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Abstract

:

In this review we describe the reversible photoalignment effect imposed on the director in nematic liquid crystals that provides an approach for fabrication of advanced optically addressed devices. Several new concepts have been developed to render photosensitive materials during the past decade. Functional soft azo dye compounds exhibiting distinct functionalities in response to polarized light are highly desirable for fabrication of optically rewritable electronic paper. An optically rewritable element base using simple and inexpensive materials can potentially enable the development of novel environmentally friendly, paper-like gadgets with improved functionality over regular electronic paper. We argue that an optically rewritable technique is relevant for some applications, where conventional paper might be irrelevant. In particular, we have tested and discussed several techniques of color and 3D image formation. This strategy for fabrication of novel devices offers versatile methods for visualization. We also show that the intensity modulation of the irradiation light has a potential to generate improved grayscale visualization. This principle is based on the statistical distribution control of photosensitive azo dye molecules, driven by the incident polarized light. Additionally, we discuss the functional characteristics of the developed prototypes.
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1. Introduction


First attempts in reading and writing the effects of liquid crystal displays assumed electric-field-induced reorientation of director for image formation (e.g., [1,2]). Further development of liquid crystal systems has divided displays for reflective modes. Typical transmissive displays are used in the devices, where a backlight is required to display the content on the screen. Reflective displays show the designed information by manipulating the intensity of the reflected ambient light through microfluidic behavior in pixels driven by electrophoresis, electrowetting or electromechanical forces. Such displays are used in electronic papers, security films, calculators and other devices.



Today, when most people think about electronic paper, they consider products containing electrophoretic display technology, which is known as E-Ink [3]. However, many other electronic paper techniques have been developed decades after E-Ink [3,4]. The optically rewritable technique is one of them and is distinctive among these techniques because it does not require electrodes and has numerous other applications in photonics [5,6]. Thus, optically rewritable electronic paper (ORW e-paper) is an electrode-free and optically addressed device with a grayscale capability, wide viewing angles and a contrast ratio of about 10:1. All these properties have been widely discussed in our previous reviews [7,8] and studies [9,10]. Further investigation of ORW e-paper has shown that it can play the role as an element base for advanced light-driven applications, which include security films [11], methods of 3D visualization [12,13], color reflectors [14] and transparent devices [15].



In comparison with the conventional liquid crystal (LC) displays, the present full-color ORW technique cannot achieve satisfactory color reproduction. The reason is that filters are highly efficient blockers of light at wavelengths below and higher than the transition window. Consequently, the contrast ratio cannot be high. Another issue with the ORW technique is the fact that it only produces 5-bit grayscale [16]. The main reason of this limited performance is a steep dependence on azimuthal anchoring energy versus the irradiation dose [17,18]. According to the rotational diffusion theory [19], the saturation level of the relative order parameter depends on the exposure intensity. We suppose that exposing the photosensitive substrate with slowly increasing intensity results in a steep decrease in the azimuthal anchoring energy-irradiation dose curve. Consequently, the possibility of continuous grayscale modulation becomes more feasible. Such a mechanism for grayscale formation is discussed in this study.



Although the ORW technique for e-paper is quite mature, it does not always produce the desired physical characteristics for colored images. In this review, we present a deeper discussion of the fundamental operating issues of color ORW e-paper and visualization of 3D images. Our discussion is based on the assembled original prototypes as well as other comprehensive studies. These e-paper based systems and technologies might move closer to several aspects of new gadgets.



In addition to ORW technology for colored e-paper, electrophoretic technique [20] is also promising for e-paper devices. In this case, each pixel is filled by two particles in capsules: one contains yellow and cyan, the other one contains magenta and black. By controlling voltages, the colored particles either spread across the pixel or move out of sight altogether, making it possible to render different colors by controlling the number of colored particles shown [21]. However, this technique is totally ambient light adaptive [22] because the database that stores tone-mapping curves for different ambient lights must be developed. Thus, a competing technique also shares image quality problems. Other known techniques, which include electrowetting, liquid power, cholesteric LC etc. [23] require voltage to keep the state of the pixel. As the future of ORW e-paper continues to evolve, the functionality of such devices is also extending, and will be discussed in this review. We also address the advantages and liabilities of various advanced e-paper based devices.



This review is organized in the following manner. The introductory section aims to introduce readers to the current problems of e-paper based devices. A theoretical examination of the possibility to improve grayscale performance is discussed in Section 2. Then, we discuss applications of e-paper for security films (Section 3). In Section 4 we discuss the fabrication technique of colored ORW e-paper device. In Section 5 we show two perspective techniques of 3D ORW e-paper.




