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Electronic paper display has received increasing attention due to its outstanding properties of wide viewing angle, bistable state and lower energy consumption. Among various electronic paper display technologies, electrowetting e-paper (EWD) is the most promising as it can achieve full-color display by using stacked layers or RGB color filter. However, the EWD is faced with several challenges, including poor color brightness, low contrast ratio and small color gamut. To improve the performance of the EWD, we proposed a new configuration of EWD consisting of three independent PCLC reflection films based on the cholesteric liquid crystal materials. We designed and experimentally fabricated three types of reflection films, and then added the PCLC films to the tri-layered EWD device. We experimentally characterized the reflectivity and color gamut of the sample in the dark room. It is found that the experimental results and simulation results match with each other. It is demonstrated that with the PCLC films, the reflectivity is improved by 20%, while the color gamut is improved by 80%, which is sufficient for the daily display demand of E-paper. The proposed EWD device containing PCLC reflection films provide a new strategy to improve the brightness and color gamut of current EWD device, and is promising for realizing the full-color E-paper display.
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1 INTRODUCTION
Electrowetting display (EWD), which is based on the quick manipulation of microfluid, is a type of reflective electronic paper display technology [1]. Compared with the commercialized electronic paper product of electrophoresis display (EPD), EWD has the same advantages, including low energy consumption, visual healthy and flexibility. Moreover, EWD is capable of realizing “color” and “video” display simultaneously, which is rather difficult to achieve by other reflective display technologies [2]. Therefore, EWD has become one of the mainstreams of electronic paper display in recent decade.
The concept of EWD was pioneered by G. Beni et al. [3, 4] in 1981, who used the electrowetting effect to manipulate the liquid movement in the pixel structure, so as to change the optical spatial coherence in the pixel, and realize display by switching between white and colored state. Fundamentally, electrowetting is based on electrocapillarity, which was first discovered by Gabriel Lippmann in 1875 and raised the famous Young-Lippmann equation [5]. In 1993, Berge proposed the concept of electrowetting based on dielectric layer [6], which became the basis of modern electrowetting devices [7], such as displays, lenses [8], microfluidic platform [9], heat transfer [10], energy conversion [11] etc. In 2003, Robert A. Hayes reported a video-speed electronic paper based on electrowetting [1], and started the research of EWD technology officially.
So far, the performance of EWD devices have been greatly improved in the past 2 decades, including the reflectivity [12], response time [13] and reliability [14, 15]. EWD prototypes with high brightness and video-speed has also been demonstrated. However, the EWD color display is still unsatisfactory, due to the difficulties in achieving high brightness and high color gamut simultaneously [16]. For reflective color display, the additive color mixing with red (R), green (G) and blue (B) color filter is unfavorable, since each of the color subpixels absorbs roughly 2/3 of the incident white light and thus reduce the brightness/gamut performance [17]. By contrast, subtractive color, mixing with vertical cyan (C), magenta (M) and yellow (Y) stack, is more promising for reflective EWD with wide color gamut while maintaining high reflectivity [18–20]. As reported by H. You et al. [18], the CMY color EWD layers can be switched and are responsible for RGB light control independently in the vertical direction. By controlling the opening rate of each layer, the three primary colors of different gray scales can be obtained, and finally achieve full color display.
Currently, although the multi-layered EWD configuration can achieve high brightness in principle, however, it also causes evident light loss due to the excessive number of functional layers and limit the brightness of the device ultimately. To reduce the light loss, this study report a new approach to enhance the optical performance of the EWD device. Selective reflection films made of polymer cholesteric liquid crystal (PCLC) were added under each layer to reflect the light that has been modulated. The reflectance and color gamut of this new EWD device structure were studied by experiment and simulation, and both results show that this method greatly enhanced the reflectivity and color gamut of tri-layers EWD.
2 DEVICE STRUCTURE AND REFLECTIVITY ENHANCEMENT MECHANISM
2.1 Full-color EWD device construction
The full color tri-layered EWD device is formed by stacking three monolayer EWD devices, which operates independently and regulates part of the visible light. The working principle of monolayer EWD device is shown in Figure 1A. Specifically, when in the off state, the color ink spreads at the bottom of the pixel and absorbs the corresponding band of light, the pixel presents the color of the ink. When in the on state, the wettability and the contact angle between water and insulator are changed after applying voltage to the upper and lower electrodes. The ink is pushed to the corner of the pixel, and thus the area without ink becomes transparent. Moreover, the opening rates of the oil which depends on the contact angle θ near the three-phase contact line, can be achieved by adjusting the voltage and calculated by the Young-Lippmann equation as shown in Eq. 1.
