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FULL COLOR DISPLAY DEVICE

Field of the Invention

The present invention is directed to a full color display device in which each
pixel can display multiple high-guality color states, and an electrophorstic fluid for

such an slectrophoretic display.

Background of the Invention

in order to achieve a color display, color filters are often used. The maost
common approach is to add color filters on top of plack/white sub-pixgis of a
pixeliated display to display the red, green and blue ¢olors. When a red coloris
desired, the green and blue sub-pixels are tumed o the black state so that the
anly color displayed is red. 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
a blue color is desired, the green and red sub-pixels are umed to the black state
so that the only color displayed is blue. When the black siate is desired, all three-
sub-pixels are turned to the black state. When the white state is desired, the three
sub-pixsls are tumed to red, green and blue, respectively, and as a resull, a white

state is sgen by the viewer.

The biggest disadvantage of such a technigue is that since sach 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 is doubled at the
expense of the red, green or blue color leveal {where each sub-pixel is only one
fourth of the area of the pixel). Brighter colors can be achieved by adding light
from the white pixel, but this is achieved at the expense of color gamut fo causs
the colors to be very light and unsaturated. A similar result can be achisved 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 a black and white

PCT/US2015/011237
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display, rendering it an unacceptable choice for display devices, such as e-readers

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

Brief Discussion of the Drawings

Figure 1 depicls an electrophoretic display device of the present invention.

Figures 2-1 to 2-4 lHlustrate an example ¢f the present invention.

Figure 3 shows a shaking waveform.

Figures 4 and 5 show how yeilow, magenta and cyan color states may be
displayed by a display device of Figure 2.

Figures 6-1 to 6-4 illustrate another example of the present invention.

Figures 7 and 8 show how purple, orange and green color states may be
displayed by a display device of Figure 6.

Figures 9A and 9B, respectively, demonsirate display ceils aligned or

unaligned with pixel electrodes.

Summary of the Invention
One aspect of the present invention is direcied 10 an electrophoretic display,
cCOmprising
{a}y & plurality of pixels; and
(b}  an electrophoretic fiuid in which a first type of particles, a second
tvpe of particles, a third type of particles and a fourth type of particles are
dispersed in a solvent or solvent mixture and the first and second types of
particles carry a high level of charge and are oppositely charged and the
third and fourth types of particles carry a low level of charge and are
oppositely charged,
wherein each of the pixels is capable of displaying at least five different color

states.

In one embodiment, the first and second type of articles are of the white
and red colors, respectively. in one embaodiment, the third and fourth types of
particles are of the blue and green colors, respectively. In one embodiment, each
of the pixels is capabie of displaying white, red, green, blue and black color siates.
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in ancther embodiment, each of the pixels is capabie of displaying vellow,

magenta and cyan color states.

in one embodiment, the third and fourth types of particles are of the blue
and yellow colors, respectively. In one embodiment, each of the pixels is capable
of displaying white, red, yellow, blue and black color states. In one embodiment,

gach of the pixels is capable of displaying green, orange and purple color stales.

in one embodiment, the low level of charge is less than about 50% of the high
ievel of charge. In ancther embodiment, the low level of charge is less than about

75% of the high leval of charge.

in one embodiment, the electrophoretic fluid further comprises substantiaily
uncharged neultral buoyancy particles. In another embodiment, the substantially
uncharged neutral buoyancy particles are non-charged.

