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An electrophoretic display medium includes at least one set of colored particles in a dielectric fluid, wherein the display medium has
an electrical conductivity of about 10" to about 10°™° S/m. The display medium is included in an electrophoretic display device by

iIncluding the medium Iin a multiplicity of individual reservoirs of a display layer or layers that I1s located between conductive
substrates.
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ABSTRACT OF THE DISCLOSURE

An electrophoretic display medium includes at least one set of colored
particles in a dielectric fluid, wherein the display medium has an electrical
conductivity of about 10! to about 10> S/m. The display medium is included 1n an
electrophoretic display device by including the medium in a multiplicity of individual

reservolrs of a display layer or layers that i1s located between conductive substrates.
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ELECTROPHORETIC DISPLAY MEDIUM AND DEVICE

BACKGROUND

[0001] Described herein is an electrophoretic display device. More
particularly, described is an electrophoretic display device containing colorant
particles capable of field-induced charging. The electrophoretic display devices
herein are capable of generating images, including full color images. The
electrophoretic displays herein may be used for any display application, and
particularly any display application where the image displayed may be changed,
including, for example, reimageable paper, electronic books, electronic signage,
watch, monitor and/or cell phone displays, and the like.

[0002] One advantage of field-induced charging is that the colored particles
of the display may be made to more rapidly and reliably respond to an electric field
application in displaying an image, potentially with much lower energy costs. This
allows for the electrophoretic display device to be used in displays requiring rapid
image switching capabilities, for example such as monitors.

[0003] Electrophoretic displays are well known in the art. An
electrophoretic display generally comprises a suspension of one or two charged
pigment particles colloidally dispersed in a clear or colored liquid of matching specific
gravity and contained in a cell comprising two parallel and transparent conducting
electrode panels. The charged particles are transported between the electrode panels
under the influence of an electric field, and can therefore be made to display an image
through appropriate application of the electric field on the electrodes. The advantages
of electrophoretic displays as a means for providing information and displaying
images has been well appreciated.

[0004] U.S. Patent No. 4,272,596 illustrates an electrophoretic display
structure. The electrophoretic display device comprises a white marking material such
as titanium dioxide suspended in a colloidal dispersion containing black colorant such
as colloidal size iron oxide particles known as ferrofluids. Image formation is

achieved electrophoretically by selective application of an electric field across the

imaging suspension. In particular, a pair of electrodes associated so as to form a
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cavity therebetween, which cavity is filled with the aforementioned suspension
medium. A source of electrical potential is coupled to the electrodes and when an
electric field 1s applied, the marking particles form an image as they follow the field.

[0005] U.S. Patent No. 6,113,810 describes a dielectric dispersion for use in
an electrophoretic display that includes a dielectric fluid, a first plurality of particles of
a first color having a surface charge of a selected polarity dispersed within the
dielectric fluid and a second plurality of particles of a second color having a surface
charge of opposite polarity to that of the first plurality and a steric repulsion thereto
preventing coagulation of the first and second plurality of particles. Each set of
particles is formed with unique secondary and functional monomers. Corresponding
charge control agents are added to the dispersion to establish opposite polarities on the
respective particles.

[0006] U.S. Patent No. 6,017,584 discloses electrophoretic displays and
materials useful in fabricating such displays. In particular, encapsulated displays are
disclosed in which particles encapsulated therein are dispersed within a suspending, or
electrophoretic, fluid. This fluid may be a mixture of two or more fluids or may be a
single fluid. The displays may further comprise particles dispersed in a suspending
fluid, wherein the particles contain a liquid. In either case, the suspending fluid may
have a density or refractive index substantially matched to that of the particles
dispersed therein. Application of electric fields to the electrophoretic displays affects
an optical property of the display.

[0007] U.S. Patent No. 6,577,433 discloses an electrophoretic display liquid
composition for use in an electrophoretic display device that has a multiplicity of
individual reservoirs, each containing the display liquid of two sets of particles
dispersed in a transparent liquid system as well as at least one charge director
dissolved or dispersed in the liquid system, or physically embedded on the surface of
the particles or chemically bonded on the surface of the surface of the particles, the
two sets of particles exhibiting different, contrasting color and different charging
properties from each other. The charge director(s) may include a metal salicylate
compound. The particles may be modified with charge controlling agents, and may
also 1nclude a set of magnetic particles. The transparent liquid system may include

two immiscible liquids having different densities with the sets of particles having
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densities in between the densities of the two immiscible liquids such that the particles
rest at an interface between the two immiscible liquids.

