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COMPONENTS AND METHODS FOR ELECTRO-OPTIC
DISPLAYS

The present invention relates to processes and components for
forming electro-optic displays. More specifically, this invention relates to such
processes and components for forming electro-optic displays containing an electro-
optic medium which is a solid (such displays may hereinafter for convenience be
referred to as "solid electro-optic displays"), in the sense that the electro-optic
medium has solid external surfaces, although the medium may, and often does,
have internal liquid- or gas-filled spaces, and to methods for assembling displays
using such an electro-optic medium. Thus, the term "solid electro-optic displays"
includes encapsulated electrophoretic displays, encapsulated liquid crystal
displays, and other types of displays discussed below.

The term "electro-optic", as applied to a material or a display, is
used herein in its conventional meaning in the imaging art to refer to a material
having first and second display states differing in at least one optical property, the
material being changed from its first to its second display state by application of an
electric field to the material. Although the optical property is typically color
perceptible to the human eye, it may be another optical property, such as optical
transmission, reflectance, luminescence 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.

The terms "bistable" and "bistability" are used herein in their
conventional meaning in the art to refer to displays comprising display elements
having first and second display states differing in at least one optical property, and
such that after any given element has been driven, by means of an addressing pulse
of finite duration, to assume either its first or second display state, after the
addressing pulse has terminated, that state will persist for at least several times, for
example at least four times, the minimum duration of the addressing pulse required
to change the state of the display element. It is shown in publiéhed U.S. Patent
Application No. 2002/0180687 that some particle-based electrophoretic displays
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capable of gray scale are stable not only in their extreme black and white states but
also in their intermediate gray states, and the same is true of some other types of
electro-optic displays. This type of display is properly called "multi-stable" rather
than bistable, although for convenience the term "bistable" may be used herein to
cover both bistable and multi-stable displays.

Several types of electro-optic displays are known. One type of
electro-optic display is a rotating bichromal member type as described, for
example, in U.S. Patents Nos. 5,808,783; 5,777,782; 5,760,761; 6,054,071
6,055,091; 6,097,531; 6,128,124; 6,137,467; and 6,147,791 (although this type of
display is often referred to as a "rotating bichromal ball" display, the term "rotating
bichromal member" is preferred as more accurate since in some of the patents
mentioned above the rotating members are not spherical). Such a display uses a
large number of small bodies (typically spherical or cylindrical) which have two or
more sections with differing optical characteristics, and an internal dipole. These
bodies are suspended within liquid-filled vacuoles within a matrix, the vacuoles
being filled with liquid so that the bodies are free to rotate. The appearance of the
display is changed to applying an electric field thereto, thus rotating the bodies to
various positions and varying which of the sections of the bodies is seen through a
viewing surface. This type of electro-optic medium is typically bistable.

Another type of electro-optic display uses an electrochromic
medium, for example an electrochromic medium in the form of a nanochromic film
comprising an electrode formed at least in part from a semi-conducting metal oxide
and a plurality of dye molecules capable of reversible color change attached to the
electrode; see, for example O'Regan, B., et al., Nature 1991, 353, 737; and Wood,
D., Information Display, 18(3), 24 (March 2002). See also Bach, U., et al., Adv.
Mater., 2002, 14(11), 845. Nanochromic films of this type are also described, for
example, in U.S. Patent No. 6,301,038, International Application Publication No.
WO 01/27690, and in copending Application Serial No. 10/249,128, filed March
18, 2003. This type of medium is also typically bistable.

Another type of electro-optic display, which has been the subject of

intense research and development for a number of years, is the particle-based
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electrophoretic display, in which a plurality of charged particles move through a
suspending fluid under the influence of an electric field. Electrophoretic displays
can have attributes of good brightness and contrast, wide viewing angles, state
bistability, and low power consumption when compared with liquid crystal
displays. Nevertheless, problems with the long-term image quality of these
displays have prevented their widespread usage. For example, particles that make
up electrophoretic displays tend to settle, resulting in inadequate service-life for
these displays.

Numerous patents and applications assigned to or in the names of
the Massachusetts Institute of Technology (MIT) and E Ink Corporation have
recently been published describing encapsulated electrophoretic media. Such
encapsulated media comprise numerous small capsules, each of which itself
comprises an internal phase containing electrophoretically-mobile particles
suspended in a liquid suspension medium, and a capsule wall surrounding the
internal phase. Typically, the capsules are themselves held within a polymeric
binder to form a coherent layer positioned between two electrodes. Encapsulated
media of this type are described, for example, in U.S. Patents Nos. 5,930,026;
5,961,804; 6,017,584; 6,067,185; 6,118,426; 6,120,588; 6,120,839; 6,124,851;
6,130,773; 6,130,774; 6,172,798; 6,177,921; 6,232,950; 6,249,721; 6,252,564;
6,262,706, 6,262,833; 6,300,932; 6,312,304; 6,312,971; 6,323,989; 6,327,072;
6,376,828; 6,377,387, 6,392,785; 6,392,786; 6,413,790; 6,422,687, 6,445,374
6,445,489; 6,459,418; 6,473,072; 6,480,182; 6,498,114; 6,504,524; 6,506,438;
6,512,354; 6,515,649; 6,518,949; 6,521,489; 6,531,997; 6,535,197; 6,538,801; and
6,545,291; and U.S. Patent Applications Publication Nos. 2002/0019081;
2002/0021270; 2002/0053900; 2002/0060321; 2002/0063661; 2002/0063677;
2002/0090980; 2002/0106847; 2002/0113770; 2002/0130832; 2002/0131147;
2002/0145792; 2002/0154382, 2002/0171910; 2002/0180687; 2002/0180688;
2002/0185378; 2003/0011560; 2003/0011867; 2003/0011868; 2003/0020844;
2003/0025855;  2003/0034949;  2003/0038755; and 2003/0053189; and
International Applications Publication Nos. WO 99/67678; WO 00/05704; WO
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00/20922; WO 00/26761; WO 00/38000; WO 00/38001; WO 00/36560; WO
00/67110; WO 00/67327; WO 01/07961; and WO 01/08241.