Another aspect of the present invention is directed {o a display layer
comprising an electrophoretic fluid and having first and second surfaces on opposed
sides thereof, the electrophoretic fluid comprising high positive particles, high
negative particles, low positive particles and low negative particles, all dispersed in a
solvent or solvent mixture, the four type of particles having respectively oplical
characteristics differing from one another, such that:

{(a)  application of an electric Tield which has the same polarity as the high
positive particles will cause the optical characteristics of the high positive particles to
be displayed at the first surface; or

(b}  application of an electric field which has the samse polarity as high
negative pariicles will cause the optical characteristic of the high negative particles o
be displayed at the first surface; or

{c} once the optical characteristic of the high positive particles is displayed
at the first surface, application of an electric field which has the same polarity as low
negative particles, but is not strong enough to overcome the atiraction force between
the high positive particles and the high negative particles, but sufficient to overcome
the attraction forces between other oppositely charged particles will cause the



WO 2015/108875 PCT/US2015/011237

optical characteristic of the low negative particles o be displayed at the first surface;
or
{d} once the optical characteristic of the high negative particles is

displayed at the first surface, application of an electric figld which has the same

S polarity as the low positive particles, but is not sitrong enough to overcome the
attraction force between the high positive particles and the high negative particies,
but sufficient to overcome the atiraction forces between other oppositely charged
particles will cause the optical characteristic of the low positive particles o be
displayed at the first surface; or

10 (8} application of a shaking waveform will cause a fifth optical

characteristic to be displayed at the first surface.

In one embodiment of this aspect of the invention, the four types of particles
are red, green, blue and white. In another embodiment, the four types of particles
15 are red, yellow, biue and white. In a further embodiment, the four types of particles

are cyan, magenta, yellow and white.

In one embodiment, none of the four types of particles is black particles and

the fifth optical characteristic is a black color siate.

20
Detailed Description of the Invention
The electrophoretic fluid of present invention comprises four types of
particles dispersed in a dielectric solvent or solvent mixture. For ease of
iHustration, the four types of pigment particles may be referred to as the first type
25 {11), the second type (12), the third type (13} and the fourth type (14) of particles,

as shown in Figure 1. However, with only four types of pigment particles, a display
device utilizing the eleclrophoretic fluid may display at least five different color

states, which leads to a full color display.

30 Generally, the four types of particles are divided into two groups — high
charge group and low charge group. In the two groups of oppositely charged
particles, one group carries a stronger charge than the other group. Therefore the
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four types of pigment particles may also be referred to as high positive particles,

high negative particles, low positive particles and low negative pariicles.

As an example, red particles (R) and white particles (W) may be the first
group of oppositely charged particles, and in this group, the red particles are the
high positive particles and the white particles are the high negative particles. The
blue particles (B} and the green particles (G) may be the second group of oppositely
charged particles and in this group, the blue particles are the low positive particles

and the green particles are the low negative particles.

In another example, red particles may be the high positive particles; white
particles may be the high negative particles; blue particies may be the low positive

particles and yellow particies may be the low negative particles.

it is understood that the scope of the invention broadly encompasses particies
of any colors as long as the four types of particles have visually distinguishabie

colors.

For the white particles, they may be formed from an inorganic pigment, such
as TiOg, ZrQy, Zn0, Al Os SOz BasS0y, PbS0, or the like.

For the black particles, if present, they may be formed from Cl pigment black
26 or 28 or the like {e.g., manganase farrite black spinel or copper chromite biack
spinel} or carbon black.

Particles of other colors {non-white and non-black} are independently of a
color such as red, green, blue, magemnta, cyan or yellow. The pigments for color
particles may include, but are not limited to, Cl pigment PR 254, PR122, PR149,
PG36, PGSE, PGY, PB28, PB15:3, PY&3, PY138, PY150, PY155 or PY20. Those
are commonly used organic pigments described in color index handbooks, "New
Figment Application Technology” {CMC Publishing Co, Lid, 1886) and "Printing Ink
Technology” (CMC Publishing Co, Lid, 1884). Specific examples include Clariant
Hostaperm Red D36 70-EDS, Hostaperm Pink E-EDS, PV fast red D3G,
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Hostaperm red D3G 70, Hostaperm Blue B2G-EDS, Hostaperm Yellow H4G-EDS,
Novoperm Yeliow HR-70-EDS, Hostaperm Green GNX, BASF irgazine red L 3838,
Cinguasia Red L 4100 HD, and frgazin Red L 3860 HD; Sun Chemical
phihalocyanine blue, phthalocyaning green, diarylide yeliow or diarylide AAOT

yeilow.