[0008] U.S. Patent No. 6,525,866 discloses an electrophoretic display liquid
composition for use in an electrophoretic display device that has a multiplicity of
individual reservoirs, each containing the display liquid of at least two sets of particles
dispersed in a transparent liquid system, the at least two sets of particles exhibiting
different, contrasting color and different charging properties from each other, and at
least one of the sets of particles containing flow aid particles as additives upon an
external surface of the particles. Preferred flow aid additives include silica and titania

particles.

[0009] Electrophoretic display is thus based on the migration of charged
particles suspended in an insulating fluid under the influence of an electric field. The
particles used in such displays to date have been charged by adding a charge control
agent, which 1s capable of 1onic dissociation, to the dielectric fluid during preparation
of the non-aqueous display dispersion. Examples of charge control agents used have
included bis-(2-ethyl hexyl) sodium sulfosuccinate and basic barium petronate (BBP).
Dissociation of the charge control agent into positive and negative ionic species in the
dielectric fluid results in preferential surface absorption of ions of one polarity by the
particles. The particles therefore become charged. The resulting dispersion contains a
complex mixture of particles including charged particles, excess free ions and
counter-1ons. Due to the presence of excess free ions, such electrophoretic display
inks are characterized by high electrical conductivity. Conductivity has been shown to
Increase with concentration of the added charge control agent, and is typically 100-
1000 times higher compared to the dielectric fluid. High conductivity of the ink
results in increased power consumption and slower switching speed of the display.

[0010] While known electrophoretic display devices, compositions and
processes for displaying images with such known devices are suitable for their
intended purposes, a need remains for an electrophoretic display that remains stable

for long periods of time and that reliably and rapidly displays and/or changes an

1mage, and in particular a full color image.
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SUMMARY

[0011] In embodiments, described 1s an electrophoretic display medium,

comprising at least one set of colored particles 1n a dielectric fluid, and wherein the
display medium has an electrical conductivity of about 10" to about 107" S/m.

[0012] In further embodiments, described is an electrophoretic display
device, comprising a multiplicity of individual reservoirs containing a display medium
between conductive substrates, at least one of which is transparent, wherein the
display medium comprises at least one set of colored particles in a dielectric fluid, and
wherein the display medium has an electrical conductivity of about 10" to about 107"

S/m.
BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Figure 1 1llustrates an embodiment of an electrophoretic display
device.

[0014] FIagures 2-11 1illustrate a process of making a flexible electrophoretic
display device in which the display layer comprises a grid pattern formed on a
conductive substrate to define individual cells each filled with display medium.
Figures 2-6 1llustrate steps to form the grid pattern on the substrate and Figures 7-11
1llustrate filling the individual cells and bonding to form the display device.

[0015] Figure 12 1llustrates a flexible electrophoretic display device.

[0016] Figure 13 illustrates another embodiment of an electrophoretic
display device.

0017} Figures 14 and 15, in which Figure 15 in an inset of Figure 14,
Illustrate a display layer having a multiplicity of cavities filled with display medium.
[0018] Figure 16 illustrates a display device including a color filter.

[0019] Figure 17 illustrates a device for charging particles of a display
device.

[0020] Figures 18 to 23 1llustrate charging characteristics of particles for use
in electrophoretic display devices.

[0021]  Figures 24 to 27 illustrate methods of controlling the color displayed
by a cell of a display device.
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EMBODIMENTS

Display Device Structures

[0022] Structures of electrophoretic display devices in which a display
medium may be included will first be described. Use of the electrophoretic display
mediums described herein is not, however, necessarily limited to these embodiments,
and any other suitable design for an electrophoretic display device may be used
without limitation. As an example of a suitable electrophoretic display device design
not specifically described herein that may nevertheless be used with the present
display medium, U.S. Patent No. 6,788,449.

[0023] As illustrated in Figure 1, an embodiment of an electrophoretic
display device comprising two conductive substrates 10 and 20 disposed oppositely of
each other, with an electrophoretic or display layer 40 therebetween. The display
layer may have a thickness of from, for example, about 5 to about 1,000 um, such as

from about 10 to about 500 um or from about 20 to about 350 um.

[0024] Layer 40 may be comprised of a layer that includes spacers therein,
which spacers define a multiplicity of individual reservoirs that each contain the
display medium (30, 31 and 32) comprised of fluid and colored particles. A
multiplicity refers to, for example, from about 2 to about 100,000,000, or potentially
more, such as from about 100 to about 50,000,000 or from about 1,000 to about
1,000,000. Thus, for example, if each of the multiplicity of reservoirs is about 100
microns across, a square of 1,000 x 1,000 reservoirs (or about a 4 inch x 4 inch
display) would have about 1,000,000 total reservoirs. In this regard, each reservoir
may be thought to correspond to a pixel of the device. Reservoir refers to, for
example, any unit containing, or capable of containing, display medium therein, and
includes, for example, units separated by a spacer device, pockets, cavities or bubbles
formed in a single sheet or between two sheets, capsules or microcapsules is a sheet or
layer, and the like.

