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COLOR DISPLAY DEVICE

FIELD OF THE INVENTION
The present invention is directed to a color display device in which each pixel can
display at least five high-quality color states, and an electrophoretic flnid for such an

electrophoretic display.

BACKGROUND OF THE INVENTION

fu order to achieve a color display, color filters are often used. The most cornmon
approach is fo add color filters on top of black/white sub-pixels of a pixclated display to
display the red, green and blue colors. When a red color is desired, the green and blue sub-
pixels are turned to the black state so that the only color displayed is red. When a blue
color is desired, the green and red sub-pixels are turned to the black state so that the only
color displayed is blue. When a green color is desired, the red and blue sub-pixels are
turned to the black state so that the only color displayed is green. When the black state is
desired, all three-sub-pixels are turned to the black state. When the white state is desived,
the three sub-pixels are turned to red, green and blue, respectively, aud as a result, a white
state 1s scen by the viewer,

The biggest disadvantage of using such a technique for a reflective display is that
since cach of the sub-pixels has a reflectance of about one third of the desired white state,
the white state is fairly dim. To compensate this, a fourth sub-pixel may be added which
can display only the black and white states, so that the white level 1s doubled at the expense
of the red, green or blue color level {where each sub-pixel is only one fourth of the area of
the pixely. Bughter colors can be achieved by adding Hght from the white pixel, but this is
achieved at the expense of color gamut to cause the colors to be very Hght and unsaturated.
A similar result can be achieved by reducing the color saturation of the three sub-pixels.
Even with this approach, the white level is normally substantially less than half of that of 2
black and white display, rendering it an unacceptable choice for display devices, such as ¢~

readers or displays that need well readable black-white brightness and contrast.

BRIEF DISCUSSION OF THE DRAWINGS
Figure 1 depicts a display laver which can display different color states.

Figures 2-1 to 2-5 llustrate one embodiment of the present invention,
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Figures 3-1 to 3-4 illustrate an alternative embodiment of the present mvention.

Figure 4 demonstrates single driving pulses.

Figure 5 demonstrates pulsing waveforms.

Figure 6 shows a graph of particle mobility versus driving voltage of a system with
three types of particles carrying the same charge polarity and two types of particles carrying
the opposite charge polarity.

Figures 7-1 to 7-6 illustrate a further embodiment of the present invention.

Figure § shows a graph of particle mobility versus driving voltage of a systoem with
four types of particles carrying the same charge polarity and a fifth type carrying the opposite
charge polarity.

Figures 9-1 to 9-5 illustrate yet a further embodiment of the present invention.

Figure 10 demoustrates display cells unaligned with pixel electrodes.

DETAILED DESCRIPTION OF THE INVENTION

The clectrophoretic fluid of present invention comprises at east five types of
particies dispersed in a diclectric solvent or solvent mixture.

The particles may be referred to as a first type of particles, a second type of
particles, a third type of particles, a fourth type of particles and a fifth type of particles, as
showu in Figure 1. The five types of particles are of different colors.

1t 1s understood that the scope of the invention broadly encorapasses particles of any
colors as long as the multiple types of particles arc visually distinguishable. As an
cxample, the five types of particles may be any combinations of white particies (W), black
particles (K}, red particles (R}, green particles (), blue particles (B), cyan particles (),

magenta particles (M) and yellow particles (Y.

In addition to the colors, the five different types of particles may have other distinct
optical characteristics, such as optical transrission, reflectance, luminescence or, 1 the
case of displays jntended for roachine reading, pseudo-color in the sense of a change in
reflectance of clectromagnetic wavelengths outside the visible range.

In addition, the five types of particles have different levels of charge potential. For
example, the five types of particles may be high-positive particles, mid-positive particles,

low-positive particles, high-negative particles and low-negative particies. Alternatively, the



10

3]
joy

WO 2015/127045 PCT/US2015/016573

five types of particles may be high-negative particles, mid-negative particles, low-negative
particles, high-positive particles and low-positive particles. It is also possible that among
the five types of particles, four of them carry the same charge polarity and they have
progressively lower magnitudes.

It is noted that the term “charge potential”, in the context of the present application,
may be used miterchangeably with “zeta poteotial”,

The charge polarities and levels of charge potential of the particles may be tuned,
according to the method described in US Application Publication No. 2014-0011913, the
content of which 1s mcorporated herein by refercnce 1n #s entirety.

The magnitudes of the “high-positive” particles and the “high-negative” particles
may be the same or different. Likewise, the magnitudes of the “low- positive” particles and
the “low-negative” particles may be the same or different.

The charge potentials of the particles may be measured in terms of zeta potential. In
one embodiment, the zeta potential is determined by Collotdal Dynamics AcoustoSizer HM
with a CSPU-100 signal processing urut, ESA EN# Atin flow through cell (K:127). The
mstruraent constants, such as density of the solvent used in the saraple, dieleciric constant
of the solvent, speed of sound in the solvent, viscosity of the solvent, all of which at the
testing temperature {25°C) are entered before testing. Pigment samples are dispersed in the
solvent (which is usually a hydrocarbon fluid having less than 12 carbon atoms), and
diluted to be 5-10% by weight. The samiple also contains a charge control agent {Solsperse
17000®, available from Labrizol Corporation, a Berkshire Hathaway company;

“Solsperse” is a Registered Trade Mark}, with a weight ratio of 1:10 of the charge control
agent to the particles. The mass of the diluted sample 18 determined and the sample is then
loaded into the flow through cell for determination of the zeta potential.

As shown, the display fluid 1s sandwiched between two clectrode layers. One of the
electrode layers 18 a common electrode (11) which s a transparent electrode layer {c.g., ITO),
spreading over the entire top of the display device. The other electrode layer (12} is a layer of
pixel electrodes (12a).

The space between two dotted vertical lines denotes a pixel. Therefore, cach pixel has
a corresponding pixel electrode (12a).

The pixel electrodes are described in US Patent No. 7,046,228, the content of which is
mcorporated herein by reference in its entirety. It 1s noted that while active matrix driving

with a thin film transistor (TFT) backplanc is mentioned for the layer of pixel clectrodes, the
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scope of the present invention encorapasses other types of clectrode addressing as long as the
clectrodes serve the desired functions.

As also shown in Figure 1, a display device utilizing the display fluid of the present
fnvention has two surfaces, a first surface (13) on the viewing side and a second surface (14)
on the opposite side of the first surface (133, The second surface therefore is on the non-
viewing side. The term “viewing side” refers to the side at which iroages are viewed,

The solvent i which the particles are dispersed is clear and colovless. It preferably
has a diclectric constant in the range of about 2 to about 30, more preferably about 2 to
about 15 for high particle mobility. Examples of suitable diclectric solvent include
hydrocarbons such as isoparaffin, decahydronaphthalene (DECALINY, S-cthylidene-2-
norbornene, fatty oils, paraftin oil, silicon fluids, aromatic hydrocarbons such as tohiene,
xylene, phenyixylylethane, dodecylbenzene or alkylnaphthalene, halogenated solvents such
as perfluorodecalin, perfluorotohuene, perfluoroxylene, dichlorobenzotrifluoride, 34,5 -
trichlorobenzotriflaoride, chloropentafhuoro-benzene, dichiorononane or
pentachlorobenzene, and perfluorinated solvents such as FC-43, FC-70 or FC-5060 frora
3M Company, St. Paul MN, low molccular weight halogen containing polymers such as
poly{pertluoropropylene oxide) from TCT America, Portland, Oregon, poly{chlorotrifluoro-
cthylenc) such as Halocarbon Gils from Halocarbon Product Corp., River Edge, NI,
perfluoropolyalkylether such as Galden from Ausimont or Krytox Oils, Greases K-Fluid
Series from DuPont, Delaware, polydimethylsiloxane based silicone oil from Dow-
corning {(DC -200).