The non-black and non-white color particles may also be inorganic pigments,
such as red, green, blue and yellow pigments. Examples may include, but are not

imited to, Cl pigment blue 28, Cl pigment green 50 and Cl pigment yellow 227.

in addition to the coiors, the four types of particles may have other distinct
optical characteristics, such as optical transmission, reflectance, luminagscence or,
in the case of displays intended for machine reading, pseudo-color in the sense of

a change in reflectance of electromagnetic wavelengths outside the visible range.

As also shown in Figure 1, a display layer utilizing the display fluid of the
present invention has two surfaces, a first surface (17) on the viewing side and a
second surface (18} on the opposite side of the first surface {17}, The display fluid is
sandwiched between the two surfaces. On the side of the first surface (17}, there is
a common glectrode (15) which is a transparent electrode layer {(8.g., ITO},
spreading over the entire {op of the display layer. On the side of the second surface
{18), there is an electrode layer (16} which comprises a plurality of pixel elecirodes
{163}

The pixel electrodes are described in US Patent No. 7,046,228, the content of
which is incorporated herein by reference in its entirety. It is noted that while active
matrix driving with a thin film transistor {(TFT) backpiane is mentioned for the layer of
pixel electrodes, the scope of the present invention encompasses other types of

electrode addressing as long as the electrodes serve the desired functions.

Each space between two dotled vertical lines in Figure 1 denotes a pixel. As

shown, each pixel has a corresponding pixel electrode. An electric field is created
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for a pixel by the potential difference between a voltage applied to the common

elecirode and a voitage applied to the corresponding pixel electrode.

The percentages of the four types of particles in the fluid may vary. For
example, one type of particles may take up 0.1% to 50%, preferably 0.5% to 15%,

by volume of the electrophoretic fluid.

The saolvent in which the four types of particles are dispersed is clear and
coloriess. It preferably has a low viscosity and a dielectric constant in the range of
about 2 to about 30, preferably about 2 to about 15 for high particle mobility.
Examples of suitable dislectric solvent include hydrocarbons such as isopar,
decahydronaphthalene {DECALIN), 5-ethylidene-Z2-norbornene, fatty oils, parafiin
oil, silicon fluids, aromatic hydrocarbons such as toluene, xylene, phenvixyiylethane,
dodecylbenzene or alkyinaphthalene, halogenated solvents such as
perfiuorodecalin, perfluorotoluene, perflucroxylene, dichlorobenzotrifuoride, 34,5 -
trichiorobenzotri fluoride, chioropentafluoro-benzene, dichlorononane or
pentachiorobenzene, and perfluorinated solvents such as FC-43, FC-70 or FC-5060
from 3M Company, St. Paul MN, low molecular weight halogen containing polymers
such as poly{perflucropropylens oxide) from TO America, Portland, Oregon,
poly(chiorotrifiuoro-ethylene) such as Halocarbon Olls from Halocarbon Product
Corp., River Edge, NJ, perfluoropolyalkyiether such as Galden from Ausimont or
Krytox Oils and Greases K-Fluid Series from DuPont, Delaware,

polydimethyisiloxane based silicong oil from Dow-corning (DC -200).

In one embodiment, the charge carried by the “low charge” particles may be
less than about 50%, or about 5% to about 30%, of the charge carried by the “high
charge” particles. In ancther embodiment, the “low charge” particles may be less
than about 75%, or about 15% to about 55%, the charge carried by the *high
charge” particles. In a further embodiment, the comparison of the chargs levels as
indicated applies {0 two types of particles having the same charge polarily.

