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As a new display technology, electrowetting display (EWD) has many excellent display characteristics, such as paper-like, low power consumption, quick response and full color. These characteristics make EWD devices very suitable for portable devices. However, the gray-scale distortion caused by the contact angle hysteresis of EWDs seriously affects the accuracy of gray-scale display. To improve this phenomenon, the hysteresis curve of an EWD panel was studied according to the motion characteristics of advancing contact angle and receding contact angle of oil in a pixel. Then, a driving scheme for EWDs using alternating current (AC) voltage instead of direct current (DC) voltage was proposed in this paper. And the advantages and disadvantages of the driving scheme at different AC frequencies from 90 to 2,700 Hz were analyzed through experiments. According to the stability of aperture ratio in EWDs, a 470 Hz AC driving scheme was determined. Experimental results showed that the aperture ratio distortion of EWDs could be reduced from 35.82 to 5.97%, which significantly improved the display performance of pixel units.
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INTRODUCTION

Electrowetting display (EWD) is a new type of electronic paper display technology with excellent display characteristics: (a) reflective display, paper-like reading experience [1]; (b) response speed of several milliseconds which can meet the needs of video playback [2]; (c) paper-like reflective display mode, with low power consumption [3]; (d) high reflectivity and true color display can be implemented [4]; (e) pixel structure can be attached to flexible backplanes [5]; (f) high degree of overlap with the existing liquid crystal display (LCD) manufacturing process, which means a low manufacturing cost [6]. These advantages make EWD technology to be known as the most promising next-generation paper-like display technology.

The EWD technology was first proposed by Beni and Hackwood [7]. In 2003, Hayes proposed a fast display EWD scheme, which could realize a simple video playback function [8]. However, when EWDs were driven, the phenomenon of contact angle hysteresis would occur, which had a bad effect on the gray-scale display performance of pixels in EWDs [9, 10]. The linear inconsistency of advancing contact angle and receding contact angle increased the complexity for controlling gray-scales [11]. In the process of pixel gray-scales display, it is difficult to control the gray-scale accurately, and gray-scale distortion may be caused. Therefore, it is necessary to analyze the influence of contact angle hysteresis and study how to optimize the contact angle hysteresis in EWDs.

Many scholars have studied the hysteresis phenomenon of EWDs. An AC voltage driving scheme was proposed by studying the balance among the surface tension of oil wetting, pinning force and electrostatic force on the contact line. It was proved that the hysteresis of the contact angle of a moving droplet could be reduced during a wetting process [12]. However, researchers did not further explore parameters of the AC voltage. Then, according to pixel characteristics, two driving methods of using hydrophilic patches or adding steps for pixels were proposed to enhance the motion control of oil and realize a hysteresis-free gray-scale conversion of pixels [13]. However, the transparent electrode of the pixel could be blocked by hydrophilic patches and the increased steps, which could reduce the reflectivity of a pixel. And then, a driving waveform with an optimized voltage slope was proposed, this method can improve the aperture ratio and reduce the hysteresis of pixels [14]. Although the PWM (pulse width modulation) could compensate for the hysteresis to a certain extent, it means an increase of response time, a decrease of effective frames, and an increase of power consumption [15]. At the same time, the PWM can only be used in fully opened and completely closed for driving a pixel, and the display ability of EWDs is limited by this feature.

In this paper, the influence of contact angle hysteresis on the gray-scale was analyzed when the driving voltage was turned on and off, and an AC voltage driving scheme was proposed, the influence of contact angle hysteresis on display performance could be significantly reduced by the proposed AC driving scheme compared with the traditional DC voltage driving scheme.



