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As a new reflective display technology, electrowetting displays (EWDs) have many important characteristics, such as high reflectivity, low power consumption, and paper-like display. However, the contact angle hysteresis, which is the inconsistency between the advancing contact angle and the receding contact angle of oil droplet movement, seriously affects the response speed of EWDs in the driving process. According to the hysteresis phenomenon of contact angle in an oil switch motion with the action of interface tension, the brightness curve of EWDs in the process of pixel switching by different driving voltages was tested in this paper, and driving voltage was changed from 30 to 100 V at the same time. Then, in order to reduce the influence of the hysteresis effect, an equivalent driving waveform design method with overdriving voltage was proposed, and the overvoltage was set to 100 V according to the hysteresis effect and driving characteristic of EWDs. Experimental results showed that the response rising time of EWDs was reduced to 21 ms by using the proposed driving waveform, and the response performance of EWDs can be effectively improved.
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INTRODUCTION
Reflective display has become common in e-readers. The most successfully commercialized e-book reader was produced by Amazon and Sony. At present, electrowetting displays (EWDs) have excellent characteristics of high reflectivity [1], fast response [2, 3], and paper-like display and low power consumption [4, 5], which is completely superior to electrophoresis displays (EPDs) [6, 7]. Moreover, the manufacturing engineering of EWDs is based on the liquid crystal display, which makes it cost-effective and easier to manufacture [8, 9]. Therefore, many scholars and investors have been attracted by EWD technology.
EWDs can realize an optical switch by controlling the movement of colored oil films. It was first proposed and implemented by Hayes in 2003 and published in Nature [10]. When a pixel unit was on-switching or off-switching, the brightness curve corresponding to the splitting, moving, and restructuring of the oil film in pixels was usually called the on-off curve, which is also called the response curve of EWDs [11]. Response time refers to the response speed of EWDs for displaying gray scales. Generally speaking, the response time is divided into two parts: rising time and falling time, and the sum of the two is called the response time of EWDs. However, in a response process, the oil backflow and hysteresis could lead to a negative effect on reducing the response time of EWDs [12]. So, research on response time is of great significance to analyze the oil film hysteresis, backflow, interface mechanics, and electrodynamics of EWDs.
The hysteresis effect, which is caused by the inconsistent contact angle and the persistence of oil backflow, can increase the complexity of shortening the response time [13, 14]. In 2011, Yung [15] studied the method of controlling grayscales and fast response of EWDs and proposed an asymmetric gray scales driving scheme, which changed the hysteresis characteristic curve of EWDs. It not only accelerated the response time but also effectively suppressed the phenomenon of oil backflow. However, researchers did not further explore the parameters of response time and backflow. In 2015, Yi [16] used electrophoretic chips to drive a matrix EWD system and used a unipolar PWM waveform modulation to realize EWD gray scales display. And a reset sub-frame was set to release charge trapping for weakening the oil backflow phenomenon, so as to keep a stable on-state for a longer time in a pixel. But this method prolonged the response time. In 2019, Yi [17] adopted a method of amplitude-frequency mixed modulation to drive EWDs. The oil was driven at 30 V to quickly approach a target reflectivity, and then the driving voltage was reduced to stabilize the oil reflectivity to the target reflectivity. But the response time of EWDs was limited. Lately, Zeng [18] introduced a 4 ms overdriving stage at 32 V to improve the response speed of EWDs, but the situation of much higher overdriving voltages had not been studied. In addition, it did not give a general method to design a waveform, and the proposed waveform was only limited to the EWD used in its verification. Once the technological process of EWDs changes, it will result in an inevitable redesign of the waveform.
In this paper, by recording the brightness curve of EWDs during the on- and off-switching process, the influence of oil motion hysteresis on response time was analyzed, and the hysteresis phenomenon of EWDs was summarized. Then, a driving method with an equivalent driving constant for EWDs was proposed. Furthermore, an overvoltage driving waveform was designed to shorten the response rising time of EWDs. The proposed driving constraint method enabled overvoltage driving to be used in EWDs. The validity of this method was verified by experimental data.
PRINCIPLES
Driving Principle of EWDs
The principle of EWDs is based on the movement of colored oil droplets by applying an external voltage [19–21]. Its essence is an optical switch [22]. The structure of an EWD is mainly composed of the glass substrate, indium tin oxide (ITO), hydrophobic insulator layer, pixel wall, colored oil, and water [23, 24]. The EWD operating principle and pixel structure are shown in Figure 1. When no driving voltage is applied between the electrodes, the colored oil film lies naturally between the water and the hydrophobic insulator layer; as shown in Figure 1A, the pixel is in a dark off-state. However, when a driving voltage is applied between the substrate electrode and the water, the oil film can be pushed aside by water with the electrowetting effect. As shown in Figure 1B, the reflective substrate electrode is exposed, different wavelengths of reflected light are superimposed to form a white optical sense, and the pixel is in a white on-state. In this way, the optical properties of the stack can be switched between a colored off-state and a white on-state [25, 26].
