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Editorial on the Research Topic
Physical model and applications of high-efficiency electro-optical
conversion devices, volume |l

The realization of optoelectronic devices is driven by the optimization of their physical
models, which determine the properties of the electro-optical conversion, energy harvesting,
light-emitting, logic gates, and displays, etc. [1] Driven by the above demands, we have
organized the present Research Topic and collected ten papers that can be classified into four
research directions. This is the second volume on this Research Topic, the first has been
published.

The first research direction focuses on electrowetting displays (EWDs) [2] with five
papers. An arc multi-electrode pixel structure based on the electric wetting principle was
proposed to improve the response speed of pixels in EWDs by Lai et al. They simulated the
influence of the arc multipole pixel structure on the response speed by establishing a three-
dimensional model. The effect of the driving sequence on oil movement in pixels was
analyzed. Similarly, Zhang et al. proposed an EWD structure based on three cholesteric
liquid crystal materials. It had an independent PCLC reflection film to improve the
reflectivity and gamut width of EWDs. Their experimental results showed that this
structure provided a new idea for improving the luminance and color gamut of current
EWDs. In addition, the filling of oil and polar liquid would also affect the performance of
EWDs. Therefore, Jiang et al. proposed a phase change filling structure to solve the defects of
low video response speed and low luminance caused by the filling process. The structure
provided a way to effectively shorten the filling and coupling times of the EWD panel, and
thus to improve oil’s controllability so as to obtain a good response time and aperture ratio.
Specifically, designing a new structure could compensate for limitations of EWD devices,
enhance its driving performance, and expand its application in the display field. An
extensible driving waveform for multiple grayscale colorful EWDs was proposed to
realize an 18-bit color dynamic display on an extended display matrix by Zhang et al..
The driving waveform of the color grayscale display was designed by using a grayscale model
and a color display model. And then, a large-size display based on a matrix panel was realized
by using the extensible driving model. Similarly, an alternating current (AC) driving
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waveform was proposed to improve the static image display
instability and residual phenomenon caused by charge trapping
and contact angle hysteresis by Li et al.. A highly integrated EWD
system was constructed by using Xilinx field programmable gate
array (FPGA). In addition, an asymmetric intermediate frequency
AC driving waveform was proposed to eliminate video artifacts. The
driving waveform was used to effectively solve the problem of
residual and static images to achieve a highly smooth display
output and provide a reliable test solution for EWDs.

The second direction contains two papers from Hu et al. In their
first paper, they proposed a 10 bit 1 MS/s SAR ADC with one LSB
common-mode shift energy efficient switching scheme for image
sensor. The ADC design is based on the two sub-capacitor arrays
architecture, the common-mode technique, low power dynamic
comparator, bootstrap sampling switch and low-power Bit-Slice
logic circuit. Simulated in 180 nm CMOS process and 1 MS/s
sampling rate, the ADC achieves the 60.06 dB SNDR, the 75.
43dB SFDR and the 10.45uW power consumption. In their
second paper, a 256 X 256 active pixel image sensor array based
on a 3-D dual-gate photosensitive thin-film transistor was
presented. The pixel pitch, pixel fill factor, photoconductive gain,
and the spatial resolution are respectively 50 pm, 63%, 10%-10* and
505 ppi. Such an array is capable of dynamic imaging at a frame rate
of 34 Hz.

In the third direction about the Majorana bound states (MBSs)
Chi et al,, Zhang et al. have studied the spectral function in a
quantum dot connected only to one normal metal lead to detect the
MBSs, which are formed at the ends of a topological superconductor
nanowire and couple to the lead with spin-dependent hybridization
strengths. They found that the lead-MBSs interaction induces a
bound state characterized by an infinitely high peak in the dot’s
zero-energy spectral function. The overlap between the two modes
of the MBSs turns this bound state into a resonant one, and thus the
zero-energy peak is split into three with the height of the central one
equaling to that in the absence of lead-MBSs coupling. Sun et al.
have studied the Andreev reflection processes in a T-shaped double
quantum dots with the central one coupled to the MBSs. They
showed that the in-gap state is sensitive to the existence of MBSs,
which induce Fano antiresonance in the local density of states at the
in-gap state. The differential Andreev conductance also exhibits
Fano-type resonance whose tails’ directions can be adjusted by
the MBSs.

Finally in the fourth research direction, experimental results of
Liu et al. showed that the total ionizing dose (TID) irradiation failure
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structure for improving the
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Shufa Lai, Lixia Tian, Shitao Shen*, Dong Yuan and Biao Tang
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Electronic Paper Displays, South China Academy of Advanced Optoelectronics, South China Normal
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Electrowetting display (EWD) is a new generation of reflective display
technology with low power consumption and high contrast. To improve the
response speed of pixels, an arc multi-electrode pixel was proposed, and its
performance was verified by using the established three-dimensional model in
this paper. According to the model, the influence of the arc multi-electrode
pixel structure on response speed was simulated, and the influence of a driving
sequence on oil movement inside pixels were analyzed. In addition,
comparative experiments of oil movement inside pixels with single-
electrode and arc multi-electrode were conducted. Experimental results
showed that the response time of the arc multi-electrode structure was
0.9 ms faster than the single-electrode structure in a pixel opening stage. In
the pixel closing stage, the oil recovery time can be accelerated by applying a
boosting voltage to the electrode corresponding to the oil accumulation area,
which was 2.3 ms faster than that of the single-electrode structure.

KEYWORDS

electrowetting display, arc multi-electrode, pixel structure, response speed,
simulation

Introduction

Electrowetting is a phenomenon which uses an electric field to change the wettability
of solid-liquid surface [1]. In recent years, electrowetting technology has been widely used
in chemical industry, bioengineering, display, and other fields [2-4]. Among them,
electrowetting displays (EWDs) are a new generation of reflective display technology [5,
6]. Compared with traditional reflective displays, EWDs have the advantages of low power
consumption, high contrast, fast response, and full color [7, 8], which is one of the most
attractive emerging display technologies [9].

A schematic diagram of EWDs structure is shown in Figure 1. The working principle
of EWDs can be described as following two stages: At the first stage (named pixel opening
stage), when a large enough voltage is applied, the surface tension between water and oil
can be changed, the oil can therefore be squeezed by water, showing the color of the
bottom substrate. During the second stage (named pixel closing stage), the voltage is
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FIGURE 1

Pixel structure of a EWD panel. The structure includes a top plate, ITO, fluid (colored oil and polar liquid), pixel wall, hydrophobic insulating layer,

and substrate. Two representative stages show (A) the colored oil spreads on hydrophobic layer as the voltage off, and (B) the colored oilis pushed to
a pixel corner when applied a voltage.

TABLE 1 Structure, material, and interface parameters of the model.

Parameters Quantity Symbol Value Unit

Material Density of oil Poil 880 kg/m?
Density of water Puater 998 kg/m?
Dynamic viscosity of oil Uit 0.004 Pa-s
Dynamic viscosity of water Hoater 0.001 Pa:s
Dielectric constant of oil Eoil 4 1
Dielectric constant of water Ewater 80 1
Dielectric constant of a hydrophobic dielectric layer Enyd 1.28 1
Dielectric constant of a pixel wall € pixel _wall 3.28 1

Structure Width of a pixel Whixel 160 pm
Height of a pixel dpixel 50 pum
Height of a pixel wall d pixel_wall 8 pm
Width of a pixel wall Wpixel_wall 15 pm
Thickness of a hydrophobic dielectric layer dnya 1 pum
Thickness of oil doil 8 pum

Interfacial Surface tension of oil and water Yow 0.02 N/m
Contact angle of a pixel wall O pixcel_wall 95 deg
Contact angle of a hydrophobic insulating layer Onya 150 deg
Contact angle of the top plate Orop 30 deg

A B F Cc F F

FIGURE 2

Deformation of a sessile droplet exerted by non-contact forces. Vertical arrows indicated the direction of non-contact force, and horizontal
arrows indicated the direction of internal droplet velocity. (A) When the sessile droplet was stationary, it was a semicircular shape. (B) When the sessile
droplet was subjected to a non-contact force on left, it was deformed on the left, and it had a tendency to move to right. (C) When the sessile droplet
was subjected to non-contact force on both sides at the same time, it was deformed on both sides and was contracted to the middle of itself.

turned off, charges accumulated at the polar liquid interface are showing the color of the oil. So, the effect of dynamic display
completely released, resulting in the restore of the original for EWDs can be achieved. To quantify the response
equilibrium between the water and the insulation layer, performance, the response time correlative to the on and off
Frontiers in Physics frontiersin.org
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Arc multi-electrode and single-electrode pixel structure. (A) An arc multi-electrode pixel structure. (B) The arc multi-electrode contains 4 sub-
electrodes and 3 spacers. The width of all spacers was 6 pm. (C) A single-electrode pixel structure. (D) A single-electrode.

stages of pixels are defined as, 1) on-time refers to the time from
applying the driving waveform to reaching the target aperture
ratio of pixels. 2) off-time refers to the time from the target
aperture ratio to 0.

At present, the response speed of pixels still needs to be improved
[10]. In terms of improving the response speed of pixels, an asymmetric
driving scheme with alternating positive and negative voltage was
proposed. This method could reduce the response time of pixels in the
closing stage by suppressing the dielectric charge trapping, thus the fast
response of EWDs could be achieved [11]. Similarly, a driving
waveform contained an overload phase and a driving phase was
proposed. This driving scheme reduced the time required for oil
rupture by applying a short overload voltage, thus the purpose of
improving pixels response speed could be achieved [12]. From the
perspective of fluid characteristics inside pixels, surface tension at the
interface of oil/water was considered to be an important factor affecting
oil movement. A weak surface tension could increase the aperture ratio
of pixels and reduce its response time [13]. In addition, the pixel
response speed was also affected by the dynamic viscosity of oil and
water. It has been shown that the lower the dynamic viscosity of two
immiscible oil/water, the faster the response of pixels [14]. Moreover,
the researchers proposed a pixel structure which added spacer arrays to
adjacent pixel wall. This structure changed the oil/water interface
balance by adding spacers to the pixel wall, it could achieve a
consistent oil movement direction and reduce the oil rupture time.
Therefore, the response speed of pixels could also be improved [15].

In this work, an arc multi-electrode pixel structure for
improving the response speed of EWDs was proposed, and a
three-dimensional EWD pixel simulation model was conducted
by using COMSOL Multiphysics software. The influence of the arc

Frontiers in Physics

multi-electrode and single-electrode on pixel response speed in this
model was studied. Furthermore, a scheme for applying recovery
waveform on sub-electrodes of arc multi-electrode was proposed to
improve the oil recovery speed in the pixel closing stage.

Numerical methodology

The three-dimensional EWD simulation was achieved using
the COMSOL Multiphysics software. A laminar flow two-phase
flow framework was used in the model. The laminar flow field
was coupled with a phase field and an electrostatic field. The
problem of fluid flow in the laminar flow field was solved by
Navier-Stokes equation. Electrical parameters in the electrostatic
field were solved by Maxwell’s stress tensor equation. The voltage
and electrostatic field force output in the electrostatic field was
eventually coupled to the laminar flow field.

Governing equations

A phase-field method is used to build the model and
investigate the dynamic process of a two-phase flow interface.
A large number of data has been proved that the phase-field
method could effectively predict droplet movement on the solid
surface [16, 17]. The movement of interface is tracked indirectly
by solving two equations. One of them is used to solve phase-field
variable & and the other is used to solve the mixed energy density
y [18-20]. Equations 1-3 represent the governing equation of
phase-field [21].
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TABLE 2 Driving waveforms and driving mode used for two electrode structures.

“““ 4 [~ Waveform I to sub electrode 1
Arc multi- | 3 g
electrode \ B — 3"
(stage one) A\ 2 s
1 ————— 0 5 10 15 20
Time (ms)
4 I+ ot 2 to i soctrods 2
Arc multi- 3 f:n”
electrode \ ) = S
(stage two) \ Z s
1 0 ] 10 15 20
Time (ms)
4 0 , et 3o i et 3
Arc multi- “ 3 "
electrode \ | N S
(stage three) A\ s
1 ‘ - 0 5 10 15 2
Time (ms)
Single-electrode &~ I
» 'I|‘r‘|’|clln\) ’ N
a_®+u.V@=V.y_AVV/ (1) p(a—u+u~Vu):—Vp+V~(y(Vu+(Vu)T)—gu(V-u)I)+F (4)
ot & ot 3
&2\ Ofex F=F,+pg+F, 5
w:_v-szvz+(®2—1)®+<x gg’ @) tTPI Ty )
292 ) Where u, p, p, and y represent velocity, pressure, density, and
o= = 3) dynamic viscosity of fluid respectively. Each term in Eq. 4

Where A is the energy density and ¢ is the capillary width.
Equation 3 describes the relationship between these two
parameters and the surface tension coefficient 0. y is the
mobility parameter. & was set to 1 for oil and -1 for water.

The laminar flow field can be solved by Navier-Stokes
equation and continuity equation [22]. Navier-Stokes equation
is described as Eq. 4. To depict the movement of two immiscible
liquids, a transport of mass and a momentum are governed by
incompressible Navier-Stokes equations.

Frontiers in Physics

corresponds to inertial force, pressure, viscous force, and
external force, respectively. The external force consists of
surface tension, gravity, and a volume force, Fy, g, and Fr
represent surface tension, gravity acceleration, and volume force,
respectively.

As described in Egs. 4, 5, the coupling between the laminar
flow field and the electrostatic field is achieved by applying an
electrostatic volume force to Navier-Stokes equation. The
electrostatic field force is a main factor that can cause fluid-
flowing [18]. In addition, the electrostatic field force can be
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FIGURE 4

Evolution of the aperture ratio of arc multi-electrode and
single-electrode in the pixel opening stage. The aperture ratio
curves were obtained at a voltage of 20 V. Each curve consisted of
65 data points with an interval of 0.1 ms.

obtained by calculating the divergence based on Maxwell Stress
Tensor (MST) [18], and the calculation is expressed by Eq. 6.

F,r =VTi (6)

In a three-dimensional model simulation, MST is expressed as
Eq. 7.

10.3389/fphy.2022.975317

Txx Txy sz
T=|Ty Ty Ty @)
sz sz Tzz

The variation of volume force caused by the electrostatic field
acts on the interface between oil and water, and the calculation
can be expressed by Eq. 8.

[0(T) 3(Ty) 3(T.)]
0x oy 0z

P 3(Tyx) 9(T,,) 9(T,:)
0x oy 0z

3(T.y) (T=y) B(T..)
L oOx oy 0z

®)

For the calculation of contact angle, it was shown in Eq. 9 [7].

2
€0EhyaV’

— 9
Zdhyd Yow ( )

cos B, = cos Oyyq +
Where 0., O4y4, and y,, are electrowetting’s contact angle,
Young’s contact angle of hydrophobic dielectric layer, and the
surface tension respectively.

Boundary conditions

In the simulation model, the zero-charge boundary condition
should be set on all sides of the model. For electrostatic field boundary
conditions, the voltage and the ground needed to be specified. The

TABLE 3 Oil movement between arc multi-electrode and single-electrode in the pixel opening stage.

Time (ms) 0 1 2 4 5 6 6.5
Single- | i i |
electrode
T T FerpnsF, it c? e BT,
Arc multi- | { i |
electrode

TABLE 4 Driving waveform used for the arc multi-electrode structure in the pixel closing stage.

Boosting Stage
(6.5-7.5ms)

~=- Waveform of sub electrode 4

Voltage (V)

0 5 10 15 20

Time (ms)
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FIGURE 5

Aperture ratio corresponding to arc multi-electrode and
single-electrode as a function of time in the pixel closing stage.
Each curve consisted of 70 data points with an interval of 0.1 ms. A
15 V boosting voltage was applied to the sub-electrode 4 in

the arc multi-electrode, but none at the single-electrode. The oil
in the single-electrode was naturally recovered.

wetted wall, the initial interface, and the outlet needed to be specified
in phase-field boundary conditions. In addition, the contact angle was
defined as the inverse operation of Lippmann-Young equation.
The interface of the two-phase flow was selected as an initial
boundary condition. Both sides of the model (except the pixel
walls) were selected as inlet and outlet boundary conditions. In
addition, initial values of pressure and velocity in the laminar
flow field were set to 0. The wall condition was set to Navier-Slip.

Process and discussion
Setting of model parameters
Parameters used in the simulation were shown in Table 1.

The fluid (oil and water) in the model was set to incompressible
flow. It was assumed that the temperature (25°C) was kept

10.3389/fphy.2022.975317

constant during fluid movement, the thermal expansion of
fluid could be ignored. The influence of pressure on dynamic
viscosity was ignored. In addition, the bond number described
the relationship between gravity and surface tension, and it was
far less than 1, thus the gravity could be neglected [18]. Moreover,
the polar liquids were replaced by water [23, 24]. To compare the
response speed of a single-electrode with that of an arc multi-
electrode, the aperture ratio was required to characterize it. The
ratio of white area to the pixel area was called aperture ratio, and
it could be calculated by Eq. 10.

Soil

WA:I_(S

Where W 4 was the aperture ratio, S,; was the area of the colored
oil in the pixel, Syixer Was the area of the pixel.

) x 100% (10)

pixel

Design of arc multi-electrode pixel
structure

The arc multi-electrode pixel structure proposed in this
paper had a faster response speed than single electrode, which
could be

electrowetting, when a droplet was subjected to an

elaborated from the following points. In
asymmetrical electric field force, it would be deformed on
the side of the electric field force, which in turn caused the
droplet to move [25, 26]. Similarly, in sessile EWDs, when a
droplet was stationary, it was a semicircular shape, as shown
in Figure 2A. When the droplet was subjected to a non-contact
force on left, as shown in Figure 2B, the left droplet was
deformed, and its inside would generate a velocity which was
directed to the right. When the droplet was subjected to non-
contact force on both sides at the same time, the two sides of
the droplet were deformed and were contracted to the middle
of the droplet, as shown in Figure 2C. In this case, it is not
the
asymmetric progressive stress was necessary to improve oil

conducive to Therefore,

droplet movement. an
movement inside pixels in EWDs.
The proposed arc multi-electrode pixel structure was shown

in Figure 3A, and the structure of source electrode was divided

TABLE 5 Oil movement between arc multi-electrode and single-electrode in the pixel closing stage.

Time (ms) 0 1 2

Single- 5
Electrode

Arc multi-
Electrode
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into four sub-electrode with arc shape, as shown in Figure 3B.
Considering the difference of oil movement in a pixel structure
(the oil near the pixel wall moved slowly due to a stronger
capillary force, and the oil near the middle of pixel moved fast),
spacers at sub-electrodes 1, 2, and 3 were set as an elliptical arc.
The width of all spacers was 6 um. When the spacer was set too
large in experiment, it would cause the oil to rupture. If the spacer
was set too small, it was meaningless. Other structures in the arc
multi-electrode pixel remained the same as a traditional single-
electrode pixel structure, as shown in Figure 3C. Figure 3D
described a traditional single-electrode structure in EWDs.

Relationship between driving sequence
and oil movement

In the arc multi-electrode structure, corresponding
driving waveforms were applied to different sub-electrodes
at different times, as shown in Table 2, and all effective
voltages were set 20 V. The gray area represented a selected
sub-electrode, and waveforms in the table represented driving
waveforms applied to the corresponding sub-electrode. In
order to push oil to a pixel corner quickly, the driving was
implemented in three stages. In stage one, the driving
waveform 1 was applied to sub-electrode 1, oil was
ruptured in area of electrode 1. In the second stage, the
driving waveform 1 was continued to be applied to the
sub-electrode 1, it allowed residual oil in the spacer
between electrodes 1 and 2 to contract. At the same time,
the driving waveform 2 was applied to sub-electrode 2. This
driving mode could reduce oil dispersion and push oil to move
in a fixed direction. In the third stage, the driving waveform at
sub-electrode 1 was released, and the corresponding driving
waveform was applied to the second and third sub-electrodes,
so that oil was pushed to a pixel corner quickly. In the single-
electrode comparison experiment, the same voltage was
applied and the effective time was maintained for 10 ms, so
oil could be completely opened until it remained unchanged.
The mode of driving waveform applied to a single-electrode
was shown in Table 2.

After applying driving waveforms mentioned in Table 2, the
aperture ratio variation curves of single and arc multi-electrode
pixels were shown in Figure 4. In the single-electrode, oil was
ruptured at 0.9 ms. It took 4.1 ms for the pixel to reach 50%
aperture ratio, and subsequently achieved the maximum aperture
ratio of 55.9%. Whereas, in the arc multi-electrode, oil ruptured
at 0.7 ms, the response time for pixels to reach 50% aperture ratio
was 3.2ms, and the maximum aperture ratio was 67%.
Compared with single-electrode, the arc multi-electrode had
obvious advantages in response speed and aperture ratio. The
response time was 0.9 ms faster than the single-electrode, and the
maximum aperture ratio was 11.1% larger than the single-
electrode. Table 3 shows the shrinkage process of oil in a pixel.
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Boosting voltage and oil recovery

When driving waveforms were removed, oil naturally spread
under the action of its own cohesive energy. In the closing stage
of a single-electrode pixel, the time required for a pixel from the
maximum aperture ratio to 0 was 7.3 ms. For the arc multi-
electrode, a voltage of 15V was applied to the sub-electrode 4
(area 4 in Figure 3A) and maintained for 1 ms, as shown in
Table 4. The applied voltage generated a driving force acting onto
oil, and the driving force would accelerate the recovery of oil. The
aperture ratio results of the comparative experiment were shown
in Figure 5. The time required for the arc multi-electrode from
the maximum aperture ratio to 0 was 5 ms, which was 2.3 ms
faster than that of the single-electrode. The recovery process of oil
in two pixels was shown in Table 5.

