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Abstract: Electrowetting display (EWD) is one of the latest and most promising reflective displays.
However, some defects are easily caused in a driving process. For example, the aperture ratio of pixels
can be reduced due to oil splitting, and the grayscale cannot be stabilized due to charge trapping.
These defects can be effectively solved by designing driving waveforms for EWDs. So, a power
function driving waveform was proposed in this paper, which consisted of an oil splitting suppression
stage, a direct current (DC) driving stage and an oil stabilization stage. Firstly, the relationships
among luminance values, power constants and driving time were measured. An optimal oil splitting
suppression stage was obtained, which could effectively inhibit oil splitting. Then, the response time
could be reduced by a DC voltage in the DC driving stage. Finally, a voltage slope was tested during
the oil stabilization stage, which was used to counteract voltage created by the charge trapping. The
experimental results showed that compared with a linear function waveform, the response time could
be shortened by 16.1%, and the luminance value could be increased by 3.8%. The aperture ratio and
oil stability of EWD can be effectively improved by these findings, thereby increasing its potential
application in the display field.

Keywords: electrowetting displays; driving waveform; oil splitting; threshold voltage; aperture ratio

1. Introduction

As a new type of electronic paper technology, electrowetting technology can be used
to produce displays, which are called electrowetting displays (EWDs) [1,2]. Compared with
conventional electronic paper displays [3], EWDs have the advantages of low production
cost, extremely high viewing angle, fast response speed and color display [4-7]. They can
be used in wearable electronic devices, electronic tags and other fields [8,9]. Therefore,
EWDs have great commercial value. Many academics and investors are attracted to this
technology.

In 2003, the EWD was proposed by Hayes, and relevant results were published in
Nature [10]. Colored oil in EWD pixels can be driven by a voltage sequence to flatten or
shrink on an insulating layer [11]. Thereby, the “off” and “on” states of pixels are realized.
These voltage sequences are called driving waveforms [12,13]. As one of the most critical
technologies, the study of driving waveforms directly affects the response time, aperture
ratio and grayscale stability of EWDs [14-16]. Designing an optimized driving waveform is
an effective way to improve the performance of EWDs. A conventional driving waveform
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is a pulse width modulation (PWM) square wave [17]. The aperture ratio of pixels can be
controlled by the magnitude of voltages. It has been proven that many defects, such as oil
splitting and charge trapping, could be caused by PWM square wave [18-20]. The aperture
ratio may be reduced due to oil splitting, and an unstable grayscale is caused due to charge
trapping. The commercialization of EWDs is severely hindered by these defects. Therefore,
many novel driving waveforms have been proposed to achieve high-performance EWDs.
It has been found that voltage mutation is a cause of oil splitting [21]. Therefore, a linear
function waveform and an exponential waveform were proposed [22,23]. Driving voltage
rose from 0 V to the voltage where pixels could reach the target luminance. Oil splitting
could be effectively resolved, but the response time of EWDs was prolonged. Therefore,
a driving waveform based on the concept of threshold voltage was proposed [24]. The
driving voltage rose from the threshold voltage, a short response time was achieved, and
oil splitting was suppressed. In addition to the problem of oil splitting, maintaining a stable
aperture ratio was another challenge in designing a high-performance driving waveform.
Oil was difficult to stabilize in a shrinking state due to charge trapping [25]. In order to
resolve this defect, a waveform with a reset signal was proposed [26]. A periodic negative
voltage was used to release trapped charges. However, flickers could be caused due to a
low frequency of the negative voltage. Therefore, a new oil stabilization waveform was
proposed to reduce flickers. A high-frequency alternating current (AC) voltage was used
to achieve stable grayscale display [27]. These excellent driving waveforms provided
inspiration and reference directions for our experiments.

In this paper, a driving waveform based on oil splitting theory and a power function
was proposed. In order to reduce oil splitting during the oil splitting suppression stage,
the relationships among power constants, driving time and luminance values of pixels
were studied. Next, a direct current (DC) driving voltage was used to increase the aperture
ratio of pixels and shorten the response time. Then, a linear function waveform was used
to counteract the voltage created by charge trapping, thereby stabilizing the colored oil.
Compared with conventional driving waveforms of EWDs, a higher aperture ratio and a
more stable grayscale could be achieved.