[image: Figure 1]FIGURE 1 | Driving principle and pixel structure of EWDs. The optical stack consists of the glass substrate, indium tin oxide (ITO), a hydrophobic insulator layer, pixel wall, colored oil, and water. (A) Without applied voltage, a homogeneous oil film is present and the pixel is in colored off-state. (B) With an applied voltage, the oil film is shrunk to a corner and the pixel is in white on-state.
Hysteresis Effect of EWDs
In a pixel, the inconsistency between the advancing contact angle and the receding contact angle of oil droplet movement results in the hysteresis of EWDs [27, 28]. On the non-ideal surface, the droplet is in a metastable equilibrium state. When the droplet is deformed, there is a difference between the forward contact angle and the backward contact angle. This phenomenon is called contact angle hysteresis. In EWDs, the hysteresis phenomenon of contact angle would lead to the hysteresis effect, which shows that the reflected light intensity curves of the EWDs cannot coincide in the open phase and the closed phase. The main reasons for hysteresis include slight fluctuation in the process of oil film rupture and recombination and the viscous dissipation between the oil and dielectric layer at the same time.
The fluctuation of oil film rupture in an on-switching process is mainly caused by the fluctuation inside the oil after applying an external electric field force. Figure 2 shows the process of oil film rupture in a pixel from off-state to on-state. During oil contraction, with the increase of the external force, the fluctuation amplitude can be increased. When the fluctuation is large enough, the oil film can be ruptured. This is related to the pixel structure and oil material parameters, as shown in Equations 1, 2 [29].
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where [image: image] is the voltage-dependent induction time caused by the oil film rupture, and [image: image], [image: image], [image: image], and [image: image] are viscosity, oil/water interface tension, oil film thickness, and electrostatic driving force, respectively. Modes (m,n) are characterized by a wavenumber [image: image] which must be compatible with pixel dimensions [30]. When the driving voltage is low, the hysteresis phenomenon of EWDs is more obvious and the response time becomes longer.
[image: Figure 2]FIGURE 2 | The process of oil film rupture in a pixel from off-state to on-state. For the on-switching process, after applying external electric field force, the oil film begins to rupture with slight fluctuation. The fluctuation amplitude becomes larger with the increase of external force, and then, the oil can be shrunk to corners.
The oil recombination process is the off-switching stage of an EWD pixel, as shown in Figure 3. The capillary force existing in the oil/water interface and the net force on the contact line are key elements in this reforming process. The timescale [image: image] which governs this reforming process is defined as Eq. 3.
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[image: Figure 3]FIGURE 3 | The process of oil film recombination in a pixel from on-state to off-state. For the off-switching process, when the driving voltage is decreased, the oil begins to recombine with slight fluctuation, and the oil is spread out in the pixel gradually.
The oil recombination time is inversely proportional to the thickness of the oil film. When the oil film fluctuation is much smaller than the thickness of the film, the equation is strictly valid. However, when the thickness of oil becomes thinner, the hysteresis effect can be increased dramatically. In the driving process, the thickness of the oil film varies as the voltage becomes larger. When the voltage is removed, the oil reforming time will be affected by different potential energy in the recombination process. When the conductive liquid contacts with the hydrophobic insulator layer, there is a resistance force in the three-phase contact line among the hydrophobic insulator layer, the oil, and the conductive liquid. This is because the surface of the hydrophobic dielectric insulation is not completely smooth. The force which hinders the oil movement in the three-phase contact line can lead to viscous dissipation.
A C-V curve for a segment of an EWD panel was shown in Figure 4. In the process of driving colored oil in pixels, when the driving voltage increased from 0 to 40 V, the colored oil film changed from lipophilic to hydrophilic. At the same time, with the combined action of electric field force, the polar liquid oil film ruptured and gradually gathered to corners. Ideally, the oil film would gather in a pixel corner. In this process, the voltage at the point at which the oil film began to be ruptured was called the threshold voltage. Above the threshold voltage, the optical response could be increased gradually. When the driving voltage decreased from 40 to 0 V, the optical response decreased linearly. The oil film rewets the interface until the fluoropolymer surface was completely covered. There was a clear hysteresis between switching-on and switching-off electro-optic curves.