PRINCIPLES OF SYSTEM DESIGN


Display Principle of EWDs

Wettability is great significance for EWDs. Wettability describes the relationship between the contact angle and the surface tension of droplets. The surface tension can be expressed by equation (1), γLG is a liquid-gas surface tension, f is the frequency of the surface wave, λ is the wavelength of the surface wave, ρ is the density of droplets. The relationship between contact angle and surface tension can be expressed by equation (2) [16], θ0 is a static contact angle, γSG is a solid-gas surface tension and γSL is a solid-liquid surface tension.
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Lippmann-Young equation was first proposed by Gabriel Lippmann in 1898, and it is regarded as the theoretical foundation of electrowetting. This equation describes the changing process of the contact angle of droplets on the solid surface with an applied voltage. As shown in equation (3) [17]:
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Where, θ is the contact angle when driving voltage is V, ε0 is the vacuum dielectric constant, εr is the relative dielectric constant, d is the thickness of a hydrophobic insulation layer, γeo is the interface tension between oil and electrolyte solution, and V is the driving voltage. As shown in Figure 1, The other two interfacial tensions are γso and γse, γso is the interfacial tension between the hydrophobic insulation layer and oil. γse is the interfacial tension between the hydrophobic insulation layer and electrolyte solution. When the driving voltage is 0V, the non-polar oil is laid on the hydrophobic insulation layer, and the contact angle is small, close to zero.


[image: Figure 1]
FIGURE 1. The structure of an EWD pixel. The colored oil was pushed to a corner of the pixel by driving voltage. The pixel would display the color of oil and part of the white substrate.


EWD is an optical switch for realizing gray-scale display by controlling the movement of colored oil by applying voltage. In practical application, the display is realized by an optical stack. It consists of a white substrate, a hydrophobic insulation layer, colored oil, water and an ITO (indium tin oxide) glass. When the voltage is turned off, the force among the colored oil, the hydrophobic insulation layer and the water is balanced. At this time, γeo > γso, and contact angle θ < 90. The colored oil is laid between the water and the hydrophobic insulation, which can show a hydrophilicity and become a continuous spreading film. And we could see the color of oil, as shown in Figure 2A, the state is in the lowest energy state at this time.


[image: Figure 2]
FIGURE 2. Display principle of an EWD pixel. (A) When the pixel was turned off, the whole pixel was covered by oil, the color of oil was reflected. (B) When the pixel was turned on, the oil was pushed into a corner of the pixel, the color of substrate was reflected.


Next, the voltage is connected to the upper and lower plates of ITO. As shown in Figure 2B, according to Lippmann-Young equation, with the increase of electric field, the surface tension among insulation layer, oil film and water can be increased, and the indirect antennae of the interface become larger. The original balance can be broken by the electric field force generated by the voltage difference. Water instead of the oil to contact with the hydrophobic insulation layer surface. At this time, γeo < γso, and contact angle θ > 90. The oil is pushed to a corner of pixels, so pixels show color of the white substate. The colored oil shows hydrophobicity.



Principle of Contact Angle Hysteresis

In an EWD driving process, as the driving voltage increases from 0V to the maximum voltage Vm, the oil in the pixel is gradually gathered. When the driving voltage reaches the maximum value, the oil can be completely pushed to a corner. In this process, the higher the voltage, the larger the contact angle. The process of increasing voltage is the advancing process, and the contact angle is also called as advancing angle. On the contrary, the process of reducing the voltage from Vm to 0V is called as receding process, and the contact angle at this time is also called as the receding angle. With a same driving voltage value, the difference between the advancing angle and the receding angle is the contact angle hysteresis in EWDs.

The aperture ratio is a proportion of the exposed white substrate area in a whole pixel. The different aperture ratio represents different optical states. The surface area of oil can be expressed as equation (4), and the aperture ratio can be defined as equation (5) [18].
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Where, WA(V) is the aperture ratio, Soil represents the surface area of oil when voltage V is applied to EWDs. Spix is the surface area of a whole pixel, and Boil is the volume of the oil. The pixel wall can divide an EWD into several pixels. This transparent grid structure has a small area which can be ignored in calculating the aperture ratio.