2. Adaptive Model for Extended Grayscale Performance


Extended grayscale performance presents the largest R&D challenge for ORW e-paper technology. In the scope of this review, it is impossible to discuss improved grayscale without considering orientational ordering of azo dye molecules, which governs the twisted structure of the nematic LC. Consequently, it is appropriate to recall that the constant light intensity exposure to optically sensitive substrate results in a rapid increase in the relative order parameter of azo dye molecules [5]. This effect triggers limited performance of gray scale images.



To achieve a compromised grayscale performance, different shapes of the optical signal were treated [10]. However, the kinetics of the relative order parameter (s) do not depend on the shape of the optical signal if its mean intensity is a constant value. Further investigation shows that the exposure of optically sensitive surface with a modulated light intensity is promising for achieving our goal. Referring to the rotational diffusion model [19] imposed on the probability density function   f  (  θ , t  )   , one can calculate the kinetics of the order parameter:


       ∂ 2  f   ∂  θ 2    −  (   A 2  +  3 2   a  k T    〈   P 2   〉   )   ∂  ∂ θ    [  f sin 2 θ  ]  =  1 D    ∂ f   ∂ t        〈   P 2   〉  =      ∫ 0 π    P 2   ( θ )  f  (  θ , t  )  sin θ d θ     /     ∫ 0 π   f  (  θ , t  )  sin θ d θ      ,      P 2   ( θ )  =  1 2   (  3   cos  2  θ − 1  )  ,    








where k is Boltzmann’s constant; T is the absolute temperature, a is the temperature-dependent coefficient, associated with intermolecular interactions; D is the rotational diffusion coefficient;   S =  〈   P 2   〉    is the order parameter and A is the dimensionless parameter, which is proportional to the light intensity. The quantity of the order parameter in relative units (s = S/Smax) is more relevant for further analysis. This parameter defines a simple measure of the axial orientational order of uniaxial azo dye molecules, that is s = 0 in the case of isotropic distribution, and s = 1 for perfect orientational ordering.



Some further clarifications are provided. Let the alignment layer be exposed by a modulated intensity, which is set by an observer. In the following simulations, we use three optical signals, indicating constant light exposure and an increase in exposure intensity. Let the optical signals have an ideal constant intensity A = A0 and a gradual increase in intensity, e.g.,   A =  A 0   (  1 −  e  − α t    )   , where α is a non-zero constant. Once the numerical values of   f  (  θ , t  )    are known, we can calculate the kinetics of the relative order parameter with the proper boundary conditions [10].



The simulation results show that the increased rate of the relative order parameter depends on two main factors. One is the local average of the optical signal (see Figure 1a), another is the rate of change of the intensity value. A simple computation of the derivative ds/dt shows that the relative order parameter during constant intensity exposure achieves its saturation level prior to the intensity modulated exposure (see Figure 1b). Meanwhile, the modulated exposure intensity leads to less steep increase rate of the azo dye orientational ordering.



Thus, a simple investigation of the rotational diffusion theory shows that the modulated intensity increase results in the modulated growth of the relative order parameter. This understanding of the relative order parameter response to the modulated light is critical for the ability to obtain enhanced grayscale images on ORW e-paper.




3. Security Films


Passive protection of information and equipment performance can be realized by security film. Reflective optical security films have a potential to provide a wide range of applications for government services and various industries. Numerous technologies are vying for reflective applications, e.g., patterned fluorescent polymer compounds were used for the fabrication of security films [24]. For example, the mechanical stress of thermoplastic polyester-based security film transfers the strains of its surface to the coating. The latter is observed as interference fringes [25]. Potential applications of security films are not limited to information display. Many studies have a rising interest to mechanofluorochromic materials, which are promising as optical materials for applications in mechanosensors, security films and optoelectronic devices [26].



The approach we discuss below is based on electrode-free ORW e-paper technique [11], which is used to fabricate a quick response code (QR code). At first, a transparent film must be coated by photosensitive azo dye (sulphonic dye, SD1) layer. Another substrate is optically passive. The coating technique and rubbing processes are reported in a study [27]. Then, liquid crystal polymer UCL-017 was used as the solvent with the reflective polarizer film under the cell. The birefringence coefficient of the LC compound is Δn = 0.2 before polymerization and Δn = 0.17 after the polymerization [28]. The thickness of the LC polymer was controlled by varying the spin coating speed and polymer concentration. Then the cell must be exposed through a patterned photomask with the resolution of 100 µm. Note that the resolution of this technology is 2 µm. In other words, a much higher resolution is supported by the ORW technique. This statement is important because the high resolution of the transparent film is responsible for the grayscale performance.