The particles are preferably opaque. They may be primary particles without a polymer
shell. Alternatively, each particle may coraprise an insoluble core with a polymer shell.
The core could be cither an organic or inorganic pigment, and it may be a single core
particle or an aggregate of multiple core particles. The particles may also be hollow
particles.

in the casc of white particles (W), the primary particles or core particles may be
Ti()z, ZT(}z, fln(} Aig()g* Sbg@l BE&S(}/;, PbS(}/; or the like.

For the black particles (i}, the primary particles or core particles may be Cl
pigment black 26 or 28 or the like {e.g., manganese ferrite black spivel or copper
chromite black spinel) or carbon black.

For the other colored particles (which arc non-white and non-black}, the primary

particles or core particles may include, but are not limited to, Cl pigment PR 254, PR122,
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PR149, PG36, PGSR, PG7, PB28, PB15:3, PYE3, PY 138, PY 150, PY 155 or PY20. Those
are commonly used organic pigments described in color index handbooks, “New Pigment
Application Technology” (CMC Publishing Co, Ltd, 1986) and “Printing Ink Technology”
{(CMC Publishing Co, Ltd, 1984}, Specific examples include Clariant Hostaperm Red
D3G 70-EDS, Hostaperm Pink E-EDS, PV fast red D3G, Hostaperm red B3G 70,
Hostaperm Blue B2G-EDS, Hostaperm Yellow H4G-EDS, F2G-EDS, Novoperm Yellow
HR-70-EDS, Hostaperm Green GNX, BASF Irgazine red L 3630, Cinguasia Red L 4100
HD, and frgazin Red L 3660 HD; Sun Chemical phthalocyanine blue, phthalocyanine
green, diarylide yellow or diarylide AAOT yellow.

For the other colored particles (which are non-white and non-black), the primary
particles or core particles may also be tnorganic pigments, such as red, green, blue and yellow
pigments. Examples may include, but are not himited to, Cl pigment biue 28, CI pigment
green SO and Cl pigment yellow 227.

The percentages of different types of particles in the fhnd may vary. For example,
one type of particles may take up 4.1% to 10%, preferably 8.5% to 5%, by volume of the
clectrophoretic fluid; another type of particles may take up 1% to 50%, preferably 5% to
20%, by volurme of the fluid; and cach of the remaining types of particles may take up 2%
to 20%, preferably 4% to 10%, by volume of the fluid.

it is also noted that the five types of particles may have different particle sizes. For
example, the smaller particles may have a size which ranges from about 50 nm to about
800nm. The larger particles may have a size which is about 2 to about 50 times, and more
preferably about 2 {o about 10 times, the sizes of the smaller particles,

The first aspect of the present invention s directed to a display device utilizing an
electrophoretic fluid comprising five types of particles and the colors are displayed because
of different lovels of attraction forees among the particles.

in the first embodiment of this aspect of the invention, among the five types of
particles, three types carry a charge polarity opposite from the charge polarity of the other
two types. The following is an example illustrating this embodiment of the present

nveniion.

Example 1:
in this example as shown in Figure 2, the black particles (K (i.c., the first type) carry

a positive charge and the yellow particles (Y) (i.c., the sccond type) carry a negative charge.

5
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The blue (B) (i.¢., the third type) and red (R) (i.c., the fourth type) particles arc positively
charged; but their magnitudes are progressively less than that of the black particles, which
means that the black particles are high-positive particles, the blue particles are mid-positive
particies and the red particles are low-positive particles. The white (W) particles (i.¢., the
fifth type} are negatively charged: but their magnitude is less than that of the vellow particles,
which means that the yellow particles are high-negative particles and the white particles are

low-~negative particles.

Figure 2-1:

in Figure 2-1, when a high negative driving veltage (c.g., -15V) is applied to the pixel
{2b} for a time period of sufficient length, an clectric field is generated to cause the high
negatively charged vellow particles to be pushed to the common electrode (21} side and the

high positively charged black particles pulled to the pixel electrode (22a) side.

The low positively charged red and vod positively charged blue particles move slower
than the high positively charged black particles and as a result, the blue particles are above the
black particles but below the red particles because the bluce particles carry higher charge
potential than the red particles. The black particles are closest to the pixel electrode side.

The low negatively charged white particles move slower than the high negatively
charged yellow particles, and therefore the white particles are below the yellow particles and
therefore not seen at the viewing side. In this case, a yellow color is seen at the viewing side
(see 2{a)).

fu Figure 2-1, when a high positive driving voltage {e.g., +15V) is applied to the pixel
2{a) for a time period of sufficient length, an clectric ficld of an opposite polarity 18 generated
which causes the particle distribution to be opposite of that shown in Figure 2{a) and as a
resultf, a black color is seen at the viewing side.

it is also noted that the high driving voltage applied in Figure 2-1 may be a single
pulse as shown in Figure 4a or 4b or a pulsing waveform as shown in Figure 5a or 5b.

The pulsing waveform has alternating 0V and a driving voltage. The magnitude of the
driving voltage referred to may be or ruay not be the same as that of the driving voltage for
the single pulse method. There may be 10-200 cycles of pulsing. The pulsing waveform may
lead to better color performance because it can prevent aggregation of the particles with cach

other, which usually causes reduction of hiding power of the layers of the particles.
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Figure 2-2:

in Figure 2-2, when a low positive driving voltage (e.g., +3V} is applied to the pixel
of Figure 2(a} (that is, driven from the yellow state) for a time period of sufficient length, an
electric field is generated to cause the high negatively charged vellow particles to move
towards the pixel electrode (22a) while the high positively charged black and rod positively
charged blue particles move towards the comroon electrode (21). However, when they meet
in the middle of the pixcl, they significantly slow down and remain there because the electric
ficld gencrated by the low driving voltage is not strong enough to overcome the attraction
forces between them. As shown, the yellow, black and blue particles stay in the middic of the

pixel in a mixed state.

The term “attraction force” in the context of the present application, encompasses
clectrostatic interactions, linearly dependent on the particle charge potentials, and the
attraction force can be further enhanced by 1ntroducing other forces, such as Van der Waals
torces, hydrophobic interactions or the like.

On the other hand, there are also attraction forces between low positively charged red
particles with high positively charged yellow particies and the low negatively charged white
particles with high positively charged black and mid positively charged blue particles.
However, these attraction forces are not as strong as the attraction forces between the black
particies and vellow particles and between the blue particles and yellow particles, and
therefore they can be overcome by the electric field generated by the low driving voltage. In
other words, the low charged particles and the high charged particles of opposite polarity can
be separated.

In addition, the electric ficld generated by the low driving voltage is sufficient to
separate the low negatively charged white and low positively charged red particles to cause
the red particles to move to the common electrode (21} side (i.¢., the viewing side) and the
white particles to move to the pixel electrode (22a) side. As a result, a red color is seen. In
this case, the white particles are closest to the pixel electrode.

The low positive driving voltage in Figure 2-2 may be applied as a single pulse as
showu in Figure 4a or 4b or a pulsing wavetorm as shown 1n Figure 5a or 5b. The magnitude
of the driving voltage in the pulsing wavetorrm may be the same as, or different frorn, that of

the single driving pulse. In the pulsing wavetorm, there may be 10-200 cyeles of pulsing.
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The driving method of Figure 2-2 can therefore be summarized as follows:

A driving method for driving an electrophoretic display comprising a first surface on a
viewing side, a second surface ou a non-viewing side, and an electrophoretic thid which fluid
is sandwiched between a common electrode at the viewing side and a layer of pixel clectrodes
and comprises a fivst type of particles, a second type of particies, a third type of particles, a
fourth type of particles and a fifth type of particles, all of which are dispersed in a solvent or
solvent mixture, wherein:

{a) the five types of pigment particles have optical characteristics differing from
one another;

{t) the first and second types of particles carry opposite charge polaritics;

{c) the third and fourth types of particles carry the same charge polarity as the first
type of particles, and the first type, the third type and the fourth type of particles have
progressively lower magrutudes; and

{dy  the {ifth type of particles carries the same charge polarity as the second type of
particles but its magnitude 1s lower than that of the second type of particics,

the method coraprises applying a driving voltage or a pulse wavetorm of alternating a
driving voltage and no driving voltage, to a pixel in the electrophoretic display, wherein the
pixel is in the color state of the second type of particles, and the driving voltage has the same
polarity as the first, third and fourth types of particles to drive the pixel towards the color state
of the fourth type of particies at the viewing side.

fu this driving method, the driving voltage referred to 18 a low positive driving

voltage.