The charge intensity may be measured in terms of zeta potential. Inone
embodiment, the zeta potential is determined by Colloidal Dynamics AcoustoSizer
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HM with a CSPU-100 signal processing unit, ESA EN# Attn flow through cell (K:127).
The instrument constants, such as densily of the solvent used in the sample,
dielectric 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.
FPigment samples are dispersed in the solvent (which is usually a hydrocarbon fluid
having less than 12 carbon atoms), and diluted 1© between 5-10% by weight. The
sample also contains a charge control agent (Solsperse 17000®, available from
Lubrizol 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 particies.
The mass of the diluted sample is determined and the sample is then loaded into the

flow through cell for determination of the zeta potential.

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.

it is also noted that in the same fluid, the two groups of high-low charge
particles may have different levels of charge differentials. For example, in one
group, the low positively charged particles may have a charge intensity which is 30%
of the charge intensity of the high positively charged particles and in another group,
the low negatively charged particles may have a charge intensity which is 50% of the
charge intensity of the high negatively charged particles.

The charge polarities and levels of charge for the particles may be tuned,
according to the method described in US Publication No. 2014-00119813, the
contents of which are incorporated herein by reference in its entirety.

it is also noted that the four types of particles may have different particle
sizes. For example, smaller particles may have a size which ranges from about 50
nm to about 800nm. Larger particles may have a size which is about 2 to about 50
times, and more praferably about 2 to about 10 times, the sizes of the smaller
particles.
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Example 1:

This exampie is demonstrated in Figure 2. The fluid in this example has red,
green, blue and white pigment particles. The red particles (R) carry a high positive
charge, the white particles (W) carry a high negative charge, the blue (B) particles
carry a low positive charge and the green particies {G) carry a low negative charge.

in Figure 2{a}, when a high negative volitage potential difference {(e.g.,
-15V) is applied to a pixel, the white particles (W) are pushed {o the common
electrode {21) side and the red particles (R} are pulled to the pixel electrode (228)
side. The blue (B) and green (G) particles, due to their lower charge level, move
slower than the higher charged white and red particles and therefore they stay in the
middie of the pixel, with green particles above the blue particles. As a result, the

white color is seen at the viewing side.

In Figure 2{b}, when a high positive voltage potential difference (e.g., +15V} is
applied o the pixel, the particle distribution would be opposite of that shown in
Figure 2{a}) and as a result, the red color is seen at the viewing side.

In Figure 2{c}), when a lower positive voltage potential difference {e.g., +3V} is
applied o the pixel of Figure 2{a) {that is, driven from the white state), the white
particles (W) move towards the pixel electrode (22a) while the red particles (R) move
towards the common electrode {21). When they meet while moving, because of
their strong aliraction to each other, they stop moving and remain in the middle of
the pixel. In other words, the electric field generated by the low positive voltage

potential difference is not strong enough 1o separate the white and red particles.

However, the electric field is strong encugh o separate the lower charged
blue and green particles and also strong enough to overcome the attraction forces
between the oppoesitely charged high-low particle pairs (white/blue and red/green),
As a result, the lower charged {positive) blue particles (B) move all the way to the

common electrode (21) side {i.e., the viewing side} and the lower charged (negative)
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green particles (G) move to the pixel electrode (22a) side. Consequently, the blue

color s seen al the viewing side.

in Figure 2{d}, when a lower negative voltage potential difference {e.g.,
-3V) is applied to the pixel of Figure 2(b} {that is, driven from the red slate}, the red
particles (R} move towards the pixel electrode (22a) while the white particles (W)
move towards the common electrode (21}, When the white and red particles meet,
because of thelr strong attraction to each other, they stop moving and remain in the
middie of the pixel. In other words, the electric field generated by the low negative
vollage polential difference is not strong enough to separate the white and red

pariicles.

However, the electric field is strong enough (o separale the lower charged
plue and green particies and also strong enough to overcome the atiraction forces
between the oppositely charged high-low particle pairs {(white/blue and red/green).
As a resuit, the lower charged {negative) green pariicles (G} move all the way o the
common glectrode side {i.e., the viewing side} and the lower charged (positive) blue
particles (B) move to the pixel electrode side. Consequently, the green color is seen

at the viewing side.