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where [image: image] , [image: image] and [image: image] are the interfacial tensions at the solid-gas, liquid-gas and solid-liquid interfaces respectively, [image: image] and [image: image] are the dielectric constants, d is thickness of the hydrophobic insulating layer, V is the applied voltage.
[image: Figure 1]FIGURE 1 | Schematic diagram of EWD device: (A) the working principle of EWD technology, (B) the vertical subtractive color mixing mechanism, (C) the basic structure and geometry parameters of tri-layers EWD pixels (here, PW: pixel wall, RF: reflector film), (D) selective reflection principle of PCLC films.
In tri-layered EWD device, CMY oils are used to absorb RGB light respectively. As shown in Figure 1B, when the visible light passes through the layer consisting of Y oil, the blue light is absorbed, whereas the red and green light pass through the Y oil layer. Subsequently, the transmitted light continues to pass through the M oil layer, and the green light is absorbed. In this process, only the red light can pass, and is absorbed by Coil finally. Therefore, when the three layers of ink are spread, the pixels show black. By contrast, when the three layers of ink are contracted, the visible light can pass through the open area, thus resulting in white pixels. It can be inferred that the modulation of the three ink layers on the RGB tri-color light is independent. Moreover, by controlling the open rate of each layer of ink, the absorption of RGB light can be adjusted, and the full-color display can finally be realized.
However, it should be emphasized that the aforementioned mechanism to realize color display suffers from strong losses in the process of light passing through the entire device and reflecting back in a three-layer superimposed EWD device, although in principle other ink layers have no effect on the light outside the absorption spectrum. Taking the blue light as an example, the blue light in the reflected spectrum is regulated by the uppermost yellow ink layer, which has already been completed by the first layer of EWD devices. However, the regulated blue light still needs to pass through the lower two layers of the device to reach the reflective film and again go through the three layers of the device before it comes to human eyes. In this process, the intensity of the blue light is weakened by the absorption of the material, the reflection of the interface and the diffraction of the structure, which eventually leads to a significant reduction in the reflectivity of the blue light.
In order to mitigate this problem, we proposed to place a selective reflective layer under each single-layer device, which helps to reflect the light modulated by the upper ink layer as soon as possible, as shown in Figure 1C. Specifically, a reflection layer (RF-B) corresponding to the band of blue light is added below the yellow ink layer that regulates the blue light. The RF-B layer directly reflects the modulated blue light to prevent the loss of blue light, which may be induced by the structure of the following two layers of devices. Similarly, RF-G and RF-R are also effective in preventing the loss of green and red light, respectively. Thereby, the proposal based on adding three reflective layers are promising in improving the overall reflectivity of the device.
2.2 Enhancement principle of PCLC films
In order to realize the selective reflection of the visible spectrum, PCLC films were employed as the dichromatic reflector in this work. Cholesteric liquid crystal (CLC) is a kind of one-dimensional photonic material with a chiral-spiral structure with Bragg reflective properties, which reflect circularly polarized light in the same direction as its chiral spiral (plus references). According to the Bragg reflection, the reflected band λo of CLC is directly related to its pitch P and refractive index, which can be described by following formula:
[image: image]
where [image: image] is the effective refractive index of the liquid crystal material. Liquid crystal is a birefringent crystal material with two refractive indice, namely ordinary refractive index no and extroordinary refractive index ne. The effective refractive index [image: image] can be calculated with following formula:
[image: image]
P is the pitch of the CLC, which is the distance at which the liquid crystal molecule rotates in orientation for one circle, as shown in Figure 1D. The reason for choosing the CLC material in this study is that it can adjust the reflection band by adjusting the p value. In principle, the value of P can be realized by adjusting the concentration of the chiral dopant in the liquid crystal material. The pitch of the CLC can be determined by Eq. 4
[image: image]
where c is the concentration of chiral dopant, and HTP is the helical twisting power of chiral dopant in this nematic liquid crystal. Therefore, the reflection band can be adjusted by adjusting the concentration of the dopant.