Figure 2-3:

in Figure 2-3, when a low negative driving voitage {e.g., -10V) is applied to the pixel
of Figure 2(b) (that is, driven from the black state) for a time period of sufficient length, an
electric field is generated which causes the high positively charged black and mid positively
charged bhue particles to move towards the pixel electrode (22a) while the high negatively
charged yellow particles move towards the common electrode (21). However, when they
meet in the vmddie of the pixel, they significantly slow down and remain there because the

clectric field generated by the low driving voltage s not strong enough to overcome the
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attraction between thern. As shown, the yellow, black and blue particles stay in the roiddle of
the pixel in a mixed state.

At the same time, there are also attraction forces between the low positively charged
red particles with high negatively charged vellow particles and between low negatively
charged white particles with high positively charged black and mid positively charged blue
particles. However, these attraction forces are not as strong as the attraction forces between
two types of strouger charged black and yellow particles and between the blue and yellow
particles, and therefore they can be overcome by the clectric field generated by the low
driving voltage. In other words, low charged particles and the high or mud charged particles

of opposite polarity can be separated.

In addition, the electric field generated by the low driving voltage is sufficient to
separate the low negatively charged white and the low positively charged red particles to
cause the white particles to move to the common electrode side (i.¢., the viewing side) and the
red particles move to the pixel electrode side. As a result, a while color s secn. The red
particles, in this case, are closest to the pixel electrode.

The low negative driving voltage may be applicd as a single pulse as shown 1o Figure
4a or 4b or a pulsing waveform as shown in Figure 5a or 5b. The magnitude of the driving
voltage in the pulsing waveform may be the same as, or different from, that of the single

driving pulse.  In the pulsing waveform, there may be 10-200 cycles of pulsing.

The driving method of Figure 2-3 therefore can be summarized as follows:

A driving method for driving an electrophoretic display comprising a fivst surface on
the viewing side, a second surtace on the non-viewing side and an electrophoretic fluid which
fluid 1s sandwiched between a comamon electrode and a layer of pixel electrodes and
comprises a first type of particles, a second type of particles, a third type of particles, a fourth
type of particles and a fifth type of particies, all of which are dispersed in a solvent or solvent
mixture, wherein:

{a) the five types of pigment particles have optical characteristics differing from
on¢ another;

{b) the first and second types of particies carry opposite charge polarities;

jLe]
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{c) the third and fourth types of particles carry the same charge polarity as the first
type of particles, and the first type, the third type and the fourth type of particles have
progressively lower magnitudes; and

(d) the fifth type of particles carries the same charge polarity as the second type of
particies but their magnitude is lower than that of the second type of particles,

the method comprises applyiong a driving voltage or a pulsing waveform of aliernating
a driving voltage and no driving voltage, to a pixel 1o the clectrophoretic display, wherein the
pixel is 10 the color state of the first type of particles and the driving voltage has the same
polarity as the second and fifth types of particles to drive the pixel towards the color state of

the fifth type of particles at the viewing side.

The driving voltage referred to in this method is a low negative driving voltage.

Figure 2-4:

Figure 2-4 shows how a blue color state (which is the color of the second highest
positively charged particles) may be driven frorn the white state {(which is the color of the
lower negatively charged particles).

in one scenario, a medium positive driving voltage (e.g., +12V) is applied to a pixel of
2{d} in the white state. The voltage applied 1s not sufficient to separate the high positively
charged black from the high negatively charged yellow particles, but sufficient to cause the
mid positively charged blue particles to break away from the pack and move towards the
viewing side. In this scevario, the high positively charged black particles will not be secn at

the viewing side.

The low negatively charged white particles move away from the viewing side towards
the pixel electrode side. When they pass the black and yellow particles, the electric field
generated by the mid positive driving voltage of +12V is sufficient to separate the low
negatively charged white particles from the high positively charged black particles. Asa
result, the white particles move to the pixel electrode side.

Similarly, the low positively charged red particles may be separated from the high
vegatively charged yellow particles and they voove from the pixel electrode side to the

common clectrode side. However, because the blue particles have higher charge potential

10



10

3]
joy

30

WO 2015/127045 PCT/US2015/016573

and move faster than the red particles, a high-quality blue color therefore can be seeun at the
viewing side.

This single pulse method with a medium positive driving voltage may lead to the blue
color state, with proper timing. The driving time for the single pulse may be in the range of
about 100 to about 2,000 msec. if the pulse is applied for too long, the red particles will catch
up with the blue particles on the viewing side, which may cause some red tint appeating in the
blue state.

Alternatively, the driving as shown in Figure 2-4 may be achieved by 4 pulsing
waveform as shown in Figure Sa or Sh. The pulsing waveform has alicrnating 0V and 2
driving voltage. The driving voltage referred to has a magnitude which may or may not be
the same as that of the driving voltage for the single pulse method. There may be 10-200
cycles of pulsing. The pulsing waveform may lead to better color performance because it can
prevent aggregation of the blue particles with each other, which usually causes reduction of

hiding power of the layers of the particles,

Figure 2-5:

Alternatively, the blue state may also be achieved according to Figure 2-5. A ymd
positive driving voltage (e.g., T8V) is applied to a pixel of 2(d) in the white state. The
clectric ficld generated by this driving veltage applied 18 also not sufficient to separate the
high positively charged black from the high negatively charged yvellow particles, but sufficient
to cause the mid positively charged bhue particles to break away from the pack and move
towards the viewing side.

The red particles, as explaimed above, also move towards the coromon electrode side,
but slower than the blue particles,

Figure 2-3, however, introduces the possibility that the clectric ficld generated by the
driving voltage of +8V is not sufficient to separate the low negatively charged white particles
from the high positively charged black particles. As a result, when the blue color state is scen
at the viewing side, the non-viewing side may show a mixed color state of yellow, white and
black.

This driving sequence may also be accomplished by a single pulse method as shown

n Figure 4(a) or 4(b) or a pulsing waveform of Figure 5{(a) or 5(b).

11
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In etther case, the driving method of Figures 2-4 and 2-5 can be surnmarized as
follows:

A driving method for driving an electrophoretic display comprising a first surface on
the viewing side, a second surface on the non-viewing side and an electrophoretic fluid which
fluid 1s sandwiched between a common ¢lectrode and a layer of pixel electrodes and
corprises a first type of particles, a second type of particles, a third type of particles, a fourth
type of particles and a fifth type of, all of which are dispersed 1o a solvent or solvent mixture,
wherein:

{a) the five types of pigment particles have optical characteristics differing from
one another;

{t) the first and second types of particles carry opposite charge polaritics;

{c) the third and fourth types of particles carry the same charge polarity as the first
type of particles and the first type, the third type and the fourth type have progressively lower
magnitudes; and

{dy  the {ifth type of particles carries the same charge polarity as the second type of
particles but their magnitude 1s lower than that of the sccond type of particles,

the method comprises applying a driving voltage or a pulsing waveform with
alternating a driving voltage and no driving voltage, to a pixel in the electrophoretic display,
wherein the pixel is in the color state of the fifth type of particles and the driving voltage has
the same polarity as the first, third and fourth types of particles, to drive the pixel towards the
color state of the third type of particles at the viewing side.