[0025] In the Figure 1 embodiment, the particles are shown to include a set
ot black particles and a set of white particles. However, as will be discussed more

fully below, the particles may be comprised of at least one or multiple differently
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colored particle sets, for example from 1 to about 10 particles sets, such as from 1 to
about 6 particle sets or from about 2 to about 4 particle sets.

[0026] As the conductive substrates of the electrophoretic display device,
any suitable materials may be used without limitation, for example including materials
presently known and used or that may be used in the future in the art. At least one of
the conductive substrates, in particular at least the top conductive substrate through
which the images formed by the device may be viewed, should be transparent in order
to enable such viewing. Both substrates may be transparent, if desired. The bottom or
back substrate need not be transparent, and may instead be, for example, a light
reflecting or light absorbing material. As suitable materials that may be used, mention
may be made of conductive polymer films, for example polymer films coated with a
transparent conductive material such as indium tin oxide (ITO), such as polyethylene
terephthalate (PET) films, for example MYLAR™ (Du Pont), polyethylene napthalate
(PEN) films, polyethersulfone (PES) films and the like, conductive glass films, such
as ITO coated glass, and conductive thin metals. For transparency, ITO coated
polymer films and glass are suitable. The substrates may either be flexible or rigid.

[0027]  The substrates that sandwich the spacer layer therebetween may have
a length and width corresponding to the overall length and width of the electrophoretic
display device. The substrates thus may be continuous, unitary films that are not
present as just separated pieces over just individual reservoirs of the display device,
although a plurality of segregated substrates may also be used. The substrates may be
made to be as thin as possible while still maintaining appropriate conductive
properties and structural integrity. For example, the substrates may have a height, or
thickness, of from about 10 microns to about 500 microns, such as from about 10 to
about 250 microns or from about 20 to about 100 microns.

[0028] Between the conductive substrates are contained a multiplicity of
individual reservoirs (30, 31, 32), each filled with a display medium described more
fully below. Each of the individual reservoirs defines one container and/or cell of the

electrophoretic display device.

[0029] In embodiments, spacers may be used to keep the individual
reservoirs separate from one another. Any suitable spacer design may be used. For

example, the spacer may be of the type described in U.S. Patent Publication No. 2003-
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0132925 Al. The width and/or diameter of the individual reservoirs may be from, for
example, about 5 microns to about 400 microns, such as from about 5 to about 200
microns or from about 5 to about 50 microns. Also, the spacer layer 40 may be
comprised of more than one layer/sheet, such as from two to about eight layers or
from about two to about four layers, for example when pocket sheets having
differently colored display mediums therein are stacked together.

[0030] The display medium to be used within the reservoirs contains
particles of a size smaller than the reservoir width/diameter in order to function.

[0031] Where the spacer layer is comprised of a multipliéity of individual
reservoirs, a solid portion of the spacer separating the multiplicity of reservoirs, that
is, the spacing or partition between individual reservoirs of the spacer layer, are
desirably as thin as possible. Preferred spacing/partition thicknesses are on the order
of, for example, about 10 microns to about 100 microns, such as from about 10
microns to about 75 microns or from about 15 to about 50 microns.

[0032] The display device may have any suitable overall length and width as
desired. The electrophoretic display device may also be made to have any desired
height, although a total height of from about 30 to about 1,000 microns, such as from
about 30 to about 400 microns or from about 50 to about 300 microns, may be used in
terms of size and ease of use of the device.

[0033] In forming the electrophoretic display device, the reservoirs, for
example pockets, of the spacer layer are filled with the display medium and the spacer
layer is located over a first, or bottom, conductive substrate. The filling of the
reservoirs and location of the spacer over the substrate may be done in any suitable
order. In embodiments, the spacer layer may be physically attached to the first
conductive substrate or intermediate films, which may be done by any suitable
method. Adhesive may be used for convenience, although other attachment methods
such as sputtering deposition of the conductive film may also be used. Once the
reservoirs are filled with display medium and the spacer 1s located over the first
conductive substrate, the second, or top, conductive substrate, 1s located over the
spacer layer. In non-pocket reservoirs and/or in displays not including any

intermediate layers, this may act to seal the reservoirs. The first and second substrates
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may also be located 1n association with the spacer layer in reverse order, 1f desired,
and may also be associated with the spacer layer at the same time, for example where
the spacer layer comprises a sheet of individually enclosed pockets filled with display
medium. Again, the locating of the second conductive substrate in association with
the spacer layer may be done by attachment, if desired, by any suitable means,
including gluing with an adhesive. Additional intermediate layers may be included
between the spacer laver and conductive substrates as desired, and thus the location
and/or attachment as described above need not be a direct attachment or association of
the spacer to the conductive substrates.