Another reason for employing the CLC material in this study is that the CLC with optical birefringence has a relatively wide reflective bandwidth, which is compatible with the absorption spectrum of CMY oil. The reflected bandwidth Δλ of the CLC is related to its birefringence Δn, which is calculated as follows:
[image: image]
And [image: image] of liquid crystal material can be calculated with the following Equation:
[image: image]
In this study, the polymerizable liquid crystal monomer material is used as the main body to prepare PCLC film, which can be directly attached to the surface of the EWD substrate. Moreover, since CLC materials can only reflect circular polarized light in the same direction as their chiral helix, two PCLC films with right-handed (RH) and left-handed (LH) rotation respectively are prepared. As shown in Figure 1D, after the incident light passes through the RH PCLC, the RH-CPL (circularly polarized light) is reflected, and the LH-CPL transmitted and is reflected again by the PCLC of the second layer LH, so that the total reflection within a certain bandwidth can be realized. Hence, in this article, PCLC was used to fabricate the RGB tri-color light reflective films that match with the oil absorption spectrum so as to improve the reflectivity of the EWD device.
3 EXPERIMENT CONSTRUCTION
In order to demonstrate the proposed prototype consisting of tri-layer full-color EWD devices and verify the effect of PCLC reflective film on enhancing reflectivity and color gamut, both of simulation and experimental studies are conducted here.
3.1 Device fabrication and characterisation
3.1.1 Fabrication of EWD device
The tri-layer EWD device is fabricated by coupling three separate EWD devices together, as shown in Figure 2A. The detailed fabrication process can be found in our previous publication [20]. The pixel size of the sample is 165 μm × 165 μm with 150 μm working area and 15 μm pixel wall width. The height of the pixel wall grid composed of photoresist SU8 is 5 μm. Amorphous fluoropolymer (FP) Teflon AF1600X is used as the insulator layer. The colored oils are prepared via dissolving self-synthesized dyes in oily solvents. The transmittance spectra of CMY oils are measured and shown in Figure 2B. It can be seen that these oils absorb corresponding RGB light and have good transmittance in other wavelength. The oil and water are filled into the cells with 50 μm height and then the whole device is sealed. After bonding FPC, the three EWD layers can be driven separately.
[image: Figure 2]FIGURE 2 | Fabrication of tri-layer EWD device and PCLC film: (A) fabrication process of tri-layer EWD device, (B) transmittance spectrum of CMY oil, (C) LC monomer materials for PCLC films and (D) transmittance spectrum of PCLC films.
3.1.2 Fabrication of PCLC films
Figure 2C depicts the materials used for producing the PCLC film by photo-copolymerizing three liquid crystalline monomers. The concentration of three monomers is adjusted to have suitable ne and no. In order to adjust the selective reflection wavelength, we varied the concentration and chirality of chiral dopant S/R 5011. Moreover, inhibitor was adopted to avoid premature polymerization. The constituents were mixed by dissolving in the dichloromethane, which was evaporated subsequently. The liquid crystal mixtures were capillary filled into the cells with 5 μm gap and parallel alignment layer on both internal surface at 65°C for 15 min. The cells were then cooled down to 50°C for another 15 min before polymerization to achieve better alignment. The samples were polymerized by UV light source at 50°C, post-cured by heat at 125°C for 15 min to ensure full cure of the acrylate monomers, and then cool down to room temperature on the hot plate slowly. Finally, the cells were opened so to take out the PCLC films.
In this work, six PCLC films, which were designed to reflect the RH-CPL and LH-CPL RGB light respectively, were fabricated. Figure 2D shows the transmission spectra of these six films, the RH and LH films after stacking. It reveals that the reflection band of PCLC films fits exactly with the absorption band of CMY. In order to maintain the color gamut of the EWD device, the reflected bandwidth is made slightly narrower than the absorption bandwidth of the ink. Moreover, it can be seen that the reflectivity of the film after stack reaches more than 95% in the band where light should be reflected. On the contrary, the transmittance is higher than 90% in the band where light can pass. These PCLC films are added between the EWD layers, as shown in Figure 1C.