Figure 2 demonstrates the application of the fabricated security film for QR codes. After placing a linear polarizer, the image of a QR code appears, and it can be scanned by a smartphone.



In practice, any image on previously discussed security film can be visualized by a 90° rotation of the polarizer. Advanced optical security films, based on the polarization state, represent another class of promising devices. In order to fabricate a complex security film, the photosensitive surface was exposed by the light of different polarizations: 0°, 45° and 90°. Initially, the glass plate was exposed through a single polarizer. Then, the polarization plane was rotated by 45°, and the surface was exposed again through a “HKUST” photomask and a phase plate. On the next step, the polarization plane was rotated by 90°, and the pattern of “flower” was exposed through another phase plate. These manipulations enable us to observe four different states of the image, where two of the states are observed through a linear polarizer, whereas two other images are observed through a circular polarizer. When a glass plate is spun three times at 2500 rpm for 25 min, it is called a mixing process. This LC is not simply a wave plate, but it becomes more complex optical device. Our observation of the word “HKUST” through a linear polarizer is depicted in Figure 3a,b.



In order to visualize the image, a pair of 3D glasses is needed, where the lenses are circular polarizers. One can observe pale orange as the background color, a flower of pale blue color (Figure 3c) and vice versa when the polarizer is flipped (see Figure 3d).



Thus far, we have discussed the positive benefits and potentials of complex security films with alternative states of visualization. The security level can be higher if different polarizers are used to observe the various states of the recorded pattern. The feasibility of printing secure optically rewritable QR codes on flexible LC cells can represent another solution for protecting personal data. Complex security films provide higher security level because the images are latent, and different polarizers are needed for the visualization.




4. Color ORW e-Paper


Recent achievements in nanofabrication have opened an efficient way to control light properties at a subwavelength scale. For example, surface plasmon-based nanostructures are attractive due to their small dimensions and their ability for efficient light manipulation, which can find applications in color e-paper [29]. From such an approach arises the solution of several problems: optical performance, color purity and an efficient nanofabrication method to produce a cheap device. Other color versions of e-paper [30,31] are also less common due to the considerable loss in absolute reflectivity and the technical challenges when introducing three-color subpixels.



Despite all the issues with other approaches, the discussed ORW technique does not assume complex technical solutions in microfabrication. Below, we demonstrate the technical details of ORW color e-paper.



The dose of the exposure energy results in the corresponding azimuthal anchoring energy and the LC twist angle, which is visualized in the crossed polarizer (P) and analyzer (A) as the change of the transmitted light intensity (Figure 4a). The idea behind color formation in e-paper display is based on the use of either filters or reflective paint for the transmitted or reflective light beam (Figure 4b). We note that the result of Section 2 is relevant to generate extended intensity levels in color ORW e-paper.



Using the former technique, we assembled colored ORW e-paper, which works in a similar way as ordinary liquid crystal display. Such displays with the backlight unit can generate combinations of primary colors (red, green and blue) when the incident light goes through the twisted structure of a nematic LC (see Figure 5). The twisted structure of the nematic LC can be adjusted in such a way that the normalized light intensity transmitted through a single-color filter varies between 0 and 1. However, the idea of ORW e-paper does not assume a backlight source. Accordingly, filters play the role of intensity modulators in e-paper displays. A feature of this approach is that photoalignment enables accurate alignment of the patterned mask.



Further applicability of the discussed methodology was tested on the prototype of color ORW e-paper. The corresponding colored image is depicted in Figure 6a. To gain further insight into performance of the photoaligned color e-paper, we have replaced the color array (see Figure 5) with a reflective paint coating. Consequently, we observe the image in the reflective mode (see Figure 6b). No additional reflectors are required. However, both the colored filter and reflective paint have a high absorption of light, which results in a decreased contrast and brightness.



The methods of generating color levels by polarization rotation have been discussed. Flexible-spacer method [32] is able to provide colored images; however, this approach has poor color performance.




5. 3D Visualization


5.1. Stereoscopic ORW e-Paper


The 3D application of reversible polarization of liquid crystals was introduced by L. Lipton, who utilized the high-speed electric-field-modulation of liquid crystals to create flicker-free 3D computer displays [33]. Other known techniques use a holographic beam splitter applied to an autostereoscopic polymer dispersed LC display [34]. Meanwhile, to the best of the authors’ knowledge, the ORW technique is the only known approach for the fabrication of electrode-free 3D images on e-paper. Below, we consider the methods of image formation.