[0034] In embodiments, the display device may be made to be flexible. In
this embodiment, the substrates are each comprised of a flexible polymeric film, and
the spacer comprises a grid pattern on at least one of the substrates. The grid pattern
may be integral with one or both of the polymeric film substrates. Integral refers to,
for example, the gnd pattern walls or sidewalls that segregate the individual cells of
the display device being comprised of the same material as the polymeric film

substrate and being formed with the polymeric film in the same molding step. For
flexibility, each film may have a thickness of from about 5 to about 75 um, for
example from about 10 to about 50 pum or from about 10 to about 30 um. The overall
device including joined films may have a thickness of less than 150 um, for example

from about 10 to about 150 um or from about 20 to about 75 um.

[0035] The width and/or length of the individual reservoirs of the grid
pattern are preferably from, for example, about 5 microns to about 200 microns, such
as from about 5 to about 100 microns or from about 10 to about 100 microns.
Obviously, the display medium to be used within the reservoirs must contain particles
of a s1ze smaller than the reservoir width/length in order for the display to function.
The solid portion, that is the walls, of the grid separating the multiplicity of reservoirs,
are desirably as thin as possible. Partition thicknesses on the order of, for example,
about 10 microns to about 100 microns, for example about 15 to about 50 microns,
may be used.

[0036] The film with a grd pattern formed thereon has the cells defined by
the grid walls filled with display medium, and then the display medium-containing

film 1s joined to another flexible polymeric film substrate, for example a film without
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a grid pattern thereon or a film itself having a grid pattern and also filled with the
same display medium. The joining may be achieved by any method, for example heat
sealing and/or with the use of an adhesive. If an adhesive is used, the adhesive may
have a repulsive interaction with the display medium so that the display medium is
retained in the cells of the grid during joining. For example, if the display medium is
hydrophobic, an adhesive having hydrophilic characteristics may be used.

[0037] To form the flexible polymeric film having the grid pattern formed
thereon, a master for molding (micromolding) is first prepared. This may be done by
any suitable technique, for example through appropriate exposure (for example
through a photomask) and development of a photoresist material film such as SU-8 (a
commercially available (Microchem Corp.) spun-on epoxy) located on a substrate, for
example glass. Additional suitable materials and microfabrication techniques for
forming a master may also be used, for example including etching into a silicon or
glass or fabricating by electroplating or electroless plating. U.S. Patent Publication
No. 2005/0239935 describes methods and materials for the molding steps. The
developed pattern corresponds to the desired grid pattern of the flexible film substrate.

[0038] In addition, the surface of the master may be coated with a low
surface energy coating or a release layer. Examples include fluoropolymers such as
TEFLON™ AF (DuPont), CYTOP™ (Asahi Glass), long-chain fluorinated

alkylchlorosilanes, mixtures thereof and the like.

[0039] A reverse image master stamp is then prepared, which master stamp
s used in forming the final flexible polymeric film with the grid pattern formed
therewith and thereon. To produce the master stamp from the master, a material
having good release properties, for example a silicone material such as PDMS
(polydimethylsiloxane) (available as SYLGARD™ 184 from Dow Corning) may be
used. Other materials for the master stamp/mold that may be used include, for
example, any polymer having, or treated to have, suitable release properties, for
example including UV curable polymers, or a metal mold, for example nickel, which
enables the lifetime of the mold to be longer. The mold may be coated with a release

agent such as a fluorocarbon (for example CYTOP™), a low surface energy silane



CA 02588408 2011-05-25

10

(for example, OTS or a fluorosilane) or a silicone. Commercially available release
agents such as Taylor T-WET™ 630 or Taylor T-SIL™ 50 may be used.