EXPERIMENTAL RESULTS AND DISCUSSION


Experimental Platform and Experimental Materials

In order to measure the display state of pixels, a complete experimental platform was built. As shown in Figure 3, the experimental equipment mainly includes: (a) is a GDS-3354 oscilloscope (Shanghai GuWei Electronics Co., Ltd, Shanghai, China); (b) is an AFG3052C function generator, produced by Tektronix (United States); (c) is an ATA-2022H amplifier, produced by Agitek (Xi'an, China); (d) is a XTL-165 microscope, produced by Phenix (Jiangxi, China), and (e) is a computer. The experimental process was described as follows: First, the required waveform was edited by the computer. Second, the voltage sequence of the waveform was generated by the waveform generator, and the voltage was amplified by the amplifier. Then the output voltage of the amplifier was applied to an EWD panel. Finally, the video stream was captured by the high-speed camera combined with the microscope and displayed on another computer. The aperture ratio was calculated by a software.


[image: Figure 3]
FIGURE 3. Experimental platform for the testing of EWD contact angle hysteresis. It was composed of driving system and testing system. (a) Oscilloscope. (b) Function generator. (c) Amplifier. (d) Microscope. (e) Computer.


The materials of an EWD panel used in the experiment are as follows. The material of hydrophobic insulating layer was Teflon AF1600, and the solution was a fluorocarbon solvent FC-43 of 3M Company in United States. Transparent polyimide was used as the grid material of pixel walls. Photoresist was SU-83005 which came from Microchem. The ITO glass substrate came from Shenzhen Laibao High-Tech Co., Ltd, with a thickness of 0.7 mm and an impedance of 100 Ω/cm2. The electrolyte solution was sodium chloride solution with a concentration of 1 × 10-4 mol/L, deionized water was obtained by an ultra-pure ultraviolet water purification system. And the parameters of the EWD panel were listed in Table 1.


Table 1. Parameters of the EWD panel.

[image: Table 1]



Effect of Contact Angle Hysteresis on EWDs

During the driving process of EWDs, the period that the driving voltage increases from 0V to the maximum voltage and then decreases from the maximum voltage to 0V is called a driving period T. In 0-T/2, the driving voltage can be gradually increased, and the pixel oil gradually shrinks from the flat state to a corner in a pixel. In the process from T/2 to T, the oil state should be completely opposite to the first half cycle. In this case, the oil could be controlled more precisely and achieve a multiple gray-scale display.

However, the state of oil is different from an ideal situation. Two identical EWD panels were used to test the impact of contact angle hysteresis. The driving voltage was increased from 0 to 20V and decreased from 30 to 20V respectively. When starting voltages were different, the gray-scale obtained was different with a same target driving voltage. As shown in Figure 4, when the driving voltage was increased from 0 to 20V, the pixel aperture ratio was 24.85%; when the driving voltage was decreased from 30 to 20V, the pixel aperture ratio was 40.12%. The maximum difference of the aperture ratio was 15.27%. During the process of driving voltage increased from 0 to 20V, the electric field force increased, and the oil was pushed to achieve a balance state. During the process of driving voltage decreased from 30 to 20V, the electric field force decreased, and the oil spread naturally due to the wetting effect. Due to the coarseness of hydrophobic insulation layer and the existence of charge trapping, the rising and falling process was asymmetric. This phenomenon is called hysteresis effect, and also can be called gray-scale distortion. The smaller the difference, the smaller the gray-scale distortion. This gray-scale distortion phenomenon was caused by contact angle hysteresis.


[image: Figure 4]
FIGURE 4. Inconsistent performance of aperture ratio in a pixel. The driving voltage was increased from 0 to 20V and decreased from 30 to 20V, respectively, the aperture ratio was different at 20V.




Contact Angle Hysteresis in DC Driving Scheme and AC Driving Scheme

In order to study the effect of contact angle hysteresis on aperture ratio of EWDs, some experiments were designed in this paper. The traditional square wave was selected to drive an EWD panel, and 60 Hz was determined as the default driving frequency [3]. As shown in Figure 5, they are square waves in DC driving scheme and AC driving scheme, respectively. The relationship between driving voltage and aperture ratio in DC driving scheme and AC driving scheme were tested. During experiments, the overall trend of the pixel aperture ratio was increasing with the increasing of driving voltage. When the driving voltage was decreased, the aperture ratio was decreased, and finally returned to a flat state. When the voltage was increased from 0 to 30V, the oil state was in the forward process. When the voltage was decreased from 30 to 0V, the oil state was in the backward process. When the driving voltage was higher than 30V, the pixel could be broken down.