2. Principles of EWDs
2.1. Model of EWDs

Electrowetting technology refers to a wettability of droplets on an underlying solid
structure (strong hydrophobic materials) by applying a voltage [10]. That is to say, droplets
can be deformed and displaced by changing the voltage. This technology has been used
in EWDs. A typical EWD pixel structure is shown in Figure 1. It consists of a top plate,
a substrate, two indium tin oxide (ITO) glass plates, colored oil, conductive liquid (NaCl
aqueous solution), an insulator layer, pixel walls and an extra pinning structure (EPS) [28].
Among these, the color of the oil and the substrate can be displayed by pixels; the two ITO
glass plates are a common electrode plate and a pixel electrode plate; pixel walls are used
to separate oil among different pixels; and the EPS is used to control the oil motion [29].

—» Top plate

EPS Electrode plate

Hydrophobic insulator

Electrode plate
Substrate

Figure 1. Three-dimensional structure diagram of one pixel in EWD. Each pixel consists of a top
plate, a substrate, two electrode plates, colored oil, NaCl aqueous solution, an insulator layer, pixel
walls and an EPS.
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The threshold voltage refers to the minimum voltage at which the force balance of oil
was broken and the luminance value of the EWD was increased. The colored oil is spread
between the insulating layer and the NaCl aqueous solution when the voltage between the
two electrode plates is less than the threshold voltage. Incident light is reflected by oil, so
pixels display the color of the oil, as shown in Figure 2a. As the voltage between the two
electrode plates increases, the insulating layer gradually transforms from hydrophobicity to
oleophobicity, and oil is pushed away by the NaCl aqueous solution. As shown in Figure 2b,
the exposed area of the substrate increases; the ratio of this area to the total area of a pixel
is called the aperture ratio [8]. One of the key parameters is to measure the performance
of EWDs, which can be characterized by the contact angle because these two parameters
are proportional [30]. The contact angle is the angle of tangents at the intersection of solid,
liquid and gas phases. The famous Lippmann—-Young equation was derived in 1875 and
can be used to describe the relationship between the contact angle and the applied voltage
in EWDs [31], as shown in Equation (1).

cos 0y — cos By = KV? 1)

where 0y is the contact angle when a driving voltage is applied. 6 is the contact angle when
oil is laid on the insulating layer. K is a constant related to the materials and structures
of EWDs. V is the voltage applied to the two electrode plates. It can be seen that the
contact angle is proportional to the square of the driving voltage. Theoretically, there is a
one-to-one correspondence between the driving voltage and the contact angle. However,
due to the influence of the structure and materials of the EWD, there were some defects
in the driving process, such as oil splitting and charge trapping. So the Lippmann—Young
equation needed to be optimized.

(a) (b)

Figure 2. Two-dimensional structure diagram of one pixel in EWD. (a) The color of oil can be
displayed when driving voltage is 0 V. (b) The color of the substrate can be displayed when driving
voltage is greater than the threshold voltage.

Oil splitting means that the oil shrinks into two or more corners of the pixels during
the driving process [32]. In addition, the voltage on the two electrode plates of the EWD
is partially canceled, causing oil backflow [33]. The Lippmann-Young equation can be
modified, as shown in Equation (2).

cos Oy —cosby = k(V — VG)2 ()

where V;; is the voltage generated by the charge trapping. Trapped charges can be quickly
released by a negative voltage. The charge and discharge characteristics of the insulating
layer can be equivalent to a capacitor. Therefore, the driving voltage cannot be too large to
prevent the insulating layer from being broken down.

2.2. Driving Waveform Design

In order to reduce the influence of oil splitting and charge trapping on EWDs, a driving
waveform based on oil splitting theory and a power function was designed. The designed
driving waveform is shown in Figure 3. It is composed of an oil splitting suppression stage,
a DC driving stage and an oil stabilization stage.
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Figure 3. A schematic diagram of the proposed driving waveform for EWDs. S is an oil splitting
suppression stage, Sy is a DC driving stage, and S3 is an oil stabilization stage. V) is the voltage at
which pixels can be driven to a target grayscale. V}, is the positive threshold voltage of EWDs. V,, is
the negative threshold voltage. Ts, Tp and T are durations of the oil splitting suppression stage, the
DC driving stage and the oil stabilization stage.

Firstly, in the oil splitting suppression stage, a designed waveform rises from V};, to
V. It can be described as shown in Equation (3).