Conclusion

In this paper, an arc multi-electrode EWD pixel structure was
proposed to improve the display quality, including aperture ratio
and response time. To study the performance of electrode
structure, a three-dimensional EWD simulation was carried
out. The simulation demonstrates the differences in oil
motion patterns between two different pixel structures. By
dynamically selecting the driving sub-electrode and driving
scheme, the arc multi-electrode effectively accelerated the oil
movement and improved the pixel response speed. In terms of
aperture ratio, the maximum aperture ratio of arc multi-electrode
was 11.1% larger than that of single-electrode. In addition, in the
pixel closing stage, oil spreading speed can be significantly
accelerated by applying a boosting voltage to the sub-electrode
corresponding to the oil accumulation area. The arc multi-
electrode pixel structure with multiple electrodes design
provides a strategy for actively turning off and flexibly turning
on the pixel, which theoretically enables it to break through the

upper bound on performance of typical EWDs.
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Electronic global-shutter
one-thin-film-transistor active
pixel sensor array with a pixel
pitch of 50 um and
photoconductive gain greater
than 100 for large-area dynamic
Imaging
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'University of Electronic Science and Technology of China, Zhongshan Institute, Zhongshan,
Guangdong, China, 2State Key Laboratory of Optoelectronic Materials and Technologies, Guangdong
Province Key Laboratory of Display Material and Technology, School of Electronics and Information
Technology, Sun Yat-sen University, Guangzhou, Guangdong, China

In large-area dynamic imaging, an active pixel sensor (APS) is proposed.
However, there is a trade-off between signal-to-noise ratio (SNR) and spatial
resolution. To resolve this, a 256 X 256 active pixel image sensor array based
on a 3-D dual-gate photosensitive thin-film transistor (TFT) is presented in
this work, with a pixel pitch of 50pm, pixel fill factor of 63%,
photoconductive gain of 10°-10* and spatial resolution of 505 ppi. An
electronic global shutter is enabled by dual-gate biasing without
additional a shutter TFT. Such an array is capable of dynamic imaging at a
frame rate of 34 Hz.

KEYWORDS

large-area dynamic imaging, electronic global-shutter, one-TFT APS, sensor array,
photoconductive gain

1 Introduction

Large-area optical image sensor manufactured by thin-film technologies can be
found in numerous applications such as flat-panel X-ray detector and optical
fingerprint scanning [I1-11]. High sensitivity, high spatial resolution, and high
speed of response are desirable particularly for dynamic imaging. Conventionally,
a pixel consists of a photodetector (PD) and a thin-film transistor (TFT) switch in a
passive pixel sensor (PPS) architecture. However, PPS is slow, suffers from low signal
to noise ratio (SNR) and is incapable of supporting correlated double sampling (CDS)
to remove the noise. To improve the SNR and enable the CDS, an active pixel sensor
(APS) with an in-pixel amplifier is designed. APS integrates a PD with multiple TFTs
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Diagram of pixel. (A) Pixel structure; (B) band diagram; (C) Equivalent circuit.

into one pixel. Consequently, it trades high SNR off against
high spatial resolution and high fill factor [12-14]. The
previous work reported one TFT APS aiming for high SNR,
short sampling time, and high fill factor [15]. Even though it
results in a decent increase in fill factor as opposed to the 3-
TFT APSs, an integration capacitor is still needed to replace a
reset TFT [15]. To take an image of a fast-moving object, a
CMOS image sensor implements electronic global shutter. As
for large-area dynamic imaging, a 4-TFT APS including one
additional shutter TFT was proposed in the previous work
[16]. However, it inevitably increases the pixel size and
reduces the resolution. Despite all aforementioned efforts,
the trade-off between SNR, fill factor, and spatial resolution
still remains. To resolve the trade-off between SNR and
resolution, we have proposed one-TFT APS concept for
large area imaging applications [17-20]. This work presents
an electronic global-shutter one-Thin-Film-Transistor active
pixel sensor array with a pixel pitch of 50 pm and
photoconductive gain greater than 100 for large-area
dynamic imaging.

The design of the proposed sensor array is depicted in Section
2. The measured results and the performance summary are
discussed in Section 3, and finally, we conclude this work in
Section 4.
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2 Design of sensor array
2.1 Pixel design of sensor array

In this work, we report an amorphous silicon (a-Si:H) TFT-
based 256 x 256 image sensor array based on electronic-global-
shutter one-TFT APS for high-resolution, high-sensitivity, and
large-area dynamic imaging applications. Different from
improving the spatial resolution by shrinking the TFT size in
exchange for a smaller pixel, high resolution in this work is rather
achieved by vertically embedding a PD and a switch to form a
dual-gate photosensitive TFT.

The schematic pixel structure can be found in Figure 1A. In
order to make the TFT photosensitive, a-Si:H channel layer is built
in a three-dimensional (3-D) nt-shape. Through externally biasing
both gates, an internal electric field is created and accordingly
separates photo-generated electron-hole pairs and makes the 3-D
n-shape channel region become a “virtual” PIN-like PD as seen in
the schematic band diagram in Figure 1B. The bottom-gate TFT is
therefore PD-gated and its threshold voltage will be light-dependent
due to quasi-Fermi level shift upon light exposure as shown in
Figure 1B. Figure 1C is the equivalent circuit of the pixel. Such a 3-D
dual-gate photosensitive TFT combines a PD, a storage capacitor,
and a switch, making pixel fill factor of 63%. High spatial resolution
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Architectures and timing of APS. (A) Proposed 1T APS. (B)
1T1C APS [15]. (C) 2T1C APS [13]. (D) 3T APS [14].

can be attained easily with only one TFT in the pixel. In this work,
the image sensor array with 45 um x 55 um pixel size and 505 ppi
resolution was successfully fabricated in an industrial G2.5 TFT-
LCD mass production line.

2.2 Timing schemes of sensor array

Figure 2 plots the circuitry diagrams and timing schemes
of the proposed one-TFT APS along with the other APS
circuits. Similarly, the one-TFT APS presented in this work
allows a three-phase pixel operation of reset, integration and
readout and the CDS can be enabled by simply applying a
reset pulse to the top gate for pixel resetting. The sampling
time of the pixel is mainly governed by the resetting
operation. Compared with the previous APSs, the proposed
one-TFT APS removes the external reset TFT and the external
PD as well, thus a reduced pixel sampling time is expected.
With a small RC constant, the resetting in this pixel circuit can
be done quickly, making it capable of very fast dynamic
scanning.
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The response speed of dynamic imaging is also dependent
APSs
mentioned in Figure 2 use electronic roller shutter to

on electronic shutter technique. The previous
acquire images. In some cases of shooting a fast-moving
object, the images would be distorted and/or a ghost image
would be presented if the frame rate and/or the sensor
were slow.

Figure 3 shows the diagram of sensor array. The array has
256 rows and 256 columns. The top gate lines of the pixels in
each column are connected and routed from the top direction,
the 256-column top-gated interconnects are named from TG,
to TG,s6. Similar to the top gate lines, the bottom gate lines of
each column are named from BG; to BG,5¢. The drains of the
pixels in each row are connected and routed from the right
direction, which are named from Voyur; to Vourass. The
sources of all pixels are connected to Vy;,, and routed from
the left direction. BG; to BG,5¢ and TG, to TG54 are used for
timing control, Vour: to Vourzss are used for signal output,
and Vi, is used for voltage bias.

Figure 4 shows the timing scheme of electronic global
the proposed one-TFT APS. Since the

shutter in
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photo-generated charges can be temporarily stored inside
the pixel in the integration period through the dual-gate
biasing, it is possible to realize electronic global shutter by
simply implementing the designed timing scheme in Figure 3
even without a physical shutter TFT. After resetting the
whole array, electronic global shutter is initiated by a
pulse of light and followed by scanning and reading the

array in a sequence.

2.3 Image acquisition system

Figure 5 shows the block diagram of image acquisition
system where the sensor array is connected by a top-gated
driver IC, a bottom-gated driver IC and a 256-channel
readout IC (ROIC). The driver ICs are controlled by the
FPGA to provide the driving timing, and the ROIC is
controlled by the FPGA to collect analog signals and digitize
the signals. The FPGA is used to synchronize the timing clocks
and assure that the external ICs and the image sensor array work
together well during the dynamic image acquisition.
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Bottom gate driver

FIGURE 7
Die micrograph and system board. (A) Sensor array. (B)
System board.

3 Example demonstration and
discussion

Figure 6 illustrates device characteristics of the 3-D dual-gate
photosensitive TFT. Upon light exposure, the transfer IV curves

TABLE 1 Comparison table.

10.3389/fphy.2022.1000909

shift negatively, implying that the threshold voltage drops with
light and accordingly the output photocurrent increases as
observed in both transfer (Figure 6A) and output characteristics
(Figure 6B). Further study unveils that the threshold voltage
exhibits photon  flux
(Figure 6C). In pursuing high sensitivity, the proposed one-TFT
APS differs from the previous APSs in that the high SNR is
achieved by operating the dual-gate photosensitive TFT in the

a quasi-linear relation with the

subthreshold region where the output current is an exponential
function of the threshold voltage. In another word, a small
threshold voltage drop upon light exposure will lead to an
exponential increase in the output current. As a result, the
photosensitive ~ TFT high
photoconductive gain of 10°-10%, nearly 2-4 orders of

proposed demonstrates  a
magnitude higher than the external quantum efficiency (EQE)
of a typical PIN-type PD. It becomes even more important that
such a high gain covers an entire studied spectrum with a
wavelength ranging from 300 to 1,100 nm. The photosensitive
TFT can therefore make a full utilization of all incoming photons
in the studied wavelength range and outperform any a-Si:H based
PIN-type PDs with an EQE generally below 85% (Figure 6D). Such
a high gain can only be found in an avalanche photodiode where a
strong electric field must be in presence to trigger avalanche
electron multiplication (avalanche effect). However, shot noise
also arises under such a strong electric field. Therefore, operating
the photosensitive TFT in the subthreshold region becomes a
possible approach to achieving high gain while suppressing the
noise. Even though operation in the subthreshold region raises a
concern of a narrow dynamic range, for low-level light sensing and
low-dose dynamic X-ray imaging, high gain and full photon
utilization are particularly more important. In the event that
does need a wide dynamic range, the dual-gate photosensitive
TFT can be tuned to operate in the linear or saturation region
where gain is lower but dynamic range becomes wider.

This work Brown et al. Taghibakhsh et al. Karim et al. Roose et al.

[15] [13] [14] [12]

Technology a-Si:H CG-Silicon a-Si:H a-Si:H a-IGZO

PD Type Photosensitive TFT Lateral PIN Vertical PIN Vertical PIN NA

Gain or EQE of PD >10* NA <85% <85% NA

Critical dimension 5 pum 1.5 ym 10 pm 25 um 3 um

APS architecture 1T (dual-gate) 1T1C 2T1C 3T 3T1C

Pixel count 256 x 256 640 x 480 8§ x8 3x3 NA

Pixel size (resolution) 45 pm x 55 pm (505 ppi) 84 umx84 pm 100 pum x 100 pm (254 ppi) 250 um x 250 pm (102 ppi) 100 pm x 100 um
(300 ppi) (254 ppi)

Pixel fill factor 63% NA 50% 50% NA

Frame rate 34 Hz 30 Hz NA NA 50 Hz

Electronic shutter

Operating region of TFT

Frontiers in Physics

Global shutter

Subthreshold, linear,
saturation

Roller shutter

Linear, saturation

Roller shutter

Linear, saturation

Roller shutter

Linear, saturation

Roller shutter

Linear, saturation
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ms 58 ms 116 ms

FIGURE 8

Example of dynamic imaging at a frame rate of 34 Hz under light exposure of 11 ms-pulsed green LED. (A) Target image. (B) Moving direction.

(C) Sampling frames.

Figure 7 shows the micrograph of sensor array and system
board where Figure 7A is a micrograph view of the array including
pixels and traces and Figure 7B is a system board including driver
ICs, ROIC, and FPGA. As shown, the top gates of each column are
connected to the top-gated driver ICs, the bottom gates of each
column are connected to the bottom-gated driver IC, and the signal
outputs of each row are connected to the ROIC. The top-gated
driver IC, bottom-gated driver IC and ROIC are all controlled by
the FPGA. The image signal is sent to FPGA by ROIC.

One example of dynamic imaging using electronic global
shutter is shown in Figure 8. Figure 8A is the target image with
the characters of “isense” written on the transparent plastic.
Figure 8B shows the moving direction of the target image.
Figure 8C is a moving record of the target image, and the
position of the target image is different at different times. In
this example, the frame rate is 34 Hz.

A summary table and comparison with the previous works is
given in Table 1. This work adopts a 1T APS structure, which has
fewer devices than previous work, so it achieves the following
advantages: smaller pixel size (45 pmx55 um), larger resolution
(505 ppi), better fill factor (63%), and higher photoconductive
gain (> 10%). In addition, the array works in global shutter mode,
and the frame rate can reach 34 Hz. Moreover, this work can
operate in three regions (subthreshold, linear, saturation), while
others can only work in two regions (linear, saturation).

4 Conclusion

In conclusion, we demonstrate a 256 x 256 active pixel
image sensor array based on a 3-D dual-gate photosensitive
TFT with a pixel pitch of 50 um, pixel fill factor of 63%,
photoconductive gain of 10°-10* and spatial resolution of
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290 ms 348 ms 406 ms

505 ppi. An electronic global shutter is enabled by dual-
gate biasing without additional shutter TFT. Such an array
is capable of dynamic imaging at a frame rate of 34 Hz.
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microscopy for Majorana bound
states in continuum
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We propose a device composed of a quantum dot (QD) connected to a normal
metal lead to detect Majorana bound states (MBSs), which are formed at the
ends of a topological superconductor nanowire (TSNW) and coupled to the lead
with spin-dependent hybridization strengths. The information of the MBSs
leaked into the lead is inferred from the spectral function of the QD serving
as the tip of a scanning tunneling microscope (STM). It is found that lead—MBSs
interaction induces a bound state characterized by an infinitely high peak in the
dot's zero-energy spectral function. The overlap between the two modes of the
MBSs turns this bound state into a resonant one, and thus the zero-energy peak
is split into three with the height of the central one equaling that in the absence
of lead—MBSs coupling. We also find that the MBSs have lower impacts on the
additional peak in the dot's spectral function induced by intradot Coulomb
interaction.

KEYWORDS

quantum dot, Majorana bound states, bound states in continuum, scanning tunneling
microscopy, spectral function

1 Introduction

In submicro- and nano-scale systems, the quantum interference effect resulting from
electrons transporting through multiple paths or states induces various interesting
phenomena that are important in both fundamental and applied subjects [1, 2].
Recently, to enrich physical phenomena, quantum dots (QDs) with well-separated
and adjustable energy levels were embedded in the tunneling channels of multiply
connected or T-shaped geometries [3-7]. Such energy levels couple to the states with
a continuum energy spectrum in the leads that is connected to the central region and thus
form exotic bound states in the continuum (BICs). This kind of platform enables the
emergence of Fano and Dick effects that originally solely occurred in molecular systems
[3, 6]. These two effects are characterized by the asymmetric line shape of the conductance
varying with respective to the Fermi energy or dot level, as well as by zero-width resonant
peaks in local density of states (LDOS). According to the uncertainty principle, a state with
zero-width peak means that its lifetime is infinity and thus is important in applications
such as quantum information or quantum storage. A recent experimental work
demonstrated that Fano resonances are closely related to quasi-BICs [8]. These effects
are also crucial for either fundamental or technological applications. For example, BICs
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have been successfully used in designing new kinds of lasers that
may be applicable in various fields including photoelectric
devices, detection instruments, and quantum information [9].
The quantum interference effects induced by the presence of
BICs have also been extensively studied in low-dimensional
phononic systems [10]. Experimentally, BICs have been
observed in systems beyond electronic ones, for example in
optical waveguides arranged in a series [11], dielectric slabs
[12], cylinders [13], and nano-scale resonators [9].

Issues related to BICs were also studied in the scope of
topological phases of matter [12, 14]. In particular, recent
theoretical and experimental work has demonstrated that
exotic Majorana bound states (MBSs) can be formed at the
ends of p-wave topological superconductor nanowires [15].
The MBSs are quasi-particles of Majorana fermions and of
their own antiparticle excitations with zero energy. They are
coherent superpositions of electrons and holes and resemble the
properties of electron-hole pairs in superconductors.
Accordingly, researchers have been seeking Majorana
fermions in superconductors since they were predicted as
early as in 1937 [16]. In 2008, Fu and Kane first
demonstrated the possibility of realizing MBSs in a vortex
core in a p-wave superconductor [17]. Subsequently,
researchers proved that MBSs may be formed at opposite
ends of a one-dimensional p-wave superconductor realized
from a semiconductor nanowire with Rashba spin-orbit
interaction subjected to both a strong external magnetic field
and proximity-induced s-wave superconductor [17]. Until now,
MBSs have been successfully prepared in various solid-state
platforms, such as topological insulators connected to
superconductors [17], defects in topological superconductors
[18], semiconductor [19], or ferromagnetic [20] nanowires
having strong spin-orbit interaction proximitized to
conventional s-wave superconductors, Josephson junctions
[21], single monolayer systems [22], and chains of magnetic
adatoms [23]. The detection of MBSs remains a challenge. In the
past 2 decades, zero-bias conductance peaks [24, 25] were
believed to be the most reliable evidence of the existence of
MBSs. But some theoretical and experimental works have proved
that such an effect can also arise from trivial Andreev bound
states and Yu-Shiba-Rusinov states, as well as from the Kondo
effect in experimental platforms having a proximitized nanowire
connected to a quantum dot (QD) [26, 27]. Due to the
controversy regarding to the zero-bias abnormal peak related
to MBSs, some other means to detect MBSs were subsequently
proposed. For example, the presence of MBSs may induce a sign
reversion or abnormal enhancement of themopower in a
hybridized Majorana nanowire/QD system, and can efficiently
detect the existence of the MBSs [28-31]. Impacts of MBSs on the
properties of tunnel magnetoresistance [32], photo-assisted
transport [33-36], and Fano resonance [37-40] were also
demonstrated to be promising in the detection of MBSs.
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Recently, the generation of BICs by the presence of MBSs
was investigated in systems composed of QD and Majorana
nanowires, an interesting phenomenon termed MBCIs
[41-43]. In a departure from earlier work, Vernek et al.
proposed to generate and manipulate the MBICs under the
condition that both the MBSs and the QD be coupled to an
external lead with continuum energy spectrum [44], except
when the MBSs and QD are directly connected. The
researchers focused on the spectral and transport properties
of the hybridized system in both the noninteracting and
strong-interacting regimes of the QD [44]. Their numerical
results show that there is bound state in the spectral function
of the QD, as long as the MBS is coupled to the lead, regardless
of the coupling strength. Such a result remains unchanged in
the presence of intradot Coulomb interaction and variation of
the system temperatures. They explained the physical
mechanism of the MBICs by examining the properties of
the dot-lead coupling strength under the influence of the
MBSs. These results are useful for reading and writing
information through veiling and unveiling these states, and
they are promising in applications for quantum computing. In
the present work, we revisit this system by considering both
the MBS-MBS overlap and spin-dependent coupling between
the MBSs and the lead, which were neglected in previous work.
Experimentally, the two modes of the MBSs formed at
opposite ends of the TSNW will interact with each and
change the transport properties significantly [21, 24].
Moreover, the MBSs can couple to both spin-up and spin-
down electrons, even with different coupling strengths [45,
46]. Our results show that the direct overlap between the two
modes of the MBSs may destruct the MBICs under particular
conditions, and the spin-dependent coupling between the
MBSs and the lead enables the interaction between
electrons of opposite spin directions, even in the
noninteracting regime. The information of the MBSs at the
ends of the TSNW will change the properties of the lead and
then leak into the QD when the lead and QD are close enough.
By investigating the behavior of the spectral function of the
QD, one can infer the existence of the MBSs or the MBICs. The
QD thus functions as the tip of an STM to detect the above two
phenomena.