The driving voltage referred to in Figure 2-4 or 2-5 1s a roedium positive driving

voltage.

As shown in this example, there are three levels of positive driving voltage, high
positive, medium positive and low positive, and two levels of negative driving voltage, high
negative and low negative. The medium positive driving voltage may be 40% to 100%,
preferably 50% to 90% of the high positive driving voltage and the low positive driving
volitage may be 5% to 50%, preferably 15% to 40% of the high positive driving voltage. The
low negative driving voltage may be 10% to 90%, preferably 30% to 70% of high negative
driving voltage.

The above also applies to an ecmbodiment wherein there are three levels of negative

driving voltage, high negative, mediurm negative and low negative and two levels of positive
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driving voltage, high positive and low positive. The medium negative driving voltage may be
2 ¢, Digh | , g g 2
40% to 100%, preferably 40% to 90% of the high negative driving voltage and the low
; 3 & =

negative driving voltage may be 5% to 50%, preferably 10% to 45% of the high negative
driving voltage. The low positive driving voltage mayv be 5% to 95%, preferably 25% t0 75%

fod 5 ' S
of high pesitive driving voltage.

The “high” driving voltage {positive or negative) referred to above s usually the

driving voltage required to drive a pixel from a color state of one type of the highest charged

fer) & v &
particles to a color state of another type of highest charged particles which are oppositely

charged.

This embodiment of the present invention is directed to an electrophoretic display
comprising a furst surface on a viewing side, a second surface on a non-viewing side and an
electrophoretic fluid sandwiched between a common electrode at the viewing side and a layer
of pixel electrodes and comprising a fivst type of particles, a second type of particles, a third
type of particles, a fourth type of particles and a {ifth type of particles, all of which are
dispersed n a solvent or solvent mixture, wherein:

{a) the five types of pigment particles have optical characteristics differing from
on¢ another;

(b} the first and second types of particles carry opposite charge polarities;

{c) the third and fourth types of particles carry the same charge polarity as the first
type of particles, and the first type, the third type and the fourth type of particles have
progressively lower wagnttudes: and

{d) the fifth type of particles carries the same charge polarity as the second type of

particles, but their magnitude 18 lower than that of the second type of particies.

The first type, the third type and the fourth type of particles carry the same charge
polarity and have progressively lower magnitudes, which means that the first type of particles
has the highest charge magnitude, the fourth type of particles has the lowest charge magnitude
and the third type of particles has a charge magnitude between the first and fourth types of
particies.

The first and second types of particles may be black and white, or vice versa.

Alternatively, the first and second types of particles may be black and yellow, or vice versa.
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1t 1s also possible that the first type of particles s black, the second type of particles is
white, and the third, fourth and fifth types of particles are red, green and blue, respectively.
Alternatively, the first type of particles is black, the second type of particies is yelow, and the
third, fourth and fifth types of particles are blue, red and white, respectively. Alternatively,
the first type of particles is black, the second type of particles is white, and the third, fourth
and fifth types of particles are red, yellow and blue, respectively. Alternatively, the first type
of particles is white, the second type of particles 1s black, and the third, fourth and fifth types

of particles are red, yellow and blue, respectively.

The fluid may further comprise non-charged or slightly charged neutral buoyancy

particles. In one embodiment, the neutral buoyancy particles are non-charged.

This embodiment of the invention is also directed to an electrophoretic display
comprising a first surface on a viewing side, a second surface on a non-viewing side and an
electrophoretic fluid sandwiched between a common electrode at the viewing side and a layer
of pixel electrodes and comprising a first type of particles, a second type of particles, a third
type of particles, a fourth type of particles and a fifth type of particles, all of which are
dispersed in a solvent or solvent mwxture, wherein:

{a) the five types of pigment particles have optical characteristics differing from
one another;

{t) the first and second types of particles carry opposite charge polaritics;

{c) the third and fourth types of particles carry the same charge polarity as the first
type of particles, and the first type, the third type and the fourth type have progressively lower
magnitudes; and

{dy  the {ifth type of particles carries the same charge polarity as the second type of
particles, but their magnitude is lower than that of the second type of particies,
and

{1} application, to a pixel, of a high driving voltage having the same polarity as
that of the first type of particles causces the pixel to show the color of the first type of particles
at the viewing side and have the second type of particles at or near the pixel electrode;

(i1}  application, to a pixel, of a high driving voltage having the same polarity as
that of the second type of particles causes the pixel to show the color of the second type of

particles at the viewing side and have the first type of particles at ot near the pixel electrode;
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(1)  apphication, to a pixcl, of g low driving voltage having the same polarity as
that of the fourth type of particles causes the pixel to show the color of the fourth type of
particles at the viewing side and have the fifth type of particles at or near the pixel electrode;
and

(ivy  application, to a pixel, of a low driving voltage having the same polarity as
that of the fifth type of particles causes the pixel to show the color of the fifth type of particles

at the viewing side and have the fourth type of particles at or near the pixel elecirode.

The display may further comprise

{v) application, to a pixel, of a mid-driving voltage having the same polarity as
that of the third type of particles causes the pixel to show the color of the third type of
particles at the viewing side and have the fifth type of particles or a mixture of the first,

second and fifth types of particles, at or near the pixel electrode.

This embodiment of the invention is also directed to a driving method for driving an
clectrophoretic display as described above, the method comprises:

1) applying, to a pixel, a high driving voltage having the same polarity as that of
the first type of particles to cause the pixel to display the color of the first type of particles at
the viewing side;

(i1}  applying, to a pixel, a high driving voltage having the samc polarity as that of
the second type of particles to cause the pixel to display the color of the second type of
particles at the viewing side;

{11}  applying, to a pixel, a low driving voltage having the same polarity as that of
the fourth type of particles to cause the pixel to display the color of the fourth type of particles
at the viewing side;

{iv)  applying, to a pixel, a low duving voltage having the sarae polarity as that of
the fifth type of particles to cause the pixel to display the color of the fifth type of particles at
the viewing side; and

(v} applying, to a pixel, a mid-driving voltage having the same polarity as that of
the third type of particles to cause the pixel to display the color of the third type of particles at

the viewing side.
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The second embodiment of the first agpect of the fnvention is directed to a display
device utilizing an electrophoretic fluid comprising five types of particles in which four
types carry a charge polarity opposite from the charge polarity of the fifth type. In this
aspect of the invention, the four types of particles may carry the positive charge and the
fifth type carries the negative charge or the four types of particles may carry the negative
charge and the fifth type carries the positive charge. The four types of like-charged

particles have differcat levels of maguoitade.

The following is an exaraple illustrating this crabodiment of the mvention.

Example 2:

In this example, the black and white particles carry the highest opposite charges. The
black particles (K} {i.e., the first type) are positively charged and the white particles (W) (i.e.,
the second type) are negatively charged. The three types of colored particles, red (R) (i.e., the
third type), green {(G) (i.¢., the fourth type) and blue (B) (i.e., the fifth type), are also
positively charged and the black, red, green and blue particles have progressively lower
magnitudes.

Since cach type of particles has a distinguishable charge potential, there are different
levels of attraction force between oppositely charged particles. Figure 3 shows how five color

states may be displayed.

Figure 3-1:

fu Figure 3-1, a positive high driving voltage {e.g., +40V}, is applied to a pixel of 3(a)
i the white state; the high positively charged black particles move to be near or at the
viewing side (i.¢., the conunon clectrode side), followed by the red, green and blue particles,
to cause a black color to be seen in 3{(b).

When a negative high driving voltage {e.g., -40V), is applied to the pixel as shown in
3(b}, the negatively charged white particles move to be near or at the viewing side and as a

result, 8 white color is seen in 3(a).