[image: Figure 4]FIGURE 4 | | Hysteresis characteristic curve of an EWD panel. A step voltage from 0 to 40 V was used to measure the rising edge curve. The step time was 2 s and the step voltage was 2 V. A step voltage from 40 to 0 V was used to measure the falling edge curve. The step time was 2 s and the step voltage was −2 V.
EXPERIMENTAL RESULTS AND DISCUSSION
Optical Measurement Platform
To measure the Luminance-Time relationship of EWDs, a response testing platform was set up as shown in Figure 5. The main optical measuring equipment was a colorimeter (Arges-45, Admesy, Netherlands) which was used to measure the EWD luminance. Its measuring speed is 10,000 times/s, and the size of the measuring point is 3 mm. The optical system adopted a 45-degree incident light source and a 90-degree measuring angle. It was connected with a computer (M425, Lenovo, China) to save and display measured data graphically. In addition, experimental equipment also included a function waveform generator (AFG3052C, Tektronix, United States), an amplifier (ATA-2022H, Agitek, China), and a microscope (XTL-165, Phenix, China). The system used an adjustable DC power supply for providing a voltage that could change from 0 to 30 V. Programmable driving voltages were generated by the function waveform generator in combination with the voltage amplifier. And the fluidic pattern in pixels was recorded by the camera with a microscope synchronously. This system could record the brightness change of the reflected light during the driving process of EWDs.
[image: Figure 5]FIGURE 5 | The response testing platform of EWDs. ① Waveform generator. ② Voltage amplifier. ③ EWD panel. ④ Colorimeter. ⑤ Computer. ⑥ Microscope.
In the tested EWD panel, Teflon AF1600 was used as the hydrophobic insulator layer material. The insulator was spin-coated on the ITO glass substrate with a resistivity of 100 Ω Sq. Transparent polyimide was used as the grid material of pixel walls and the photoresist was Microchem SU8 3005. The conductive fluid was NaCl with a concentration of 0.001 M. The parameters of the EWD panel used in the experiment were shown in Table 1.
TABLE 1 | Parameters of the EWD panel.
[image: Table 1]Driving Waveform Design
Driving waveforms were designed to study the influence of the hysteresis effect and oil backflow on the response time of EWDs; the response time of the traditional driving scheme and that of equivalent voltage driving scheme were compared. In the experiment, with the increase of voltage, the reflected brightness curve of EWDs became steeper from off-state to on-state. However, from on-state to off-state, the reflected brightness of EWDs was decreased with the rewetting of the oil. Finally, the oil was tiled again in the pixel.
As shown in Figure 6, when the applied DC voltage was 100 V and the EWD was driven for 15 ms, the reflected light intensity of the EWD was stronger than that of the low voltage. When pixels were observed with a microscope, the aperture ratio of the pixel was increased from 60% (at 30 V) to 65% (at 100 V), but the oil film overflowed to the pixel wall after the voltage driving, resulting in an increase of the light transmission intensity of pixels, and this process was irreversible. Through the analysis of the brightness curve, the brightness value could not be restored to the value before power on. At the same time, the slope of the descent curve could be changed and the descent time was prolonged.
[image: Figure 6]FIGURE 6 | The brightness curve of an EWD driven by a DC voltage for 15 ms. The applied driving voltage was 100 V. The oil film overflowed to the pixel wall, and it could not cover the whole pixel even power off.
In order to prevent the oil film from overflowing, an equivalent driving constant E = UT was designed, where U was the driving voltage, and T is the driving time of no oil film overflowing to the pixel wall. In this case, T was defined as the time when the oil film was driven from 0 to 90% of the maximum pixel aperture. As shown in Figure 7, the EWD was driven at 30 V, T was 44 ms, and then, the equivalent driving constant E was 1,320. When the product of applied voltage and driving time was greater than the equivalent driving constant, the oil film shrinkage state could exceed the limit. Excessive electric field force would make the oil film overflow the pixel wall, resulting in a reduction of the oil film. When the pixel was closed, some areas could not cover with the oil film, which showed that the pixel was always in on-state. Figure 8 showed a top view of oil film when oil overflowed to the pixel wall with a high voltage.
[image: Figure 7]FIGURE 7 | The switch response curve of EWDs with a 30 V driving voltage and the calculation diagrammatic sketch of the constant E.
[image: Figure 8]FIGURE 8 | Top view of pixels when the oil film overflowed to the pixel wall. When the EWD panel was driven by a high voltage, the oil film gathered on the pixel wall. When the driving voltage was removed, the amount of oil film in the pixel grid changed, and the oil film could not cover the whole pixel, which made the pixel unable to close. The circle in the middle of the pixel was an extra pinning structure (EPS). The random black spots in pixels were the residual oil.