2 Model and methods

The system we study here is similar to that in Ref. [44], except
that the two modes of the MBSs overlap, and one mode of the
MBSs interacts with electrons in a lead with spin-dependent
hybridization strength. The lead-dot coupling strength is
sensitive to the properties of MBSs and thus to changing the
spectral function of the QD. The Hamiltonian of this system can
be written in the following form [25, 44]:
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H =) eoclyho + Y. eadide +Udjdid]d) + Y (tecl,d, + H.c) + Hygs.,
ko 4 ko
ey

where c}; » (Cko) creates (annihilates) an electron of momentum
k and energy ¢, which depends on electron spin 6 =T, | in the
lead serving as the tip of an STM. The operator d! (d,) is the
creation (annihilation) operator of an electron with gate voltage
tunable energy level ¢; spin-o, and intradot Coulomb
interaction U. The MBSs couple to spinless electrons in the
QD because of the chirality properties, which has been studied
in previous papers. Experimentally, this happens when the
system holding MBSs is subjected to strong magnetic fields
that enable only one spin-component electron to dwell on the
systems due to the Zeeman splitting effect [25]. When the
external magnetic field is not too strong, and both the spin-up
and spin-down energy levels of the systems are in the transport
window, the MBSs interact with both spin-up and spin-down
electrons [24]. The Coulomb repulsion between the electrons is
crucial and should be considered. The coupling strength
between the QD and the lead is described by t;. The last
term, Hypss, in Eq. 1 is for the MBSs prepared at opposite
ends of a TSNW. Here we consider the case in which only one
mode of the MBS is coupled to the electrons on the lead with
spin-dependent hybridization strength A, [45, 46]:

HMBSs = iaMﬂl"lz + z/\u(da - dZ)Wl’ (2)

in which 8, is the interaction strength between the MBSs whose
operators satisfy 7; = 17;- (j = 1,2) and {;, ;} = §;;. The coupling
strength between the MBSs and electrons on the lead is A,. The
information of the MBSs leaked into the lead can be detected
non-invasively by investigating the local density of the states
(LDOS) p,, of the QD attached to the lead [44]. It can be obtained
from the imaginary part of the retarded Green’s function as
p, = —-Im[ < d,|d! >"]/n. By adopting the equation-of-motion
technique, the Green’s function can be expressed in the following
matrix form [24, 25, 44]

Gyt + KTy

KIAA,
KIAA,
KTAR,
[ <dild >"
<djld]>"
<d||d)>"
| <djld]>"
-6T,g

0
Sio |

0

KTA;  KT\AA,
G +KTA; KIyA[A,
KT\/ATA] Gy +KTA,
KT\ATA, KTA,

KT+/AA]
KT+/AA]

KTA,
Gy, +KTA,

€)

in which the inverse of the QD Green’s function is
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FIGURE 1

(Color online) Spin-up (A) and spin-down (B) LDOS varying as
functions of electron energy for different values of A,. (C) is for the
spin polarization of the LDOS. Other parametersare U=0,1;=0.1,
dot level ¢y = 0, and MBS—MBS interaction strength dy = 0.
With increasing 1, the magnitude of p; (A) and p, (B) is individually
enhanced and suppressed. As a result, the spin polarization of the
LDOS (C) first decreases, changing its sign, and then increases

(e—eq)(e—es-U)

Gl " 2 LT, 4
40T ey, —U(1-ny) @)
and the Green’s function of holes is
~r- e+eg)(e+eg+U
dal:( 4) (e +eq )+iI‘, 5)
’ et+eg+U(1—ng)
where st—likle; = —iT, st—l’l"l; = —ily, and

K=[e+2i)y A; - 8]2\4/ (e +i0%)]7!. The occupation number
n, must be calculated from the self-consistent equation of n, =
- I Im<d,|dl > f(e)de/m , with fle) being the Fermi
distribution function in the equilibrium state.
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3 Results and discussion

In the following numerical calculations, we choose half-band
width of the lead D = 40 [25] as the energy unit and fix the value
of dot-lead coupling strength at T' = 0.1. Figure 1 presents the
spin-up (a) and spin-down (b) spectral functions and (c) their
spin-polarization P = (p; — p|)/(p; + p;) for different values of
spin-down lead-MBS hybridization strength 1| with fixed A; =
0.1. For A} = 0, the zero-energy spin-up spectral function is
nlpr(e = 0) — oo (black solid line in Figure 1A), whereas
nlp (e = 0) = 1 is shown by the solid black line in Figure 1B.
This indicates that the MBSs leaked into the lead, inducing a
bound state in the QD at zero electron energy. Turning on the
coupling between spin-down electrons on the QD and the MBSs
in thelead (A # 0), the bound state in spin-up spectral function is
stable, which is characterized by nTp;(e = 0) — co. Now the zero-
energy spectral function of the QD for spin-down electrons also
becomes a bound state (7T')p|(¢ = 0) — 00). Note that the bound
state emerges as long as the dot-lead coupling is turned on and is
independent in its magnitude. Shifting the QD energy level by
gate voltage away from zero energy, it is found that the
magnitude of spin-up (spin-down) spectral function is
monotonously enhanced (suppressed) by increasing A|. The
reason is that the MBSs leaked into the QD change the dot
level, and then the electron transport probability in each channel
(electron state) is lowered. This result is in consistent with earlier
works [25, 44].

The bound state induced by the MBSs can be understood by
examining the properties of the hybridization between the QD and
the lead KA,. As is known from the Green’s function, the position
of the peaks in the spectral function is determined by the dot level
as well as by the real part of the self-energy, and the width (lifetime
of the state) of the peaks is related to the value of the imaginary part
of the self-energy. A larger (smaller) value of the imaginary part of
the self-energy corresponds to wider (narrower) peaks, and hence a
longer (shorter) electron life on the energy state. The real part of
KT A, will shift the dot level, and its imaginary part determines the
broadening of peaks in the spectral function nTp,(¢). As shown in
Ref. [44], — Im[KT'A,] is the effective coupling between the QD and
the lead with continuum spectrum. Under the conditions of 1, =0
and g; =0, — Im[KT'A,] reduces to I of the usual case with T'p,(¢ =
0) = 1. In the presence of coupling between the QD and the
continuum (A, # 0), — Im[KTA,] = Oat ¢ = 0 indicates the
emergence of a bound state with infinite long-electron dwell
time due to the uncertainty relation of At ~ 7/2I'. The real part
of KT'A,, however, is zero at € = 0, and the position of the peak in
spectral function is unchanged. Note that the value of KT'A, also
depends on the dot level &, which is out of the scope of the present
work because the MBSs exert significant impacts on the electron
transport at zero energy. The spin-polarization of the spectral
functions P is shown in Figure 1C. It is found that the value of P
depends on both A, and electron energy . At & = 0, the spin-
polarization is 1 for A| = 0. This means now only spin-up electrons
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FIGURE 2

(Color online) (A)Spin-up and (B) spin-down LDOS as
functions of the electron energy for fixed A; = 0.1, 1, = 0, and
different values of dy. The other parameters are as in Figure 1.

can enter the QD, an ideal case for spintronic devices. With
increasing 1|, the magnitude of the spin-polarization is reduced.
Now both spin-up and spin-down electrons can occupy the states
on the QD. Interestingly, at sufficiently large A}, the value of the
spin-polarization is changed from a positive value to a negative
one. Now the majority spin in the QD is changed from spin-up to
spin-down, and the system can be used as a spin-conversion device
by changing the hybridization between the QD and the lead.

In real cases, the two modes of the MBSs prepared at
opposite ends of the nanowire overlap with each other with
strength &y ~ exp(—1/{), where I is the length of the nanowire
and ( is directly proportional to the magnetic field applied on
the nanowire. The overlap between the MBSs changes their
properties significantly, but this fact has been neglected in
previous work concerning MBSs coupled to continuum [44].
Figure 2A shows the behavior of 7Tp(¢) for different values of
Op with fixed A1 = 0.1 and A| = 0. As is shown by the black solid
line in Figure 2A, a bound state is formed at ¢ = 0 characterized
by infinite large nTp; for &y, which is just the case shown in
Figure 1. Turning on the hybridization between the two modes
of the MBSs (8 # 0), the zero-energy peak of the spin-up
spectral function is split into two. Meanwhile, the two peaks
are broadened and lowered. Importantly, the height of the
central peak in the spin-up spectral function reduces from
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FIGURE 3

(Color online) Spin-resolved LDOS varying with respect to the electron energy for fixed 1; = 0.1 and different values of 6. The value of A; in (A,C)
is 0.05, and is fixed at 0.15 in (B,D). The other parameters are as in Figure 1.

infinity to one as long as §,; # 0. For §,; = 0.3, as is shown by
the green dash-dot-dot line, the central peak in nT'p; evolves
into a broad resonant one. The spin-down spectral function in
Figure 2B is unchanged regardless of the value of 8y, as the
spin-down electrons are decoupled from the MBSs (1| = 0).
The results shown in Figure 2 indicate that the imaginary part
of the effective self-energy — Im[KI'A,] no longer equals zero
at € = 0, and the overlap between the two modes of the MBSs
destroy the bound state induced by them.

We now study the case in which both spin-up and spin-
down electrons are coupled to the MBSs with different
hybridization strengths in Figure 3. Similar to the results in
Figure 2, in which only spin-up electrons on the QD interact
with the MBSs, the single-peak in the spectral functions of the
two spin components is split into a broadened and lowered
double-peak configuration, indicating the destruction of the
bound states by direct hybridization between the two modes of
the MBSs. With increasing &), the central peaks in both spin-up
and spin-down spectral functions evolve into resonant ones
with a fixed value of nlp,(e = 0) = 1. Comparing Figure 3A,C
and Figure 3B,D, one finds that the width of the central peak in
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the spectral function is changed to be non-monotonous by both
Ay and 8y Apart from the Fermi energy ¢ = 0, the magnitude of
the spectral function is enhanced by increasing &, indicating
that the impacts of the MBSs on electron transport are
weakened by their direct hybridization.

QD,

electron-electron Coulomb interaction can generate some

In  submicro-nano  structures  including
interesting phenomena, such as Coulomb blockade and
Kondo effects, that exert significant influences on transport
processes. We next show the impacts of intradot Coulomb
interaction on the spectral function nTp,(¢) for fixed A; and
different values of A| in Figure 4A,B and different &, in
Figure 4C,D. It is found that the spectral functions in the
presence of intradot Coulomb interaction resemble those in
Figures 2, 3, except that an additional peak arises at e = U. A
bound state is also induced by hybridization between the
electrons on the QD and the MBSs formed at the ends of
the nanowire. As was shown in Ref. [44], even with the
effective self-energy — Im[KT'A,] = 0at both ¢ = 0 and U,
the state at ¢ = U is still a resonant one. The values of A, and &,

mainly change the spectral functions at ¢ = 0 and have less
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FIGURE 4

05
e/D

(Color online) Spin-up and spin-down LDOS in the presence of intradot Coulomb interaction U = 1 as functions of the electron energy for
different values of A; and 8y = 0 in (A,D), and 1| = 0.05 and different dy in (B,C). The value of ; is fixed at 0.1. The other parameters are as in Figure 1.

impact on those at ¢ = U. Moreover, their functions are similar
to the non-interacting cases given in Figures 1-3.

4 Summary

In conclusion, we have studied the properties of a QD
coupled to a lead with a continuum energy spectrum, which
interacts with one mode of the MBSs formed at the ends of a
TSNW. Our results show that the spectral function, which is
detectable experimentally in terms of techniques of transport
spectroscopy, develops a sharp peak with infinite height at
zero energy, indicating a bound state induced by the MBSs
leaked into the QD. This bound state is destroyed as long as
the two modes of the MBSs are overlapped, and the height of
the central peak in the spectral function is suppressed from
infinity to unit. Moreover, the central peak is split into a
double-peak configuration by direct MBS-MBS hybridization.
This bound state induced by the MBSs is robust against the
presence of the intradot Coulomb interaction, although it
generates another peak in the spectral function due to the
Coulomb blockade effect. The present device can be used as an
STM for the non-invasive detection of MBSs.
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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.

KEYWORDS

electrowetting display, electronic paper, full-color display, polymer cholesteric liquid
crystal, color gamut, reflectance

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.
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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.
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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 1 A. 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 6 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.

g0eqV?
2d

Vv €080 = yg, —yg + 1)
where y;,, , yg, and yg,; are the interfacial tensions at the solid-
gas, liquid-gas and solid-liquid interfaces respectively, ¢ and ¢4
are the dielectric constants, d is thickness of the hydrophobic
insulating layer, V is the applied voltage.

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
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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.

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
(REF-B) corresponding to the band of blue light is added below the
yellow ink layer that regulates the blue light. The RE-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
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Ao of CLC is directly related to its pitch P and refractive index,
which can be described by following formula:

@

where # is the effective refractive index of the liquid crystal
material. Liquid crystal is a birefringent crystal material
with two refractive indice, namely ordinary refractive
The
index 7 can be calculated with

index n, and extroordinary refractive index n..
effective refractive
following formula:

2 2
_ n +2n
n2 e (o

3 (©)

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

1

P=——
HTP x ¢

“)
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.
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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.

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 AA of the CLC is
related to its birefringence An, which is calculated as follows:

A
A=A = Pan 5)
fl
And An of liquid crystal material can be calculated with the
following Equation:

An=mn,—n,

(6)

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
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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 pum x
165 um with 150 um working area and 15um pixel wall
width. The height of the pixel wall grid composed of
photoresist SU8 is 5um. 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
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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.

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 um height and then the whole device is sealed. After
bonding FPC, the three EWD layers can be driven
separately.

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 n,. 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 um 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 15min 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
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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 X
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
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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.

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 TEC-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-ULIR) 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:

I color

R= x 100%

7)
reflector

where I, is the intensity of the reflected light of the EWD

device under color states, Iogecor 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 Ggwp is
usually defined as the ratio between the hexagonal area Sgyp and
the NTSC standard triangle area Syrsc . It can be calculated by
following formula:

S
EWD o 100%

®)

GEWD =
NTSC
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The value of the Syrsc 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.

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
thus the
reflectivity of cyan. Similarly, the reflectivity of the blue

greatly minimized, significantly improving
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
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FIGURE 4

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

Frontiers in Physics

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.
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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
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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
characteristics greatly improves the reflectivity of the blue

selective  reflection
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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Reflective displays have recently attracted more and more attention because of
the advantages of low power consumption and eye protection. Among them,
electrowetting display (EWD) is the most potential reflective display technology
due to its full color and video speed advantages. However, filling models of oil
and polar liquids in EWD fabrication were rarely reported. In this paper, a phase
change filling model was proposed, and its related equipment was designed and
manufactured. The efficiency of phase change filling model has a significant
advantage compared to conventional filling models, which can finish the whole
process of filling and coupling for 400*500 mm panel within 270 s while the
efficiency of other filling models is over 10 min. Since the process of oil filled
into the pixels was released into the air environment, the dosing method was
significantly enriched, and dosing accuracy was more controllable. The
experimental results showed that, a good response time and a high pixel
aperture ratio of 31.78 ms and 68.2% can be obtained, respectively.

KEYWORDS

electrowetting display, colored oil, polar liquid, phase change, filling

Introduction

E-paper displays have received widespread attention due to their advantages of lower
power consumption and sunlight readability [1-4]. On this basis, the electrowetting
display (EWD) has the characteristics of full color and video speed response, which make
it become the most potential reflective display technology in the future [5-10]. In 2003,
Robert A. Hayes first proposed the typical structure of EWD and published it in Nature
[11]. Subsequently, the research activities of EWD won rapid development, more and
more universities and research institutes worldwide joined this field.

A typical EWD device mainly includes top and bottom electrodes, a hydrophobic
layer, pixel walls mounted on a bottom electrode, mutually incompatible colored oil
and transparent polar liquids. The transparent polar liquid plays a role in changing
wettability on solid surfaces and pushing oil to spread or shrink, corresponding to a
single pixel “on” or “off”. The colored oil plays dual roles of the grayscale switching
and color demonstration, which make it the core material in EWDs [12-15].
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Therefore, the precise filling of colored oil and polar liquid in
EWDs determines its optical performance. Chasing the
efficient and uniform filling of colored oil, various filling
models have been studied in the EWDs fabrication. The
University of Cincinnati started research in EWDs filed
since 2005 [16] and proposed an oil filling model based on
the interface self-assembly in 2007 [17], which used the
advantage of wettability difference between oil and polar
liquid on the surface of pixel wall. The speed of this filling
model was restricted by the oil spreading rate, which was
typically 1 mm/s. So the efficiency of this model was over
10 min for a 400*500 mm panel. Filling results were
susceptible to oil-polar liquid interface disturbance and
substrate immersion speed. Based on Cincinnati’s work,
Liquivista proposed a self-assembly filling concept of dosing
oil at the three-phase contact line when the polar liquid level
rose and intersected with the substrate [18], which reduced oil
residue and consumption. However, it failed to overcome the
bottleneck of efficiency and accuracy problems of the filling
process. In addition, to avoid trapping bubbles in pixels,
Liquivista also invented a method for filling oil with a
unique bubble-liquid separation structure [19, 20]. The core
of the method is to control the ratio of oil to air bubbles in the
cavity to achieve the removal of air bubbles trapped in the
pixel. This technology has very high requirements for the
consistency of filling gap and the precise controllability of oil/
bubbles, and the filling efficiency is extremely low. National
Chiao Tung University in Chinese Taipei [21] and Advanced
Display Technology Co., Ltd. (ADT) in Germany (ADT) [22]
made a beneficial attempt to fill oil based on inkjet printing
which filling
consequence for larger pixels. However, the design and

technology, could achieve an excellent
manufacture of high-density inkjet printing nozzles and
precise oil supply systems are still enormous challenges for
the pico-level filling accuracy demand. Recently, Wen Chenyu
et al. [23] of Nanjing University reported a capillary-based oil
filling model which was similar to the vacuum filling of liquid
crystals in the LCD fabrication process. However, it required
that the distance between the top and bottom substrates was
bigger than 300 um, which was not conducive to the
sealing and mechanical stability of the panel. Considering
the risk of residual oil in corners and the gap of display
devices, the actual filling effect was not as well as the
simulation result.

In this paper, a novel filling model was proposed to achieve
filling of oil and polar liquid in sequence, which utilized the
differences in freezing points of oil and polar liquid. It creatively
solved the limitation that oil always was filled in the polar liquid
surroundings. The polar liquid was dosed with one big droplet on
the frozen oil surface, then the top and bottom substrates were
aligned and coupled. The proposed filling model improved the
fabrication efficiency and had a good controllability of oil and
polar liquid amount.
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FIGURE 1
Force balance at the droplet contact line.

Principle
Basic principle of electrowetting

Electrowetting (EW) refers to manipulating the movement of
a small amount of liquid on solid surfaces by adjusting the surface
wettability using electric fields [24, 25]. For a liquid drop in the
ambient vapor of a general liquid-vapor system, the angle
between the liquid-vapor interface and the solid-liquid
interface is known as the contact angle of the liquid. This
angle is typically denoted as Young's angle 0, The
relationship between 6, and the three interfacial (solid-liquid,
solid-vapor, and liquid-vapor) tensions is described by the
Young-Dupré Equation as shown in Eq. 1:

cos 6}’ = (YSV - YSI)/y (1)

Where the droplet phase is marked by “I”, the ambient medium

« »

by “v”, and the electrode is a solid “s”.

For convenience, “v” is
used no matter whether the ambient medium is actually a vapor
phase or another condensed immiscible dielectric, such as oil.
And for EWOD (electrowetting-on-dielectric), “s” is represented
the entire substrate. y, Y, and y are the solid-liquid, solid-vapor,
and liquid-vapor interfacial tension, respectively. Details are
shown in Figure 1.

It is assumed that the electrolyte is completely uniform at
zero voltage up to the interface. Then, upon applying a
potential ¢, at the solid surface, the variation of the
interfacial energy is given by Eq. 2. Where o is the charge

density in the diffuse layer.

ba
y(@)=y=| o(e)ds @
For the diffuse layer charge, there will be Eq. 3
_fhg
Y(¢d) =y 2AD¢d (3)

Where A p is the thickness of the electric double layer (EDL), €
and ¢, are the dielectric constant of the solid and vacuum
that the

interface

dielectric constant, respectively. Eq. 3 shows

interfacial tension of the electrode-electrolyte
decreases with the increase of the potential difference by

applying a voltage. Tensions of other interfaces are not
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The basic model of an EWOD experiment.

affected because there is no substantial potential drop across
them. Then, the voltage-dependent contact angle can be
calculated by inserting Eq. 2 into Young’s law, which is shown
in Eq. 4.

cosO(U) = Yo" Ya'T) :51 )

1 U
=cosf, + ; Jo o(¢)d¢ (4)

Simply, the applied voltage U is equivalent to the potential
difference ¢, across the diffuse layer. Eq. 4 can be rewritten as
Eq. 5.

E&

UZ
ZADV

cos(U) = cos 0, +

@)

Eq. 5 is often known as Young-Lippmann (YL) equation. It
is a critical equation that relates the electrostatic energy to the
wettability. All above is the theory about EW without the
dielectric. As for EWOD, the relevant energy is the
electrostatic energy in the macroscopic capacitor rather
than the free energy of the EDL. The macroscopic capacitor
is formed among the liquid, the electrode and the dielectric
layer.

Principle of electrowetting device

In the mid-1990s, Bruno Berge and his colleagues [26]
promoted the idea of introducing hydrophobic polymer films
as insulators between an electrode on the substrate and the fluid.
In EW applications, a dielectric coating on the electrode is almost
exclusively involved. The aim is to insulate the conductive fluid
from the electrode and thereby prevent chemical reactions. This
layer contributes to the robustness and reliability of EW. This
general structure is shown in Figure 2 and it is often denoted as
EWOD to emphasize the presence of the dielectric coating.
Where d is the thickness of the dielectric coating layer and R
is the drop size of the droplet.

