset: observation of the alignment quality in the reflected light. 
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Figure 3. Color online: (a) Structure of experimental optical security film. Multi-step exposure for fabrication of patterned wave plate: (b) two-domain structure of quarter wave plate (  Γ =   π  /  2    ) and (c) half wave plate (  Γ = π  ). Fast axes of the wave plates with different retardations are denoted by arrows. 






Figure 3. Color online: (a) Structure of experimental optical security film. Multi-step exposure for fabrication of patterned wave plate: (b) two-domain structure of quarter wave plate (  Γ =   π  /  2    ) and (c) half wave plate (  Γ = π  ). Fast axes of the wave plates with different retardations are denoted by arrows.



[image: Crystals 14 00512 g003]







[image: Crystals 14 00512 g004] 





Figure 4. Model predictions. Reflectance spectra of the security film. Inset: computer-simulated image based on the LC parameters of the case study. 
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Figure 5. Electrooptical response of ESH FLC mode: (a) optical microphotographs of bright and dark states (±1V) [32]; (b) mechanical stability, i.e., full recovery of the optical image after the mechanical shock; (c) frequency dependence of ESH FLC response time for different voltages; (d) contrast ratio of ESH FLC as a function of frequency for   λ = 630   nm [33]. 
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Figure 6. Color online. Polarimetry image sensors for a simultaneous detection of the Stokes parameters of output optical image including “invisible objects” (grayscale transmission/reflection images) with high resolution. 
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Figure 7. Color online. Fiber/LC-based sensor: (a) Sensor configuration, which includes optical fiber with the Bragg grating in contact with the DHF cell based on SD1 photoalignment (b) and normalized reflectivity measurements (dot lines) and simulations (solid lines) as a function of the static voltage applied to the LC cell for different angles β between the helix axis and the input polarizer. 
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Figure 8. Color online. Liquid crystal lens produced by photoalignment: (a) schematic representation of director distribution in LC lens; (b) retardation parameter profile dependence versus the radius of the circular structure for different voltages,   ∆ n = 0.27  ; solid lines represent parabolic approximation. Inset: microphotographs of the spots, produced by LC lens at different applied voltages (spot size: ≈0.5 mm,   λ = 543   nm). 
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Figure 9. Color online: (a) Schematic representation of the microscopic image of the Fresnel zone plate lens under crossed polarizers (indicated by double arrows) and diffraction profile of the Focus state of an image (  λ = 632.8   nm). (b) Two FLC states correspond to the neighboring Fresnel zones; x-axis corresponds to the direction of the incident polarized light. (c) Image prototype, which can be produced by using a patterned Fresnel zone plate. 
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Table 1. Liquid crystal parameters for the case study.
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	Twist Angle,    Φ   
	240°





	Thickness
	5 μm



	Elastic constants
	K11 = 1.28 × 10−11 N,

K22 = 7.25 × 10−12 N, K33 = 2.06 × 10−11 N



	Refractive indices parallel and perpendicular to the optical axis
	     n   ∥   = 1.6 ,    n ⊥  = 1.482   
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