In Figure 2{e), a black color is seen from the viewing side. This may be
achieved by applying a shaking waveform when a pixel is in the red color stale {seen
in Figure 2b) to cause the red, green and biue particles to be mixed in the upper part
of the pixel, leading to the black state to be seen at the viewing side.

A shaking waveform consists of repeating a pair of opposite driving pulses
for many cycles. For example, the shaking waveform may consist of a +15V pulse
for 20 msec and a -15Y pulse for 20 msec and such a pair of pulses is repeated
for 50 times. The total time of such a shaking waveform would be 2000 msec {see
Figure 3}

In practice, there may be at least 10 repetitions (i.e., ten pairs of positive

and negative puises).

10
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After the shaking waveform is applied, the optical state would be from a

mixture of the particles, seen 10 be black in the present example.

Each of the driving pulse in the shaking waveform is applied for not
exceeding 50% {or not exceeding 30%, 10% or 5%} of the driving time reguirad
from the full white state {o the full red state in the example. For example, if i takes
300 msec to drive a pixel from a full white state to a red yellow state or vice versa,
the shaking waveform may consist of positive and negative puises, each applied

for not more than150 msec. In practice, it is preferred that the pulses are shorter.

it is also noted that the lower voltage potential difference applied o reach the
color states in Figures 2{c} and 2{(d) may be about 5% to about 50% of the full
driving voltage potential difference required {o drive the pixel from the red state to
the white state or from the white state to the red state.

While Example 2 demonstrates the possibility of a pixel exhibiting black,
white, red, green or blue color state, the present invention also provides the

passibility for a pixel to exhibit yellow, magenta or cyan color state.

in Figure 4, each pixel has two sub-pixels. In Figure 4(a), a yellow state is
displayed when one sub-pixel displays a red color and the other sub-pixetl displays
a green color. In Figure 4{b), one sub-pixel displays a red color and the other sub-
pixel displays a blue color, leading the pixel to display a magenia state. In Figure
4{c), a pixel displays a cyan color state while one of the sub-pixeis displays a blue
color and the other sub-pixel displays a green color.

To display a brighter yellow, magenta or cyan color state, a pixel may

consist of three sub-pixels. This is shown in Figure 5 wherein a third sub-pixel is
added, which third sub-pixel displays only the white color state.

11
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Example 2:

This example is demonstrated in Figure 6. The fluid in this example has red,
vellow, blue and white pigment particles. The red particles (R) carry a high positive
charge, the white particles (W) carry a high negative charge, the blue (B) pariicles

carry a low positive charge and the yellow particles {Y) carry a low negative charge.

In Figure 6{a}, when a high negative voltage polential difference (.9,
-15V) is applied to a pixel, the white particles (W) are pushed to the common
glactrode (61) side and the red particies (R} are pulled 1o the pixel electrode (628}
side. The blue (B} and vellow (Y} particles, due to their lower charge level, move
slower than the higher charged white and red particles and therefore they stay in the
middie of the pixel, with yellow particles above the blue particles. As a result, the

white color is seen at the viewing side.

In Figure 6{b}, when a high positive voltage potential difference {8.g., +15V} is
applied 1o the pixel, the paricle distribution would be opposite of that shown in

Figure 8(a) and as a result, the red color is seen at the viewing side.

in Figure 8{c), when a lower positive voltage potential difference {(e.g., +3V} is
applied o the pixel of Figure 6{a) {that is, driven from the white state), the white
particles (W) move towards the pixel electrode (62a) while the red particles (R) move
towards the common elecirode {61). Whean they meet while moving, because of
their strong atiraction to each other, they stop moving and remain in the middle of
the pixel. In other words, the slectric field generated by the low positive voltage
potential difference is not strong enough to separate the white and red particles.