The variation of the macroscopic contact angle in an EWOD
before contact angle saturation is described by the Young-
Lippmann equation, which is shown in Eq. 6.
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FIGURE 3

Pixel structure of an EWD panel.

cos (V) = cos 0, + ﬂU2

2 ©)

Eq. 6 is similar to Eq. 5, except that d replaces the thickness of
EDL. This leads to the differences between EW without dielectric
and EWOD. For EWOD, the ratio in the right part of Eq.6 is
typically four to six orders of magnitude smaller than that in Eq.
5, depending on the properties of the dielectric coating layer.
Consequently, the voltage required to achieve a substantial
contact angle decrease in EWOD is much higher, which is
more suitable for actual applications.

Generally, an essential EWD device is composed of two
parallel plates functioning as top/bottom electrodes, polar
liquid and a second immiscible colored oil, as shown in
Figure 3. The bottom substrate is layered with a conductive
layer such as indium tin oxide (ITO), a dielectric layer, and a
hydrophobic layer (like Teflon and Cytop). The hydrophobic
layer enhances the change in contact angle with electrical
actuation and prevents the droplet from sticking. When a
certain voltage is applied to the system, the interfacial tension
between the polar liquid and the surface of the bottom substrate
will be changed.

Device fabrication
Preparation of top and bottom substrates

A patterned ITO panel and TFT-array panel could be
selected as the bottom plate, and a non-patterned ITO panel
was used for the top plate. The patterned ITO and non-patterned
ITO glasses used in this experiment were ordered from Wuhu
Token Technology, the thickness of the ITO layer was around
25 nm, and the square resistance was 70-90 Q)/cm?. The bottom
substrate was composed of a dielectric layer, a hydrophobic layer,
and a pixel wall structure. The top substrate had photo-spacers
mounted on the ITO surface to control the gap between the top
and bottom substrates. The detailed process is shown in Figure 4.

First, the top and bottom plates needed to be cleaned to
remove particles and organic contaminants. The dielectric layer
was a patterned layer mounted on electrodes and was realized by
photolithography. A negative photoresist for dielectric layer was
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Fabrication process of an EWD device.

FIGURE 5

The as-prepared bottom substrate. (A) macro photo of bottom substrate was taken by a crammer, and (B) the pixel wall structure was taken
under the microscope, the pixel size was 184*184 um. (C) Morphology of the pixel wall under the SEM, Pixel wall width was 11.63 pm and height was
3.26 um, with SEM parameters of EHT = 2.00 KV, WD = 4.7 mm, Mag = 10.00 K X (magnification was 10.00K times), Signal A = SE2.

I/3-
c—

spin-coated (KW-4A, Institute of Microelectronics, Chinese
Academy of Science, China) on the ITO glass surface at
1500 r/min for 1min and pre-baked (EH20B Lab Tech,
China) at 110°C for 1.5 min. Then through exposure ((URE-
2000/35, Institute of Optics and Electronics, Chinese Academy of
Science) with 30 mJ/cm?, post-exposure baking at 110°C for 90 s,
development in 238D solution for 90 s, and post-curing at 230°C
for 30 min to obtain a 1pum dielectric layer structure. The
hydrophobic layer was obtained by one-step screen printing
(HD-3050, Dongguan, China). The selected material was
DuPont AF1600 solution, the film thickness was 800 nm, and
the film thickness uniformity deviation was less than +5%. Due to
the hydrophobicity of AF1600, a plasma treatment on
hydrophobic layer was carried out to make the following
photoresist coating possible. A negative photoresist for pixel
wall was coated on the hydrophobic layer by the same spin
coater and pre-baked at 110°C for 1.5min. Then through
exposure (80 mJ/cm?®), post-exposure baking (110°C, 90s),
development (0.4% KOH, 90s), and post-curing (185°C,
30 min) to obtain the pixel wall, whose height was 3 um and
line width was 11 um. Above that, photoresist for dielectric layer
and pixel wall were all purchased from Weifang Suntific
Technology, and the models were HN-022N and HN-008N,
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respectively. Structures on the bottom substrate are shown in
Figure 5.

Compared with bottom substrate, the structure on the top
substrate was much simpler. There were only photo-spacers,
which were realized by photolithography. A negative photoresist
was spin-coated on the non-patterned ITO glass surface at 700 r/
min for 90 s and pre-baked at 120°C for 8 min. Then through
exposure (1500 mJ/cm?), post-exposure baking (120°C, 8 min),
development (25°C, 2.38% TMAH, 5min), and post-curing
(185°C, 30 min) to obtain spacers, whose height was around
40 pm and diameter was about 30 um. The photoresist for photo
spacers was purchased from Weifang Suntific Technology,
and the models was HN-1903. The spacer shape is shown in
Figure 6.

Phase change filling and coupling

In an EWD device, both colored oil and polar liquid are
critical to display performance, such as grayscale, contrast,
brightness, aperture ratio, response time, etc. Therefore,
precisely filling of oil and polar liquid can determine the
performance of EWDs.
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FIGURE 6

The as-prepared top substrate. (A) macro photo of top substrate was taken by a crammer, and (B) the spacer was taken under SEM with the
parameters of EHT = 2.00 KV, WD = 5.9 mm, Mag = 110 X, Signal A = SE2. (C) Morphology of a single spacer under the SEM, Pixel wall width was
11.63 pm and height was 3.26 pym, with SEM parameters of EHT = 2.00 KV, WD = 5.9 mm, Mag = 1.50 K X, Signal A = SE2.
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FIGURE 7
Flow chart of phase change filling and coupling.
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FIGURE 8
Proportions of unphase-changed oil at different temperatures and freezing times.
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(b)

FIGURE 9

(A) Oil filled stage in bottom substrate. Each pixel contained 25 droplets of oil, and the diameter of oil was 93.84 pym. (B) Unfrozen process of

solid oil at room temperature.
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FIGURE 10
Capacitance-Voltage curves of the EWD after O h, 24 h, 48 h,
and 96 h reliability tests.

In this work, colored oil was printed into pixels by an inkjet
printer (PiXDRO TPI IP410, Meyer Burger, Netherlands), and
frozen on a cold plate which could reach —40°C. Dodecane was
selected as the solvent for oil and the freezing point was
about —9.6°C so that oil phase could be frozen very fast. The
polar liquid was dripped via a dispenser, and its temperature was
always controlled under —20°C to prevent melting of the frozen
oil phase. The polar liquid was a 1:1 mixed solution of glycerol
and ethylene glycol, and the freezing point was around —35°C to
ensure that the liquid state could still be maintained in a low-
temperature environment. For top substrate, the sealing material
was prepared as a box pattern on glass surface by a dispenser,
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where the sealing material was UV-curable acrylic resin. Finally,
the top and bottom substrates were aligned and bonded together,
and the device fabrication was completed along with a UV curing
process. The detailed procedure can be seen in Figure 7.

Results and Discussion
Phase change of the colored oil

Since the freezing point of colored oil is —9.6°C, any cooling
temperature below -10°C can make the oil phase solid. So various
freezing temperatures and freezing times were selected for
experimental, as shown in Figure 8. To facilitate the operation, oil
was directly coated on the surface of bottom substrates by slit coating.

It can be seen in Figure 8 that there were four temperatures
selected for the freezing experiment, which
were —15°C, —20°C, —25°C, and —30°C, respectively. The freezing
time was from 0's to 210 s with a step increase of 30 s. When the
freezing temperature was —15°C, the ol at the edge of panel began to
solidify within 60 s, the color of the solidified oil became lighter. And
64% of unphase-changed oil remained at 60 s as shown in the blue
circle. Finally, it took 150 s to complete the phase change of all the
oil. When the freezing temperature was reduced to -20°C
and —25°C, the oil began to solidify within 30 s and took 90 s to
complete the phase change process. The phase change speed
at —25°C was a little faster than —20°C, which means the
unphase-changed oil at —25°C was less than —20°C within 60s
freezing time as shown in blue circle. When the freezing temperature
further decreased to —30°C, it only took 60 s to solidify all the oil. As
the freezing temperature decreased, the problem of condensed water
would gradually appear. When the temperature was below -30°C,
the frosting problem would be so serious that the whole segments
were fully covered by frost (as shown in column of frosting defect in
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Pixel aperture ratio values with different driving voltages.
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FIGURE 12
Response time at a driving voltage of 30 V.

Figure 8). Thus, it was more appropriate to select the temperature
above —20°C as the freezing temperature.

Unfrozen of the solid oil phase

Inkjet printing provides a reliable filling model which precisely
controls the volume of oil filled in each pixel. In this work, 25 oil
droplets of 10 pL were printed in single pixel. Since the interfacial
energy of oil in air was not enough to wet the surface of the
hydrophobic layer, the oil droplet formed a shape of a sizeable
shrinking droplet in the middle of the pixel, as shown in Figure 9A,
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the diameter was about 46.92 um. During the unfrozen process, oil
droplets would spread in the pixels. This was also a good indication
of when the oil unfrozen process was complete, as shown in
Figure 9B, the unfrozen time was 40 s.

As the panel temperature gradually increased, the edge area
began to melt at 5, and as time went on, the melted area and
melting speed also steadily increased. When the unfrozen time
exceeded 20 s, the melted area rose rapidly, and nearly 80% of the
melted area was completed in the following 20 s.

Performance of EWDs

An entire EWD can be equivalent to a complex series shunt
capacitors. Oil movement can cause a change of capacitance values
under driving. The contact angle related to the capacitance has been
reported in Verheijen and Prins’s work [27]. In the “off” state, the
pixel capacitance was primarily determined by oil film thickness and
it was typically small. In the “on” state, where the capacitance was
primarily determined by the thickness of the fluoropolymer
insulator (0.5-0.8 um), the capacitance increased significantly.
Capacitance changes depended on the size of the area from
which the oil has been removed (the so-called “aperture ratio”).
Because the brightness of EWDs was proportional to the pixel
capacitance, the device’s performance could be measured through
the capacitance value. The EWD was driven and measured by an
(WK6500B, United Kingdom). The
Capacitance-Voltage (C-V) data was shown in Figure 10, the

impedance analyzer
capacitance value did not change until the driving voltage
reached 16 V. Then the capacitance increased significantly as the
voltage increased. It could be known that 16 V was the device’s
threshold voltage, at which oil film began to rupture and shrink.
During the closing process, the capacitance decreased as the voltage
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decreased, and the “off” voltage was 4 V. The device closing C-V
curve determined the performance of the grayscale. It could be seen
from Figure 10 that all closing C-V curves were nearly linear and had
an “off” voltage of 4V, so it proved that the device had good
grayscale controllability.

Considering that the oil phase would change during phase
transition. In order to confirm that there was no damage to the
surface of hydrophobic layer, reliability tests of 24 h, 48 h, and
96h were also carried out. Assuming that the surface of
hydrophobic layer was damaged, the device would be broken
down and the capacitance value would change. The repeatability
of the C-V curve would be lost after the reliability test. It can be
seen from Figure 10 that the threshold voltages were always 16 V
and the “off” voltages were always 4 V. The C-V curve had good
repeatability, so the phase change process did not damage the
hydrophobic layer.

As a reflective display, the brightness of EWDs is critical. It
depends on the aperture ratio of pixel, so the maximum aperture
ratio of a single pixel will determine the display white state and
contrast ratio. The pixel switch was visualized and captured by
using a high-speed camera (Phantom MiRO MI110, Vision
Research) integrated with a microscope (CKX41, Olympus).
The pixel remained “off” state until the driving voltage
reached 16V, which was consistent with the C-V curve
shown in Figure 10. When the driving voltage was 18 V, the
aperture ratio was 10.9%. Then the aperture ratio of pixels
increased rapidly as the voltage increased and reached an
aperture ratio of 68.2% at 40 V as shown in Figure 11.

Response time is an essential indicator of the EWD. The
brightness of the EWD is measured by a colorimeter (Admesy-
arges45). The time required to reach 90% of the maximum
brightness was calculated as the “on” time (t,,). The time
required to drop the “off” state was the turn-off time (t,g). As
shown in Figure 12, t,, was 10.81 ms, tog was 20.97 ms while for
the Liquavista filling method reference opening time and closing
time were 12 ms and 13 ms, respectively [11]. The response time
was 31.78 ms which could realize a 30 fps video play.

Conclusion

In this paper, an EWD based on phase change filling model
was proposed. The functional testing proved that the EWD
device prepared by this method had good optical performance
and video-speed response time. Oil was filled into pixels by
inkjet printing to precisely control the amount. The oil’s low-
temperature phase change and the separate drip of polar liquid
significantly improve fabrication efficiency and controllability.
The phase change filling model of oil had good regularity at
different temperatures, which provided a theoretical basis
for calculation of the filling efficiency. Therefore, this
method brings a valuable tool for the industrialization
of EWDs.
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As a representative of new reflective display technology, the electrowetting
display (EWD) has been widely accepted for its good advantages in power
consumption control and display contrast. Because of charge trapping and
contact angle hysteresis, static images cannot be maintained and afterimage
phenomenon occurs, respectively. These problems seriously affect the EWDs
display effect. In order to improve the video display effect of EWDs, an
alternating current (AC) driving model was proposed in this paper. Firstly, a
high integration EWDs system was built with Xilinx field programmable gate
array (FPGA). Secondly, an asymmetric intermediate frequency (IF) AC driving
model was proposed to eliminate the afterimage of the video. Finally, the
optimized driving method was applied to the EWDs system to achieve a high-
smooth display output. The experimental results showed that the problem of
afterimage and the problem of static image preserving display were effectively
solved. Compared with the traditional AC driving waveform, the maximum
reflected luminance of the proposed method was increased by 14%, and the
refresh rate of EWDs could reach 60 Hz.

KEYWORDS

high integration, electrowetting display (EWD), intermediate frequency (IF),
asymmetric, alternating current (AC)

1 Introduction

Video information acquisition has become one of the important sources for people’s
daily life. The emergence of technologies such as liquid crystal displays (LCD), Organic
Light-Emitting Diode (OLED), and electrophoretic paper displays (EPD) provides more
convenience for information interaction [1-3]. In addition to the size and resolution of
display devices, people have higher requirements, and reading comfort is gradually
concerned. Because of the reflective display, the electronic paper display has the
advantages of paper reading experience and low power consumption and is soon
widely used. As a representative of the reflective display, EPD enters people’s field of
vision in the form of electronic tags, electronic books, electronic notebooks, efc. Currently,
the response speed of EPD is still too slow to play video smoothly [4]. The EWD is
expected to become a new member of the display family due to its fast response speed, and
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Side view of an EWD pixel structure, the pixel is equivalent to an “off" state. (A) Pixel is equivalent to an “off" state. (B) Pixel is equivalent to an “on”

state.

paper-like reflective display [5]. As a result, many scholars have
paid attention to EWDs for obtaining better paper-like display
and video display performance in recent years.

The EWD technology was first proposed in 1981 and
successfully applied in 2003 [6, 7]. In recent years, a pulse
width modulated (PWM) square wave has been used as the
EWDs drive waveform [4]. However, this driving waveform
could cause some defects such as contact angle hysteresis [8],
oil splitting [9], and charge trapping problems [10]. The
contact angle hysteresis problem, which caused the
afterimage phenomenon when video playing, had a bad
effect on the display performance in EWDs. In order to
solve the problem, the alternating current (AC) driving
signal was replaced by a direct current (DC) signal [11, 12].
But a symmetrical AC signal could bring about a reduction in
the aperture ratio. Therefore, it was very necessary to design a
reliable AC driving method. The oil backflow phenomenon
occurs when a DC drive signal is continuously supplied due to
the charge trapping. The oil backflow could be related to
three-phase contact lines formed by oil, water, and
hydrophobic insulators [13, 14]. The reset signal was
introduced into the AC driving waveform to reduce the oil
backflow problem [15, 16]. However, the addition of a reset
signal caused a flicker problem in the video display. In order to
verify the effectiveness of the EWDs driver in video playback,
the design of the video display system was particularly critical.
Yang designed a portable EWDs driving system that could
display complex images [17]. Qian designed a real-time
dynamic display system of electrowetting, which could be
connected to computer signals to realize dynamic real-time
display in EWDs [18]. However, the system structure was
complex, and excessive the system on a chip (SOC) led to an
increase in system power consumption. Therefore, it is very
important to design an EWDs system with high integration.

This paper made three contributions. Firstly, a highly
integrated EWDs system was designed with a high refresh
rate, which could be used for the validation study of driving
signals. Secondly, an asymmetric intermediate frequency (IF) AC
driving mothed was proposed to solve the problem of afterimage
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and maintain images during video playback. Finally, the
optimized driving scheme was applied to the EWDs system.
Compared with the traditional DC driving model, the
asymmetric IF AC driving model had a better driving display
capability in terms of the video display.

2 Principles

2.1 Principles of EWDs

Each pixel of EWDs is primarily composed of a top-plate,
an indium tin oxide glass (ITO), polar liquid (NaCl solution),
colored oil, pixel wall, a hydrophobic insulation layer, a lower
substrate, as shown in Figure 1A [19]. An EWD is essentially
an optical switch [20, 21]. It changes the wettability of the
conducting liquid on the hydrophobic insulating layer by
applying a voltage between the top and bottom ITO. When
there is no driving voltage, the polar liquid cannot wet the
surface, the oil tile on the hydrophobic insulating layer, the
pixel is equivalent to an “off” state, as shown in Figure 1A.
When the voltage is applied, oil is moved to a pixel corner
under the action of electric field force, and the polar liquid
will be moved above the hydrophobic layer. The contact
angle between the polar liquid and the hydrophobic
insulating layer decreases, and the aperture ratio increases.
The pixel will show the color of the substrate, and the pixel is
equivalent to the “on” state, as shown in Figure 1B. The
Young-Lippmann equation is the basic theory of
electrowetting technology [22], the relationship between
oil contact angle and voltage can be obtained by the
Young-Lippmann, as shown in Eq. 1.

1 .

cos 0 = cos Oy + = L&y (1)
2 dy,g
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Where V denotes the driving voltage, 0 is the oil-solid interface
contact angle,0 is the equilibrium contact angle between the
polar liquid and the hydrophobic insulating layer, d is the
thickness of the hydrophobic insulating layer,y,, indicates
interfacial tension between oil and polar liquids. ¢ Indicates
vacuum dielectric constant and &, represents the dielectric
constant of the hydrophobic insulating layer, &; is the
dielectric constant of oil, k is the electrostatic constant, h is
the thickness of the oil, V7, is the breakdown threshold voltage of
the insulating layer, Sy; is the area of the oil that shrinks to the
corner of the pixel,S,;, represents the area of the pixel. It can be
seen from Eq. 2 [23], which can adjust the aperture ratio by
improving the driving voltage waveform, thereby affecting the
breakdown threshold voltage of the insulating layer. It is easy to
break through the hydrophobic insulation layer if the voltage is
too high, which can cause damage to EWDs pixels [24].

When the porosity increases with the increase of the
voltage, the contact angle is called advancing angle. On the
contrary, when the aperture ratio decreases as the voltage
decreases, the contact angle is called receding angle at the
same driving voltage and the difference between the forward
and backward angles is the contact angle hysteresis in EWDs
[11]. The square waveform is applied during the driving
process to keep the aperture ratio, this method can not
only shorten the response time but also improved the oil
splitting [25]. When the driving voltage increases to a
maximum, the oil will be shrank completely in corners, the
aperture ratio cannot be larger. When a constant voltage is
applied, the contracted oil cannot be kept in a stable state due
to charge trapping, and oil backflow could be caused due to an
imbalance between Laplace pressure and Maxwell pressure at
the three-phase contact line [26]. The aperture ratio is less
affected by oil backflow, the value of aperture ratio can be
calculated by Eq. 3.

A= [1 - S“"’] x 100% (3)
pix
C(V =Vy)?
cosG:l—u (4)

ZYIg

Where A is the aperture ratio. The effect of oil backflow caused
by charge trapping can also be reduced by the reset signal and
[15, 26]. The relationship between the
Lippmann contact angle and the driving voltage can be
determined by Eq. 4, [23, 27]. Where V7 is the potential
generated by the charge trapping, C is the capacitance of the

AC waveform

pixel, the capacitance value of pixel C can be calculated by Eq.
5, [23]. By changing the driving voltage waveform and
adjusting the voltage duty ratio, the oil-solid interface
contact angle can be controlled, and the gray-scale display
of EWDs can be directly affected. As can be seen from Eq. 4,
the value range of 6 is larger under AC driving waveform than
DC driving waveform, the relationship between voltage and 0
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with AC drive is worth further study. The relationship
between the contact angle and the voltage can also be
expressed by the following Eq. 6, y,, y,, represents the
surface tension of the solid-liquid, and solid-gas interface
respectively [15].

_ 1 £0i1Soil Erspix
C_4nk< R d

Y~ Yo+ eo& V:/2d
YIg

®)

(6)

cos0 =

2.2 Principles of EWDs driving model

2.2.1 Highly integrated EWDs driving system

As shown in Figure 2, a highly integrated EWDs system
needed FPGA to complete signal acquisition and processing,
and complete EWDs driving. Firstly, the personal computer
(PC) signal was received by the FPGA through the high-
definition multimedia interface (HDMI) interface, then the
time minimized differential signal (TMDS) was converted into
a red-green-blue (RGB) signal, and finally the RGB signal was
converted into corresponding driving signals and output to
an EWD.