Many of the aforementioned patents and applications recognize that
the walls surrounding the discrete microcapsules in an encapsulated electrophoretic
medium could be replaced by a continuous phase, thus producing a so-called
polymer-dispersed electrophoretic display in which the electrophoretic medium
comprises a plurality of discrete droplets of an electrophoretic fluid and a
continuous phase of a polymeric material, and that the discrete droplets of
electrophoretic fluid within such a polymer-dispersed electrophoretic display may -
be regarded as capsules or microcapsules even though no discrete capsule
membrane is associated with each individual droplet; see for example, the
aforementioned 2002/0131147.  Accordingly, for purposes of the present
application, such polymer-dispersed electrophoretic media are regarded as sub-
species of encapsulated electrophoretic media.

An encapsulated electrophoretic display typically does not suffer
from the clustering and settling failure mode of traditional electrophoretic devices
and provides further advantages, such as the ability to print or coat the display on a
wide variety of flexible and rigid substrates. (Use of the word "printing" is
intended to include all forms of printing and coating, including, but without
limitation: pre-metered coatings such as patch die coating, slot or extrusion
coating, slide or cascade coating, curtain coating; roll coating such as knife over
roll coating, forward and reverse roll coating; gravure coating; dip coating; spray
coating; meniscus coating; spin coating; brush coating; air knife coating; silk
screen printing processes; electrostatic printing processes; thermal printing
processes; ink jet printing processeé; and other similar techniques.) Thus, the
resulting display can be flexible. Further, because the display medium can be
printed (using a variety of methods), the display itself can be made inexpensively.

A related type of electrophoretic display is a so-called "microcell
electrophoretic display". In a microcell electrophoretic display, the charged
particles and the suspending fluid are not encapsulated within microcapsules but

instead are retained within a plurality of cavities formed within a carrier medium,
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typically a polymeric film. See, for example, International Application Publication
No. WO 02/01281, and published US Application No. 2002-0075556, both
assigned to Sipix Imaging, Inc.

Although electrophoretic displays are often opaque (since the
particles substantially block transmission of visible light through the display) and
operate in a reflective mode, electrophoretic displays can be made to operate in a
so-called "shutter mode" in which the particles are arranged to move laterally
within the display so that the display has one display state which is substantially
opaque and one which is light-transmissive. See, for example, the aforementioned
U.S. Patents Nos. 6,130,774 and 6,172,798, and U.S. Patents Nos. 5,872,552,
6,144,361; 6,271,823; 6,225,971, and 6,184,856. Dielectrophoretic displays,
which are similar to electrophoretic displays but rely upon variations in electric
field strength, can operate in a similar mode; see U.S. Patent No. 4,418,346. Other
types of electro-optic displays may also be capable of operating in shutter mode.

Many of the components used in solid electro-optic displays, and
the methods used to manufacture such displays, are derived from technology used
in liquid crystal displays (LCD's), which are of course also electro-optic displays,
though using a liquid rather than a solid medium. For example, solid electro-optic
displays may make use of an active matrix backplane comprising an array of
transistors or diodes and a corresponding array of pixel electrodes, and a
"continuous" front electrode (in the sense of an electrode which extends over
multiple pixels and typically the whole display) on a transparent substrate, these
components being essentially the same as in LCD's. However, the methods used
for assembling LCD's cannot be used with solid electro-optic displays. LCD's are
normally assembled by forming the backplane and front electrode on separate glass
substrates, then adhesively securing these components together leaving a small
aperture between them, placing the resultant assembly under vacuum, and
immersing the assembly in a bath of the liquid crystal, so that the liquid crystal
flows through the aperture between the backplane and the front electrode. Finally,
with the liquid crystal in place, the aperture is sealed to provide the final display.
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This LCD assembly process cannot readily be transferred to solid
electro-optic displays. Because the electro-optic material is solid, it must be
present between the backplane and the front electrode before these two integers are
secured to each other. Furthermore, in contrast to a liquid crystal material, which
is simply placed between the front electrode and the backplane without being
attached to either, a solid electro-optic medium normally needs to be secured to
both; in most cases the solid electro-optic medium is formed on the front electrode,
since this is generally easier than forming the medium on the circuitry-containing
backplane, and the front electrode/electro-optic medium combination is then
laminated to the backplane, typically by covering the entire surface of the electro-
optic medium with an adhesive and laminating under heat, pressure and possibly
vacuum.