Figure 9 showed brightness-time curves of an EWD when it was turned on and off with applied voltages of 40, 60, 80, and 100 V. After switching off the device, the brightness value could return to the value before the EWD was turned on, which proved that the equivalent driving method could make EWDs work without being damaged. With the constraint of the equivalent driving constant 1,000, the driving times were 25, 16, 12, and 10 ms, respectively, when the applied voltages were 40, 60, 80, and 100 V. The larger the driving voltage was, the steeper the rising edge of the response curve was. Meanwhile, the aperture ratio was larger, and the light reflection intensity of the pixel was higher. The response rising time took 1.2 ms for 100 V driving voltage, 1.95 ms for 80 V driving, 3.9 ms for 60 V driving, and 10.7 ms for 40 V driving. With the increase of driving voltage, the pixel opening time decreased exponentially, as shown in Figure 10.
[image: Figure 9]FIGURE 9 | Comparison of oil film opening time among different voltages with equivalent driving constraints. The larger the driving voltage, the steeper the rising edge of the response curve.
[image: Figure 10]FIGURE 10 | The relationship between driving voltage and pixel opening time. The dot in the figure represented the response rising time of the pixel when the applied driving voltage was from 20 to 100 V. The pixel opening time was decreased exponentially with the increase of driving voltage.
Figure 11 showed the comparison of the oil film closing process with different driving voltages. The falling curve was a process of pixel closing. The larger the pixel aperture ratio, the higher the concentration height of the oil film. And the potential energy of the oil film in a pixel was larger, which made the timescale of rewetting shorter when it was in the off-switching process. When the EWD panel was driven by 40, 60, 80, and 100 V, the oil film closing time was 31.7, 24.6, 14.8, and 10.9 ms, respectively. Figure 12 showed the relationship between the driving voltage and the oil film closing time. The larger the driving voltage, the shorter the closing time. The curve showed an obvious linear relationship.
[image: Figure 11]FIGURE 11 | Comparison of oil film closing time among different driving voltages with equivalent driving constraints. The larger the pixel aperture ratio, the faster of rewetting the whole pixel.
[image: Figure 12]FIGURE 12 | The relationship between different driving voltages and oil film closing time. The dot in the figure represented the closing time of the pixel when the applied driving voltage was from 20 to 100 V. The larger the driving voltage, the shorter the closing time.
The overvoltage driving waveform was shown in Figure 13. The proposed driving waveform was divided into two stages, including 100 and 11 V driving voltages. In the first stage, an overdriving voltage was used to accelerate the oil film motion. The pixel opening time was reduced by an overdriving voltage (100 V). The driving waveform of the second stage was used to maintain the pixel opening state and maintain the aperture ratio by a normal driving voltage (11 V). In Figure 13, the driving time in the first stage was 10 ms, and the oil film stabilization time was 11 ms in the second stage, which shortened the pixel opening time of 11 V to 21 ms, and it improved the response performance of a pixel.
[image: Figure 13]FIGURE 13 | Diagram of an overvoltage driving waveform and the response curve of EWDs with a 100 V overvoltage. The proposed driving waveform contained two stages. The first stage was an overvoltage for accelerating the oil film motion. The second stage was used to maintain the pixel opening state by a normal driving voltage.
When the overvoltage was 100 V in the first stage, the luminance curve of an EWD driven by different voltages from 9 to 30 V in the second stage was shown in Figure 14. The lower driving voltage in the second stage had little effect on the pixel opening time. However, the pixel opening time increased exponentially with the decrease of driving voltage when the EWD panel was driven by a DC voltage. Moreover, due to the hysteresis characteristic of EWDs, it was difficult to turn on pixels at a low DC voltage. On the contrary, the proposed driving waveform could still turn on pixels at 9 V. That is to say, the proposed driving waveform significantly improved the lowest aperture of pixels and enhanced the grayscale display ability of EWDs.
[image: Figure 14]FIGURE 14 | The brightness curve of an EWD which was driven by different voltages from 7 to 21 V in the second stage. The lower the driving voltage, the more obvious reduction of pixel opening time.
CONCLUSION
In this paper, an equivalent driving waveform design method was proposed according to the driving hysteresis characteristics of EWDs. The brightness changes of an EWD pixel during the switching process were statistically analyzed, and the equivalent driving constants were proposed as parameters for driving waveform design. Response curves of the pixel switching process with different driving voltages from 30 to 100 V were analyzed experimentally. It was proved that the equivalent driving constant could effectively protect EWDs from damage. Meanwhile, the overvoltage driving waveform of 100 V was designed to shorten the response rising time to 21 ms with an 11 V driving voltage. The proposed driving waveform could improve the display performance of pixels and facilitate the process of market application of EWDs.
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