This system realized the conversion of TMDS in FPGA, and
could adapt to input signals of any resolution, which provided
convenience for EWD. In addition, an adaptive resolution signal
output function was added to the system, which could be adapted
according to different sizes of EWDs.

A ZYNQ 7010 chip was used by the EWDs system as the
control processing chip of the system. This chip integrated a
feature-rich dual core ARM based processing system (PS) and a
Xilinx programmable logic (PL). As shown in Figure 3, the EWDs
system consisted of a power module, a core control module, an
EWD, and a base board. The base board had rich interfaces which
connected various modules. In addition, there were two HDMI
interfaces on the base board, which realized the input and output
of HDMI signals. The power module could output +20 V, -20 V,
+15V, -15 V, 45V, and +3.3V to provide power for each
module. An LCD with a resolution of 800 x 480 was used as
an output device to display the RGB signal converted by the
FPGA, which was used as a signal monitor. A single-color EWD
with a resolution of 640 x 480 was used as the testing screen of
this system. Because the driving signal had the same effect on
EWDs of each color channel, this system chose a single-color
EWD as the testing device. The core control module consisted of
ZYNQ 7010, flash memory, static random-access memory
(SRAM), and low dropout regulator (LDO). As shown in
Figure 3, the highly integrated display system consisted of
HDMI interfaces, a power module, an LCD, an FPGA
module, and an EWD. The data conversion functions and
display driver functions were completed on the FPGA.
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FIGURE 2
Schematic diagram of the driving system for the EWD. HDMI signal is directly converted into RGB signal by the system and output to an LCD and
an EWD.
of Figure 4B, showing the whole content of the computer signal. In
HDMI Interface the cropping mode, the signal input by PC was directly cropped and
displayed. And then, the EWD cropped into an 800 x 480 image and
output to the display module.
Sower Mioile Since the EWD and LCD resolutions were inconsistent, the
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FIGURE 3
A physical figure of the driving system for EWDs.

2.2.1.1 TMDS conversion

The TMDS was converted and decoded using the PL part,
and the display function was implemented in the PS part. The
TMDS
ZYNQ7 processing system module, a video direct memory
access (VDMA), a video timing controller (VTC), a stream to
video out, and a digital visual interface (DVI) to an RGB video

conversion part was mainly composed of a

decoder.

The TMDS was converted to a RGB signal for providing data to
EWDs. Display functions included a cropping mode and an adaptive
resolution mode. As shown in Figure 4, it is an EWD in different
display modes. As shown in Figure 4A, this isan EWD in a cropping
mode, and Figure 4C is the enlarged detail of Figure 4A. Part of the
computer signal is displayed on the EWD. Figure 4B shows an EWD
in an adaptive resolution mode, and Figure 4D is the enlarged detail
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display signal needed to be further converted to synchronize the
display. In the case of 800 x 480 resolution, the image signal was
further cropped to 640 x 480 resolution and output to the EWD.
The LCD directly received signals with a resolution of 800 x 480.
The EWD refresh rate was 60 Hz in cropping mode, and the
EWD refresh rate was 30 Hz in adaptive resolution mode, which
was determined by the input source refresh rate and the
driver chip.

The adaptive resolution method was calculated by PS, the
maximum input resolution was 1920 x 1,080, and the output
minimum resolution was 480 x 272. In this experiment, the input
resolution was 1,280 x 720, and the output resolution was 800 x
480. The bilinear interpolation was adopted by adaptive
resolution mode to achieve picture scaling. As shown in
Figure 5, four pixels Qi1, Q12, Qz1, Qa2 adjacent to the pixel
P. The value of pixels can be calculated by (Eqs. 5-9) [28].

X2

-x xX—x
f(%riym) = x _xlf(xl’yl) " _xllf(xz’}’l) )
X —X X-x
I (xr2. ygy) = xzz— xlf(xz»)’l) + X _xllf(xz,)’z) (®)
Y.—y V=N
Xp,Yp) = XR1> + Xr2» 9)
f(xp.yp) Y, _ylf( R V1) ¥, _ylf( ® Vr2)

Where f (x, y) is the pixel value at the (x, y) point.

2.2.1.2 EWD signal conversion
This system adopted the driver chip of ULTRACHIP

Company, which integrated modules such as a source
controller, a gate controller and a memory. The thin film

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1033076

Li et al.

FIGURE 4
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An EWD in different modes. (A) The EWD in the cropping mode. (B) The EWD in the adaptive resolution mode. (C) Is the enlarged detail of (A). (D)

Is the enlarged detail of (B).
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FIGURE 5
Bilinear interpolation algorithm.
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(TFT-EWD) underlying
voltage driving is controlled by a TFT controller with a gate

transistor electrowetting displays

and a source. The pixel voltage was controlled by source and gate
controllers [29].

In order to reduce the occupancy of FPGA resources and
reduce the low latency of the display, the instant transfer method
was adopted. A line of 24-bit data was split into three lines of 8-
bit data corresponding to the color data of red (R), green (G), and
blue (B) channels. In our experiments, only one channel of color
data was extracted as the test-driving display signal. A row of 8-
bit data was written into the first input first output (FIFO), and
then, the loading was ready, the data was read out from the FIFO
and transmitted to the source controller as source data. Source
data cooperated with gate control signals to control EWDs.
Instant transport and ping-pong operations use two blocks of
memory to alternately input and output data, reducing the
consumption of SRAM resources [30].

2.2.2 Asymmetric intermediate frequency AC
driving model

The oil backflow phenomenon occurs when a DC driving
signal was continuously supplied due to the trapped charge. Yi
summarized the advantages of unbalanced AC driving waveform,
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FIGURE 6
The proposed driving model.

and the reset signal played an important role in suppressing oil
backflow [31]. However, the appearance of the reset signal caused
flickers. An asymmetric intermediate frequency AC driving
scheme was proposed in this paper to solve this problem. In
this paper, the frequency of the AC driving waveform was
increased to realize the charge switching to maintain the state
of oil, to achieve the effect of maintaining grayscales. It was
known in several literatures that oil was millisecond-level
responsive [32-34]. Therefore, the transformation of the
driving signal was carried out at the frequency of microsecond
level by us. Through experimental tests, it was found that the
aperture ratio of the forward voltage was greater than the

10.3389/fphy.2022.1033076

aperture ratio of the negative voltage under the same voltage
[15]. Therefore, the aperture ratio obtained by adjusting the
negative voltage was consistent with the aperture ratio of the
positive voltage.

As shown in Figure 6, V omumonis the horizontal synchronizing
driving signal to common electrode, V g, is the TFT source driving
signal. Horizontal synchronization driving signal was used for
refresh, odd-numbered lines are driven by +15V voltage, and
even-numbered lines were driven by -20 V. The V. driving
voltage waveform remains +15V and -15 V. Replacing the frame
refresh method with the line refresh method could increase the
frequency of AC driving, which could make the charge in oil respond
quickly, and inhibit the oil backflow effectively.

3 Results and discussion

In order to test the validity of the driving waveform, two test
platforms were built. Figure 7A was a luminance test platform for
testing the reflectivity of EWDs. Figure 7B was the aperture rate test
platform. (a) was a computer for receiving and processing data. (b)
was a colorimeter for detecting EWDs reflected luminance. (c) was an
EWD screen. (d) was an EWD driving system. (e) was a microscope
for observing the EWDs pixel structure.

In order to evaluate which DC driving signal has the best
display consistency, we tested the aperture ratios under four DC
driving waveforms. The EWD switched between “on” and “off”
every second interval. As shown in Table 1 and Figure 8, in the
case of the maximum value, the aperture ratio at +15V was
12.33% larger than that of -15 V, and in the case of the average
value, the aperture ratio at +15 V was 9.71% larger than -15 V. In
the case of the maximum value, the aperture ratio at +20 V was
13.62% larger than -20 V. In the case of the average value, the
aperture ratio at +20 V was 8.13% larger than that -20 V. It could
be seen from Table 1 that the average value of -20 V in the “on”
state and “off” state was close to +15V, so the asymmetric AC

driving was feasible.

FIGURE 7

Experimental platforms for driving EWDs. (A) A luminance test platform. (B) An aperture test platform. (a) A computer (b) A colorimeter (c) An

EWD (d) An EWD driving system (e) A microscope.
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TABLE 1 The aperture ratio of different voltages in different states.

“On”
state maximum (%)

« 0 ff”

state minimum (%)

10.3389/fphy.2022.1033076

“On”
state average (%)

((Off)’
state average (%)

+15V 70.62 0 58.79 20.33
-15V 58.29 18.71 49.08 34.25
+20 V 78.3 0 67.62 25.66
20V 64.68 0 59.49 21.54
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FIGURE 8

Aperture ratio with DC driving. (A) Aperture ratio with +15 V DC driving. (B) Aperture ratio with -15 V DC driving. (C) Aperture ratio with +20 VDC

driving. (D) Aperture ratio with -20 V DC driving.

In order to demonstrate the feasibility of asymmetric AC
driving, the EWD aperture ratio experiment by AC driving
was carried out. As could be seen from Figure 9C, the +20 V
and -15V asymmetric AC driving combination was not
feasible. It could be seen from Figure 9 that the
asymmetrical AC driving composed of +15V and -20V
had the largest difference in aperture ratio when the
same signal was provided. It was proved that the +15V
and -20V asymmetric AC driving combination had a
higher contrast in the image display process than other
combinations.
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Il b Ttatmaasag
13 at

Time (s)

In the reflected luminance test experiment, the display
characteristics of the four combinations of driving waveforms
were also different. It could be seen from Figure 10 that the
maximum luminance of the asymmetric voltage driving
waveform could reach 60.67 absorbance unit (a.u.) in the “on”
state under the condition of +15 V and -20 V, and the minimum
luminance was 43.69 a. u. In “off” state. Compared with driving
waveforms under other voltages, the difference in luminance
between the “on” state and the “off” state of the +15 V and -20 V
driving waveform was the largest. The average luminance of the
+15V and -15V driving waveform was lower than that of the
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Aperture ratio with AC driving. (A) Aperture ratio with AC driving composed of +15 V and -15 V. (B) Aperture ratio of AC driving composed with
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Reflected luminance of different driving voltage waveforms.
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+15V and -20 V driving waveform. The driving waveform of
+20 V and -15 V had the worst performance, and the maximum
luminance could only reach 50.27 a. u. Compared with the
traditional symmetrical driving waveform composed of +20 V
and -20 V, the maximum luminance of the waveform of +15 V
and -20 V was increased by 14%. The large jitter in the reflected
luminance in Figure 10 could be caused by the reaction time
of oil.

It could be seen from Figure 11 that the display image of the
combination of +15V and -20 V asymmetric AC driving had a
higher display effect than other combinations, and image details
were richer and the image was clearer. As shown in Figure 11B,
compared with Figure 11A, Figure 11C, and Figure 11D, the
details of the image marked by the red box in Figure 11B were
clearer, and more details could be displayed. Compared with the
DC driving waveform, as shown in the image of the area marked
by the blue circle in Figure 11, the texture of Figure 11E displayed
by the DC driving waveform was best, the overall contrast of the
picture was higher, and the displayed content and quality would
be better.
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FIGURE 11

The picture of ‘Lena’ displayed on the EWD. (A) Displayed with the AC driving composed of +15 V and -15 V. (B) Displayed with the AC driving
composed of +20 V and -20 V. (C) Displayed with the AC driving composed of +20 V and -15 V. (D) Displayed with the AC driving composed of

+20 V and -20 V. (E) Displayed with the +15 V DC driving signal.

In order to prove the influence of AC frequency on the
display effect, we tested the influence of the AC driving
different on EWDs. An
asymmetrical AC driving waveform of +15V and -20 V was
used by this frequency test experiment. The test video is a 1-
min video of a block moving back and forth. In order to get a

waveform at frequencies

better display effect, the output resolution and refresh rate
were set to 800 x 480 and 60 Hz respectively. According to the
LCD data sheet, it was known that the LCD line scan period
was about 31us. The driving frequency test was carried out in
three cases where the signal was inverted every 10 lines, the
signal was inverted every 30 lines, and the signal was inverted
every 120 lines. The corresponding driving frequencies were
1639Hz, 543Hz, and 133 Hz. As shown in Figure 12, with the
DC driving waveform, an obvious afterimage phenomenon
could be observed in EWDs. In the case of 133 Hz and 543 Hz
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AC driving waveform, there were obvious horizontal stripes
on EWDs. In the case of the 1,639 Hz AC driving waveform,
the horizontal stripe phenomenon disappeared completely,
and the contrast ratio was higher.

The afterimage problem in EWDs was solved by the proposed
method. As shown in Figure 13, when the video was played to
1 minute, the traditional method had an obvious video afterimage
problem. The video sticking problem and flickering problem were
effectively solved by the asymmetric IF AC driving model in this
paper.

As shown in Figure 14, there were a lot of dead pixels and
dead source lines on the screen. The EWD preparation
process and production quality were the main factors
affecting the current display, resulting in the appearance
of dead pixels and abnormal vertical stripes, which affect
the overall appearance.
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FIGURE 12
Asymmetric AC driving results at different frequencies.
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FIGURE 13
The EWD video display with different methods. (A) Traditional method (DC driving waveform). (B) Asymmetric IF AC driving model (Proposed
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Dead Pixels

Dead Source Line

FIGURE 14
The EWD display anomaly analysis.

4 Conclusion

In this paper, an IF asymmetric signal model was designed based
on AC driving model. The model was different from the conventional
model in that it used the asymmetric signal of IF. It could effectively
avoid the afterimage phenomenon that occurs when playing video,
and the phenomenon of picture disappearance when playing static
images. In addition, a highly integrated EWDs display system was
designed for this model, which could display the picture transmitted
by the PC in real-time through the HDMI interface. Finally, the
asymmetric IF AC driving model was tested in the EWDs display
system to prove its validity of the asymmetric IF AC driving model.
This paper provided a reliable test solution for EWDs display drivers.
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As a new type of reflective display technology with paper-like display
performance, electrowetting display (EWD) can realize ultra-low power
consumption, wide viewing angle and fast response speed. In order to apply
the EWD to the large-size display field, an extensible driving model for multiple
grayscales colorful EWDs was proposed in this paper. The proposed driving
model consisted of a grayscale model, a colorful display model and an
extensible driving model. With the grayscale model and the colorful display
model, the driving waveform of the colorful grayscale display was designed
based on limited output voltage levels of a general-purpose graphic driver
chip. And then, the extensible driving model was used to realize the large-size
display large-scale display based on a matrix of small-size EWD panels. In
addition, an experimental platform, which was composed of the display panel
and the driving board with a data interface, was designed based on the
proposed models. Experimental results showed that it could realize an 18-bit
colorful dynamic display on the extended display matrix with a resolution of
48*16. It was indicated that the display matrix could be used for multiple
grayscales and colorful dynamic displays by applying the proposed driving
models. The research has brought about a way of enlarging the size of the
EWD, which is conducive to broadening the scope of application of EWDs.

KEYWORDS

electrowetting display (EWD), driving model, multiple grayscales, driving waveform,
dynamic display

Introduction

With a fast response speed, and electrical reproducibility, electrowetting on dielectrics
(EWOD) [1] was increasingly used in microsystems. In particular, it has attracted a lot of
attention in the areas of digital microfluidics (DMF) [2-4], lab-on-chip [5, 6], micro-lens
[7-9], and EWDs [10]. As a novel type of reflective display technology [11], the EWD has
ultra-low power consumption [12] and broad viewing angle. In addition, the EWD does
not cause a series of environmental pollution problems. In the past few years, the EWD
has made numerous achievements in the fields of display materials [13], driving
waveforms [14-16] and component designs [17]. These achievements would be
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beneficial for the implementation of commercial products or
applications, such as E-readers, mobile phones and other mobile
terminal devices. However, limited by the current manufacturing
process conditions, it is difficult to produce large-size EWD
panels which could accommodate the requirements of outdoor
billboards and other application scenarios.

In terms of the manufacturing process, a full-color
reflective electrowetting displays with diagonals larger than
6 was presented [18]. At the same time, there were many
studies on electrowetting grayscale display, color display and
video playback. For an active-matrix display, a large range of
brightness levels was obtained by using a limited number of
grayscales [19]. In addition, a driving scheme was proposed
for obtaining multiple grayscales and quick response on a 6-
in. SVGA EWD [20]. A portable driving scheme which could
display 4-bit grayscale dynamic video was realized by using
an active matrix electrowetting display [21]. What’s more, the
optimization of driving waveform [22] is one of the important
ways to improve the display performance of electrophoretic
displays (EPDs), as well as the EWDs. Research on
optimization of driving waveforms [23], response time [24,
25] and display performance provided a guarantee for
grayscale display and video refresh for large-size EWD
these
were based on small-scale EWDs in indoor application

panels in outdoor scenarios. However, studies
scenarios.

In order to apply EWDs to outdoor advertisement and
other fields requiring large-size displays, an extensible
driving model for multi-color EWDs based on digital
multiplex (DMX) protocol was provided in this paper. The
proposed driving schema consisted of a device cascading
section and an EWD driving section. In the device
cascading section, a Cortex-M3 processor was used as the
host controller to parse the image data frame by frame from
the DMX protocol. In the driving section, each EWD panel
was driven by a dot matrix liquid crystal graphic column
driver chip. According to the parsed image data, the control
signal for the driver chip was generated by the host controller

to display target images.

Principles

Principles of EWDs

For EWDs, the structure of pixel consists of glass substrate,
indium tin oxide (ITO), hydrophobic insulating layer, pixel wall,
colored oil, and conductive liquid. The contact angle of the
colored oil on the insulating layer can be controlled by the
external electric field applied between a common electrode
and a pixel electrode. The relationship between the contact
angle and the applied electric field can be described by
Young-Lippmann equation [26] which is shown in Equation 1.
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FIGURE 1

The state of pixels under different applied electric fields. (A)
When no electric field is applied, the pixel shows the color of oil
film. (B,C) are “on" states of a pixel when an electric field is applied.
(C) When a maximum voltage is applied, the pixel approaches

the most transparent state and the color of the white substrate is
displayed.

g6, V?
2do

cosf = cos Oy + (1)
Where 0, is the initial solid-liquid interface contact angle, 0 is the
contact angle when the external voltage V is applied. & is the
absolute dielectric constant. ¢, and d are the relative permittivity
and thickness of the dielectric layer, respectively. o is the
interfacial tension between the colored oil and the conductive
liquid.

Under the action of the electric field, the original equilibrium
state in the liquid system may be broken by the change of external
electrical field, thus making the droplet on the insulating
substrate to deform or displace. When no electric field is
applied between the common electrode and the pixel
electrode, oil droplets spread naturally into an oil film on the
hydrophobic insulating layer. At this point, the pixel is covered
with colored oil film to form an “off” state when viewed from the
above. When a certain electric field is applied, the oil film is
shrunk to a corner of a pixel. Then, a transparent “on” state is
formed at this situation. The pixel state under different applied
electric fields is shown in Figure 1. By adjusting the applied
electrical field, pixels are in different “on” states, grayscales can be
obtained. The degree of “on” states depends on the external
voltage applied to the pixel electrodes. The small white point in
the pixel is an extra pinning structure (EPS) [27], which is used to
guide the oil contraction direction and accelerate the switching
on process.

Grayscale model

In EWDs, the degree of colored oil spreading depends on the
contact angle according to Young-Lippmann equation. Hence, a
grayscale display can be obtained by varying the applied external
voltage to change the aperture ratio of pixels. The aperture ratio
can be defined as the ratio of the aperture area to the total area of
a pixel grid. When the applied voltage is between the breaking
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FIGURE 3

Schematic diagram of the model for realizing the multiple
grayscales display. (A) The voltage difference between the pixel
electrode and the common electrode and the equivalent driving
waveform in one refresh period under different grayscales.

(B) Multiple grayscales display diagram of a single-color pixel. (C)
Multiple grayscale display diagram of a multi-color pixel
superimposed by three layers.

voltage and the maximum voltage, the aperture ratio will increase
with the increase of voltage. When the applied voltage is between
the breaking voltage and the maximum voltage, the opening ratio
will increase with the increase of voltage. However, the
relationship between the opening ratio and the driving voltage
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is nonlinear. Therefore, it is necessary to adjust the opening ratio
through a well-controlled voltage to achieve more accurate
grayscale levels. Most general-purpose graphic driver chips are
capable of providing limited voltage levels. For example,
HD66204FTL is a dot matrix liquid crystal graphic display
column driver with 80-channel outputs. And each channel
can output one of the four voltage levels V;, V3, V, or Vgg, as
shown in Figure 2A, depending on the combination of the M
signal and display data D, as shown in Figure 2B.

As shown in Figure 2C, if the common electrode voltage V. is
fixed at V4, and the state of the pixel can be switched by changing
the pixel electrode voltage V,,. When the voltage V;, is V,, the
voltage difference Vr between the pixel electrode and the
common electrode is 0. At this point, the pixel can remain
“off” state. If the voltage V, is Vgg, and then the voltage
difference V, is Vgg-V,. At this situation, the pixel can switch
to the “on” state.