As discussed in the aforementioned U.S. Patent No. 6,312,304, the
manufacture of solid electro-optic displays also presents problems in that the
optical components (the electro-optic medium) and the electronic components (in
the backplane) have differing performance criteria. For example, it is desirable for
the optical components to optimize reflectivity, contrast ratio and response time,
while it is desirable for the electronic components to optimize conductivity,
voltage-current relationship, and capacitance, or to possess memory, logic, or other
higher-order electronic device capabilities. Therefore, a process for manufacturing
an optical component may not be ideal for manufacturing an electronic component,
and vice versa. For example, a process for manufacturing an electronic component
can involve processing under high temperatures. The processing temperature can
be in the range from about 300°C. to about 600°C. Subjecting many optical
components to such high temperatures, however, can be harmful to the optical
components by degrading the electro-optic medium chemically or by causing
mechanical damage.

This patent describes a method of manufacturing an electro-optical
display comprising providing a modulating layer including a first substrate and an
electro-optical material provided adjacent the first substrate, the modulating layer

being capable of changing a visual state upon application of an electric field;
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providing a pixel layer comprising a second substrate, a plurality of pixel
electrodes provided on a front surface of the second substrate and a plurality of
contact pads provided on a rear surface of the second substrate, each pixel
electrode being connected to a contact pad through a via extending through the
second substrate; providing a circuit layer including a third substrate and at least
one circuit element; and laminating the modulating layer, the pixel layer, and the
circuit layer to form the electro-optical display.

Electro-optic displays are often costly; for example, the cost of the
color LCD found in a portable computer is typically a substantial fraction of the
entire cost of the computer. As the use of electro-optic displays spreads to devices,
such as cellular telephones and personal digital assistants (PDA's), much less
costly than portable computers, there is great pressure to reduce the costs of such
displays. The ability to form layers of some solid electro-optic media by printing
techniques on flexible substrates, as discussed above, opens up the possibility of
reducing the cost of electro-optic components of displays by using mass production
techniques such as roll-to-roll coating using commercial equipment used for the
production of coated papers, polymeric films and similar media. However, such
equipment is costly and the areas of electro-optic media presently sold may be
insufficient to justify dedicated equipment, so that it may typically be necessary to
transport the coated medium from a commercial coating plant to the plant used for
final assembly of electro-optic displays without damage to the relatively fragile
layer of electro-optic medium.

Also, the prior art methods for final lamination of solid electro-optic
displays are essentially batch methods in which the electro-optic medium, the
lamination adhesive and the backplane are only brought together immediately prior
to final assembly, and it is desirable to provide methods better adapted for mass
production.

The present invention seeks to provide electro-optic components of
a solid electro-optic display, these components being well adapted for mass
production. This invention also secks to provide processes for the assembly of

solid electro-optic displays using these components.
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The present invention also seeks to provide methods for testing
electro-optic components prior to final assembly of displays.

One practical problem in the manufacture of electro-optic displays,
especially flexible displays, is sealing the display to prevent ingress of materials
from the environment (and/or, in some cases, egress of components of the electro-
optic medium). For example, organic light emitting diodes (which may be useful
as the electro-optic medium of a display) are notoriously sensitive to damage
caused in ingress of atmospheric moisture, and some particle-based electrophoretic
media have also been shown to have some sensitivity to moisture. In another
aspect, this invention provides sealed electro-optic displays.

Accordingly, in one aspect this invention provides an article of
manufacture (hereinafter sometimes referred to as a "front plane laminate")
comprising, in order:

a light-transmissive electrically-conductive layer;

a layer of a solid electro-optic medium in electrical contact with the
electrically-conductive layer;

an adhesive layer; and

a release sheet.

In such a front plane laminate, the electrically-conductive layer may
comprise a metal oxide, for example indium tin oxide. Although the front plane
laminate may use a solid electro-optic medium of any of the afdrementioned types,
for example, a rotating bichromal member medium or an electrochromic medium,
it is generally preferred that the electro-optic medium be an electrophoretic
medium, desirably an encapsulated electrophoretic medium.

The adhesive layer used in the front plane laminate may be a heat
activated adhesive or a pressure sensitive adhesive, depending upon the conditions
under which the front plane laminate is to be laminated to a backplane, as
described in more detail below.

A preferred form of the front plane laminate has a connection area
where the electrically-conductive layer is exposed free from the electro-optic

medium and the adhesive layer. This connection area may be is formed by an
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aperture extending through the electro-optic medium and the adhesive layer so that
the connection area is surrounded by the electro-optic medium and the adhesive
layer. Desirably, the release sheet does not extend across the connection area. For
reasons explained in more detail below, a contact pad of electrically-conductive
material may be provided overlying the electrically-conductive layer in the
connection area.

The front plane laminate may have a conductive via in electrical
contact with the electrically-conductive layer and extending therefrom through or
past the layer of electro-optic medium and the adhesive layer. In this form of front
plane laminate, desirably the end of the conductive via remote from the
electrically-conductive layer is not covered by the release sheet. The conductive
via may be formed from a deformable material, such as a material comprising
conductive particles dispersed in a polymeric matrix. A contact pad of electrically-
conductive material may be interposed between the electrically-conductive layer
and the conductive via.

The release sheet of the front plane laminate may be provided with
a second electrically-conductive layer. This second electrically-conductive layer
may be provided on either surface of the release sheet, but will typically be
provided on the surface closer to the electro-optic medium. As described below,
this second electrically-conductive layer is useful in testing the front plane
laminate before its incorporation into a display. Alternatively or in addition, the
front plane laminate may have an auxiliary adhesive layer on the opposed side of
the electrically-conductive layer from the electro-optic medium; an auxiliary
release sheet may be provided covering the auxiliary adhesive layer.