However, the electric field is strong enough to separate the lower charged
blue and yellow particles and also strong enough to overcome the altraction forces
between the oppositely charged high-low particle pairs (white/blue and red/yellow).
As a resuit, the lower charged {positive} blus particles (B} move all the way to the
common electrode (61) side {i.e., the viewing side)} and the lower charged (negative)

12
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vellow particles {Y) move {0 the pixel electrode (62a) side. Conseguently, the blue

color s seen al the viewing side.

in Figure 68{d}, when a lower negative voltage potential difference {e.g.,
-3V) is applied to the pixel of Figure 8(b} {that is, driven from the red slate}, the red
particles (R} move towards the pixel electrode (62a) while the white particles (W)
move towards the common electrode (61). When the white and red particles meet,
because of thelr strong attraction to each other, they stop moving and remain in the
middie of the pixel. In other words, the electric field generated by the low negative
vollage polential difference is not strong enough to separate the white and red

pariicles.

However, the electric field is strong enough (o separale the lower charged
blue and vellow particles and also strong enough to overcome the attraction forces
between the oppositely charged high-low particle pairs {(white/blue and red/yellow).
As a resuit, the lower charged {negative) yellow particles (Y) move all the way {o the
common glectrode side {i.e., the viewing side} and the lower charged (positive) blue
particles (B) move to the pixel electrode side. Consequently, the yvellow color is seen

at the viewing side.

In Figure 6{g), a black color is seen from the viewing side. This may be
achieved by applying a shaking waveform when a pixel is in the red color stale {seen

in Figure &b}, leading to the black color state 10 be sean at the viewing side.

Similarly as described in Example 2, the lower voltage potential difference
applied to reach the color states in Figures 6(c) and 8(d) may be about 5% to about
50% of the full driving voltage potential difference required to drive the pixel from the

rad state {o the white state or from the white state (o the red state.
While Example 2 demonstrales the possibility of a pixel exhibiting black,

white, red, yeliow or blue color state, the present invention also provides the

possibility for a pixel 1o exhibit purple, orange or green color state.

13
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in Figure 7, each pixel has two sub-pixels. In Figure 7(a), a purple state is
displayed when one sub-pixel displays a red color and the other sub-pixel displays
a biue color. Likewise, in Figure 7{b), one sub-pixel displays a red c¢olor and the
other sub-pixel displays a yellow color, leading the pixel to display an orange state.
In Figure 7{c), a pixel displays g green color state while one of the sub-pixels

displays a biue color and the other sub-pixel displays a yvellow color.

To display a brighter purple, orange or green color state, a pixel may
consist of three sub-pixels. This is shown in Figure 8 wherein a third sub-pixel is

added, which third sub-pixel displays only the white color siate.

Although in the two examples, particles of specific colors are demonstrated to
be utilized, in practice as stated above, the particles carrying a high positive charge,
or a high negative charge, or a low positive charge or a low negative charge may be
of any colors. All of these variations are intended to be within the scope of this
application. For example, the four types of particles may be cyan, magenta, yellow

and white.

In a further aspect of the present invention, the fluid 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 charged particles. In one embodiment, the neutral buoyancy particles are non-

charged.

The term “neutral buoyancy” refers 1o particles which do not rise or fall with
gravity. In other words, the particles would float in the fluid between the two
electrode plates. In one embodiment, the density of the neutral buoyancy particles
may be the same as the density of the solvent or solvent mixture in which they are

dispersed.
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The concentration of the substantially uncharged neutral buoyancy pariicles
in the display fluid is preferably in the range of about 0.1 o about 10% by volume,

more preferably in the range of about 0.1 to about 5% by volume.

The substantially uncharged neutral buoyancy particles may be formed from a

polymeric material. The polymeric material may be a copolymer or a homopolymer.

Examples of the polymeric material for the substantially uncharged neutral
buoyancy particles may include, but are not limited 1o, polyacryiate, polymethacryiate,
polystyrene, polyaniline, pelypyrrole, polyphenal and polysiloxane. Specific
examples of the polymeric material may include, but are not limited to,
poly{pentabromopheny! mathacrylate), poly{2-vinylnapthalene), poly(naphthyi
methacrylate}, poly(alpha-methystyrene)}, poly{N-benzyl methacrylamide) and

poly{benzyi methacryiate).