The idea of stereoscopic effect is based on generation of opposite handed circular polarizations [35]. Two-domain patterned retarders are often used in stereoscopic 3D displays. The stereoscopic ORW cell consists of two substrates, covered by optically passive and optically active layers (see Figure 7a). In order to generate the 3D image on the ORW LC panel, three alignment domains with the twist angles of +45°, −45° and 0° with respect to the easy axis of the optically passive alignment layer, were created. The light which falls on these domains is followed by a quarter-wave plate that becomes right-handed circularly polarized and left-handed circularly polarized, and can be discriminated by polarizing glasses.



The methodology for the generation of 3D image is as follows: the whole panel must be divided into three alignment domains with the twist angle of 0° and ±45° with respect to the easy axis of the optically passive alignment layer, respectively. Then, a quarter-wave plate with the optical axis parallel to the easy axis (0°) must be placed on the top of the ORW panel. Due to the waveguide mode, the transmitted light from the cell follows the twist of the easy axis on the top layer. The difference between the left and right images enables the depth adjustment of the 3D image. This shows that the two photoaligned areas of the nematic cell with the twist angles of ±45° are visualized with the polarizers for left and right eyes. The domain with the twist angle of 0° is visible for both eyes. Note that polarizers with high and fairly uniform transmittance spectra allow us to obtain the image with relatively high contrast [10]. Theoretical discussions of stereoscopic e-paper based devices may be found in the study [13].



Following this concept, a 3D image was recorded on ORW e-paper, (see Figure 7b,c). Then, our perception system combines the input images in 3D space.



An important issue for 3D images is crosstalk. This issue depends on many complex interactions, viz. how well the image is separated, how well it is restricted, quality of the amplitude mask and polarizers. Anchoring energy and the cell gap are also crucial parameters determining the crosstalk effect.



One effect of crosstalk is the presence of ghosting—or a slight double image—within the 3D image viewed on the display. The perception of ghosting may increase due to locally higher contrast within a given image combined with increasing screen disparity. In order to minimize the crosstalk, several periodic masks with different periods have been studied and we found that the mask with the periodicity of 100 μm provides optimal quality with a crosstalk of less than 6.5%. For the photomasks of smaller periods, the optical quality decreases due to several limitations, which are related to the anchoring energy, alignment layer, diffraction, dispersion etc. The disclination line between the two domains is another issue of the crosstalk effect. For the chosen conditions and the alignment layer, it is restricted to 10 μm, which is beyond human eye perception.




5.2. Lenticular Lens Array


Many possible applications of 3D displays do not assume the wearing of glasses. Spatial angular separation of light from e-paper can be used to achieve the glasses-free (autostereoscopic) viewing of multi-perspective 3D content. This is typically achieved using a lenticular lens. However, there exist several techniques to achieve a 3D effect without stereoscopic glasses [36].



The approach with a lenticular lens to 3D image formation on e-paper represents a reliable method [37]. According to this method, the display is the source of different optical paths of the recorded image pattern (see Figure 8a). If we place an ORW LC cell behind a large lens system, multiple projectors will be displayed and combined with complex optical switching (see Figure 8b).



The image formation process seems to be complicated because the ORW cell must be exposed twice through the aligning mask; however, a single exposure technique is highly desirable for 3D image formation. The solution to this problem is described below.



At the first stage, an optically rewritable cell must be assembled [37]. Then, the image mask for left and right eyes must be generated. A simple solution is to use any advanced graphics editor, which allows for the decomposing of the original image for the left and right eye (second stage). Here, the image resolution plays a crucial role in the adjustment of the line width. Finally, the two images must be integrated into a single 3D image that matches to the period of the lenticular lens with a negligible birefringence.



Image mask and the ORW cell must be combined in the third stage. In this stage, the photosensitive azo dye layer undergoes photoalignment, and the desired image features are obtained. The image on the ORW cell can also be erased and rewritten with a different image mask. As an example, we show the images of a dragon and a tiger (see Figure 9a), which were modified using a graphics editor (Figure 9b).



The lenticular lenses were designed in such a way that different images are magnified when an observer views at close angles. As long as the pattern size of the image matches the period of the lenticular lens, two different images are simultaneously seen by the observer. The lenticular lens array of 70 lines/inches was carefully adjusted and bonded to the ORW cell together with the two crossed polarizers. In this case, one lens covers two pixels, i.e., for left and right eye.