Vm — Vi
o~

S

V="V + t (©)]
where a is a power constant. ¢ represents driving time. The driving waveform is a PWM
square wave when a is equal to 0, and the driving waveform is a linear function waveform
when a4 is equal to 1. It has been proven that the linear function waveform has a better drive
performance compared to the PWM square wave [27]. However, other power constants
have not been tested. The slope of driving voltage can be controlled by adjusting a and T
to suppress oil splitting. Then, since the oil splitting has been resolved, the DC driving
stage is designed to obtain a short response time. Pixels can be quickly switched to a fully

“on” state when they are driven by a DC voltage. Moreover, a linear function waveform is

designed in the oil stabilization stage. The driving voltage starts to increase from Vj. Vi
can be canceled out to achieve a stable grayscale. Finally, trapped charges remain in the
insulating layer since no negative voltage is applied. These charges need to be released in
order to obtain the same drive effect every time. Therefore, a negative voltage of several
milliseconds is applied after the oil stabilization stage. Flickers and oil oscillation can be
avoided because the magnitude of this voltage is less than the threshold voltage.

3. Experimental Results and Discussion
3.1. Experimental Platform

In this experiment, the aperture ratio could be characterized by the luminance value
of the EWD, and the response time could be characterized by the change speed of the
luminance value. Therefore, an experimental platform for recording EWD luminance
values was built. The platform consisted of a computer, a function generator, a voltage
amplifier, a colorimeter and a microscope. Parameters of these instruments are shown in
Table 1. Firstly, driving waveforms could be edited by software (Matlab) on the computer,
and files of driving waveform were transferred to the function generator through a universal
serial bus (USB) interface. A maximum of 5 V could be output by the function generator,
which could not drive the EWD. Therefore, the voltage amplifier was used to multiply
the amplitude of driving waveforms by 10, and then the output voltage was applied to



Electronics 2022, 11, 2081

50f13

the EWD. The colorimeter was placed on the EWD to record its luminance value, and the
microscope was used to observe the state of the colored oil.

Table 1. Parameters of experimental instruments.

Name Model Brand Region Country
Function generator AFG3022C Tektronix Beaverton USA
Voltage amplifier ATA-2022H Agitek Xian China
Colorimeter Arges-45 Admesy Ittervoort Netherlands
Computer H430 Lenovo Beijing China
Microscope 57680 Cnoptec Chonggqing China

The EWD used in our experiments is shown in Figure 4. It was designed and prepared
by us. The size of the EWD was 10 x 10 cm?, and the resolution was 320 x 240. The size
of each pixel was 150 x 150 um?, and the height was 18 um. The thickness of the two
electrode plates was 2.5 nm, and the thickness of the insulating layer was 1 nm. The color
of the oil was magenta, and both the top plate and the substrate were transparent.

\

150 um

Figure 4. An EWD and a pixel. The pictures were taken by a mobile phone and a microscope. The
EWD was used in our experiments.

3.2. Threshold Voltage

In this paper, the threshold voltage needed to be measured first. A0V to 35V DC
voltage was used for testing V};, and a 0 V to —35 V DC voltage was used for testing
Vit The relationship between luminance values of the EWD and DC voltages is shown in
Figure 5a,b. It can be seen that the luminance value was stable when the voltage amplitude
was low, which meant that the oil was still flat on the insulating layer. The luminance value
changed suddenly when the voltage amplitude reached the threshold voltage. Experiments
showed that the positive threshold voltage and negative threshold voltage of the EWD were
different. V};, and V., were 15 V and —10 V, respectively. Furthermore, a higher luminance
value could be obtained by the negative voltage when voltage amplitudes were the same.
Therefore, negative voltages were more suitable for driving the EWD. The proposed driving
waveform was modified as follows: the negative voltage was used to drive the colored oil,
and the positive voltage was used to release trapped charges. One cycle of the proposed
driving waveform is shown in Figure 6.
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Figure 5. The relationship curves of luminance values and different DC voltages. (a) The EWD was
driven by a positive DC voltage, and its range was 0 V to 35 V. (b) The EWD was driven by a negative
DC voltage, and its range was 0 V to —35 V.
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Figure 6. A schematic diagram of one cycle of the proposed driving waveform. It was optimized
based on the threshold voltage of EWD.