[0040] An example process for forming the master stamp is illustrated in
Figures 2-4. ATo make the master stamp 52, the material thereof, for example a
silicone, may be mixed with a curing agent at a ratio of material to curing agent of, for
example, from about 50:1 to about 5:1 such as from about 25:1 to about 5:1 or from
about 10:1 to about 5:1. Suitable curing agent materials depend upon the material
used to make the stamp. For example, for SYLGARD™ 184 PDMS, a suitable curing
agent may include a mixture containing crosslinker, inhibitor/moderator, and silicone
reinforcing resin. Examples of crosslinkers include hydride functional siloxane
crosslinker material such as HMS-151 (methylhydrosiloxane-dimethylsiloxane
copolymer), available from Gelest. Examples of inhibitor/moderator include
tetramethyltetravinylcyclotetrasiloxane. Examples of silicone reinforcing resin
include vinyl "Q" reinforcing resin, a vinyl terminated PDMS such as VQM-135™,
available from Gelest. The master microcell array 50, optionally on a substrate 51
such as glass and the like, is placed face up in a holder, for example a TEFLON™
holder, that aids in releasing the mold after curing. The material for the master
stamp/mold such as silicone is then applied over the cells in a thin layer (Figure 2).
The mixture may be evacuated to remove any entrapped air. Optionally, remainder of
the mixture may be applied over the mold and again evacuated to remove all air

bubbles. The material is then cured, for example at about 25°C to about 300°C, such
as from about 25°C to about 250°C or from about 50°C to about 200°C, and/or

solidified, and thereafter the master stamp 52 is removed from the master 50 (Figure
4).

[0041] The flexible polymeric substrate 55 may then be formed from the
master stamp. As the polymer, a substantially clear lower viscosity material may be
used, for example a material such as a curable, for example UV curable, adhesive.
For example, an epoxy acrylic such as 60-7155 from Epoxies, Etc., or a urcthane
acrylic such as 6(0-7165 (Epoxies, Etc.), may be used. Other materials such as
described 1n U.S. Publication No. 2005/0239935 may also find application here. The
polymer 1s not limited to UV curable polymers; thermoplastic polymers, thermally

cross-linking polymers or two component reactive systems may also be chosen. A
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release agent, for example such as Duponol WAQ™ (sodium lauryl sulfate) in
isopropanol, Dow Corning 230 fluid (alkylaryl polysiloxane fluid) diluted with
chloroethylene, and/or petroleum jelly in a chlorinated solvent may be applied to the
silicone master stamp 52 to aid in separation of the cured polymeric film therefrom
following molding. The polymeric material 55 is applied to the silicone master stamp
and/or spread across the surface of a flexible substrate 56 such as ITO coated
MYLART™, and the master stamp is pressed into the polymeric matertal 55 so as to
completely fill the cells of the master stamp 52 (Figure 5). The pressure may be
uniformly applied, for example through use of a roller. A flat plate may also be
placed on the sample and clamped to provide uniform pressure during curing. The
sample may then be cured, for example via exposure to UV light and/or to an elevated
temperature, for example for about 5 to about 60 seconds, such as about 30 seconds,
using a DYMAX™ 5000-EC 400W UV exposure system. The sample may be
removed from the clamps and cured for an additional amount of time, for example for
about 5 seconds to about 30 seconds, such as about 10 seconds. The film 55 on the
substrate 56 may then be peeled away from the master stamp (Figure 6). The final
film with grid pattern may be rinsed, for example with isopropanol and the like, to
remove any residue.

[0042] In embodiments, the substrate may be non-flexible, such as glass,
ITO coated glass and the like. In this case, a flat film of the polymer is first formed on
the rigid substrate, and then peeled therefrom and placed on a flexible substrate for
further processing as above.

[0043] The flexible polymer film with the grid pattern thereon may then be
filled with display fluid and bonded to form the display device. The display fluid may
be applied across the film to fill the cells of the grid pattern, and typically excess
display fluid is wiped or scraped off of the edges before bonding. It is desirable for
the fluid to be localized in the cells only, and the bonding surfaces clean and free of
residual fluid.

[0044] As an additional step, the bonding surfaces of the film may be

modified so as to have a lower surface energy than the surface tension of the fluid. In
this way, the fluid will not wet the bonding surface. For example, by stamping the

polymeric film with a low surface energy material, for example such as a fluorocarbon
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polymer, a silane or an alkyl chain material of, for example, about 8 to about 1,000
carbon atoms in length, the stamped edges will not be wet by the fluid of the display
medium 1n the cells, ensuring a good bond to another film. The aforementioned low
surface energy materials typically have a surface energy that is lower than the fluid of
the display medium, which may be, for example, a silicone fluid or ISOPAR™. The
coating of the bonding edges may be achieved by, for example as shown in Figures 7
and 8, stamping or contacting the top surface of the flexible film 55 with a low surface
energy material 58 so as to coat the tops of the grid/cells with the material. Upon
subsequent filling of the cells with display medium 60 (Figure 9), the display medium
does not wet the tops of the cells so as to be retained in the cells and so as to keep the
top surface of the cells free of display medium that might interfere with subsequent
bonding of these surfaces.