A model for multiple grayscale display based on two voltage
levels is presented in Figure 3. In the proposed model, the driving
cycle of each pixel was divided into 256 subframes. The visual
display of the functional relationship is shown in Figure 3A. In
addition, Figure 3A also shows actual driving waveforms applied
to the pixel in one driving cycle for each grayscale. Figure 3B and
Figure 3C show the grayscale display diagrams of single-color
and multi-color pixel, respectively.
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FIGURE 4

B

10.3389/fphy.2022.1037224

Subtractive primary color system. (A) Schematic diagram of three primary colors and their mixing effects in the subtractive primary color system.

(B) The subtractive primary color system in EWDs.

In the one driving cycle, the common electrode voltage V',
can be described by Formula 2. The pixel electrode voltage V, is
determined by Formula 3.

Vc:V4 (2)
_ | V4, 0<g< f<2550rg=0
VP(g’f)‘{ Vg, 0< f<g<255 ®)

In Formula 3, g represents the target grayscale for the pixel,
and f denotes the index of the current subframe. When f is
greater than or equal to g, Vg should be applied to the pixel
electrode to turn on the pixel, otherwise V4 should be applied to
the pixel electrode to turn off the pixel. When the target grayscale
is 0, the V4 should be applied to the pixel electrode throughout
the driving period to ensure that the pixel is not activated.
According to Formula 2 and Formula 3, the effective voltage
V, applied to the pixel electrode in one driving period can be
calculated by Formula 4.

0,g=0

1 (4)
gleEE —V4|, 0<g§255
i=0

Va(g) =

It can be seen from Formula 4 that 256 different voltage levels
are generated based on Vg and V, by the proposed grayscale
model. The voltage applied to the pixel electrode can be seen as a
function of the grayscale and the index of the subframe.

Colorful display model

In contrast to the active light-emitting display technology,
the subtractive primary color system was adopted by EWDs. First
of all, this is because the EWD is a reflective technology, and the
EWD panel does not emit light. Secondly, Secondly, the
subtractive primary color system is conducive to reducing the
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loss of light energy in the three-layer stack structure of EWD. As
shown in Figure 4A, the subtractive primary color system
contains three primary colors: yellow, cyan and magenta.
Figure 4B shows the display of yellow, cyan and magenta
panels and the display effect after being superposition.

When primary colors are mixed in different proportions,
other colors in the color system can be displayed. In the
colorful EWD panel, the proportion of each primary color in
the mixture is controlled by the grayscale of the pixel. For
three primary colors of EWD panels, they have different
response curves of aperture ratio with voltage. As a result,
they cannot be driven to the same grayscale level by the same
voltage. Therefore, a lookup table (LUT) containing the
voltage levels corresponding to all grayscales should be
built for each color of the panel. Assuming that an 18-bit
colorful display is to be implemented, the LUT for three color
panels can be defined by Formula 5 ~ Formula 7.

C= [CI:CZ"'C63:C64]T (5)
M= [mlxm2"'m63:m64]T (6)
Y= [)’1,}/2"‘}’53,}’64]T (7)

Where C, M and Y represent the LUT of the cyan panel,
magenta panel and yellow respectively. Elements ¢;, m; and
yi(1<i<64,ie€ N) in LUTs represent the driving voltage
corresponding to the 64 grayscales. For the cyan panel, the
grayscale matrix I¢ of a 64-grayscale image with 8 rows and
8 columns can be expressed as Formula 8.
gu " gis
I ®)
gs1 " Ygss
Where elements g, (1<m<8, 1<m<8,m,n e N) represent
the grayscale of pixels located at m rows and »n columns in
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An extensible driving mode for large-size display. The

mapping relationship between pixel points and DMX data streams.
It shows the mapping relationship between grayscale data of
colorful display panels and data stream.

the cyan panel. According to the LUT of the cyan panel, the
driving voltage matrix V. can be calculated by Formula 9. And
driving voltage matrixes of the other two color panels can also be
calculated in this way.

&)

Extensible driving model

In the extensible driving model, every single colorful panel
with the data interface is assigned a module address by an address
encoder. With the proposed extensible driving model, the
colorful panels can be organized in an orderly manner by the
address to achieve large-size displays. Figure 5 shows a schematic
diagram of the proposed model. The colorful display module is
composed of cyan, magenta and yellow panels. The colorful
EWD panel used in the model can be regarded as an image with
three channels cyan, magenta and yellow. Each pixel of the
module needs 3 bytes of data. The data can be obtained using
mature data protocols such as DMX. As shown in Figure 5, the
mapping relationship between the grayscale of the pixel in a
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certain position and the data stream can be described by
Formula 10.

Gli,j.k,a] =D[a*192 + 3% (8*i+ j) + k] (10)

In Formula 10, a represents the address of the current display
module, matrix G represents the grayscale data of the display
panel. D represents the data stream. The coordinate system is
established with the upper left of the panel as the origin, i and j
represent the row number and column number of the pixel. Values of
k are 0, 1, and 2, which respectively represent cyan panel, magenta
panel and yellow panel.

Experimental results and discussions
Experimental platform

The experimental platform was mainly composed of a colorful
display module and a driving board, which is shown in Figure 6. The
colorful display module was composed of three-color panels cyan,
magenta and yellow. In the driving section, in order to establish the
mapping relationship between the grayscales of pixel and data
stream, an address code was assigned to each display module via
an address encoder. The Cortex-M3 processor would acquire the
graphic data corresponding to the pixel according to the obtained
device address. And then, the image data was converted into a control
signal for display drivers to drive three panels. The output of the
amplifier provided input reference voltages for display drivers. And
the final output of the display driver depended on the control signal.

The input interface and output interface not only provided an
access to data streams but also could be used to provide power for
the display module. The display module could also be powered
directly through the USB port by accessing an external power
supply. To simplify wire connections between display modules,
either of the two methods of power supply could be selected
flexibly. Yellow, magenta and cyan panels were laminated
together to form a display unit for color display. Each color
panel contained a pixel matrix with 8 rows and 8 columns.

In the driving board, the Cortex-M3 processor played a very
important role in the driving system. Consequently, the design
of the program had a direct impact on the display performance
of panels. The program could be divided into three parts
according to the function of the program: the main program
and two interrupt service programs. In the main function, the
general-purpose input-output (GPIO), timer, direct memory
access (DMA), universal asynchronous receiver transmitter
(UART) and other peripherals were initialized in the device
startup phase. It was also necessary to enable a timer
interruption and a DMA interruption to wait for interrupts.
Then, the program entered the main loop to continuously
update the DMA buffer based on the received DMX data.
When the interrupt was triggered, the program entered the
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FIGURE 6

The architecture and details of the experimental platform. The experimental platform consisted of a driving board and a display unit. The driving
board provided input and output interfaces for DMX signals for the expansion of the display module. It was also responsible for controlling the output
voltage applied to pixel electrodes based on the received image data. The display unit had a three-layer color structure. Each panel of the display unit

was driven by a graphic driver chip.

FIGURE 7

The grayscale display of the single-color panel and the

colorful panel. (A) Cyan panel. (B) Magenta panel. (C) Yellow panel.
(D) Colorful panel with a three-layer color structure.

interrupt service runtime (ISR) entry to execute the interrupt
service function. Since the DMX data received by the display
module was address-dependent, the timer interrupts service
function was used to read the device address periodically at a
frequency of once per second. In addition, based on our
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previous research on charge trapping [28], a periodic reset
signal was introduced to suppress the impact of oil backflow
[29] caused by charge trapping. And the reset signal was also
generated in the timer interrupt function. In the external
interrupt function of GPIOs, the PA7 pin was used to detect
the mark after break (MAB) signal and BREAK signal in the
DMX protocol to determine the start and end point of the DMX
data. And then the complete DMX data was transferred to the
image buffer via DMA.

Grayscale display

In Figure 7, panels with eight rows and eight columns were
used in the experiment. Sixty-four different voltage levels
generated according to the grayscale model were applied to
pixel electrodes. As can be seen from experimental results, both
the single-color panel and the colorful panel showed several
obvious grayscales. It was indicated that the required voltage
level for grayscale display could be equivalent to just two
different voltage levels with the proposed grayscale model. It
should be noted that the voltage difference should be as close as
possible to the driving voltage of the EWD panel. If the
difference between two voltages was too low, the aperture
ratio of the pixel could not reach the maximum, or even the
pixel could not be opened at all. Conversely, if the difference
between the two voltages was too high, it may cause permanent
damage to the pixel structure. Limited by the upper limit and
the of the  aperture
ratio, it was difficult to achieve 256 level grayscale display as
expected.

non-linear characteristics
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FIGURE 8

The colorful dynamic display of the EWD panel. In the experiment, a dynamic picture of color gradient was played on the panel, (A), (B,C) were
colorful images displayed on the EWD panel at different moments in dynamic display.
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FIGURE 9

The colorful image displayed on the extended EWD is composed of a dozen display modules.

Colorful dynamic display

When the grayscale of pixels in each single-color panel was
controlled according to the grayscale model, the three-color panels
were superimposed together to form a colorful display based on the
subtractive primary color system. In Figure 8, the colorful image
displayed on the EWD panel at a different moment in the dynamic
display was displayed. Images of displayed scenes were generated by
the host software such as DMX controller software. And then, the data
stream of images was transferred to display modules via the input
interface. Finally, display driver chips were controlled by the driving
board to generate the desired driving waveform in real time according
to the In this dynamically
changing colorful images were constantly displayed on the EWD
panel.

color display model. way,

Large-size display

In Figure 9, the image displayed on the extended EWD was one
of figures contained in the dynamic scene. The extended display was a
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display matrix assembled by twelve display modules. The current
resolution of the extended screen was 48*16. Of course, it was also
possible to assemble a higher resolution extended screen with more
display modules according to the mentioned driving model. The
images displayed on the screen were updated in real-time according
to scenes created in advance with the DMX controller software.

Conclusion

In this paper, the grayscale model, colorful display model and
extensible model were proposed based on a small-size EWD panel.
By applying the proposed display models and the driving model, the
grayscale display, 18-bit colorful dynamic display and large-size
display were realized on the experimental platform. In addition,
the reset signal was introduced into the proposed models to improve
the display performance. The proposed driving schema has the
advantages of simple implementation, low cost, and high
scalability due to a mature communication protocol and a
common EWDs panel, and it could be applied to other types of
display fields.
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A study on the influence of dose
rate on total ionizing dose effect
of anti-fuse field programmable
gate array—The irradiation
damage is attenuated at low dose
rate

Mingiang Liu*, Xianguo Xu*, Chao Zeng and Cen Xiong

Institude of Electronic Engineering, China Academy of Engineering Physics, Mianyang, China

The TID (total ionizing dose) in-situ experiments of LC1020B, an anti-fuse FPGA
(Field Programmable Gate Array) device, were designed and carried out under
different dose rates, and the influence of dose rate on the TID effect of FPGA
was studied. The experimental results show that: 1) the TID irradiation failure of
the FPGA under different dose rates has nothing to do with the input voltage
parameter exceeding the standard. 2) with the decrease of cobalt source
irradiation dose rate [171, 26.83, and 2.68 mGy(Si)/s], the TID effect failure
dose threshold [168, 229, and 334 Gy(Si), respectively] of the FPGA gradually
increased, showing obvious attenuation of low dose rate damage. Theoretical
analysis suggests that, compared with the space charge limitation effect, the
oxide charge annealing effect plays a dominant role, and longer irradiation time
is beneficial to the oxide charge annealing. And based on the experimental data,
an FPGA TID analytical model with power consumption current as the damage
characterization parameter is established, which lays a foundation for scientific
evaluation of radiation effect of anti-fuse FPGAs.

KEYWORDS

anti-fuse FPGA, dose rate, TID effect, power consumption current, annealing

Introduction

BECAUESE the electronic devices used in aerospace electronic system will be bombarded
by high-energy particles when they work in the radiation environment, their working
parameters and service life will inevitably be affected, and system failure or even accidents
may be caused in serious cases [1, 2]. FPGA (Field Programmable Gate Array) has a wide
application in satellite [3] and other aerospace fields [4] because of its high reliability, strong
performance, good flexibility, low power consumption and short development cycle. During
the early 1970s, radiation hardened CMOS integrated circuits began to be developed [5].
The international research on the TID effect of FPGA has been carried out in the 1990s [6],
and a profound understanding of the test methods [7], sensitive parameters [8], failure law
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Experiment principle of FPGA TID irradiation. (A represents
the Cobalt Source and B represents the Irradiation Test Board for
anti-fuse FPGA.)

[9] and simulation model [10] of the TID effect of FPGA devices
has been obtained. And a large number of experimental data on
TID effect of FPGA have been accumulated [11].

Previous research shows that TID experimental results obtained
by different researchers for samples of the same type differs from each
other as a result of the different dose rates utilized, sometimes the
difference is very great [12, 13]. Therefore, some researchers have
carried out targeted studies about the influence of dose rate on the
TID effect of MOS devices [14], analyzed the influence of dose rate on
the sensitive electrical parameters of MOS devices [15], and found the
damage enhancement effect of low dose rate [16]. However, for
complex digital devices such as anti-fuse FPGA, there is still a lack of
scientific understanding about the influence of dose rate on TID effect
of FPGA.

In this paper, for a typical anti-fuse FPGA sample, the power
consumption current was selected as its TID effect sensitive parameter
and the functional failure dose was selected as the failure threshold. The
degradation of electrical properties of FPGA devices under different
irradiation dose rates was studied. The phenomenon of low dose rate
attenuation was found, and the underlying physical mechanism was
considered to be the oxide charge annealing effect. Based on the
experimental data, the TID effect analysis model of FPGA power
consumption current is established, which lays a foundation for the
scientific evaluation of TID radiation effect of anti-fuse FPGAs.

Experimental design
Experiment principle

The principle of FPGA TID irradiation experiment under
different dose rates is shown in Figure 1. In terms of the

realization of the irradiation dose rate, the cobalt source is located
at a fixed position. Based on the inverse ratio of the irradiation dose
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rate to 7* (r is the distance between A and B), different irradiation dose
rates [171, 26.83, and 2.68 mGy(Si)/s] can be achieved by adjusting the
spatial distance between FPGA test board B and cobalt source A (the
unit of dose rate was subsequently abbreviated as mGy/s). In order to
avoid errors, the locations of different dose rate should be confirmed
by dose calibration. In terms of electrical parameters testing, FPGA
uses the in-situ testing method, the input voltage VDD is measured by
the voltage feedback test method, and the power consumption current
I (I = Vg/R) is measured in the FPGA power supply line by the
resistance sampling method. In terms of functional testing, the driver
and switch module of the FPGA radiation effect detection equipment
are placed in a lead chamber shielding the cobalt source radiation to
eliminate the influence of test equipment irradiation degradation on
the reliability of experimental results, and the clock signal CLK is
connected to the driver and switch module to ensure the integrity of
the clock signal. FPGA function execution and output signal Vout
monitoring are controlled by the host computer.

Experimental sample

The experimental sample is an anti-fuse FPGA LC1020B, and its
electrical characteristics test conditions specify that the input voltage
VDD should be 4.5-5.5V, and the operating temperature should
be —55°C-125"C.The number of samples is 3, as shown in Table 1.

Experimental layout and configuration

In order to avoid the irradiation damage of experimental
testers and high-value electronic equipment, the in-situ cobalt
source irradiation experiment is carried out through the anti-fuse
FPGA radiation effect detection equipment. The experimental
layout is shown in Figure 2, and the experimental configuration is
listed in Table 2.

Experimental instruments and equipment
The irradiation source, anti-fuse FPGA radiation effect
detection equipment, and general electrical parameter test

instruments involved in the experiment and their related
parameters are listed in Table 3.

Experimental process and results
Irradiation experiment of anti-fuse field
programmable gate array at 26.83 and
171 mGy/s dose rate

Two LC1020B anti-fuse FPGAs (numbered 101# and 1024,
respectively) from the same lot were selected as the experimental
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TABLE 1 Total ionizing dose irradiation sample.

Name and type

Anti-fuse FPGA LC1020B

" ~

The device number

101#, 102#, 103#

10.3389/fphy.2022.1035846

Note

VDD =5V, fCLK = 2 MHz

\
1
1
|
|
1
1
|
|
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FIGURE 2
Schematic diagram of irradiation testing system.

TABLE 2 Experimental configuration.

Configuration name Configuration requirement

Input/Output bias

Function program

T
|
1
I ﬁ
1 Signal Source .
\ {4

N s

The bias condition is: 1) Power supply voltage: 5 V; 2) I/O port load resistance: 5 kQ

The anti-fuse FPGA sample function program adopts the general function program, and the utilization rate of the hardware

resource (logic gates) of the anti-fuse FPGA reaches 97.5%

Clock configuration

The clock frequency is 2 MHz, and an external signal generator is used to provide the clock signal, which is transmitted to the global

clock port through a coaxial long connection cable

Temperature Room temperature 25°C

Power supply voltage test

The power supply voltage of the FPGA under test is measured by the long-wire voltage feedback test method to ensure that the bias

voltage applied to the FPGA through the long-wire transmission meets the specified requirements

Power consumption current test

The power consumption current I (I = Vg/Rg) is measured in the FPGA power supply line by the resistance sampling method

before, during and after the irradiation experiment

Functional signal test

FPGA function execution and output signal V,,, monitoring are controlled by the host computer. The output signal V. is

transmitted to the test room through a long coaxial cable, and the digital oscilloscope is used to show the function waveform (level
and time sequence of the periodic square wave voltage waveform) before, during and after the irradiation experiment

samples. The initial power supply voltage was set at about 5V,
and the irradiation dose rate was 171 and 26.83 mGy/s,
respectively. The experimental data of the power supply
voltage, power consumption current and function of the
sample changing with the irradiation dose are listed in Table 4.

As can be seen from Table 4, no matter which dose rate is
used to carry out experiment, the power supply current of the
anti-fuse FPGA device increases with the increase of the
irradiation dose, and the power supply voltage decreases with
the increase of the irradiation dose (the current increases, the
voltage drop on the long connection cable increases, so the
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input voltage of the sample decreases). When the dose rate is
171 mGy/s, the FPGA failure dose threshold is 168 Gy, and
the failure current threshold is 24.3 mA; when the dose rate is
26.83 mGy/s, the FPGA failure dose threshold is 229 Gy, and
the failure current threshold is 27.6 mA. From what was said
above, the lower the dose rate, the larger the failure dose
threshold.

However, since the operating voltage range of the sample is
4.5-5.5'V, and the bias voltage has dropped to 4.295 or 4.211 V
when the sample fails, the possibility of sample failure caused by
the decrease of input voltage cannot be excluded.
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TABLE 3 The experimental instruments and equipment.

Name and type

Co-60 y-ray Source (Belonging to the Institute of nuclear physics and chemistry,
China academy of engineering physics)

Anti—fuse FPGA radiation effect detection device (Belonging to the Institute of
electronic engineering, China academy of engineering physics)

Rod Schwarz digital oscilloscope RTO 1044
Universal dual channel 160 MHz pulse signal source DG4162
Dual channel + fixed 5 V output power supply GPC-3030DG
Agilent desktop digital multi-meter 30411A

TABLE 4 Irradiation results of anti-fuse FPGA.

10.3389/fphy.2022.1035846

Relevant parameter

The experimental conditions of different dose rate in the range of (10~*~1) Gy(Si)/s can
be realized by spatial distance adjustment and lead chamber shielding. The irradiation

field is calibrated by ferrous sulfide dosimeter

The physical picture of the detection equipment is shown in Figure 3. It mainly

includes the irradiation test board, driver and switch module, monitoring module, host

computer and relevant test connection cable, etc., which can realize real-time
measurement of FPGA function

Bandwidth 4 GHz

Output frequency 160 MHz
Adjustable voltage 0-30 V
Test accuracy 1 uVat 1V

Sample Dose rate Power supply Power consumption Function Dose/Gy
voltage/V current/mA

The threshold of FPGA failure dose Dypyes is 229 Gy

Name: LC1020B Number: 102# 26.83 mGy/s 5.013 4.57 Normal 0
5.011 4.49 Normal 50
4.996 5.92 Normal 100
4.904 15.0 Normal 150
4.803 25.0 Normal 200
4.790 26.1 Normal 228
4.782 27.6 Normal 229
4211 75.2 Abnormal 230

The threshold of FPGA failure dose Dypyes is 168 Gy

Name: LC1020B Number: 101# 171 mGy/s 4.998 4.49 Normal 0
5.004 4.53 Normal 50
4.947 11.3 Normal 100
4.841 229 Normal 150
4.839 23.1 Normal 158
4.831 243 Normal 168
4.295 86.1 Abnormal 169

Irradiation experiment of anti-fuse field
programmable gate array at 2.68 mGy/s
dose rate

In order to exclude the possibility of sample failure caused by
the decrease of input voltage, another LC1020B anti-fuse FPGA
(No. 103#) from the same lot was selected as the experimental
sample. The 4.2 V bias power supply voltage test was conducted
on the sample before irradiation, and it was found that the sample
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could work normally. During irradiation, the initial power supply
voltage of the experimental sample was set as 5.5 V, and the dose
rate of irradiation was 2.68 mGy/s. The experimental data of the
power supply voltage, power consumption current and function
of the sample changing with the irradiation dose are listed in
Table 5.

As can be seen from Table 5, when the sample fails, the input
voltage is 4.568 V, which excludes the factor that the input
voltage parameter exceeds the standard and causes the FPGA
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TABLE 5 Irradiation result of anti-fuse FPGA at 2.68 mGy/s dose rate.