The image quality highly depends on how well the lenticular lens array is aligned. For example, if the image resolution is ~140 ppi, the pixel size is about 180 μm. Assuming that a typical mismatch should not exceed 10% of the image resolution, the threshold mismatch must be 18 μm, i.e., smaller than 50 μm (human eye resolution at the distance of 25 cm). Thus, we believe that with this tolerance in the alignment, the image quality of the proposed autostereoscopic 3D displays is acceptable, and does not have any serious visible effects.



The two pictures were taken at close viewing angles. For the sake of the convenience of the discussion, we only compare some parts of the image for left and right eye. Figure 10a,b depicts the images of the dragon for left and right eye, respectively. Red-circled dragon’s claw shows the difference between the observed images. In a similar manner, Figure 10c,d depict images of the tiger for left and right eye, respectively. One can see the tiger’s paw is different.



When this image is viewed within the angle of ±30°, the observer perceives its 3D shape. The optimum viewing distance is about 50 cm. Due to a minor mismatch between the lenticular lens and the pattern on the ORW cell, we observe a partially blurred image. The crosstalk of the two images depends on the quality of the lenticular lens.



Current lenticular lens technique presents additional challenges for the application of vision systems. For example, it is sensitive to horizontal head position because of spatial separation between the left and right eye views. As the viewer moves horizontally across viewing zones, pseudoscopic—or reverse stereo—viewing occurs with a traditional fixed lenticular lens.



We remark that all the generated images (Figure 2, Figure 3, Figure 6, Figure 7 and Figure 10) must be protected from the light (λ < 450 nm) if the security film is used outdoors. A solution for this issue is to use filters for the absorption of undesired wavelengths within the absorption spectra of azo dyes [5]. Due to the waveguide mode, the image quality does not depend on the cell gap.





6. Conclusions


In summary, we have considered the ORW technique as an element base for 3D and color electronic paper. One of the main problems of ORW e-paper is the limited number of grayscale levels. We have revealed the origin of this issue and theoretically analyzed that the performance of grayscale has the potential to be enhanced through the modulation of the exposure intensity. However, the study of the grayscale depth represents another research problem.



Based on the fact that the structure of azo dye layer governs the reflective characteristics of the liquid crystal layer, we have examined several optically sensitive prototypes. Complex security films provide enhanced safety because they possess four states, which require different polarizers for observation.



There exist two effective techniques of 3D visualization: stereoscopic and lenticular lens array. The recorded images are kept on 3D ORW e-paper for several days without any power consumption. The experimental 3D ORW e-paper devices are monochrome, but color images are possible. Examination of the performance characteristics of prototype color ORW e-paper shows that a set of ordered filters can be applied to obtain colored images. The influence of undesirable effects on human perception is discussed.



Based on waveguide geometry of ORW e-paper and the possibility of recording the pattern on optically sensitive film, various twisted structures of the nematic LC are possible. The demonstrated techniques enable us to fabricate many perspectives on optically rewritable devices, which operate under ambient light conditions, providing promising and energy efficient way for fabrication of novel gadgets.
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Figure 1. Color online. (a) Kinetics of the relative order parameter under different exposure modes (Parameters: A0 = 20, D = 2.6 × 10−4 s−1, a/kT = −6.5); (b) derivative of the relative order parameter. 
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Figure 2. Demonstration of ORW e-paper for QR codes and security film: (a) photoaligned LC cell; (b) visualization of the hidden QR code. 
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Figure 3. Color online. (a) Dark state; (b) bright state with rotated linear polarizer; (c) bright and (d) dark states with left (right) circular polarizer. 
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Figure 4. Color online. (a) Formation of bright and dark states. Double-headed arrows indicate the orientation of polarizer and analyzer. (b) Chart of realizing red color with patterned mask. 
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Figure 5. Color online. Schematic representation of optically rewritable e-paper, which is transparent for red color. The width of each color line ~1 mm. 
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Figure 6. Color online. (a) Transmissive mode of ORW e-paper; (b) reflective mode of ORW e-paper. 
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Figure 7. Color online. (a) Operation principle of stereoscopic ORW e-paper; (b,c) visualization of 3D effect with polarizing glasses. 
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Figure 8. Color online. (a) The principle of the three-dimensional display by using the lenticular lens; (b) structure of three-dimensional display system. 
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Figure 9. (a) Original images; (b) photo-edited images for image mask. 
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Figure 10. Autostereoscopic image: (a) left eye viewed dragon; (b) right eye viewed dragon;(c) left eye viewed tiger; (d) right eye viewed tiger. 
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