In another aspect this invention provides an second article of
manufacture (or front plane laminate) comprising, in order: a light-transmissive
electrically-conductive layer; a layer of a solid electro-optic medium in electrical
contact with the electrically-conductive layer; and an adhesive layer. This article
of manufacture has a connection area wherein the electrically-conductive layer is

exposed free from the electro-optic medium and the adhesive layer.
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In this front plane laminate, the connection area may or may not
extend to an edge of the laminate, but the latter is generally preferred, so that the
connection area is formed by an aperture extending through the electro-optic
medium and the adhesive layer so that the connection area is surrounded by the
electro-optic medium and the adhesive layer. The front plane laminate may further
comprise a release sheet disposed adjacent the adhesive layer on the opposed side
thereof from the layer of electro-optic medium. The release sheet may not extend
across the connection area. The release sheet may be provided with a second
electrically-conductive layer. The front plane laminate may further comprise a
contact pad of electrically-conductive material overlying the electrically-
conductive layer in the connection area; for reasons explained below, the presence
of such a contact pad in effect provides a desirable area of increased thickness in
the electrically-conductive layer in the connection area. Although this front plane
laminate may use a solid electro-optic medium of any of the aforementioned types,
it is generally preferred that the electro-optic medium be an electrophoretic
medium, desirably an encapsulated electrophoretic medium.

In another aspect, this invention provides a third article of
manufacture (front plane laminate) comprising, in order: a light-transmissive
electrically-conductive layer; a layer of a solid electro-optic medium in electrical
contact with the electrically-conductive layer; and an adhesive layer. However, the
third front plane laminate of the invention further comprises a conductive via in
electrical contact with the electrically-conductive layer and extending therefrom
through or past the layer of electro-optic medium and the adhesive layer.

The third front plane laminate of the present invention may further
comprise a release sheet disposed adjacent the adhesive layer on the opposed side
thereof from the layer of electro-optic medium. The end of the conductive via
remote from the electrically-conductive layer may not be covered by the release
sheet. The conductive via may be formed from a deformable material, for example
a material comprising conductive particles dispersed in a polymeric matrix. Like
the other front plane laminates of the invention, and for the same reasons, the third

front plane laminate may further comprise a contact pad of electrically-conductive
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material overlying the electrically-conductive layer in the commection area.
Although the third front plane laminate may use a solid electro-optic medium of
any of the aforementioned types, it is generally preferred that the electro-optic
medium be an electrophoretic medium, desirably an encapsulated electrophoretic
medium.

The invention also provides an electro-optic display comprising, in
order: a light-transmissive electrically-conductive layer; a layer of a solid electro-
optic medium in electrical contact with the electrically-conductive layer; an
adhesive layer; and a backplane having at least one pixel electrode, such that
application of an electrical potential between the electrically-conductive layer and
the pixel electrode can change the optical state of the electro-optic medium, the
backplane further comprising at least one contact pad electrically isolated from the
at least one pixel electrode. This display further comprises at least one conductive
via extending from the electrically-conductive layer through or past the electro-
optic medium and the adhesive layer to the or one of the contact pads.

As already indicated, in this display the conductive via may extend
through or past the electro-optic medium, but the former arrangement is generally
preferred, whereby the conductive via extends through the electro-optic medium
and the adhesive layer so that the conductive via is completely surrounded by the
electro-optic medium and the adhesive layer. The conductive via may be formed
from a deformable material, for example a material comprising conductive
particles dispersed in a polymeric matrix. Although the display may use a solid
electro-optic medium of any of the aforementioned types, it is generally preferred
that the electro-optic medium be an electrophoretic medium, desirably an
encapsulated electrophoretic medium.

The electro-optic display of the present invention may be provided
with a protective and/or barrier layer disposed on the opposed side of the
electrically-conductive layer from the electro-optic medium. A layer of transparent
adhesive may be used to secure the protective and/or barrier layer to the
electrically-conductive layer. The electro-optic display may have a sealing

material disposed around at least part of the periphery of the layer of electro-optic
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medium. In one form of such a sealed display, a protective and/or barrier layer is
provided extending beyond the periphery of the electro-optic medium, and a
sealing material is placed around at least part of the periphery of the electro-optic
medium between the protective and/or barrier layer and the backplane.

In another aspect, this invention provides a process for producing a
solid electro-optic display. This process comprises providing an article of
manufacture comprising, in order: a light-transmissive electrically-conductive
layer; a layer of a solid electro-optic medium in electrical contact with the
electrically-conductive layer; an adhesive layer; and a release sheet. The process
further comprises providing a backplane comprising a plurality of pixel electrodes
and drive means arranged to apply variable potentials to the pixel electrodes. The
process also cbmprises removing the release sheet from the adhesive layer; and
contacting the adhesive layer with the backplane under conditions effect to cause
the adhesive layer to adhere to the backplane, thereby securing the adhesive layer,
layer of electro-optic medium and electrically-conductive layer to the backplane.

In this process, the contacting of the adhesive layer with the
backplane is desirably effected under about 20 to about 60 per cent relative
humidity. As described in more detail below, to prevent problems due to
electrostatic discharge, the process may include applying ionized particles to the
front plane laminate during at least one of the removal of the release sheet from the
adhesive layer and the contacting of the adhesive layer with the backplane.