[image: Figure 5]
FIGURE 5. Square waves in DC driving scheme and AC driving scheme. (A) The square wave in DC driving scheme. (B) The square wave in AC driving scheme.


The test results are shown in Figure 6. Figure 6A shows the result of square wave in DC driving scheme, the range of aperture ratio was 1–61.48%. At both ends of the driving voltage value, the distortion of the aperture ratio was small. When the driving voltage was in the middle stage, the rate of the aperture ratio distortion was bigger. Among these situations, when the driving voltage was 16V, the maximum distortion could reach to 35.82%. During an entire EWD process, the scale distortion interval of gray-scale was 0–35.82%. Figure 6B shows the result of square wave in AC driving scheme, the range of aperture ratio was 1–58.71%. At both ends of the driving voltage value, the distortion of the aperture ratio was small. When the driving voltage was in the middle stage, the rate of the aperture ratio distortion was bigger. Among these situations, when the driving voltage was 13V, the maximum distortion could reach to 20.84%. During an entire EWD process, the scale distortion interval of gray-scale was 0–20.84%. It can be seen that the contact angle hysteresis of AC driving scheme is lower than that of DC driving scheme.


[image: Figure 6]
FIGURE 6. Hysteresis curves of an EWD driven by DC driving scheme and AC driving scheme. The black curve showed the aperture ratio when driving voltage was increased from 0 to 30V, and the red curve showed the aperture ratio when driving voltage was decreased from 30 to 0V. (A) The hysteresis curve of an EWD driven by DC driving scheme. (B) The hysteresis curve of an EWD driven by AC driving scheme.




Frequency Optimization for the AC Driving Scheme

In order to determine the optimal driving frequency, more experiments were designed. The maximum voltage in AC driving scheme used in this paper was 30V. And AC voltages with frequency of 90–2,700 Hz were applied to EWD panels. Then the average value of aperture ratio was recorded, simulated and calculated by a microscope.

As shown in Figure 7, when the frequency was from 90 to 350 Hz, the oil in pixels was unstable, and pixels were opened for a short time and closed in an instant. In addition, the unstable state of oil in the pixel led to an oil splitting. Although the driving voltage was remained unchanged, the aperture ratio of the pixel was decreased gradually with the passage of time, and the stability of the aperture ratio was insufficient.


[image: Figure 7]
FIGURE 7. The EWD was driven by a 30V AC driving voltage, the aperture ratio changed when the frequency was increased from 90 to 2,700 Hz. When the frequency was 350–500 Hz, pixels were fully opened.


When the frequency was 350–500 Hz. The oil in pixels was stable, pixels were fully opened, the aperture ratio was 70.96%, and pixels were hardly closed within 12 s. When the frequency was 500–1,200 Hz, some pixels were fully opened, and others were not fully opened. The oil state was not stable enough. The overall aperture ratio of pixels varied from 62.10 to 56.33%. When the frequency was 1,200–2,700 Hz, the oil state in pixels was stable, but pixels were not fully opened, and the aperture ratio was stable at about 51.89%. At the same time, when the driving voltage was unchanged, the oil state had almost no change by time, and the aperture ratio was remained stable. When the driving voltage frequency was higher than 2,700 Hz, as the frequency was changed, the aperture ratio was remained at about 50.73%. Therefore, when the frequency was higher than 2,700 Hz, the influence of driving voltage and frequency on aperture ratio was very small.

In the process of an AC voltage driving with a constant frequency, the oil movement path became more stable over time. We tested the stability of the aperture ratio within 12 s when the frequency was 90, 175, 350, 470, 670, 1,200, 1,700, and 2,700 Hz. As shown in Figure 8.