Sample Dose rate

voltage/V

The threshold of FPGA failure dose Dypyes is 334 Gy

Name: LC1020B Number: 103# 2.68 mGy/s 5.459
5.460
5.456
5.426
5.343
5.241
5.191
5.170
4.568

4.556

failure. Under the condition of 2.68 mGy/s dose rate, the failure
dose threshold of FPGA is 334 Gy, and the failure current
threshold is 32.98 mA.

As can be seen from Table 4 and Table 5, no matter which
dose rate is used to carry out irradiation experiment, the power
consumption current of the anti-fuse FPGA increases with the
increase of irradiation dose. The lower the irradiation dose rate,
the greater the failure dose threshold and failure current
threshold of the FPGA.

Analysis of experimental results

Based on the above experimental results, it takes 2,077 min
for 2.68 mGy/s irradiation to reach the FPGA failure dose
threshold of 334 Gy; it takes 167 min for 26.83 mGy/s
irradiation to reach the FPGA failure dose threshold of
229 Gy; it only takes 16 min for 171 mGy/s irradiation to
reach the FPGA failure dose threshold of 168 Gy. Within the
dose rate range of this experiment, the power consumption
current of the FPGA experimental samples increases with the
increase of irradiation dose, and irradiation dose rate is lower,
failure dose threshold and failure current threshold of FPGA is
higher. There is apparent damage mitigation phenomenon for
lower dose rate irradiation, in other words, the irradiation dose
rate is lower, the FPGA is more resistant to radiation.

Through the above experimental phenomenon and law
analysis, the following understandings are obtained:

1) Within the dose rate range of this experiment, it is speculated
that, for the TID effect of FPGA samples, the influence of
space charge field at different dose rates on the trapping
charge generation at the interface is not the dominant effect
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Power consumption Function Dose/Gy
current/mA

4.68 Normal 0
4.72 Normal 50
5.02 Normal 100
8.18 Normal 150
16.23 Normal 200
26.31 Normal 250
31.28 Normal 300
32.98 Normal 334
33.76 Abnormal 335
91.56 Abnormal 336

mechanism, but the annealing effect of oxide charge at room
temperature with time is the dominant effect mechanism.

2) When the FPGA fails due to 26.83 and 171 mGy/s
irradiation, the input voltage is 4.2-4.3V, and the
voltage value is out of standard tolerance (<4.5V);
When the FPGA fails due to 2.68 mGy/s irradiation, the
input voltage is 4.568 V and the voltage was not out of
standard tolerance (>4.5V). Therefore, it was recognized
that the failure of FPGA sample was not caused by the
input voltage out of standard tolerance. The 4.2V bias
supply voltage test of the sample before irradiation also
proved this point.

3) When the irradiation accumulative dose is small, the power
consumption current of the anti-fuse FPGA increases
slowly; when the accumulative dose reaches a certain
threshold, the power consumption current increases
sharply and the FPGA fails immediately. The main
reason is that the isolated transistor circuit has a side
effect of the TID effect, which results
leakage current, longer opening time and larger opening

in enhanced

transient value.

Total ionizing dose effect model of
anti-fuse field programmable gate
array

For digital integrated circuits, the threshold voltage of
MOSFET is changed by TID irradiation, so the power
consumption current increases obviously. When the power
consumption current increases to a specific value, a function
failure occurs, that is, the output high level signal instantly
“disappears.” Since the increase of power consumption current
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TABLE 6 The values of parameter at different dose rate.

Dose rate a (mA) I, (mA) Dyyes (Gy)  Dose scope
2.68 mGy/s 35.98 4.68 334 <334 Gy
26.8 mGy/s 28.85 4.57 229 <229 Gy
171 mGy/s 26.02 4.49 168 <168 Gy

T gfStion st Busis = = - =
o anti-fuse FPGA gz, <= I)q\\van.{suu“_ Mo

FIGURE 3
Physical connection diagram of detection equipment.

is the sum of the contributions of all MOS units such as storage,
control and drive unit, and the instantaneous “disappearance” of
output signal is mostly caused by the function loss of a certain
MOS unit, which is usually caused by the threshold voltage
degradation to a specific level. So power consumption current of
anti-fuse FPGA is selected as the sensitive electrical parameter for
TID effect model.

The correlation model of FPGA power consumption current
and radiation dose is established based on the experimental data
of power consumption current at different irradiation doses,
which can characterize the irradiation degradation characteristics
of FPGAs.

Based on the experimental data of different dose points at
different dose rate (2.68, 26.8, and 171 mGy/s), the form and
parameters of the numerical analytical model representing
of FPGAs
determined by data analysis, as shown in Eqs 1, 2, where a is

irradiation degradation characteristics were
the dose-rate correlation parameter; I, is the initial current; Dy yes
is the threshold of FPGA failure dose; Dose is the irradiation dose
received by the FPGA device; DoseRate is the irradiation dose

rate of FPGA device.
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Experiment and Simulation results of FPGA TID effect.
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The values of parameter in Eqs 1, 2 are listed in Table 6.

The 100 or 200 Gy FPGA experimental data obtained based
on the experiment were put into the FPGA irradiation
experimental degradation analytical model, as shown in
Figure 4. The experimental data and numerical prediction
results were basically consistent within the allowable error range.

Conclusion

The experimental study on TID effects under different dose
rates for anti-fuse FPGA LC1020B was carried out, and the
following conclusions were obtained:

1) Within the dose rate range of this experiment, the lower the
dose rate, the higher the failure dose threshold of the anti-fuse
FPGA, that is, the lower the dose rate, the more radiation
resistant. It is speculated that the underlying physical
mechanism is the dominant effect of oxide charge
annealing in FPGA devices at room temperature.

2) The observed failure of the anti-fuse FPGA has nothing to do with
the insufficiency of input power supply voltage parameter.

In addition, an analytical degradation model of TID effect of
the anti-fuse FPGA is established based on experimental data.
The model can be used to rapidly predict the degradation degree
of FPGA performance at different irradiation doses of specific
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dose rates, which lays a foundation for scientific evaluation of
radiation effect of anti-fuse FPGAs.
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Andreev reflection mediated by
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T-shaped double quantum dots
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Mongolia University of Science and Technology, Baotou, China

We theoretically study the Andreev reflection processes in T-shaped double
quantum dots (TDQDs) in terms of the nonequilibrium Green's function
technique. It is considered that one of the TDQDs is coupled to the
Majorana zero modes (MZMs) prepared at the ends of a topological
superconductor nanowire and simultaneously to one metallic and one
superconductor lead. Our numerical results show that the in-gap state
originated from the proximity effect due to the superconductor lead being
sensitive to the existence of MZMs. The local density of states (LDOS) of the
spin-up electrons, which are directly coupled to the MZMs, has a Fano
antiresonance at the in-gap state. Meanwhile, the local density of the spin-
down electrons, which are free from hybridization to the MZMs due to the
helical property of the latter, has a Lorentzian resonance at the same state. The
differential Andreev conductance of both the spin directions exhibits Fano-type
resonance but with different tails’ directions. The in-gap state is also
significantly influenced by the energy level and coupling strength of the
other side-coupled dot, as well as the MZM-MZM interaction.

KEYWORDS

in-gap states, Majorana zero modes, Andreev differential conductance, double
quantum dot, Fano effect

1 Introduction

Recent developments in nano-fabrication techniques have enabled the implementation
of hybrid devices composed of different materials, such as semiconductor quantum dots
(QDs) and metallic or superconductor leads [1-5]. The most important aspect of interest in
such a system is the construction of quantum bits relying on the Andreev bound states [6, 7],
which are superpositions of the QDs energy levels and Bogoliubov states in the
superconductor leads. In some earlier work, systems with one or multiple QDs
connected to one metallic and one superconductor lead were intensively studied, taking
the electron-electron interaction that is responsible for the Coulomb blockade and Kondo
effects into consideration [3, 8-10]. In macroscopic structures, it is known that the Coulomb
interaction between electrons will suppress local pairing and then enhance intersite
superconductivity through mechanisms such as spin-exchange processes. However, the
relationship between the Coulomb interaction and local pairing is quite difficult to be
uncovered, either theoretically or experimentally. Fortunately, this limitation can be
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overcome in nanoscale structures by varying the isolated energy
levels or interaction strength between electrons. These will change
the charge transport and result in a controllable adjustment of the
Kondo effect and the opposite case determined by the electron
pairing on the QDs. There was also some work concerning joint
influences of the quantum interference and proximity effect on
electronic transport in multiple QDs, such as T-shaped double
quantum dots (TDQDs) sandwiched between one conducting and
one superconducting lead [9, 11-13]. It was found that in the
subgap regime, i.e., when the external bias voltage is smaller than
the energy gap of the superconductor lead [9, 10], the electron
transfer is determined by the anomalous Andreev reflections when
an electron entering into the dot from the metallic lead is converted
into the Cooper pair accompanied by the simultaneous reflection of
a hole back to the metallic lead. The transmittance of this Andreev
reflection is promising in detecting on-dot pairing induced by the
proximity effect and the quantum interference, as well as the
Coulomb blockade or Kondo effects. In the presence of on-dot
pairing due to the superconductor lead, the quantum interference
processes are doubled as compared to similar structures without the
superconductor lead. In particular, for TDQD systems, the side-
coupled QD induces resonance or antiresonance at particular dot
levels controllable by the gate voltage. As a result of it, the Fano
effect emerges on the condition that the coupling strength between
the two dots is much weaker than that between the dot and the
metallic lead [9]. With increasing inter-dot coupling strength, the
Fano-type resonance disappears and finally evolves into the
Lorentzian resonance due to spreading out of the on-dot pairing
from the central dot to the side-coupled dot.

Recent theoretical and experimental works have proved that
Majorana zero modes (MZMs) may emerge as exotic quasiparticles
at opposite ends of one-dimensional topological superconductors.
The MZMs were first predicted in the Kitaev chain of the p-wave
superconductor as the degenerate ground state obeying non-
Abelian statistics [14, 15]. They are protected by the topological
gap and are robust against local perturbations, which makes them
promising in fault-tolerant quantum computation [15-17]. Since
the spinless Kitaev chain and p-wave superconductor are rare in
nature, various theoretical and experimental schemes were then
subsequently proposed, such as the hybridized one-dimensional
semiconductor-superconductor nanowire under a large enough
magnetic field, which is usually called a Majorana nanowire [2, 18].
realized from the
superconductor due to the proximity effect, given that the

A p-wave superconductor is s-wave
semiconductor nanowire has a strong Rashba-type spin-orbit
coupling. Unlike the MZMs in the Kitaev chain, others prepared
at the ends of the Majorana wire are spinful and may interact with
electrons of both the spin directions. To detect the MZMs
invasively, researchers also proposed to couple the MZMs to
QDs sandwiched between metallic leads [18, 19].

interesting phenomena were then found, such as half of the

Some

quantum value of the electron conductance [19] and sign
reversion of the thermopower [20-22]. There were also some

Frontiers in Physics

76

10.3389/fphy.2022.1046802

works concerning MZMs hybridized to QDs with metallic and
superconductor leads [23-25]. It was found that in the absence of
the intradot Coulomb interaction, there is destructive (constructive)
interference for spin-up (spin-down) electrons at the in-gap states.
Such an interference effect, combined with the MZMs, exerts
significant influence on the transport processes and can be
inferred from the local density of states (LDOS) of the QDs and
the in-gap Andreev conductance.

In the present article, we study transport through TDQDs
side-coupled to the Majorana nanowire having one metallic and
one superconductor lead. We concentrate on the influences of the
MZMs on the LDOS and Andreev differential conductance within
the in-gap regime. Our numerical results show that the LDOS of
the spin-up electrons which are directly coupled to the MZMs have
an asymmetrical Fano line shape. However, the spin-down
electrons that are not directly hybridized to the MZMs have a
Lorentzian line shape at the same state. Both spin-up and spin-
have Fano-type
resonance at the in-gap state but with different directions of the
tails in the line shape. The direct hybridization between the MZMs
and side-coupled dots will significantly change the Fano effect.

down differential Andreev conductances

2 Model and methods

The system is composed of TDQDs connected to one metallic
and one superconductor lead, and a nanowire hosting MZMs can
be modeled by the following Hamiltonian[9, 10, 19]:

H = Hrpop + Hy + Hs + Hr + Hpzuss (1)

in which the Hamiltonian for the TDQDs in the absence of the
intradot Coulomb interaction is
HTDQD = Zi,gsdidza.dig + (tcd]{adzg + HC) The
(annihilation) operator d;rg (di;) is for an electron with the

creation

energy level ¢4 (i = 1, 2 individually for the central and side-
coupled dots) and spin-o with #. the coupling strength between
different dots. The Hy =
Y ko BN ChnCkNo is for the normal metallic lead coupled to the

electrons  on Hamiltonian
central dot with c,tN » (ckno) creating (annihilating) an electron of
momentum k and energy é&n. The superconductor lead is
by Hs = YyoksCisoChso + Lk (Acksyclys) +
A*c_gsicrs) with the isotropic energy gap A. In the present

represented

work, we focus our attention on the deep subgap regime |¢|<A,
and then, the Hamiltonian of the superconductor lead is replaced
by the creation and annihilation of Cooper pairs [9, 10].

HCDaper = rS(dITdh + dllle)’ (2)

where Ts = Y| Vis|*0(e — &rs) denotes the line-width function of
the central dot and the superconductor lead with Vi the
electron’s tunneling amplitude contained in the Hamiltonian
for tunneling between the central dot and the leads
Hr = kaﬁ:N)s(Vkﬁczﬁadlg+H.c). The replacement of the
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(Color online) Spin-dependent LDOS p, varying with respect to the electron energy ¢ for different values of dot-MZM hybridization strength A.
The tunneling strength between the central dot and the side-coupled dot is fixed as t. = 0.2I'y. The energy levels of the two dots are eg; = 0 and egp =

0.3Iy, respectively. Direct hybridization between the MZMs is ¢y = 0.

complex function of the superconductors by a constant line-
width function is called the atomic superconducting limit, which
can be seen in [9]. The last term in Eq. | represents the MZMs at
the ends of the nanowire coupled to the central dot and is given
by [19]

Huyzms = i6um 1, + ZA(dIT - dlr)’ﬁ’ ®3)

in which 8, is the interaction strength between the MZMs with
operators satisfying r; = 17} (j=1,2) and {;, ;} = §;;. A is for
hybridization between the MZM and the spin-up electrons on the
central dot. Here, we calculate the physical quantities related to
transport processes, such as the LDOS and the Andreev
differential conductance, with the help of the nonequilibrium
Green’s function technique. By using the equation of the motion
technique and Dyson’s equation method, Green’s function is
obtained in the following form [9, 19, 26]:

gy +ilx /2 0 0 -Ts/2 -1 -2
0 g +ily / 2 Is/2 0 A
G- = 0 Ts/2 gil +iln/2 0 o o |
~Is/2 0 gil +ilx / 2.0 0
-A A 0 0 gy 0
-1 A 0 0 0 gy

(4)

where Green’s function of electrons on the TDQDs free from the
interaction between the leads and the MZMs is given by g} , =

Frontiers in Physics

1/[e —eq + tf/(s —&epn)] and that of the hole is
G1 = 1le+eq + 1t/ (e + ). Similarly, the electron and hole
Green’s function of the MZMs are individually given by g}, =
1/(e = 0p) and gy, = 1/ (& + 8r). The LDOS is thus obtained by
pry = —(1/mImGyyzsy(e), and the Andreev differential
conductance at zero temperature is Gy () = [%|Gas (1) (&)1 [9].

3 Results and discussion

In this section, we present numerical results by choosing the
coupling strength between the central dot and the metallic lead
I'y = 1 as an energy unit with fixed I's = 4T'y. Such a choice of the
line-width functions enables the transport processes through the
system to be dominated by on-dot pairing arising from the
interaction between the dot and the superconductor lead [9,
10]. Otherwise, for I's «<T'y, the electronic states are determined
by the Kondo effect arising from the Coulomb repulsion between
the spin-up and spin-down electrons, which is neglected in the
present paper. Figure 1 presents the spin-dependent LDOS as a
function of electron energy & for different values of dot-MZM
coupling strength A. For A = 0, the spin-up LDOS in Figure 1A
shows the typical four-peak structure. The peaks formed at the
effective quasiparticle states & = + /e2, + (I's/2)* originate from
the on-dot pairing by the proximity effect of the superconductor
lead. The width of the two peaks is determined by the value of T'y,
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whereas their distance in energy is I's, which also indicates the
particle-hole splitting of the quasiparticle states [9]. For the
(eq1 = 0), the two
(corresponding peaks in the LDOS) are exactly at ¢ = £Iy/2.

present chosen parameters states
The other pair of peaks emerge at ¢ = +¢,, due to the quantum
interference effect resulting from the side-coupled dot. These two
peaks correspond to the Fano resonance at —gz and
antiresonance at +&;, respectively. It is worth noting that if
the central dot is coupled to two metallic leads, there is just one
Fano structure located at ¢, which can be found in some
previous works [27].

Turning on the coupling between the spin-up electrons on
the central dot and one mode of the MZMs formed at the ends of
the nanowire (A # 0), a dip (peak) emerges in the spin-up (spin-
down) LDOS when the electrons’ energy « is aligned to the Fermi
energy in the normal metallic lead p = 0 (see the red lines in
Figures 1A,B). Such a result is the consequence of the combined
effect of MZM:s and the on-dot pairing due to the superconductor
lead. There are two new features in the present TDQDs with one
metallic and one superconductor lead as compared to the case of
the TDQDs coupled to two normal metallic leads. First, the zero-
energy LDOS develops a dip other than a peak that occurred in
the latter case. This is due to the combined effects of the quantum
interference from the side-coupled dot and on-dot pairing from
the superconductor lead. Second, if the spin-down electrons are
decoupled from the MZMs, a resonant peak emerges at ¢ = 0 for
nonzero A. The interaction between the spin-up and spin-down
electrons can be understood by examining the off-diagonal
elements of the self-energy. If the central dot is coupled to
both metallic leads, the spin-down electrons will not be
influenced by the MZMs, and the LDOS is solely determined
by the quantum interference effect due to the side-coupled dot.
The present result is interesting for both detecting the existence
of the MZMs and distinguishing electrons of the different spin
components, provided there is hybridization between the central
dot and the MZMs. As was mentioned previously, searching for
the detection scheme for the MZMs is still an important issue in
current condensed matter physics. The phenomenon found here
may provide a new feasible way for the aforementioned task.
With increasing A, the widths of the dip (peak) in spin-up (spin-
down) LDOS become wider with a fixed value of py(})(e = 0).
Meanwhile, the spin-up and spin-down LDOS remain in the
asymmetrical Fano-type and Lorentzian line shape, respectively.

Combined functions of the MZMs, quantum interference,
and proximity effect can also be studied by measuring the
tunneling current through the system. In Figure 2 we show
the dependence of the differential Andreev conductance
Gao(V) = dIs,/dV at zero temperature on the bias voltage V.
Only a relative narrow bias regime covering the in-gap
quasiparticle peak is presented. The quasiparticle peaks at eV =

+ ﬂsél + ([g/2)* are similar to those in Figure 1 and then are

neglected. For A = 0, the Andreev differential conductance of the
two spin components is the same, and they have a pair of
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(Color online) Spin-resolved Andreev differential
conductance Gy, as a function of the bias voltage eV for the same
parameters adopted in Figure 1.

Fano-type resonance at eV = ¢, but with different directions
of the tail [9]. For this simple case, the Andreev differential
conductance can be expressed as Ga, = Goo(x + 9)°/(x* + 1) + Gy
where x = |eV + &4,| and g are the asymmetric factors depending
on the choice of .. With increasing ¢, the value of g is decreased,
and the Fano line shape evolves into a Lorentzian line shape.
Therefore, here, we choose a relatively small £, = 0.2Ty to show
the Fano effect. In the presence of MZMs (A # 0), the Fano
resonance in spin-up (spin-down) Andreev differential
conductance at positive (negative) bias voltage is drastically
changed, whereas that at a negative (positive) bias regime
remains almost unchanged. For a sufficiently large value of A,
the directions of the tails in spin-up and spin-down conductances
are interchanged. This phenomenon provides an efficient means
to detect the existence of the MZMs and is also important in
spintronics devices. Moreover, a zero-bias abnormal Fano-type
dip emerges at both spin-up and spin-down Andreev differential
conductance but with different directions of the tail in the Fano
line shape. With increasing A, the positions of the Fano resonance
and antiresonance are interchanged, and then, the directions of
the tails in the line shape are reversed, accordingly. This
interesting result is fundamentally different from that in the
system of QDs coupled to two normal metal leads, in which a
zero-bias anomaly (ZBA) in the conductance peak is brought
about by the interaction between the QDs and the MZMs [18,
19]. This ZBA is a reliable evidence of the existence of the MZMs.
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(Color online) Spin-dependent LDOS as a function of the electron energy ¢ for different values of t. in (A) and (B), and different ¢d2) in (C) and

(D). Unless indicated, other parameters are as in Figure 1.