In this process, the front plane laminate may be provided with a
connection area where the electrically conductive layer is exposed free from the
electro-optic medium and the adhesive layer, the backplane be provided with a
contact pad electrically isolated from the pixel electrodes, and the process place the
connection area in electrical contact with the contact pad. The connection area
may be formed by an aperture extending through the electro-optic medium and the
adhesive layer and a deformable electrically-conductive material be placed on the
contact pad prior to contacting the adhesive layer with the backplane, so that
during the contacting of the adhesive layer with the backplane, the deformable

electrically-conductive material enters the aperture and forms a conductive via
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electrically connecting the contact pad to the electrically conductive layer.
Alternatively, the connection area may be provided with a conductive via
extending from the electrically conductive layer through the electro-optic medium
and the adhesive layer, and the process place the conductive via in electrical
contact with the contact pad.

The process may include providing a protective and/or barrier layer
on the opposed side of the electrically-conductive layer from the electro-optic
medium. For this purpose, the front plane laminate may include an auxiliary
adhesive layer on the opposed side of the electrically-conductive layer from the
electro-optic medium, and the process adhere the protective and/or barrier layer to
the auxiliary adhesive layer. The front plane laminate may have an auxiliary
release sheet covering the auxiliary adhesive layer, and the process include a step
of removing the auxiliary release sheet from the auxiliary adhesive layer before the
auxiliary adhesive layer is adhered to the protective and/or barrier layer.

In this process, the release sheet may be provided with a second
electrically-conductive layer, and the process include applying between the light-
transmissive electrically-conductive layer and the second electrically-conductive
Jayer a voltage sufficient to change the optical state of the electro-optic medium.

Although this process may use an electro-optic medium of any of
the aforementioned types, such as a rotating bichromal member medium or an
electrochromic medium, desirably the electro-optic medium is an electrophoretic
medium, preferably an encapsulated electrophoretic medium.

In another aspect, this invention provides a process for forming an
electro-optic display. This process comprises:

providing a front assembly comprising, in order, a light-
transmissive electrically-conductive layer; a layer of a solid electro-optic medium
in electrical contact with the electrically-conductive layer; and an adhesive layer;

removing the electro-optic medium and the adhesive layer from a
portion of the front assembly, thereby providing a connection area wherein the
electrically-conductive layer is exposed free from the electro-optic medium and the

adhesive layer;
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forming a conductive via on the connection area,;

providing a backplane comprising at least one pixel electrode and at
least one contact pad electrically isolated from the at least one pixel electrode; and

laminating the front assembly to the backplane so that the adhesive
layer adheres to the backplane with the electro-optic medium disposed adjacent the
at least one pixel electrode and the conductive via in electrical contact with the at
least one contact pad, so that the electrically-conductive layer is electrically
connected to the at least one contact pad via the conductive via.

In this process, the connection area may be formed by an aperture
extending through the electro-optic medium and the adhesive layer so that the
connection area is surrounded by the electro-optic medium and the adhesive layer.
The front assembly may comprise a release sheet disposed adjacent the adhesive
layer on the opposed side thereof from the layer of electro-optic medium, and this
release sheet be removed from the adhesive layer before the front assembly is
laminated to the backplane. When such a release sheet is present, the step of
removing the electro-optic medium and the adhesive layer from a portion of the
front assembly may also include removing the release sheet from a portion of the
front assembly, so that the connection area is free from the release sheet. The
release sheet may provided with a second electrically-conductive layer, and the
process may include applying between the light-transmissive electrically-
conductive layer and the second electrically-conductive layer a voltage sufficient to
change the optical state of the electro-optic medium.

In this process of the present invention, the conductive via may be
formed from a deformable material, for example a material comprising conductive
particles in a polymeric matrix.

In this process of the invention, the conductive via may be present
in the front assembly prior to the lamination step, or may be formed during the
lamination step. In the latter case, the material which will form the conductive via
may be placed on the backplane prior to the lamination step, so that formation of
the conductive via occurs during the lamination of the front assembly to the

backplane. For reasons explained briefly above and in detail below, the front
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assembly may have a front contact pad of electrically-conductive material
overlying part of the electrically-conductive layer, and the connection area may be
formed so as to expose at least part of the front contact pad.

In this process of the present invention, the front assembly may
have a layer of transparent adhesive on the opposed side of the electrically-
conductive layer from the electro-optic medium, and a second release sheet
disposed adjacent the layer of transparent adhesive, and the process may include
removing the second release sheet from the layer of transparent adhesive and
laminating the layer of transparent adhesive to a protective and/or barrier layer.
Typically, the removal of the second release sheet and the lamination of the layer
of transparent adhesive will be effected after lamination of the front assembly to
the backplane.

In this process of the invention, after lamination of the front
assembly to the backplane, a sealing material may be placed around at least part of
the periphery of the front assembly. When the display is provided with a protective
and/or barrier layer as previously described, this protective and/or barrier layer
may extend beyond the periphery of the electro-optic medium, and the sealing
material be placed around at least part of the periphery of the electro-optic medium
between the protective and/or barrier layer and the backplane.

This invention also provides a further process for forming an
electro-optic display. This further process comprises:

providing a substrate comprising a light-transmissive electrically-
conductive layer;

coating a solid electro-optic medium over part of the substrate,
leaving a connection area of the substrate uncoated;

coating an adhesive layer over the electro-optic medium, leaving the
connection area uncoated, thereby forming a front assembly;

providing a backplane comprising at least one pixel electrode and a
contact pad electrically isolated from the at least one pixel electrode; and

laminating the front assembly to the backplane so that the adhesive

layer adheres to the backplane with the electro-optic medium disposed adjacent the
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at least one pixel electrode and with the electrically-conductive layer in the
connection area in electrical contact with the contact pad.