More preferably, the substantially uncharged neutral buoyancy particles are
formed from a polymer which is not soluble in the solvent of the display fluid, and
also has a high refractive index. In one embodiment, the refraclive index of the
substantially uncharged neutral buoyancy particles is different from that of the
solvent 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 solvent or solvent mixture. In some cases, the refractive

index of the substantially uncharged neutral buoyancy particles may be above 1.45,

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, seed polymerization, scap-free
polymerization, emulsion polymerization or physical method, including inverse
emuisification-evaporation process. The monomers are polymerized in the presence

of a dispersant. The presence of the dispersant allows the polymer particles fo be
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formed in a desired size range and the dispersant may aiso form a layer physically
or chemically bonded to the surface of the polymer parlicles o prevent the parlicles

from agglomeration.

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

reaction medium.

One specific example of the dispersant is acrylate terminated polysiloxane
{Gelest, MOR-M17, MCR-MZ22),

Another type of suitable dispersants is polyethylene macromonomers, as

shown below:

CHgf~CHo~]—CHO—C{=O}—C{CH3} = CH:

The backbone of the macromonomer may be a polyethylene 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 is fluorinated, the dispersants are then preferably also
fluorinated.

Alternatively, the substantially uncharged neutral buoyancy particles may also
be formed from a core particle coated with a polymeric shell and the shell may be

formed, for example, from any of the polymeric material identified above.

The core particle may be of an ingrganic pigment such asTiOy,, Zr0,, Zn(,
Al,Gs, Gl pigment black 26 or 28 or the like {e.q., manganese ferrite black spinel or
copper chromite black spinel), or an organic pigment such as phthalocyanine blue,
phthalocyanine green, diarylide yeilow, diarylide AADT yellow, and gquinacridone,
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azo, rhodamine, perylene pigment series from Sun Chemical, Hansa 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,
interiacial polycondensation, interfacial cross-linking, in-suit polymerization or matrix

polymerization.

The size of the substantially uncharged neutral buovancy particles is

preferably in the range of about 100 nanomelers to about 5 microns.

in one embodiment of this aspect of the present invention, the substantially
uncharged neutral buoyancy particles added to the fluid may have a color
substantially the same visually to the color of one of the four types of charged
parlicles. For example, in a display fluid, there may be charged red, green, blue and
white particles and substantially uncharged neutral buoyancy particles, and in this
case, the substantially uncharged neutral buoyancy particies may be red, green,

blue or white.

In another embodiment, the substantially uncharged neutral buoyancy
parficles may have a color substantially different from the color of either one of the

four types of charged particles.

The presence of the substantially uncharged neutral buoyancy particles in the
fluid increases reflection of incident light, thus aiso improving the contrast ratio,

aspecially if they are formed from a reflective material.

The image stability may also be improved by the addition of the substantially
uncharged neutral buoyancy particies in the four 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.
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in addition, if the substantially uncharged neutral buoyancy particles are
white, they may enhance the reflectivily of the display. if 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 four types of charged particles in the fluid.

The electrophoretic fluid as described above is filled in display cells. The
display cells may be cup-like microcells as described in US Patent No., 6,930,818,
the content of which is incorporated herein by reference in its entirety. The display
cells may also be other types of micro-coniainers, such as microcapsules,
microchannels or equivalents, regardiess of their shapes or sizes. All of these are

within the scope of the present application.

As shown in Figures 94 and 9B, the display cells (80), in the present
invention, and the pixel electrodes {(82a) may be aligned or un-aligned.

The term "about”, throughout this application, is intended to mean £5% of an
indicated value.