3.3. Optimization of Oil Splitting Suppression Stage

A power function waveform was used in the oil splitting suppression stage. The
optimal parameters for 2 and Ts needed to be tested to obtain a good driving effect. The
driving waveform approached a square wave when a was greater than 8, so a was set to
0,05,1,15,2,3,4,5,6,7 and 8 in the experiment. T; was set to 40 ms to 120 ms because
pixels could not be turned on when T; was short, and the response time was affected
when T; was long. The results of our experiment are shown in Figure 7 and Table 2. The
experimental data showed that when a was set to 0 and 0.5, the luminance value was less
than 500 due to severe oil splitting caused by voltage mutation. When a was set to 1 and
1.5, oil splitting was still caused, but the oil recombined as T; increased. The luminance
value was increased when a was increased from 2 to 3, and it was decreased when a was
increased from 3 to 8. This was because the voltage slope was small, and the oil slowly
shrank when a was less than 3. The voltage slope was large, and the oil was split when a
was greater than 3. In addition, it can also be seen that the luminance value was directly
proportional to Ts. The luminance value changed suddenly when T; increased from 80 ms
to 100 ms, and it remained almost unchanged when T; increased from 100 ms to 120 ms.
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The reason for this phenomenon was that oil splitting had been suppressed and a large
voltage was required to turn on pixels. Therefore, 2 was set to 3, and T; was set to 100 ms

for a maximum luminance value in this stage.

Luminance (a.u.)

580.0

510.0

500.0

460.0

420.0

380.0

340.0

300.0

260.0

220.0

180.0

Figure 7. Luminance values when the EWD was driven by different a values and Ts values. The

maximum luminance value could be obtained when a was set to 3 and T was set to 100 ms.

Table 2. Luminance values when the EWD was driven by different a values and Ts values.

alTs 40 ms 60 ms 80 ms 100 ms 120 ms
0 440.294 446.657 452.792 458.785 464.608
0.5 437.85 44394 457.044 469.691 480.899
1 432.642 441.537 459.17 509.923 521.182
1.5 425.089 437411 450.145 519.337 530.381
2 408.986 427.506 443.689 531.848 542.352
3 421.623 441.799 457.414 556.987 558.095
4 383.879 414.123 427.55 535.412 538.86
5 338.916 400.065 416.199 516.78 534.414
6 300.147 369.065 405.117 501.701 531.941
7 287.367 340.183 380.038 483.118 537.67
8 259.716 325.923 378.029 449.279 526.248

3.4. Optimization of DC Driving Stage

The DC driving stage was added after the oil splitting suppression stage since pixels
could not be turned on efficiently by extending Ts;. Tp could not be set too long due to
the limitation of response time. It was set to 0 ms to 100 ms in this experiment. Figure 8
shows the relationship between luminance values and Tps. It can be clearly seen that the
luminance value increased with the increase in Tp. Oil could be driven effectively when
Tp was less than 40 ms. The increase in luminance value was so small that the human
eye could not distinguish the difference when Tp was greater than 40 ms. Therefore, the

optimal Tp was set to 40 ms.
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Figure 8. The luminance curve when the EWD was driven by a DC voltage in the DC driving stage.
The luminance value was proportional to the driving time. Tp was set to 40 ms to shorten the
response time.

3.5. Optimization of Oil Stabilization Stage

In order to obtain a stable grayscale after oil shrinkage, the voltage slope during this
stage should be equal to the voltage slope of V;;. Different voltage slopes were tested in the
experiment. Voltage slopes were set to 0 mV /s, 25 mV /s, 50 mV /s, 75 mV/s and 100 mV/s,
respectively. The test results are shown in Figure 9. The interval between each measurement
is 110 ms. It can be seen that the luminance value increased rapidly when voltages were
applied. Then, the luminance value decreased with time when slopes were 0 mV /s and
25 mV/s. This phenomenon proved that oil backflow was caused. The luminance value
was increased when the slope was greater than 50 mV/s. This was because the voltage
slope during this stage was greater than the voltage slope of V5. However, it was designed
to stabilize oil at this stage, so an increase in luminance value should also be avoided. The
luminance curve remained stable when the slope was 50 mV/s, so the voltage slope of this
stage was set to 50 mV /s.

700
650 K—ﬁ@
600 | -

';: 550

&

Y 500 |

§ 450 |

g 400 L Voltage slope =0 mV/s

= s Voltage slope =25 mV/s

Voltage slope =50 mV/s
300 |- Voltage slope =75 mV/s
250 | Voltage slope =100 mV/s
200 I'_.- 1 1 1 1
0 50 100 150 200 250

Measurement number (a.u.)