Figure 3-2:
When a higher medium positive driving voltage {(i.c., the second highest posttive

driving voltage) {e.g., T35V is applied to a pixel of 3(a) in the white state, all the positively
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charged particles (black, red, green and blue) move towards the common clectrode while the
negatively charged white particles move towards the pixel electrode. However when they
meet, the black and white particles become inseparable because of the attraction force
between them. The electric field generated by the higher mediom driving voltage is not
sufficient to separate the black particles from the white particles. However, the electric field
i3 sufficiently strong to free the red, green and blue particles and as a result, the red particles
which are the second highest charged positive particles move to the coramon electrode at the
viewing side. Therefore a red color 1s seen.

The green and blue particles also move towards the commeon clectrode side; but

because they are lesser charged, they move slower than the red particles.

Figuvre 3-3:

When a lower medium positive driving voltage (i.c., the third highest positive driving
voltage) {e.g., +25V) is applied to a pixel of 3(a) in the white state, all the positively charged
particles (black, red, grecu and blue) move towards the common electrode while the
negatively charged white particles move towards the pixel electrode. However when they
meet, the black, red and white particles become mseparable because of the attraction forces
between them. The electric ficld generated by the lower medium driving veltage is not
sufficient to separate the black, red and white particles. However, the electric field s
sufficiently strong to free the green and biue particles and as a result, the green particles
which are the third highest charged positive particles move to the common electrode at the
viewing side. Therefore a green color is seen.

The blue particles also move towards the commen electrode side; but because they are

lesser charged, they move slower than the green particies.

Figure 3-4:

When a positive low driving voltage (i.c., the lowest positive driving voltage) {c.z.,
+15Vy is apphied to a pixel of 3(a} in the white state, all the positively charged particles
{black, red, green and blue} move towards the common electrode while the negatively
charged white particles roove towards the pixel electrode. However when they meet, the
black, red, green and white particles becore inseparable because of the attraction forces
between them. The electric ficld generated by the low driving voltage 1s not sufficient to

separate the black, red, green and white particles. However, the clectric field is sufficiently
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strong to free the blue particles and as a result, the blue particles which are positively charged
move to the common clectrode at the viewing side. Therefore a blue color is seen.

All of the driving sequences described in this cxample may be accomplished by a
single pulse method as shown in Figure 4(a) or 4(b} or a pulsing waveform as shown in

Figure 5(a) or 5{b).

The driving sequence of this embodiment of the invention may be summarized as
follows:

A driving method for an clectrophoretic display comprising a first surface on the
viewing side, a second surface on the non-viewing side and an electrophoretic fluid which
fluid is sandwiched between a common electrode and a layer of pixel electrodes and
comprises a first type of particles, a second type of particles, a third type of particles, a fourth
type of particles and a fifth type of, all of which are dispersed in a solvent or solvent mixture,
wherein:

{a) the five types of pigment particles have optical characteristics differing from
on¢ another;

(b}  the first and sccond types of particles carry opposite charge polarities; and

{c} the third, fourth and fifth types of particles carry the same charge polarity as
the first type of particles and the first type, third type, fourth type and fifth type have
progressively lower magnitudes; and

the method comprises applying a driving voltage or a pulsing waveform with
alternating a duiving voltage and vo driving voltage, to a pixel in the electrophoretic display,
wherein the pixel 1s in the color state of the second type of particles and the driving voltage
has the same polarity as the first, third, fourth and fifth types of particles, to drive the pixel to

the color state of the third, fourth or fifth type of particles at the viewing side.

The magnitude of a higher medium driving voltage is 60% to about 100% of that of
the high driving voltage. The magnitude of a lower medium driving voltage is 20% to about
7(% of that of the high driving voltage. The magnitude of a low driving voltage is 5% to
50% of that of the high driving voltage. This applies to four levels of positive driving voltage

as shown in this example and may also be applied to four levels of negative driving voltage.
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The “high” driving voltage referred to above is usually the driving voltage required to
2 g g 3 2 BC 1¢q
drive a pixel from a color state of one type of highest charged particies to a color state of

another type of highest charged particles which are oppositely charged.

This embodiment of the invention is directed to an electrophoretic display comprising
a first surface oun a viewing side, a second surface on a non-viewiog side and an
electrophoretic fluid sandwiched between a common electrode at the viewing side and a Jayer
of pixel clectrodes and comprising a first type of particles, a sccond type of particles, a third
type of particles, a fourth type of particles and a fifth type of, all of which arc dispersed ina
solvent or solvent mixture, wherein:

{a) the five types of pigment particles have optical characteristics differing from
one another;

{b}y  the first and second types of particles carry opposite charge polarities; and

{c) the third, fourth and fifth types of particles carry the same charge polarity as
the first type of particles and the first type, third type, fourth type and fifth type of particles

have progressively lower magnitudes.

The first type, third type, fourth type and fifth type of particles carry the same charge
polarity and have progressively lower magnitudes, which means that the first type of particles
has the highest charge magnitude, the third type of particles has the second highest charge
magunitude, the fourth type of particles has the third highest charge polarity and the fifth type
of particles has the lowest charge magnitude.

The first and second types of particles may be black and white, or vice versa. The first
and second types of particles may be black and yellow, or vice versa,

The first type of particles may be black, the second type of particles may be white, and
the third, fourth and fifth types of particles may be red, green and blue, respectively. The first
type of particles may be black, the second type of particles may be yellow, and the third,
fourth and fifth types of particles may be blue, red and white, respectively. The first type of
particles may be black, the second type of particles may be white, and the third, fourth and
fifth types of particies roay be red, yvellow and blue, respectively. The first type of particles
may be white, the second type of particles may be black, and the third, fourth and fifth types

of particles may be red, yellow and blue, respectively.
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The fluid may further comprise non-charged or shightly charged neutral buoyancy

particles. The neutral buoyancy particles may be non-charged.

The second aspect of the present invention is directed to a display device utilizing an
clectrophoretic fluid comprising five types of particles and the colors are displayed because of
different levels of mobility of the particles, in different driving voltage ranges.

fu the first erabodiment of this aspect of the invention, among the five types of
particles, three types carry a charge polarity opposite from the charge polarity of the other
two types. The following s an example illustrating this conbodiment of the present

invention,

Example 3:

Figure 6 llustrates particle roobility versus driving voltage of a system with three
types of particles carrying the samc charge polarity and two types of particles carrying
opposite charge polarity.

As shown, in this example, the black (K, red (R} and green (G} particles are
positively charged and the white (W) and blue (B) particles are negatively charged. 1t is noted
that Va, Vb and Ve are positive and their magitudes are Va>Vb>Ve, and Vd and Ve are
negative and the magnitude of Ve is greater than that of Vd.

Under a region of driving voltage of higher than Va, the black particles are the most
mobile. In a voltage region between Va and Vb, the red particles are the most mobile, and in
a voltage region between Vb and Ve, the green particles are the most mobile,

Also i Figure 6, under a region of driving voltage of lower than Ve, the white
particles are the most mobile. In a voltage region between Vd and Ve, the blue particles are
most mobile.

Figure 7 shows how different color states may be displayed.

it is noted that for brevity, a band in Figures 7 and @ indicates where a certain type of

particles gathers. For exaraple, a band marked W mdicates where the white particles gather.

Figures 7-1 and 7-2:
When a driving veoltage of greater than Va is applied to a pixel of 7(a) in the white

state, the black particles, being the most mobile at this driving voltage, would move the
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fastest to the common clectrode side, followed by the red and green particles. This driving
scheme may also start from the blue state or a mixed state of all particles.

it is worth noting that when the magnitude of the driving voltage (greater than Va) is
higher than the magnitude of Ve, the white particles move the fastest to the pixel electrode
side as shown in Figure 7-1. However if the magnitude of the driving voltage {(greater than
Va) is between the magnitude of Vd and Ve, the blue particles will move faster than the white

particles to the pixel electrode side, as shown in Figure 7-2.