While the present invention has been described with reference 1o the specific
embodiments thereof, it should be understood by those skilled in the art that various
changes may be made and equivalenis may be subslituted without departing from
the scope of the invention. In addition, many modifications may be made to adapt a
particular situation, materials, compositions, processes, process step or steps, (o 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 is claimed is:
1. An electrophoretic display, comprising
(8}  a plurality of pixels; and
(b}  an slectrophoretic fluid in which a first type of particles, a second
type of particles, a third type of particles and a fourth type of particles are
dispersed in a solvent or solvent mixture and the first and second types of
particles carry a high level of charge and are oppositely charged and the
third and fourth types of particles carry a low level of charge and are
oppositely charged,
wherein each of the pixels is capable of displaying at lgast five different color
states.

2. The digplay of Claim 1, whergin the first and second type of articles

are of the white and red colors, respectively.

3. The display of Claim 2, wherein the third and fourth types of particles
are of the blue and green colors, respectively.

4, The display of Claim 3, each of the pixels is capable of displaying
white, red, green, blue and black color states.

5. The display of Claim 4, each of the pixels is capable of displaying
yvellow, magenia and cyan color staies.

6. The dispiay of Claim 2, wherein the third and fourth types of particles

are of the blue and yellow colors, respectively.

7. The display of Claim 6, each of the pixels is capable of displaying
white, red, yeliow, blue and black color states.

8. The display of Claim 7, each of the pixels is capable of displaying

green, crange and purple color states.
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9. The display of Claim 1, wherein the four types of particles are red,
green, blue and white particles, or the four types of particles are red, yellow, blue
and white particles or the Tour types of particles are cyan, magenta, yeilow and
white particles.

10.  The display of Claim 1, wherein the low level of charge is less than
about 50% of the high level of charge.

11.  The display of Claim 1, wherein the low level of charge is less than

about 75% of the high level of charge.

12, The display of Claim 1, wherein the electrophoretic fluid further

comprises substantially uncharged neutral buoyancy particles.

13. The display of Claim 12, wherein the substantially uncharged neutral

buoyancy parlicles are non-charged.

14, A display layer comprising an electrophoretic fluid and having first and
second surfaces on opposed sides thereoi, the electrophoretic fluid comprising high
positive particles, high negative particles, low positive particles and low negative
particles, all dispersed in a solvent or solvent mixture, the four type of particles
having respectively optical characteristics differing from one another, such that:

(2}  application of an electric field which has the same polarity as the high
positive pariicles will cause the optical characteristics of the high positive particles o
be displayed at the first surface; or

(b}  application of an electric field which has the same polarity as high
naegative particles will cause the optical characteristic of the high negative particles o
be displayed af the first surface; or

(c) once the optical characteristic of the high positive particles is displayed
at the first surface, application of an electric field which has the same polarity as low
negative particles, but is not strong enough to overcome the attraction force between
the high positive particles and the high negative particles, but sufficient io overcome
the aitraction forces between other oppositely charged particles will cause the

20
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optical characteristic of the low negative particles o be displayed at the first surface;
or
{d} once the optical characteristic of the high negative particles is

displayed at the first surface, application of an electric figld which has the same

S polarity as the low positive particles, but is not sitrong enough to overcome the
attraction force between the high positive particles and the high negative particies,
but sufficient to overcome the atiraction forces between other oppositely charged
particles will cause the optical characteristic of the low positive particles o be
displayed at the first surface; or

10 (8} application of a shaking waveform will cause a fifth optical

characteristic to be displayed at the first surface.

15.  The layer of Claim 14, wherein the four types of particles are red,
green, blue and white particles.

16.  The layer of Claim 14, wherein the four types of particles are red,
yellow, blue and white pariicles.

17.  The layer of Claim 14, wherein the four types of particles are cyan,
20 magents, yellow and white pariicles.

18.  The layer of Claim 14, wherein the charges of the lower charged
particles are less than 50% of the charges of the higher charged particies.

25 19.  The layer of Claim 14, wherein the ¢charges of the lower charged
particles are less than 75% of the charges of the higher charged particles.

20. The layer of Claim 14, wherein none of the four types of particles is
black particles and the fifth optical characteristic is a black color siate.
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