However, in the present system of the QDs coupled to one
metallic and one superconductor lead, the ZBA evolves into a
zero-bias abnormal dip due to the pairing state by the
superconductor lead. If the MZMs are replaced by regular
fermions, such as another QD, the structure then becomes
triple QDs coupled to two leads, which has been studied
before. Then, there will be newly emerged Fano peaks in the
LDOS and the differential conductance, whose positions are
determined by the coupling strengths between the dots and
their energy levels. In the present structure, however, the
MZMs mainly influence the properties of the structure around
the zero-energy point. This is determined by the exotic zero-
energy property of the MZMs.

In Figure 3, we present the impacts of the interdot coupling
t.and dot level ¢4, on the LDOS. Figure 3A shows that the spin-
up LDOS has a Lorentzian-type dip when the electron energy ¢
is aligned to the dot level ¢4 = 0 for a small value of f, = 0.05I'y
(the solid line). The spin-down LDOS in Figure 3B, however,
has a Lorentzian-type peak at ¢ = 0. With increasing f,, the
quantum interference effect brought about by the additional
dot is strengthened, and thus, the spin-up LDOS in Figure 3A
shows the Fano line shape. The spin-down LDOS remains in
the Lorentzian line shape with a lower peak height. Figures
3C,D show that the LDOS of both the spin-up and spin-down
electrons has a symmetrical double-peak configuration, with
po(0) =0 for ¢4, = 0. For non-zero &4, a Fano (Lorentzian)-type
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resonance emerges in the zero-energy spin-up (spin-down)
LDOS due to the quantum interference effect. These results are
consistent with those in Figures 3A,B. It should be noted that
the MZMs are quasiparticles of Majorana fermions, which are
characterized by the zero-energy property. Therefore, the
MZMs will induce a sharp peak in the spectral function
located at the zero-energy level or the zero-bias peak in
which the
signatures of the existence of MZMs for far. Apart from the

electrical conductance, are most reliable
zero-energy state, there are no distinct peaks or valleys in
spectral function, and then, these states are relatively less
important as compared to the zero-energy state. In the
presence of the Coulomb repulsive interaction between
electrons on the QD, there are two energy states without the
external magnetic field. One is at the Fermi level (which is
usually at zero-energy), and the other is aligned to the Fermi
energy plus the strength Coulomb interaction. As was
discussed previously, the state concerning the Coulomb
interaction is less influenced by the MZMs, and then, we
neglect the Coulomb interaction in the QDs.

The two modes of the MZM:s will interact with each other
with a strength of 8y, which depends on the length of the
nanowire hosting the MZMs. The MZM-MZM hybridization
Oy exerts significant influences on the electronic transport
properties [19-21, 28-30]. For example, the half-fermionic

nature of the MZMs (the zero-energy linear conductance of
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(Color online) Spin-dependent LDOS changing with the
electron energy for different values of the direct overlap between
the MZMs ¢y, Other parameters are as in Figure 1.

the QD side-coupled to the MZMs is half of its quantum value G
(eV'=0) = €’/2h) is destroyed by 8, [19]. It can also induce a sign
reversion in the thermopower of the QD side-coupled to the
MZMs [20, 21]. Figure 4 shows that the MZM-MZM
hybridization split the single Fano (Lorentzian) resonance in
spin-up (spin-down) LDOS for the case of §,; = 0 into double
Fano (Lorentzian) resonance configuration, which is centered at
& = +0,,. This result is qualitatively consistent with that in [19].
The main difference in the LDOS between the present system and
that of [19] is the disappearance of the central peak due to the
presence of the superconductor lead. With increasing 8y, the
Fano peaks in the spin-up LDOS become more asymmetric in the
negative energy regime, but that in the positive energy regime
evolves into a Lorentzian one. For the spin-down electrons, their
LDOS is less changed by the variation of 8y This is because the
spin-down electrons are not directly coupled to the MZMs in the
present structure. At last, we note that in experiments, the two
modes may interact with the QD simultaneously. [19] Usually,
the coupling of the QD to both the modes will enhance or
suppress the impacts of the MZMs depending on the
arrangement of the coupling strength of different modes. Such
a case generally will not change the qualitative functions of the
MZMs on the LDOS or the Andreev differential conductance.
Another impact of the coupling between the dots with the two
modes of the MZMs is the introduction of a phase factor arising
from the closed geometry. This phase factor will also exert
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important influences on the quantum interference effect and
is worth discussing in the future.

4 Summary

In summary, we have studied electronic transport through
T-shaped DQDs with the central dot coupled to one normal
metallic and one superconductor lead, as well as to a nanowire
hosting MZMs. Our numerical results show that the combined
effects of the QD-MZM interaction and the on-dot pairing from
the superconductor lead exert significant impacts on the LDOS
and the

conditions, a Fano- or Lorentzian-type resonance emerges in

Andreev differential conductance. Under some
the spin-resolved LDOS or conductance, which depends on
whether the electrons are coupled to the MZMs. Either the
position or the strength of the resonance can be efficiently
tuned by the quantities related to the MZMs, such as QD-
MZMs or MZM-MZM hybridization strengths. The quantum
interference arising from the side-coupled dot will change the
molecular states induced by the MZMs and the superconductor
lead, thus providing an effective means to adjust the system’s
transport properties.
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A 10 bit 1MS/s SAR ADC with one
LSB common-mode shift
energy-efficient switching
scheme for image sensor

Yunfeng Hu*, Lexing Hu, Bin Tang and Zichuan Yi

Zhongshan Institute, University of Electronic Science and Technology of China, Zhongshan,
Guangdong, China

A 10 bit 1 MS/s SAR ADC with one LSB common-mode shift energy-
efficient switching scheme for image sensor is presented. Based on
the two sub-capacitor arrays architecture and the common-mode
technique, the proposed switching scheme achieves 98.45% less
switching energy over the conventional architecture with common-
mode shift in one LSB. The comparator uses a low power dynamic
comparator. The sampling switch adopts a bootstrap circuit with low
sampling error. SAR logic is composed of Bit-Slice circuit with low power
consumption and few transistors. Simulated in 180 nm CMOS process and
1 MS/s sampling rate, the ADC achieves the 60.06 dB SNDR, the 75.43 dB
SFDR and the 10.45 uW power consumption.

KEYWORDS

image sensor, SAR ADC, switching scheme, energy-efficient, common-mode shift

1 Introduction

In recent years, successive approximation register (SAR) analog-to-digital converter
(ADC) has been widely used in image sensors because of its low power consumption
[1-4]. Figure 1 shows the basic processing units in a image sensor application, ADC is
an intermediate unit that converts analog signals into digital signals. Among the
components of SAR ADC, the energy consumed by capacitor array DAC accounts
for a large part of the total energy consumed [5-7]. In order to improve the power
efficiency of capacitor DAC, some energy-efficient switching schemes [8-11] have been
proposed. Compared to a conventional switching scheme [12], set and down [8], Wang
[9], Tri-level [10], and VMS [11] reduce the switching energy by 81.26%, 90.61%,
96.89%, and 97.66%, respectively. However, common-mode shift of these schemes is
large.

In this paper, a new one LSB common-mode shift energy-efficient switching
scheme is proposed to reduce common-mode shift. Based on the two sub-capacitor
arrays architecture and the common-mode technique, the average switching energy of
the proposed one LSB common-mode shift switching scheme for 10-bit SAR ADC is
21.08 Cerf. Compared with the conventional [12] switching scheme, the switching
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The proposed architecture of N-bit SAR ADC.

energy of the proposed switching scheme is reduced by
98.45%. A 10-bit 1 MS/s SAR ADC with the proposed one
LSB common-mode shift energy-efficient switching scheme
for image sensors is designed and simulated. The comparator
uses a fully dynamic low-power comparator. In order to
reduce the sampling error, the sampling switch adopts a
bootstrap switch circuit [13, 14]. The SAR logic adopts a
logic circuit based on Bit-Slice circuit, which can reduce the
number of transistors and power consumption of SAR logic
[15-17]. This SAR ADC is suitable for image sensor due to the
adoption of various low power consumption techniques.
This paper is organized as follows. Section 2 explains the
proposed SAR ADC architecture, which includes various low-
power design technologies, such as one LSB common-mode shift
energy-efficient switching scheme, dynamic comparator,
bootstrap sampling switch, SAR logic based on dynamic
circuit, etc.; The simulated results and the comparison with
the state of the art are shown in Section 3. Finally, Section

4 concludes this article.

2 Proposed SAR ADC

The N-bit SAR ADC of the proposed architecture is shown
in Figure 2. The SAR ADC consists of DAC, comparator,
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sampling switch and SAR logic. The DAC consists of
positive capacitor array and negative capacitor array, and
each array is composed of the same two sub-capacitor arrays
(high array and low array).

2.1 Proposed one LSB common-mode
shift switching scheme

To explain the operation of the proposed one LSB common-
mode shift switching scheme, a 4-bit proposed SAR ADC is used.
As shown in Figure 3, the operation includes four phases: 1st
comparison, 2nd comparison, 3rd to (N-1)th comparison and
Nth comparison.

1st comparison: The reference voltages of the high arrays
are connected to V,.r, and the reference voltages of the low
arrays are connected to gnd. The input signals are sampled
to the top-plates of all capacitors through the sampling
switch. The sampling switches are turned off after
sampling. Then, the comparator directly compares the
top-plates voltages of the positive and negative capacitor
arrays, and outputs the comparison result D; (MSB).
the first
switching energy (E; = 0).

Therefore, comparison did not consume
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FIGURE 3

Switching procedure of 4-bit SAR DAC.

2nd comparison: If D; = 1, the reference voltages of the
high array in positive capacitor array and the low array in
negative capacitor array become Vi, (V,.r/2), and the
reference voltages of other capacitors remain unchanged.
If D; = 0, the reference voltages of the low array in
positive capacitor array and the high array in negative
capacitor array become V., and the reference voltages of
other capacitors remain unchanged. Therefore, the voltage on
the higher side decreases by V. s/4, the voltage at the lower
side increases by V,.s/4 Then, the second comparison is
performed, and the comparator outputs the result of the
second comparison.

3rd to (N-1)th comparison: From the third comparison to
the (N-
previous

1)th comparison, according to the results of the
of the
corresponding capacitor in the high-voltage capacitor

comparison, the reference voltage
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array changes from V., to gnd, and the reference voltage
of the corresponding capacitor in the low-voltage capacitor
array changes from V., to V,.r. For example, in the third
comparison, if D, = 1, the reference voltage of the largest
capacitor connected to V, in the positive capacitor array is
changed from V,,, to gnd, and the reference voltage of the
largest capacitor connected to V., in the negative capacitor
array is changed from V., to V.. If D2 = 1, the operation of
positive and negative capacitor arrays will be exchanged.
ADC repeats this operation until the (N-1)"* comparison is
completed. During this process, the common-mode voltage
remains unchanged. From the third to (N-1)"" comparison,
the switching energy of each comparison is derived as

i-2
-2V 4 (1-2D;y) Y (2D - 1)2V92 (1)
1

E. = pN-i-2
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N comparison: If Dy, = 1, the reference voltage of the last N2 .
Ey=27-2"+(1-2Dy,) ) (2D;-1)272 ®)

capacitor connected to V., in the positive capacitor array -

changes from V., to gnd, and the reference voltage of the

capacitor in the negative capacitor array remains unchanged. The average switching energy of proposed one LSB common-
If Dn.1 = 0, the operation of positive capacitor array and negative mode shift switching scheme for N-bit SAR ADC is:
capacitor array will be exchanged. In the N comparison, the
common-mode voltage shifts one LSB. The switching energy in N2 oz N NS N

h . . Eaverage =2 -27-2 + z 2 (3)
the N comparison is found to be T
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SAR control logic.

2.2 Comparator

Dynamic comparators are widely used in ADCs because
of their low power consumption. In the application of the
dynamic comparator, the NMOS is generally used as the
input port [18-21]. As shown in Figure 4, in order to
improve the accuracy of comparison, this paper uses
PMOS as the input port for low VDD. The comparator
work is divided into two phases. In the first phase, when
CLK is high, MC1 is OFF, the paths connecting A and B to
VDD are OFF, MC6, MC7, MC10, and MC11 are ON, A and
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B are connected to ground, and the output ports OUTP and
OUTN are high. In the second phase, CLK is low, MC6,
MC7, MC10, and MC11 are OFF, the paths from A and B to
ground are disconnected, MC1 is ON, VDD charges A
through MC1, MC2, and MC4, and through MC1, MC3,
and MC5 charges B. The charging speed is related to the
voltage of IP and IN. If IP > IN, the voltage of A is greater
than the voltage of B. Since MC4, MC5, MC8, and
MC9 constitute a positive feedback latch circuit, eventually
the voltage of A will become low, the voltage of B will become
high, OUTP will become high, and OUTN will become low

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1102674

Hu et al. 10.3389/fphy.2022.1102674

—<— Set-and-down [8]
—®&— Wang [9]
—A— Tri-level [10]
—4—VMS[11]
—@— Proposed

switching energy (Cerf)

0 200 400 600 800 1000
output code

FIGURE 7
Switching energy against output codes.

TABLE 1 Comparison of energy saving and Common-mode shift for different switching schemes of a 10-bit SAR ADC.

Switching scheme Average energy Cer, Energy saving Common-mode shift
Conventional [12] 1,363.3 Reference 0
Set-and-down [8] 255.5 81.26% 512 LSB

Wang [9] 128 90.61% 512 LSB
Tri-level [10] 42.42 96.89% 512 LSB

VMS [11] 31.88 97.66% 256 LSB

Proposed 21.08 98.45% 1 LSB

level. If IP < IN, then finally the voltage of A will become high,
the voltage of B will become low, OUTP will become low, and
OUTN will become high. During the operation of the
comparator, there is no DC path from VDD to ground, so
only dynamic power is consumed.

2.3 Sampling switch
’ In order to reduce the sampling error, the sampling
switch generally adopts a bootstrap circuit [13, 14]. As
I s s | shown in Figure 5, the bootstrap process is divided into

two phases. In the first phase, when Sample is low, CLKA is
FIGURE 8 . high, MS1, MS2, MS3, and MS9 are ON, and MS4, MS5, MS6,
Waveform of the proposed switching scheme.

MS7, and MS8 are OFF. At this time, A and D are low, Band C
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are high. In the second phase, when sample is high, CLKA is
low, MS1, MS2, MS3, and MS9 are OFF, MS4, MS5, MS6,
MS7, and MS8 are ON, so the voltages of A and B are the
input signals VIN, The voltages of C and D are bootstrapped
as VDD + VIN. So the sampling switch MS8 realizes the
bootstrap sampling.

2.4 SAR logic

The conventional SAR logic uses D flip-flop [8, 22, 23],
which requires a large number of transistors and consumes a
lot of power. In order to reduce the power consumption of the
SAR logic, some papers use Bit-Slice circuit [15-17]. The Bit-
slice circuit has fewer transistors and lower power
consumption. As shown in Figure 6, during the sampling
phase, Sample and Valid are high, P; and N; are low, P,and N;

are high. After sampling, Sample becomes low, D of the first
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Bit-Slice becomes high, CLK, becomes low. At this time, if
OUTP is greater than OUTN, then P, becomes high level, Py
becomes low, N; keeps low, and Ny keeps high. If OUTP is
smaller than OUTN, then P; keeps low, P, keeps high, N;
becomes high, and N; becomes low. When Valid becomes low,
the result of the first comparison is latched, and Q of the first
Bit-Slice becomes high. According to the working principle of
the first Bit-Slice, the second to tenth Bit-Slices sequentially
save the results of the second to tenth comparisons.

3 Simulation results and discussion

Several switching schemes for 10-bit SAR ADC are
simulated in MATLAB. The average switching energy of
the proposed one LSB common-mode shift switching
scheme for 10 bit SAR ADC is 21.08 Cerf. Compared
with the conventional switching scheme [12], the average

frontiersin.org
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switching energy is reduced by 98.45%. The switching energy
at each output code for different switching schemes are shown
in Figure 7. The comparison of several switching schemes
[8-11] for 10-bit SAR ADC are shown in Table 1. These
switching schemes [8-11] show great energy efficiency at the
expense of very large common-mode shift. The common-
mode shift of the proposed one LSB common-mode shift
switching scheme shifts by one LSB which is less than
those of the switching schemes [8-11]. The successive
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LSB

in

approximation waveform of the
shift
Figure 8. From the first comparison to the (N-1)"

proposed one

common-mode switching scheme is shown
comparison, the common-mode voltage remains V,, and
in the last comparison, the common-mode voltage shifts by
one LSB. Figures 9A, B show the 500 times Monte Carlo
simulation results of the proposed DAC switching scheme.
When the unit capacitance mismatch is 0,/C, = 2%, the RMS

DNL and RMS INL of the proposed DAC switching scheme
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are .453 LSB and .465 LSB respectively, meeting the
requirement that the ADC non-linear error should be less
than .5 LSB.

The transient simulation of the comparator is shown in
Figure 10A. The differential input signals IP and IN of the
comparator are 752.5 mV and 747.5 mV respectively. It can be
seen from the figure that when CLK drops to low, A and B first
increase the voltage together, and then gradually separate, one
becomes higher and the other becomes lower. Finally, OUTP and
OUTN become one high and one low. The comparator completes
the output of comparison results. As shown in Figure 10B, the
offset voltage of the dynamic comparator is 950.452 uV after
500 Monte Carlo simulations. The offset voltage does not exceed
1.46 (1,500/1,024) mV.

The transient simulation diagram of bootstrap sampling
switch is shown in Figure 11A. It can be seen from the figure
that when the sampling signal sample is high, the control signal D
of the sampling switch is bootstrapped up and changes with the
input signal VIN. Therefore, Vg of transistor MS8 remains
unchanged during sampling, thus reducing the sampling error.
Figure 11B shows the spectrum analysis results of the bootstrap
sampling switch. The SFDR and SNDR are 94.13dB and
93.81 dB respectively, and the ENOB of the sampled signal is
15.29 bit, which can meet the requirements of 10 bit SAR ADC.
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The proposed SAR ADC was designed and simulated
using 180 nm CMOS technology. The simulation settings are
as follows: the power supply is 1.5V, the full swing input
signal frequency is 450.243 kHz, and the sampling rate is
1 MS/s. Figure 12 shows the FFT spectrum of the proposed
SAR ADC. The ADC achieves 75.43 dB spurious-free
dynamic range (SFDR) and 60.06 dB signal-to-noise and
distortion ratio (SNDR), respectively. Figures 13A, B show
the variation of SFDR and SNDR with input signal frequency
and sampling frequency. The simulated DNL and INL of the
proposed SAR ADC are shown in Figure 14A, B. The peak
DNL and INL are —.30-+.33 LSB and —.36-+.20 LSB, which
are both less than .5 LSB. The proposed SAR ADC has a total
power consumption of 10.45puW. Figure 15 shows the
percentage of each circuit module in the total power
consumption of the SAR ADC. Performance comparison
of various ADC [24-28] in Table 2. The
proposed SAR ADC is suitable for image sensors. The

is shown

Figure-of-Merit (FoM) was calculated from the following
equation:

Power

FoM = 5ENOB
X f sampling

4
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TABLE 2 Performance comparison.

Parameter 126] 125] 124] 127] 128 This work*
Process (nm) 130 180 180 55 180 180
Resolution (bits) 10 8 10 10 12 10
Sampling Rate (MS/s) 1 1 1 1 1 1
Supply Voltage (V) 8 1.8 1.2 1 1.4 1.5
SNDR (dB) . 45.3 = 60.39 - 60.06
ENOB (bits) 8.8 7.23 8.7 9.74 11.25 9.69
DNL (LSB) -.33/.56 .66 4 -.5/.7 .54 -.30/.33
INL (LSB) -.61/.55 .61 46 -.71.6 .89 -.20/.36
Power Consumption (pW) 9 10.3 34.6 14.8 44.78 10.45
FoM (f]/conv. Step) 20 67 83 17.3 18.39 12.65

*Simulated results.

4 Conclusion simulated the circuit. BT: Drawn the figure. ZY: Edited
the manuscript.
This paper has presented a 10 bit 1 MS/s low-power SAR
ADC for image sensors. The proposed SAR ADC consists of
DAC, dynamic comparator, bootstrap sampling switch and Fu nding
SAR logic. The DAC consists of positive capacitor array and

negative capacitor array, and each array is composed of the This work was financially supported by the Key Field
same two sub-capacitor arrays. Based on these sub-capacitor Project of Colleges and Universities in Guangdong Province
arrays, the DAC uses a one LSB common-mode shift energy- (Grant no. 2022ZDZX1044), the Key Project of Social
efficient switching scheme to reduce power consumption. Welfare and Basic Research Project in Zhongshan
Compared with conventional switching scheme, the City (Grant no. 2021B2020), the Construction Project of
proposed switching scheme achieves an energy savings of Professional Quality Engineering in 2020 (Grant no.
98.45%. In addition, the simulation shows that the offset YLZY202001), the Construction Project of
voltage of the comparator and the ENOB of the sampling Professional Quality Engineering in 2021 (Grant no.
switch meet the requirements of ADC. Bit-Slice circuit makes JD202101).

the power consumption of SAR logic lower and the number of
transistors less. Simulated in 180 nm CMOS process and
1 MS/s sampling rate, the ADC achieves 75.43 dB SFDR,
60.06 dB SNDR and 10.45 uW power consumption. The
FoM of the proposed SAR ADC is 12.65 fJ/conv.-step. The
proposed low-power SAR ADC is suitable for image sensors.
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