[0045] Figures 10 to 12 illustrate an example process for bonding two filled
polymeric films 55 together to create the flexible display device 65 containing the
display medium 1n individual cells 61. The adhesion between the two films may be
strengthened through the use of heat, pressure and/or light exposure. The final
flexible device 65 includes individual cells 61 filled with the display medium as
shown in Figures 11 and 12.

[0046] Of course, the foregoing procedure for making flexible film
substrates can also be used to similarly make non-flexible display devices. In this
regard, the rigid substrate, for example ITO coated glass and the like, may have the
grid pattern formed thereon as in the process for forming the master discussed above.
For example, a photoresist material such as SU-8 and the like may be spun onto the

substrate, exposed via a photomask, and developed to form the grid pattern on the

substrate.

[0047] Similarly, a photolithographically defined grid pattern may also be
formed on a flexible substrate such as a 50 micron thick sheet of MYLAR™ (which
may be coated with a conducting ITO layer). In this case, the flexible substrate may
have to be attached to a rigid substrate during the processing to ensure flatness during
the processing. One way to attach a flexible substrate to a rigid substrate is via a

double sided UV-release adhesive tape such as UC-228W-110 from Furukawa
Electric Co, Ltd.
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[0048] As an example, SU-8-25 (Microchem Corp.) may be spun on the
substrate at about 1,000 to about 3,000 rpm, for example about 2,000 rpm, to provide

a film having a thickness of about 10 to about 100 um such as from about 20 to about

50 um or from about 20 to about 40 um. The spun on coating may be baked, for
example on a leveled hotplate, and for example for about 1 to about 20 minutes, for
example about 5 min, at about 80 to about 150°C, for example at about 115°C. The
photoresist is then exposed to UV light, for example having a wavelength ot about
340-400 nm for about 2 to about 10 min such as about 3 min at 8 mW/cm” through a
photomask. An optional post-exposure bake may be conducted on the hotplate for

about 1 to about 20 minutes, for example about 5 min, at about 80 to about 150°C, for

example at about 115°C. The photoresist 1s then developed in a suitable developer,
for example PGMEA (propylene glycol monomethyl ether acetate, which 1s a suitable
developer for SU-8; other photopolymers may require different developers, as
understood in the art). The developed photoresist film may then be rinsed with
isopropanol or the like, and subjected to a final hardbake, for example at about 100 to
about 250°C such as about 150°C for about 1 to about 20 minutes, for example for
about 5 minutes. Thereafter, a low surface energy surface coating may be applied, for
example such as a CYTOP™ coating (an amorphous soluble perfluoropolymer film,
available from Asahi Glass Co.). The low surface energy coating forms a nonstick
film to prevent adhesion of particles to the electrode or polymer film. The coating
may have a thickness c;f from, for example, about 10 to about 1,000 nm, such as from
about 50 to about 250 nm or from about 100 to about 200 nm.

[0049] Another embodiment of a suitable electrophoretic display device is
illustrated in Figure 13. In Figure 13, the electrophoretic display device again
comprises conductive substrates 10 and 20 disposed oppositely of each other.
However, in this embodiment, the layer between the substrates is comprised of a
multiplicity of microcapsules 45 that have electrophoretic display medium
encapsulated therein. The microcapsules may be held in a suitable matrix material. A
similar electrophoretic display device utilizing microcapsules is described in U.S.

Patent No. 6,017,584. The microcapsules may be made to have a size (diameter) of

from, for example, about 5
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microns to about 1,000 microns, such as from about 5 to about 200 microns or from
about 5 to about 50 microns.

[0050] In this embodiment, the microcapsules may be prepared and filled
with the display medium, and then the microcapsules are fixed or glued onto one or
both of the conductive substrates, or onto intermediate layers between the
microcapsules and the substrates, or onto other layers of microcapsules in the device if
multiple layers are used. Desirably, the microcapsules form a monolayer (a layer
having a thickness substantially corresponding to the average diameter of the
microcapsules of that layer) in the display layer of the display device. However,
multiple layers, for example 2 to about 10 or 2 to about 4, may also be used.

[0051] For making the microcapsules, any suitable method of encapsulation
may be used. The process of encapsulation may include conventional or complex
coacervation, interfacial polymerization, in-situ polymerization, electrolytic dispersion
and cooling, or spray-drying processes. In these processes, the display medium is
added to a solution of the wall-forming material to be encapsulated thereby, and the
resulting encapsulated microspheres may be subjected to crosslinking. The
microcapsules may be prepared using melamine-formaldehyde, urea-formaldehyde,
resorcinol-formaldehyde, phenol-formaldehyde, gelatin-formaldehyde, isocyanate-
polyol, interpolymer complexes of two oppositely charged polymers such as
gelatin/gum arabic, gelatin/polyphosphate, and poly(styrene sulfonic acid)/gelatin,
nhydroxypropyl cellulose, mixtures and/or combinations of the foregoing, and the like,
as microcapsule wall-forming materials.