Figure 7-3:

When a driving voltage between Va and Vb is applied to a pixel of 7(a} in the white
state, the red particles, being the most mobile at this driving veltage, would move the fastest
to the common electrode side, followed by the green and black particles. This driving scheme
may also start from the blue state or a mixed state of all particies.

Similarly as Figures 7-1 and 7-2, if the magnitude of the driving voltage (between Va
and Vb) is higher than the magnitude of Ve, the white particles will move the {astest to the
pixel electrode side as shown in Figure 7-3. However if the magnitude of the driving voltage
{between Va and Vb) is between the magnitude of Vd and Ve, the blue particles will move

faster than the white particles to the pixel electrode side {not shown).

Figure 7-4:

When a driving voltage between Vb and Ve is applied to a pixel of 7{a} in the white
state, the green particles being the most mobile at this driving voltage would move the fastest
to the common electrode side, followed by the red and black particles. This driving scheme
may also start from the blue state or a mixed state of all particies.

Similarly as Figures 7-1 and 7-2, if the reagnitude of the driving voltage (between Vb
and V) is higher than the magnitude of Ve, the white particles will move the fastest to the
pixel electrode side, as shown in Figure 7-4. However if the magnitude of the driving voltage
{between Vb and V) is between the magnttude of Vd and Ve, the blue particles would move

faster than the white particles to the pixel electrode side {not shown).

Figure 7-5:
When a driving voltage lower than Ve 15 applied to a pixel of 7(b) n the black state,

the white particles being the most mobile at this driving voltage would move the fastest to the
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commaon electrode side, followed by the blue particles. This driving scheme may also start
from the red, green or a mixed state of all particies.

As shown in Figure 7-5, if the magnitude of the driving voltage (lower than Ve} is
higher than the magnitude of Va, the stack of the particles at the pixel electrode side would be
in the order of green, red and black, with the black particles closest to the pixel electrode.
However, if the magnitude of the driving voltage (lower than Ve) is between the magnitude of
Va aud Vb, the stack of the particles at the pixel electrode side would be in the order of black,
green and red, with the red particles closest to the pixel electrode. If the magnitude of the
driving voltage (lower than Ve) is between the magnitude of Vb and Ve, the stack of the
particles at the pixel clectrode side would be i the order of black, red and green, with the

green particles closest to the pixel electrode.

Figuvre 7-6:

When a driving voltage between Vd and Ve is applied to a pixel of 7(b) m the black
state, the blue particles being the roost mobile at this driving voltage would move the fastest
to the comroon clectrode side, followed by the white particles. This driving scheme may also
start from the red, green or a mixed state of all particles.

As shown in Figure 7-6, if the magnitude of the driving voltage (between Vd and Ve
18 higher than the magnitude of Va, the stack of the particles at the pixel clectrode side would
be in the order of green, red and black, with the black particles closest to the pixel electrode.
However, if the magnitude of the driving voltage (between Vd and Ve) is between the
maguitude of Va and Vb, the stack of the particles at the pixel electrode side would be 1u the
order of black, green and red, with the ved particles closest to the pixel electrode. Hthe
magnitade of the driving voltage (between Vd and Ve) 15 between the magnitude of Vb and
Ve, the stack of the particles at the pixel electrode side would be in the order of black, red and

green, with the green particles closest to the pixel electrode.

Another embodiment of the second aspect of the invention is demounstrated in the

following example.

Example 4:
Figure 8 tllustrates particle roobility versus driving voltage of g systerm with four types

of particles carrying the same charge polarity and the fifth type of particles carrying the
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opposite charge polarity. As shown, among the five types of particles, the black (K, red (R},
green {3} and blue (B} particles are posttively charged and the white (W) particies are
negatively charged. Vi, Vg, Vh and Vi are all positive and their magnitudes are
VEVg>Vh>Vi

In a voltage region higher than Vi, the black particles are the most mobile. Ina
voltage region between Vi and Vg, the red particies are the wost mobile. In a voltage region
between Vg and Vh, the grecu particles are the most mobile and i a voltage region between
Vh and Vi, the blue particles are the most mobile.

Figure 9 shows how five color states may be displayed.

Figure 9-1:

When a driving voltage of higher than V{is applied to a pixel of Ha) in the white
state, the black particles being the most mobile at this driving veltage would move the fastest
to the common clectrode side. As a result, a black color is seen at the viewing side.

The red particles will be vnderneath the black particles since they have the second
highest mobility at this driving veltage. Because the black particles are opague that has a
good hiding power to block the Hight from penctrating them, the red particles cannot be scen
from the viewing side. Similarly the green particles are under the red particles, and the blue
particles are under the green particles. The white particles are at the opposite side (i.c., the

non-viewing side) since they carry an opposite charge polarity.

It is also possible to start this driving sequence from a state where all five types of
particles are raixed. The black color state may also be achieved by applying a driving voltage

of higher than V. The mixed starting state may be achieved with a shaking waveform with

Figure 9-2:

When a driving voltage of between V{and Vg is applied to a pixel of 9(a) in the white
state, the red particles being the most mobile at this driving voltage would move the fastest to
the common electrode side, followed by the green, blue and black particles. The black
particies have the lowest mobility under this duiving voltage. It is also possible to start this

driving scquence from a mixed state of particles as discussed above.
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Figure -3:

When a driving voltage of between Vg and Vh is applied to a pixel of 9{a) in the
white state, the green particles being the most mobile at this driving voltage would move the
fastest to the common electrode side, followed by the biue, red and black particles. The black
particies have the lowest mobility under this driving voltage. It is also possible to start this

driving sequence from a mixed state of particles as discussed above,
fer)

Figure 9-4:

When a driving voltage of between Vh and Vi s applied to a pixel of 3{a) in the white
state, the blue particles being the most mobile at this driving voltage would move the fastest
to the common clectrode side, followed by the green, red and black particles. The black
particles have the lowest mobility under this driving voltage. It 1s also possible to start this

driving sequence from a mixed state of particles as discussed above.

Figure 9-5:

When a negative driving voltage 1s applied to 4 pixcl of any color state, the white
particles move to the comron clectrode side (1L.e., the viewing side) and all other types of
particles move towards the pixel electrode side, and therefore a white color is scen. However,
it is noted that the moving sequence of the four other types of particles is determined by the
magunitude of the negative driving voltage. For example, if the magnitude is higher than VT,
the black pigments will be the closest to the pixel electrode. If the magnitude is between VI
and Vg, the red particles will be the closest to the pixel electrode, and so ou. Since the white
particles are opaque so the particies underoeath will barely affect the visual quality of the
white color state, from the viewing side. Therefore, 1t is not critical how the other types of

particles are stacked at the non-viewing side.

These embodiments of the invention are dirccted to an electrophoretic display
comprising a furst surface on a viewing side, a second surface on a non-viewing side and an
electrophoretic fluid comprising five types of particles dispersed in a solvent or solvent
mixture, wherein at feast one of the five types of particles carries a charge polarity opposite
the charge polarity carried by the remaiming types of particles, and the different types of

particles have different levels of mobility in different driving voltage ranges.

24



10

3]
joy

30

WO 2015/127045 PCT/US2015/016573

Two of the {ive types of particles are black and white. Alternatively, at least one of
the five types of particles is cither black or white.

Armong the five types of particles, three types of particles carry the same charge
polarity and the remaining two types carry the opposite charge polarity. The three types of
particles may be positively charged and the other two types of particles may be negatively
charged. The five types of particles may be black, white red, green and blue, respectively or
black, white, yellow, magenta and cyan, respectively, or black, white, yellow, roagenta and
blue, respectively or black, white, red, vellow and blue, respectively,

Among the {ive types of particles, four types of particles carry the same charge
polarity and the fifth type of particles carries the opposite charge polarity. The four types of
particles may be positively charged and the fifth type of particles may be negatively charged.
The five types of particles may be black, white, red, green and blue, respectively or black,
white, vellow, magenta and cyan, respectively, or black, white, yellow, magenta and blue,

respectively or black, white, red, vellow and blue, respectively.