[image: Figure 8]
FIGURE 8. The relationship between time and aperture ratio when an EWD was driven by a 30V AC driving voltage at different frequencies. The smoothness of curves represented the oil stability. The 470 Hz AC driving voltage had the largest aperture ratio and most stable aperture ratio.


It can be seen from Figure 8 that the aperture ratio reached the maximum with frequency of 90 Hz. But the oil was gradually spread out from the fully contracted state within 2 s. After 5 s, the aperture ratio was decreased from about 69.76% to 50.77%. In addition, during the oil shrinking process, the oil state was unstable and split. At the same time, the oil in pixels was driven randomly to four corners, and it could affect the display brightness of pixels. Compared with the frequency of 90 Hz, the oil was more stable under the frequency of 175 Hz. But within 1 s, aperture ratio was decreased from 58.38 to 52.11%. Then the aperture ratio was remained stable. When the frequency was higher than 350 Hz, the stability of aperture ratio was significantly improved. When the frequency was 350 and 470 Hz, the oil in pixels was completely contracted and remained stable within 12 s. When the frequency was 670 Hz, the aperture ratio was 61.33%, and pixels were not fully opened. At this time, the aperture ratio was stable. When the frequency was 1,200, 1,700, and 2,700 Hz, the aperture ratio and the oil state were stable, but pixels were not fully opened. Therefore, the 470 Hz AC driving voltage was selected in our driving scheme for EWDs.

The generation process of the 470 Hz AC driving voltage was as follows, the waveform generator can generate 470 Hz AC driving voltage with the maximum voltage difference of 10V. Therefore, the AC voltage was varied from +5 to −5V. Then the output of waveform generator was amplified 6 times by a high voltage amplifier, so that the AC driving voltage can be changed from +30 to −30V. During the AC driving process, the average value of the aperture ratio was calculated.

As shown in Figure 9, the red curve indicated that the driving voltage was increased from 10 to 25V and the blue curve indicated that the driving voltage was decreased from 25 to 10V. When the voltage was > 25V or < 10V, these two curves were coincident. In process (B), when the driving voltage was increased or decreased, the aperture ratio was basically the same, and the maximum difference between them was 3%. In process (A), when the difference of aperture ratio was the largest, the EWD is shown in the Figure 10. Figure 10A showed the aperture ratio of EWDs during the driving voltage increasing process, the average aperture ratio was 26.50%; Figure 10B showed the aperture ratio of EWDs during the driving voltage decreasing process, the average aperture ratio was 32.47%. Therefore, the maximum difference between them is 5.97%. When the traditional DC voltage was used, the maximum distortion was 35.82%. Although the distortion could not be completely eliminated, the aperture ratio distortion could be reduced by 29.85% with the AC driving scheme.


[image: Figure 9]
FIGURE 9. Hysteresis characteristic curves of an EWD driven by a 470 Hz AC driving voltage. The red curve represented the aperture ratio when the driving voltage was increased from 10 to 25V, the blue curve represented the aperture ratio when the driving voltage was decreased from 25 to 10V. The maximum distortion is 5.97%. (A) Indicates the state where the difference of aperture ratio changes greatly, (B) indicates the stage where the difference of aperture ratio changes little.



[image: Figure 10]
FIGURE 10. The aperture ratio of pixels when the EWD was driven by 470 Hz AC driving voltage. (A) The pixel aperture ratio was 26.50% during the voltage increasing process. (B) The pixel aperture ratio was 32.47% during the voltage decreasing process. The maximum difference was 5.97%.





CONCLUSIONS

In order to reduce the distortion of aperture ratio and achieve precise control of gray-scales, an AC driving scheme was proposed for improving the performance of EWDs. This scheme can effectively reduce the influence of contact angle hysteresis. The advantages and disadvantages of AC driving voltages at different frequencies were analyzed by experiments. And then, according to the stability and aperture ratio of EWDs, a 470 Hz AC driving scheme was determined. Compared with traditional DC driving scheme, the aperture ratio distortion caused by contact angle hysteresis could be reduced to 5.97%. Therefore, this scheme could be applied to EWDs system to achieve more accurate control for displaying gray-scales.
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