This process of the present invention may include placing a release
sheet over the adhesive layer, the release sheet being removed from the adhesive
layer before lamination of the front assembly to the backplane. The release sheet
may be provided with a second electrically-conductive layer, and the process may
include applying between the light-transmissive electrically-conductive layer and
the second electrically-conductive layer a voltage sufficient to change the optical
state of the electro-optic medium. The process may include placing a deformable
electrically-conductive material on the contact pad of the backplane before
laminating the front assembly to the backplane, so that the electrically-conductive
layer in the connection area is connected to the contact pad via the deformable
electrically-conductive material.

In this process of the present invention, the front assembly may
have a layer of transparent adhesive on the opposed side of the electrically-
conductive layer from the electro-optic medium, and a release sheet disposed
adjacent the layer of transparent adhesive, and the process may include removing
the release sheet from the layer of transparent adhesive and laminating the layer of
transparent adhesive to a protective and/or barrier layer. Typically, the removal of
the release sheet and the lamination of the layer of transparent adhesive will be
effected after lamination of the front assembly to the backplane.

In this process of the invention, after lamination of the front
assembly to the backplane, a sealing material may be placed around at least part of
the periphery of the front assembly. When the display is provided with a protective
and/or barrier layer as previously described, this protective and/or barrier layer
may extend beyond the periphery of the electro-optic medium, and the sealing
material may placed around at least part of the periphery of the electro-optic
medium between the protective and/or barrier layer and the backplane.

In another aspect, this invention provides a (sealed) electro-optic
display comprising a backplane comprising at least one pixel electrode; a layer of a

solid electro-optic medium disposed adjacent the pixel electrode; a light-
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transmissive electrode disposed on the opposed side of the electro-optic medium
from the backplane; a protective and/or barrier layer disposed on the opposed side
of the light-transmissive electrode from the electro-optic medium; and a sealing
material for preventing ingress of material from the environment into the electro-
optic medium, the sealing material being disposed along at least part of the
periphery of the layer of electro-optic medium and extending from the backplane
of the protective and/or barrier layer.

In such a sealed electro-optic display, the sealing material may have
a lateral thickness, measured parallel to the plane of the backplane, which
decreases from the backplane to the protective and/or barrier layer. Alternatively,
the protective and/or barrier layer may be smaller than the layer of electro-optic
medium, measured parallel to the plane of the backplane, and the sealing material
may extend over a peripheral portion of the layer of electro-optic medium and
contact the periphery of the protective and/or barrier layer. In a further variant of
the sealed electro-optic display of the present invention, the protective and/or
barrier layer may be larger than the layer of electro-optic medium, measured
parallel to the plane of the backplane, and the sealing material extend between the
backplane and the peripheral portion of the protective and/or barrier layer
extending beyond the periphery of the layer of electro-optic medium.

This invention also provides a second (sealed) electro-optic display
comprising a backplane comprising at least one pixel electrode; a layer of a solid
electro-optic medium disposed adjacent the pixel electrode; a light-transmissive
electrode disposed on the opposed side of the electro-optic medium from the
backplane; an electrode support disposed on the opposed side of the light-
transmissive electrode from the electro-optic medium, the light-transmissive
electrode and electrode support being larger than the layer of electro-optic medium,
measured parallel to the plane of the backplane; and a sealing material for
preventing ingress of material from the environment into the electro-optic medium,
the sealing material extending between the backplane and the peripheral portion of
the light-transmissive electrode extending beyond the periphery of the layer of

electro-optic medium.
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Finally, this invention provides two methods for testing a solid
electro-optic medium. The first method comprises:

providing an article of manufacture comprising, in order:

a light-transmissive electrically-conductive layer;

a layer of a solid electro-optic medium in electrical contact with the
electrically-conductive layer;

an adhesive layer; and

a release sheet having a second electrically-conductive layer;

applying a potential difference between the two electrically-
conductive layers, thereby forming an image on the medium; and

observing the image thus formed.

The second testing method of the invention comprises:

providing an article of manufacture comprising, in order:

a light-transmissive electrically-conductive layer;

a layer of a solid electro-optic medium in electrical contact
with the electrically-conductive layer;

an adhesive layer; and

arelease sheet;

placing a electrostatic charge on the release sheet, thereby forming
an image on the medium; and

observing the image thus formed.

Preferred embodiments of the present invention will now be
described, though by way of illustration only, with reference to the accompanying
drawings, in which:

Figure 1 is a schematic cross-section through a front plane laminate
of the present invention showing the manner in which the release sheet is peeled
from the laminate prior to incorporation of the laminate into a display;

Figure 2 is a schematic cross-section, similar to that of Figure 1,
through a second front plane laminate of the present invention undergoing testing;

Figure 3 is a schematic cross-section, similar to that of Figure 1,

showing the front plane laminate of Figure 1 undergoing testing;
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Figure 4 is a schematic side elevation of an apparatus for carrying
out the testing method shown in Figure 3;

Figures 5, 6 and 7 show three views of a practical form of the
apparatus shown schematically in Figure 4;

Figure 8 is a schematic cross-section, similar to that of Figure 1,
through a third front plane laminate of the invention;