The fluid may further comprise substantially uncharged neuiral buoyancy particles.
The neutral buoyancy particles roay be non-charged or shightly charged.

in all embodiments of the present invention, since the five color states are controlled
by varying voltage levels and cach particle type/color can occupy 100% of the pixel area at a
particular driving voltage, brightness of each individual color state 1s not compromised. This
type of full color EPD display will provide not only the non-compromising white and black
states, but also non-compromising color states of other colors, such as red, green and blue.

As described, each of the pixels can display five color states. More color states may
be displayed 1t a pixcl consists of three sub-pixels and cach of the sub-pixels, as described
above, can display five color states. For exarnple, onc of the five color states may be
displayed by the pixel if all three sub-pixels display that color. In addition, if the three sub-
pixels display red, blue and black color states respectively, the pixel will be scen in @ magenta
color state. If the three sub-pixels display green, blue and black color states respectively, the
pixel will be seen in a cyan color state. If the three sub-pixels display red, green and black
color states respectively, the pixel will be seen 1 a yellow color state.

More color states may be displayed through adjusting driving waveforms or itnage

Processimg.
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The clectrophoretic thuid as described above 1s filled in display cells. The display
cells may be microcells as described in US Patent No. 6,930,81¥, the content of which is
incorporated herein by reference in its entirety. The display cells may also be other types of
micro~-containers, such as microcapsules, microchannels or equivalents, regardiess of their

shapes or sizes. All of these are within the scope of the present application.

Figure 10 is a cross-section view of an array of display cells. As shown, the display
cells {100) and the pixel clectrodes (1024) do not have to be aligned. Each pixel (102) may
display a color state depending on the driving voltage applied between the commeon clectrode
{101} and the corresponding pixel electrode (102a). However, because the display cells and
the pixel electrodes are not aligned, a display cell may be associated with more than one pixel
electrode, which leads to the possibility of a display cell displaying more than one color state,

as shown.

The display device of the present invention, in addition to the comroon display
applications, roay also be used for decoration purposes, for example, in clothing and
accessories {e.g., hats, shoes or wrist bands).

in a further aspect of the present invention, the fluid of the present invention may
further comprise substantially uncharged neutral buoyancy particles.

The term “substantially uncharged” refers to the particles which are either uncharged
or carry a charge which is less than 5% of the average charge carried by the higher charged
particles. In one emabodirent, the neutral buoyancy particles are non-charged.

The term “neutral buoyancy” refers to particles which do not vise or fall with gravity.
In other words, the particles would float in the fluid between the two clectrode plates. In one
erabodiment, the density of the neutral buoyancy particles may be the sarmce as the density of
the solvent or solvent mixture in which they are dispersed.

The concentration of the substantially uncharged neutral buoyancy particles in the
display fluid is preferably 1n the range of about 0.1 to about 10% by volume, more preferably
in the range of about 8.1 to about 5% by volume.

The term “about” refers to a range which 15 £10% of the indicated value.

The substantially uoncharged neutral buovancy particles may be forroed from a

olymeric material, The polvmeric material mayv be a copolymer or a homopolymer.
y 3 PO
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Examples of the polymeric material for the substantially uncharged neutral buoyancy
particles may include, but are not limited to, polyacrylate, polymethacrylate, polystyrene,
polyaniline, polypyrrole, polyphenol and polysiloxane. Specific examples of the polymeric
material may include, but are not limited to, poly{pentabromophenyl methacrylate), poly(2-
vinylnapthalene), poly(naphthyl methacrylate), poly{alpha-methystyrene), poly{N-benzyl
methacrylamide) and poly(benzyl methacrylate).

More preferably, the substantially uoncharged neutral buovancy particles are formed
from a polymer which is not soluble i the solvent of the display tluid, and also has a high
refractive index. In one embodiment, the refractive index of the substantially uncharged
neutral buoyancy particles is different from that of the selvent or solvent mixture in which the
particles are dispersed. However, typically the refractive index of the substantially uncharged
neutral buoyancy particles is higher than that of the solveunt or solvent mixture. In some cases,
the refractive index of the substantially uncharged neutral buoyancy particles may be above
145,

In one embodiment, the materials for the substantially uncharged neutral buoyancy
particles may comprise an aromatic moiety.

The substantially uncharged neutral buoyancy particles may be prepared from
monomers through polymerization techniques, such as suspension polymerization, dispersion
polymerization, sced polymerization, soap-free polymerization, emulsion polymerization or
physical method, inchuding inverse emulsification-evaporation process. The monomers are
polymerized in the presence of a dispersant. The presence of the dispersant allows the
polymer particles to be formed in a desired size range and the dispersant roay also forro a
layer physically or chemically bonded to the sarface of the polymer particles to prevent the
particles from agglomeration.

The dispersant preferably has a long chain (of at least cight atoms), which may
stabilize the polymer particles in a hydrocarbon solvent. Such dispersants may be an acrylate-
terminated or vinyl-terminated macromolecule, which are suitable because the acrylate or
vinyl group can co-polymerize with the monomer in the reaction medium.

One specitfic example of the dispersant is acrylate terminated polysiloxane {Gelest,
MCR-M17, MCR-M22),

Another type of suttable dispersants s polyethylene macromonomers, as shown

below:
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The backbone of the macromonomer may be a polycthylene chain and the integer “n”
may be 30-200. The synthesis of this type of macromonomers may be found in Seigou
Kawaguchi et al, Designed Monomers and Polymers, 2000, 3, 263.

If the fluid system s fluorinated, the dispersants are then preferably also fluorinated.

Alteroatively, the substantially uncharged neutral buoyancy particles may also be
formed frora a core particle coated with a polyrueric shell and the shell may be formed, for

exarnple, from any of the polymeric material identified above.

The core particle may be of an inorganic pigment such asTiO,, Zr0,, ZnQ, ALG,, C1
pigment black 26 or 28 or the like (e.g., manganese ferrite black spinel or copper chromite
black spinel), or an organic pigment such as phthalocyanine blue, phthalocyanine green,
diarylide yellow, diarylide AAOT vellow, and quinacridone, azo, rthodamine, peryiene
pigment series from Sun Chemical, Hausa yellow G particles from Kanto Chemical, and
Carbon Lampblack from Fisher, or the like.

In the case of core-shell substantially uncharged neutral buoyancy particles, they may
be formed by a microencapsulation method, such as coacervation, interfacial
polycondensation, interfacial cross-linking, in-suit polymerization or matrix polymerization.

The size of the substantially uncharged neutral buoyancy particles is preferably in the
range of about 100 nanometers to about 5 microns.

fu one embodiment of this aspect of the present fuveuntion, the substantially uncharged
neutral buoyancy particles added to the fluid may bave a color substantially the same visually
to the color of one of the five types of charged particles. For exaraple, in a display tluid, there
may be charged white, black, red, green and blue particles and substantially uncharged neutral
buoyancy particles, and in this case, the substantially uncharged neutral buoyancy particles
may be white, black, red, green or blue.

In another embodiment, the substantially uncharged neutral buoyancy particles may
have a color substantially different from the color of either one of the five types of charged
particies.

The presence of the substantially uncharged neutral buoyancy particies in the fluid
mereases reflection of incident light, thus also improving the countrast ratio, cspecially it they

are formed from a reflective material,
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The image stability may also be imaproved by the addition of the substantially
uncharged neutral buoyancy particles in the five particle fluid system. The substantially
uncharged neutral buoyancy particles can fill in the gaps resulted from the charged particles
being over packed on the surface of an electrode under an electrical field, thus preventing the

charged particles from settling due to the gravitational force.

fu addition, if the substantially uncharged neutral buoyancy particles are white, they
may enhance the reflectivity of the display. W they are black, they may enhance the blackness
of the display.

in any case, the substantially uncharged neutral buoyancy particles do not affect the

driving behavior of the five types of charged particles in the fluid.