[0052] The interfacial polymerization approach relies on the presence of an
o1l-soluble monomer in the electrophoretic composition, which is present as an
emulsion 1n an aqueous phase. The monomers in the minute hydrophobic droplets
react with a monomer introduced into the aqueous phase, polymerizing at the interface
between the droplets and the surrounding aqueous medium and forming shells around
the droplets. Although the resuiting walls are relatively thin and may be permeable,
this process does not require the elevated temperatures characteristic of some other
processes, and therefore affords greater flexibility in terms of choosing the dielectric

l1iquid.
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[0053] Coating aids can be used to improve the uniformity and quality of the
coated or printed electrophoretic ink material. Wetting agents are typically added to
adjust the interfacial tension at the coating/substrate interface and to adjust the
liquid/air surface tension. Wetting agents include, for example, anionic and cationic
surfactants, and nonionic species, such as silicone or fluoropolymer-based materials.
Dispersing agents may be used to modify the interfacial tension between the capsules
and binder, providing control over flocculation and particle settling.

[0054] Surface tension modifiers may be added to adjust the air/ink
interfacial tension. Polysiloxanes are typically used in such an application to improve
surface leveling while minimizing other defects within the coating. Surface tension
modifiers include, for example, fluorinated surfactants, such as, for example, the
ZONYL™ series from DuPont, the FLUORAD™ series from 3M (St. Paul, Minn.),
and the fluoroalkyl series from Autochem, siloxanes, such as, for example,
SILWET™ from Union Carbide; and polyethoxy and polypropoxy alcohols.
Antifoams, such as silicone and silicone-free polymeric materials, may be added to
enhance the movement of air from within the ink to the surface and to facilitate the
rupture of bubbles at the coating surface. Other useful antifoams include, for
example, glyceryl esters, polyhydric alcohols, compounded antifoams, such as oil
solutions of alkylbenzenes, natural fats, fatty acids, and metallic soaps, and silicone
antifoaming agents made from the combination of dimethyl siloxane polymers and
silica. Stabilizers such as UV-absorbers and antioxidants may also be added to
improve the lifetime of the ink.

[0055] The coacervation approach may utilize an oil/water emulsion. One
or more colloids are coacervated (that is, agglomerated) out of the aqueous phase and
deposited as shells around the oily droplets through control of temperature, pH and/or
relative concentrations, thereby creating the microcapsule. Materials suitable for
coacervation include gelatins and gum arabic. See, for example, U.S. Patent No.

2,800,457.

[0056] In an example complex coacervation process, the display medium to

be encapsulated is emulsified with the wall forming material, for example a mixture of
water, gelatin and gum arabic, at an elevated temperature of, for example, about 30°C

to about 80°C such as from about 35°C to about 75°C or from about 35°C to about
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65°C. The pH is then reduced, for example to less than 5, for example from about 4
to about 5 such as from about 4.4 to about 4.9, through addition of an acid such as
acetic acid and the like, to induce coacervation. The microencapsulated particles are
then cooled. The material of the wall of the microcapsules may then be crosslinked,
for example by adding gluteraldehyde and the like and agitating the mixture in the
presence of, for example, urea.

[0057] The microcapsules may have a multi-layer wall around the core solid
and/or liquid encapsulants. These can be made, for example, by first forming a thin
wall by an interfacial polymerization reaction, and subsequently forming a second,
thicker wall by an in-situ polymerization reaction or by a coacervation process. The
first wall of the microcapsule may be typically comprised of polyurea, polyurethane,
polyamide, polyester, epoxy-amine condensates, silicones and the like. The second
wall of the microcapsule may be comprised of condensates of melamine-
formaldehyde, urea-formaldehyde, resorcinol-formaldehyde, phenol-formaldehyde,
gelatin-formaldehyde, or interpolymer complexes of two oppositely charged polymers
such as gelatin/gum arabic and poly(styrene sulfonic acid)/gelatin.

[0058] A semi-continuous miniemulsion polymerization process may also
be used to encapsulate the electrophoretic display medium, for example as described
in U.S. Patent No. 6,529,313,

[0059] A benefit of encapsulating the electrophoretic display medium 1s that
the microcapsules can be made to be spherical as shown in Figure 13 or other than
spherical through control of the process. Different shapes may permit better packing
density of the microcapsules and better display quality.