Figure 9 is a schematic cross-section, similar to those of Figure 8,
through a fourth front plane laminate of the invention;

Figure 10 is a schematic cross-section showing the front plane
laminate of Figure 9 being used in an intermediate stage of a process to form a first
electro-optic display of the present invention;

Figure 11 is a schematic cross-section showing the final form of the
first electro-optic display of the present invention;

Figures 12 to 17 are schematic cross-sections, similar to that of
Figure 11, showing modified forms of the electro-optic display using differing
sealing arrangements;

Figure 18 is a schematic cross-section through a fifth front plane
laminate of the invention, this front plane laminate being shown undergoing
testing;

Figure 19 is a schematic cross-section showing the front plane
laminate of Figure 18 being laminated to a backplane in a process of the present
invention;

Figure 20 is a schematic cross-section through the final electro-optic
display produced by the process of which an intermediate stage is shown in Figure
19; and

Figures 21 and 22 are schematic plan views of coating processes for
forming front plane laminates of the present invention.

As already mentioned, the present invention provides a an article of
manufacture (hereinafter referred to for convenience as a "front plane laminate" or

"FPL") comprising, in order: a light-transmissive electrically-conductive layer; a
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layer of a solid electro-optic medium in electrical contact with the electrically-
conductive layer; an adhesive layer; and a release sheet.

The light-transmissive electrically-conductive layer of the front
plane laminate serves the dual purpose of forming the front electrode of the display
which is eventually formed from the front plane laminate, and of providing
mechanical integrity to the front plane laminate, thereby permitting the front plane
laminate to be handled in a manner which would or might not be possible with a
structure comprising only the electro-optic medium and the adhesive layers. In
principle, the electrically-conductive layer may be a single layer, provided that this
single layer has the necessary electrical conductivity and mechanical properties;
for example, the electrically-conductive layer could comprise a relatively thick
(about 100-175 um) layer of a conductive polymer. However, it is difficult to find
a material with the necessary combination of electrical and mechanical properties,
and no films suitable for use as such a single electrically-conductive layer appear
to be available commercially. Accordingly, at present the preferred form of
electrically-conductive layer in fact comprises two layers, namely a thin light-
transmissive conductive layer, which provides the necessary electrical
conductivity, and a light-transmissive substrate, which provides the mechanical
integrity. The light-transmissive substrate is preferably flexible, in the sense that
the substrate can be manually wrapped around a drum (say) 10 inches (254 mm) in
diameter without permanent deformation. The term "light-transmissive" is used
herein to mean that the layer thus designated transmits sufficient light to enable an
observer, looking through that layer, to observe the change in display states of the
electro-optic medium, which will be normally be viewed through the electrically-
conductive layer and adjacent substrate (if present). The substrate will be typically
be a polymeric film, and will normally have a thickness in the range of about 1 to
about 25 mil (25 to 634 um), preferably about 2 to about 10 mil (51 to 254 pm).
The electrically-conductive layer is conveniently a thin layer of. for example,
aluminum or indium-tin-oxide (ITO), or may be a conductive polymer.

Polyethylene terephthalate (PET) films coated with aluminum or ITO are available
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commercially, for example as "aluminized Mylar" ("Mylar" is a Registered Trade
Mark) from E.I. du Pont de Nemours & Company, Wilmington Delaware, United
States of America, and such commercial materials may be used with good results
in the present invention, either as the electrically-conductive layer or (with an
appropriate coating) as a release sheet bearing the second electrically-conductive
layer.

In a variant of the present invention, a self-supporting solid electro-
optic medium can be prepared starting with a release sheet. A layer of the electro-
optic medium is formed, by coating, printing or otherwise, on the release sheet, and
thereafter an adhesive layer is formed over the electro-optic medium (i.e., on the
opposed side of the electro-optic medium from the release sheet). The combined
electro-optic medium and adhesive layer can then be used to apply the electro-
optic medium to any desired substrate, which could a three-dimensional object. If
desired, a second layer of adhesive could be applied on the opposed side of the
electro-optic medium from the layer first applied, thereby converting the electro-
optic medium into a double-sided adhesive film which could be laminated, for
example, to a backplane on one side and to an electrode on the other.

In a presently preferred form of this variant of the invention, a
monolayer of capsules of an encapsulated particle-based electrophoretic medium
prepared substantially as described in the aforementioned 2002/0185378 (see also
the corresponding International Application PCT/US02/15337), Example 7 was
deposited on a release sheet, dried, and overcoated with an aqueous urethane
binder (NeoRez R-9320, available from NeoResins, 730 Main Street, Wilmington
Massachusetts 01887, United States of America), which served to planarize the
layer of capsules and form an adhesive layer. After drying the adhesive layer, the
combined capsule layer and adhesive layer could be peeled away from the
substrate as a self-supporting film.

The front plane laminate of the present invention is well adapted for
mass production. For example, a roll of a commercial metallized plastic film may
be converted to the front plane laminate by a roll-to-roll coating process using

conventional commercial coating equipment. The metallized plastic film is first
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coated with a slurry of capsules in binder, as described in the aforementioned
Application Serial No. 10/063,803, and this capsule layer is dried. A layer of
adhesive, for example the aforementioned aqueous urethane resin NeoRez R-9320,
is then coated over the capsule layer and dried. The release sheet is then applied
over the adhesive, and the combined front plane laminate can then be formed into
rolls ready for storage and/or transportation. When it is desired to use the front
plane laminate in the construction of displays, the laminate can be unrolled and cut
into pieces of the size required for individual displays or groups of displays (in
some cases, it may be convenient to laminate multiple displays in a single
operation and then separate individual displays at a later stage) using conventional
commercial apparatus.