Figure 9. Luminance curves when the EWD was driven by voltages with different slopes in the
oil stabilization stage. The luminance curve remained stable, and oil could be stabilized when the
voltage slope was set to 50 mV/s.
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3.6. Performance Comparison of Driving Waveforms

Two conventional driving waveforms were used for comparison. As shown in
Figure 10, the black curve was a PWM square waveform, and the red curve was a lin-
ear function waveform. Both of them were divided into an oil shrinking stage and a DC
driving stage [17,24]. Ts; and Tp, are the durations of the oil shrinking stage and the DC
driving stage. In order to compare the performance of driving waveforms, the effect of
different slopes of linear function on performance was tested. Ts;s were set to 20 ms, 40 ms,
60 ms, 80 ms, 100 ms and 120 ms, respectively. Tp1 was set to 30 s. Vy;, and V) were set
to £10 V and £35 V, respectively. As shown in Figure 11, the luminance value increased
rapidly and then slowly when Ts; was set to 20 ms. As Ts; increased, this secondary rise
phenomenon was weakened. When Tg;s were set to 100 ms and 120 ms, the luminance
curves almost coincided and oil splitting was suppressed. Therefore, Ts; was set to 100 ms
for a short response time.

U/ve
Oil shrinking DC driving
Vi
Vrh
ov e
i
TSI i DI

Figure 10. A schematic diagram of two conventional driving waveforms for EWDs. Both of them are
composed of an oil shrinking stage and a DC driving stage. Ts; and Tp; are the durations of the oil
shrinking stage and the DC driving stage.

550
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B
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Figure 11. Luminance curves when the EWD was driven by voltages with different slopes of linear
function. Oil splitting can be suppressed when Tg; is set to 100 ms and 120 ms. Ts; was set to 100 ms
for a short response time.
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Conventional driving waveforms with negative voltages were also used for compari-
son. The PWM square waveform with a negative voltage was defined as a negative PWM
square waveform, and the other three driving waveforms were defined in the same way:.

Luminance curves corresponding to the different driving waveforms when the EWD
was applied with these driving waveforms are shown in Figure 12. The black, red, blue,
purple and green curves represent the positive PWM square waveform, the negative PWM
square waveform, the positive linear function waveform, the negative linear function
waveform and the proposed driving waveform, respectively. Obviously, the EWD could be
driven to a higher luminance value with negative voltages compared to positive voltages.
Therefore, only the performance of the negative PWM square waveform, the negative
linear function waveform and the proposed driving waveform were compared by us. The
luminance was increased most quickly at first when the EWD was driven by the negative
PWM square waveform, but the lowest luminance was obtained. Its response time was
12 ms, and its saturation luminance value was 429.775. Furthermore, a secondary rise in
luminance value occurred because the split oil was recombined. The luminance curve
oscillated significantly, so the performance of the negative PWM square waveform was the
worst. In addition, it can be seen from the purple and green curves that oil splitting was
suppressed by the negative linear function waveform and the proposed driving waveform.
The proposed driving waveform had a shorter response time and the maximum luminance
value, which were 104 ms and 591.367, respectively. Compared with the negative PWM
square waveform, the luminance value could be increased by 37.6%. Compared with the
negative linear function waveform, the response time could be shortened by 16.1%, and
the luminance value could be increased by 3.8%. In order to compare the performance
directly, the parameters of these driving waveforms are shown in Figure 13. Moreover,
luminance values of the PWM square waveform and the linear function waveform were
decreased because the trapped charges were not released. The luminance value of the
proposed driving waveform was perfectly stabilized at the saturation value.
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Figure 12. Performance comparison of driving waveforms. Luminance curves changed with time by
conventional driving waveforms and the proposed driving waveform. The maximum luminance
value could be obtained when the EWD was driven by the proposed driving waveform.
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(d) (e)

Figure 13. Pixel images and luminance values when the EWD was driven by different driving
waveforms. (a) The EWD was driven by the positive PWM square waveform. (b) The EWD
was driven by the negative PWM square waveform. (c¢) The EWD was driven by the positive
linear function waveform. (d) The EWD was driven by the negative linear function waveform.
(e) The EWD was driven by the proposed driving waveform.

4. Conclusions

In order to reduce oil splitting and stabilize grayscales of EWDs, a novel driving
waveform was proposed in this paper. Firstly, it was proven that the response time could
be reduced by a threshold voltage and a DC driving voltage. Then, it was found that
a higher aperture ratio could be obtained by negative voltages compared with positive
voltages in the process of measuring the threshold voltage. In addition, oil splitting and
oil backflow could be effectively suppressed by a power function waveform and a linear
waveform, respectively. A better driving effect could be obtained by the proposed driving
waveform compared with conventional driving waveforms, which increases its potential
application in the display field. Subsequently, we will develop a driver platform based on
Field Programmable Gate Array (FPGA) to realize video playback function.
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