[0060] Once generated, the microcapsules are then located over or adhered
to one of the conductive substrates of the device, either directly or via intermediate
layers therebetween. The microcapsules may be adhered to the conductive side of the
substrate, for example the side having a conductive ITO coating thereon. The
adhering may be achieved by, for example, using any suitable binder such as an
adhesive or polymer matrix material that is either mixed with the microcapsules prior
to coating the microcapsules on the substrate, coated onto the substrate before
placement of the microcapsules thereon, coated upon the microcapsules after

placement upon the substrate, or one or more of the above, including all three.
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[0061] As an adhesive or binder, any material may be used, for example
including polyvinyl alcohol (PVA) or polyurethane such as NEOREZ™, A binder
may be used as an adhesive medium that supports and protects the capsules, as well as
binds electrode materials to the capsule dispersion. A binder can be non-conducting,
semiconductive, or conductive. Binders are available in many forms and chemical
types. Among these are water-soluble polymers, water-borne polymers, oil-soluble
polymers, thermoset and thermoplastic polymers, and radiation-cured polymers.

[0062] Among water-soluble polymers are various polysacchandes,
polyvinyl alcohols, N-methylpyrrolidone, N-vinylpyrrolidone, various
CARBOWAXT™ gpecies (Union Carbide), and poly(2-hydroxyethy! acrylate).

[0063] The water-dispersed or water-borne systems are generally latex
compositions, for example NEOREZ™ and NEOCRYL™ resins (Zeneca Resins),
ACRYSO™L (Rohm and Haas), BAYHYDROL™ (Bayer), and the HP products
(Cytec Industries). These are generally lattices of polyurethanes, occasionally
compounded with one or more of acrylics, polyesters, polycarbonates or silicones,
each lending the final cured resin in a specific set of properties defined by glass
transition temperature, degree of tack, softness, clarity, flexibility, water permeability
and solvent resistance, elongation modulus and tensile strength, thermoplastic tlow,
and solids level. Some water-borne systems can be mixed with reactive monomers
and catalyzed to form more complex resins. Some can be further cross-linked by the
use of a cross-linking reagent, such as an aziridine, for example, which reacts with
carboxyl groups. .

[0064] Examples of a water-borne resin and aqueous capsules is provided in
U.S. Patent No. 6,822,78.

[0065] Thermoset systems may include the family of epoxies. These binary
systems can vary greatly in viscosity, and the reactivity of the pair determines the "pot
life" of the mixture. If the pot life is long enough to aliow a coating operation,
capsules may be coated in an ordered arrangement in a coating process prior to the
resin curing and hardening.

[0066] Thermoplastic polymers, which are often polyesters, are molten at

high temperatures. A typical application of this type of product is hot-melt glue. A

dispersion of heat-resistant capsules could be coated in such a medium. The

solidification process begins during cooling, and the final hardness, clarity and
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flexibility are affected by the branching and molecular weight of the polymer.

[0067] Oil or solvent-soluble polymers are often similar in composition to
the water-borne system, with the obvious exception of the water itself. The latitude in
formulation for solvent systems is enormous, limited only by solvent choices and
polymer solubility. Of considerable concern in solvent-based systems is the viability
of the capsule itself; the integrity of the capsule wall cannot be compromised 1n any
way by the solvent.

[0068]) Radiation cure resins are generally found among the solvent-based
systems. Capsules may be dispersed in such a medium and coated, and the resin may
then be cured by a timed exposure to a threshold level of ultraviolet radiation, either
long or short wavelength. As in all cases of curing polymer resins, final properties are
determined by the branching and molecular weights of the monomers, oligomers and
cross-linkers.

[0069] A number of "water-reducible" monomers and oligomers are,
however, marketed. In the strictest sense, they are not water soluble, but water 1s an
acceptable diluent at low concentrations and can be dispersed relatively easily in the
mixture. Under these circumstances, water 1s used to reduce the viscosity (1nitially
from thousands to hundreds of thousands centipoise). Water-based capsules, such as
those made from a protein or polysaccharide material, for example, could be dispersed
in such a medium and coated, provided the viscosity could be sufficiently lowered.
Curing in such systems is generally by ultraviolet radiation.

[0070] The microcapsules may be arranged in abutting, side-by-side
relationship and in embodiments are arranged in a monolayer (that 1s, the
microcapsules are not stacked) between the conductive substrates. However, more
than one layer of microcapsules may also be used.

[0071] In a still further embodiment, the display device 1s comprised of at
least one layer, for example one to ten layers such as one to four layers or one to two
layers, and specifically one layer, of a binder, for example a transparent binder,
containing therein multiple individual cavities or pockets that contain display medium
therein. For example, as shown in Figures 14 and 135, the binder layer 70 contains
multiple cavities 72 therein, with cavities filled with fluid 73 and particles 74 of the

display medium. If desired, different layers may be used for different color display
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