While the present invention has been deseribed with reference to the specific
embodiments thereof, it should be understood by those skilled in the art that various changes
may be made and equivalents may be substituted without departing froma the scope of the
mvention. o addition, many modifications may be roade to adapt a particular situstion,
materials, cCOMposSItions, Processes, process step or steps, to the objective, spirit and scope of
the present invention. All such modifications are intended to be within the scope of the

claims appended hereto.
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WHAT IS5 CLAIMED I5:

L An electrophoretic display comprising a first surface on a viewing side, a
second surface on a non-viewing side, and an electrophoretic fluid sandwiched between a
common electrode at the viewing side and a layer of pixel electrodes and comprising a first
type of particles, a sccond type of particles, a third type of particles, a fourth type of particles
and a fifth type of particles, all of which are dispersed 1u a solvent or solvent mixture,
wherein:

{a) the five types of pigment particles have optical charactenistics differing from
one another;

{t) the first and second types of particles carry opposite charge polaritics;

{c) the third and fourth types of particles carry the same charge polarity as the first
type of particles, and the first type, the third type and the fourth type of particles have
progressively lower magrutudes; and

{dy  the {ifth type of particles carries the same charge polarity as the second type of

particles, but their magnitude is lower than that of the second type of particles.

2. The display of Claim 1, wherein the first and second types of particles are

black and white, or vice versa.

3. The display of Claim 1, wherein the first and second types of particles are

black and yellow, or vice versa.,

4. The display of Claim 2, wherein the first type of particles is black, the second
type of particles 1s white, and the third, fourth and fifth types of particles are red, green and

blue, respectively.
3. The display of Claim 3, wherein the first type of particles is black, the second

type of particles is yellow, and the third, fourth and fifth types of particles are blue, red and

white, respectively,
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6. The display of Claira 2, wherein the first type of particles 1s black, the second
type of particles is white, and the third, fourth and fifth types of particles are red, yellow and

blue, respectively.

7. The display of Claim 2, wherein the first type of particles is white, the second
type of particles 1s black, and the third, fourth and fifth types of particies are red, yellow and

blue, respectively.

8. The display of Claim 1, wherein the fluid further coraprises non-charged or

slightly charged neutral buoyancy particies.

9. The display of Claim &, wherein the neutral buoyancy particles are non-

charged.

0. An electrophoretic display comprising a first surface on a viewing side, a
second surface on a non-viewing side and an electrophoretic fluid sandwiched between a
comroon electrode at the viewing side and a layer of pixel electrodes and comprising a first
type of particles, a sccond type of particles, a third type of particles, a fourth type of particles
and a fifth type of particles, all of which are dispersed in a solvent or solvent mixture,
wherein:

{a) the five types of pigment particles have optical characteristics differing from
one another;

{b) the first and second types of particles carry opposite charge polarities;

{c) the third and fourth types of particles carry the same charge polarity as the first
type of particles, and the first type, the third type and the fourth type have progressively lower
magnitudes; and

() the fifth type of particles carries the same charge polarity as the second type of
particles, but their magnitude 1s lower than that of the second type of particles,
and

(i} application, to a pixel, of a high driving voltage having the same polarity as
that of the first type of particles causes the pixel to show the color of the first type of particles

at the viewing side and have the second type of particles at or near the pixel electrode;
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(11 application, to a pixcl, of 4 high driving voltage having the same polarity as
that of the second type of particles canses the pixel to show the color of the second type of
particles at the viewing side and have the first type of particles at or near the pixel electrode;

(it} application, to a pixel, of a low driving voltage having the same polarity as
that of the fourth type of particles causes the pixel to show the color of the fourth type of
particles at the viewing side and have the fifth type of particles at or near the pixel electrode;
and

(ivy  application, to a pixel, of a low driving voltage having the same polarity as
that of the fifth type of particles causes the pixel to show the color of the fitth type of particles

at the viewing side and have the fourth type of particles at or near the pixel electrode.

11. The display of Claim 10, further comprising

{v} application, to a pixel, of a mid-driving voltage having the same polarity as
that of the third type of particles causes the pixel to show the color of the third type of
particles at the viewing side and have the fifth type of particles or a mxture of the first,

second and fifth types of particles, at or near the pixel electrode.

12, A dviving method for driving an electrophoretic display of Claim 1, the
method comprises applying a driving voltage or a pulsing waveform of alternating a driving
voltage and no driving voltage, to a pixel in the clectrophoretic display, wherein the pixel is
in the color state of the second type of particles and the driving voltage has the same polarity
as the first, third and fourth types of particles to drive the pixel towards the color state of the

fourth type of particles at the viewing side.

13, The method of Claimn 14, wherein the daving voltage 1s a low driviog voliage.

4. A driving method for driving an electrophoretic display of Claim 1, the
method comprises applying a driving voliage or a pulsing waveform of a driving voltage and
no driving voliage, to a pixel n the electrophoretic display, wherein the pixel is 1n the color
state of the first type of particles and the driving voltage has the same polarity as the second
and fitth types of particles to drive the pixel towards the color state of the fitth type of

particles at the viewing side.

15, The method of Claim 14, wherein the dnving voltage is a low driving voltage,
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16. A driving method for driving an clectrophoretic display of Claim 1, the
method comprises applying a driving voltage or a pulsing waveform of alternating a driving
voltage and no driving voltage, to a pixel in the electrophoretic display, wherein the pixel is
in the color state of the fifth type of particles and the driving voltage has the same polarity as
the first, third and fourth types of particles to duive the pixel towards the color state of the

third type of particles at the viewing side.

17.  The method of Claim 16, wherein the driving voltage is a mid-driving voltage.

1&. A driving method for driving an electrophoretic display of Claim 1, the
method comprises:

{1} applying, to a pixel, a high driving voltage having the same polarity as that of
the first type of particles to cause the pixel to display the color of the first type of particles at
the viewing side;

(1)  applying, to a pixel, a high driving voltage having the same polarity as that of
the second type of particles to causce the pixel to display the color of the second type of
particles at the viewing side;

(it} applying, to a pixel, a low driving voltage having the same polarity as that of
the fourth type of particles to cause the pixel to display the color of the fourth type of particles
at the viewing side;

{ivy  applying, to a pixel, a low driving voltage having the same polarity as that of
the fifth type of particles to cause the pixel to display the color of the fifth type of particles at
the viewing side; and

(v} applying, to a pixel, a mud-driving voltage having the same polarity as that of
the third type of particles to cause the pixel to display the color of the third type of particles at

the viewing side.

19. An electrophoretic display comprising a first surface on the viewing side, a
second surface on the non~-viewing side and an electrophoretic fluid which fhad is
sandwiched between a comnon clectrode and a layer of pixel electrodes and coraprises a first
type of particles, a second type of particles, a third type of particles, a fourth type of particles

and & fifth type of, all of which are dispersed in a solvent or solvent mixture, wherein:
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{a) the five types of pigment particles have optical characteristics differing from
on¢ another;

(b} the first and second types of particles carry opposite charge polarities; and

{c) the third, fourth and fifth types of particles carry the same charge polarity as
the first type of particles and the first type, third type, fourth type and fifth type of particles

have progressively lower magnitudes.

20, Anclectrophoretic display comprising a fivst surface on a viewing side, a
sccond surface on a non-viewing side, and an clectrophoretic fluid coraprising five types of
particles dispersed in a solvent or solvent mixture, wherein at least one of the five types of
particles carries a charge polarity opposite the charge polarity carried by the remaining types
of particles, and the different types of particles have different levels of mobility in different

driving voltage ranges.
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