3.2 Simulation model establishment
An optical model of tri-layer EWD device is built in software to simulate the effect of adding PCLC films on the reflectivity and color gamut of the device. The side view and equiaxial view of the optical model are shown in Figure 3A. To save computing resource, the model is composed of an array of 50 × 50 pixels. The geometric and optical parameters of each functional layer are set according to the sample in the experiment, where the thickness and refractive index of each layer are shown in Figure 3C. The absorption spectrum of CMY oil and the reflection spectrum of PCLC films are set according to the results in Figures 2B,D. In the simulation model, the reflector used in the model is the standard Lambert diffuse reflective surface, and the light source is the D65 standard white parallel light source, which shines on the device at an angle of 45°. A monitor is set vertically above the device as a sensor to record the light intensity and color coordinates of the reflected light. By establishing the switching states of different membrane layers, the reflected light intensity and the reflected light color coordinates of the device when displaying six primary colors (namely RGB, CMY, black and white) are simulated and calculated.
[image: Figure 3]FIGURE 3 | Optical simulation and characterisation of tri-layer EWD device: (A) optical simulation model, (B) optical performance test system, (C) optical and geometrical parameter of functional layers in EWD device.
3.3 Optical performance characterisation
In order to optically characterize the performance of EWD devices, a system (Figure 3B) was built in the dark room, according to the electronic paper display measurement standard IEC-62679. In the test system, a collimated D65 light source with divergence angle less than 5° and illuminance higher than 65,000 Lux was used to illuminate on the center of the display screen under test. The angle between the lighting direction and the measured EWD device surface is 45°. To measure the brightness and chromaticity coordinates of the six primary colors on EWD device, a colorimeter (Topcon, SR-UL1R) was putted perpendicular to the surface of the EWD device with a measuring distance of 50 cm.
4 RESULT AND DISCUSSION
The reflectivity and color gamut of the tri-layer EWD device are measured to evaluate the effect of PCLC films on the optical performance of the EWD device. In principle, the reflectivity of EWD device is defined as the ratio R between the reflectance of the device and the standard reflector, which can be calculated by the following equation:
[image: image]
where Icolor is the intensity of the reflected light of the EWD device under color states, Ireflector is the intensity of the reflected light of standard reflector.
Generally, the color gamut refers to the range of colors that the display device can show. For subtractive color mixing implemented by CMY, the color that can be achieved is the area enclosed by a hexagonal shape on the chromaticity map connected by the color coordinates of the CMYRGB six primary colors. The NTSC color gamut coverage of the display GEWD is usually defined as the ratio between the hexagonal area [image: image] and the NTSC standard triangle area [image: image] . It can be calculated by following formula:
[image: image]
The value of the SNTSC is 0.1582, and the color display gamut of the device can be calculated by testing the chromaticity coordinates of the display in the C, M, Y, R, G, B primary colors in the CIE1931 chromaticity space.
Figure 4A depicts the simulated reflectivity of the color state of the tri-layer EWD device with and without the PCLC films. The experimentally captured reflectivity of the color state is shown in Figure 4B. They indicate that the reflectivity of the device can be improved effectively by using the PCLC films. Moreover, some differences between simulation and experimental results can also be identified, no matter whether the device contains the PCLC films or not. This is mainly caused by the model simplification, as the actual effect is slightly worse than the simulation effect. However, the trend of the change in the simulation and experimental data is consistent with each other, hence we think the results are reliable. Similar differences are also found in the simulated and experimentally captured color gamut, as shown in Figures 4C,D.
[image: Figure 4]FIGURE 4 | Simulation and experimental results of tri-layers full-color EWD device with and without PCLC films: (A) simulation results of reflectivity, (B) experimental results of reflectivity, (C) simulation result of color gamut, (D) experimental result of color gamut.
As EWD is a type of reflective display technology, the reflectivity which determines the display brightness is an important parameter. It can be seen from both the simulation and experimental results that the reflectivity of the device has been significantly improved by adding the PCLC films. Specifically, the most significant improvement is the reflectivity of the cyan. For cyan display, it is necessary to open the ink of the upper Y and M layers and close the ink of the lower C layer. In such conditions, the red light is absorbed while the blue light and green light are reflected. This is realized by using the two reflective layers of RF-B and RF-G, which help to reflect the blue light and green light subsequently before they go through the tri-layer device. Therefore, the loss of the blue light and green light is greatly minimized, thus significantly improving the reflectivity of cyan. Similarly, the reflectivity of the blue and green has also been significantly improved. Regarding to the blue, it is necessary to absorb the green and red light, while reflect the blue light. This is accomplished by using the RF-B reflective layer to reflect the blue light after it passing through the uppermost device, thus saving the blue light to the greatest extent. For green, it is necessary to absorb the blue and red light, while reflect the green light. It can be seen from Figure 2B that the bottom cyan ink has a certain absorption of green light. Hence, when the RF-G reflective layer does not need to pass through the lowest layer of the device, the green light reflectance is improved more than the blue light. Meanwhile, the results show that the least increase in reflectivity is the red, due to the fact that the cyan ink that regulates the red light is located in the lowest layer, and the red light must pass through the three-layer device anyway, so the presence or absence of RF has little effect on the reflectivity of the red light. Overall, after the addition of PCLC films, the overall reflectivity of the device has been increased by more than 30%, mainly from the increasement of the reflectivity of the blue light and green light. Therefore, by adding a selective reflective layer between the display layers, it is indeed possible to greatly improve the reflectivity of the device by reducing the invalid light loss when light passes through the three layers of the device.
The PCLC films also improves the color gamut of tri-layer EWD device significantly. Without the films, the color gamut of the device is only 32% NTSC in CIE 1931 color space in the simulation and 30% NTSC in the test, which is much lower than the theoretical color gamut that can be achieved through these CMY oils. This can also be attributed to the material absorption caused by the multi-layers structure. Due to the loss of the blue light, the color coordinates of the blue color deviate into to the magenta region. Similarly, due to the loss of the green light, the color coordinates of green color deviate into yellow region. The low reflectivity of cyan results in color coordinates of cyan color deviate towards the central white region. All these make the color gamut of the device greatly reduced.
With the help of the PCLC films, the EWD device acquires a much wider color gamut up to 60% NTSC in the simulation and 54.1% NTSC in the test, mainly due to the significant increasement in the reflectivity of the blue and green light. It can be inferred that the purity of the color region has also been improved. Moreover, the results also clearly indicate that the green-blue area is much wider. The blue color shifts to the right region and the green color became more distinct, due to the enhanced reflection of the blue and green light. For the cyan, its color coordinates are pulled significantly towards the periphery by the increased reflectivity of blue and green light. For the yellow, magenta and red, the color coordinates are almost kept unchanged, mainly because the reflectivity of the red is well maintained. Generally, similar trend can be found in both the simulation and experimental results, in spite of slight difference in the shape of the hexagon. This difference mainly exists in the relative position of the magenta, red and blue. In principle, the six corners of the CMY tri-layer EWD device’s gamut hexagon should be protruding outward, which matches with the experimental results. However, certain deviation can be identified in the simulation results of the magenta and blue color coordinates, which is attributed to the error in the color coordinates when fitting the CIE with limited number of light bars, the simulation results in the fit CIE.
It can be inferred from the above results that the addition of PCLC films with selective reflection characteristics greatly improves the reflectivity of the blue light and green light, via directly reflecting the blue light and green light without passing through the three layers of EWD devices. Both the reflectivity and the color gamut of the tri-layer EWD device have been significantly improved, which can help to mitigate the problems in the current color EWD display device.
5 CONCLUSION
We proposed a novel full-color reflective electrowetting display device, consisting of three independent PCLC reflection films that can reflect the red, green and blue circularly polarized light respectively. PCLC films embedded in the device can effectively reduce the reflectance and gamut value. The results of simulation and experiment are in good agreement. It is demonstrated that with the PCLC films, the reflectivity is improved by 20%, while the color gamut is improved by 80%, which is sufficient for the daily display demand of E-paper. The proposed EWD device containing PCLC reflection films provide a new strategy to improve the brightness and color gamut of current EWD device, and is promising for realizing the full-color E-paper display. It is of great significance for the promotion and application of full-color video electro-wetting electronic paper display devices.
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