The release sheet used in the front plane laminate of the present
invention can be of any known type, provided of course that it does not contain
materials which might adversely affect the properties of the electro-optic medium,
and numerous suitable types of release sheet will be known to those skilled in the
art. Typical release sheets comprise a substrate such as paper or a plastic film
coated with a low surface energy material, for example a silicone.

When the front plane laminate of the present invention is used in a
display, it is of course necessary to make electrical contact with the conductive
layer within the laminate, and this it is usually necessary to provide at least one
area (hereinafter called the "connection area") of the display where the conductive
layer is free from the electro-optic medium; note that the contact area may be
coated with an adhesive to secure the connection area to an appropriate conductor
in the final display, and the adhesive used in the connection area may or may not
be the same adhesive used in the remaining areas of the display where the electro-
optic medium is present. Although the presence of this adhesive does introduce
additional electrical resistance, the currents required by most electro-optic media
are so low that the additional resistance is not a problem, and if necessary
conductive adhesives containing conductive particles or fibers of types well known

in the art can be used to lower the resistance introduced by the adhesive in the
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connection area. Alternatively, as described in more detail below, a deformable
conductive material may be used to secure the connection area to the backplane.

A connection area can be provided in two different ways. Firstly, as
described below with reference to Figures 21 and 22, the formation of the layer of
electro-optic medium can be controlled so as to leave uncoated areas ("gutters")
where no electro-optic medium is present, and portions of these uncoated areas can
later serve as the connection areas. Alternatively, the whole surface of the laminate
can be covered with the electro-optic medium and this medium later removed from
the connection area in any convenient manner, for example by mechanical abrasion
or chemical degradation of the electro-optic medium. In some cases, after removal
of the electro-optic medium from the connection area, the laminate may need
cleaning to remove residue froin the electro-optic medium; for example, if the
electro-optic medium is an encapsulated electrophoretic medium, it is desirable to
remove any internal phase remaining after rupture of the capsules during removal
of the electrophoretic medium from the connection area.

One important advantage of the front plane laminate of the present
invention is the ability to test the quality of the laminate before its incorporation
into a final display. As is well known to those skilled in coating technology, coated
materials of often display imperfections such as voids, streaks, variation in
thickness of coated layers, point delamination and other problems which can
adversely affect the performance of the coated material or even render it unusable.
Encapsulated electro-optic media also suffer from defects due to bursting of the
capsules during coating. Thus, it is usually necessary to inspect a coated product,
either by eye or by a machine vision system, to identify any defects before using it
in a final product. This is especially necessary with electro-optic media intended
for use in active matrix displays, since in practice the cost of the active matrix
backplane of such a display is much greater than the combined cost of the electro-
optic medium and front electrode structure; if a defective coating of electro-optic
medium is laminated to a backplane, both the medium and the backplane must be
scrapped since there is normally no way of removing the medium while preserving

the backplane.
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Unfortunately, the inspection of electro-optic media presents
peculiar difficulties as compared with other coated materials. An electro-optic
medium only undergoes its crucial change in optical state when subjected to an
clectric field, and several types of coating defects (for example, inclusions or
impurities in the adhesive layer or burst capsules) which adversely affect the ability
of the medium to undergo its change in optical state are very difficult to observe
visually. Thus, it is desirable to able to apply an electric field to the medium
during testing. However, in most prior art processes this is not possible. Typically,
in such prior art processes, a backplane and a front electrode structure are formed
separately, a layer of electro-optic medium is provided on one of these components
(usually the front electrode structure) and the backplane and front electrode
structure are laminated together with the electro-optic medium sandwiched
between them. Such a process does not provide any point before the lamination at
which the electro-optic medium can be switched between its optical states, and
thus defects in the electro-optic medium or the adhesive may not be discovered
until after the formation of the final display, with resultant costly scrapping of good
backplanes which happen to be laminated to defective electro-optic medium or
adhesive. (Note that in most cases, it is not possible to test an electro-optic medium
adequately by simply pressing it mechanically against an electrode, since surface
irregularities on the medium or the electrode usually render it impossible to
produce a uniform change in the optical state of the medium, and such a uniform
change in optical state is required for thorough testing of the medium.)

As already indicated the present invention provides methods for
testing the electro-optic medium and other components of the laminate prior to
final attachment of the laminate to a backplane.

A basic front plane laminate of the present invention, and a process
for the testing thereof will now be described with reference to Figures 1 and 2.

Figure 1 is a schematic cross-section through a basic front plane
laminate of the present invention showing the manner in which the release sheet 1s
peeled from the laminate prior to incorporation of the laminate into a display. As

shown in Figure 1, the laminate (generally designated 10) comprises a light
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transmissive substrate 12, which has the form of a transparent plastic film,
conveniently a 7 mil (177 pm) PET sheet. Although not shown in Figure 1, the
substrate 12, the lower surface of which (as illustrated in Figure 1) forms the
viewing surface of the final display, may have one or more additional layers, for
example a protective layer to absorb ultra-violet radiation, barrier layers to prevent
ingress of oxygen or moisture into the final display, and anti-reflection coatings to
improve the optical properties of the final display. The substrate 12 carries a thin
light-transmissive electrically-conductive layer 14, preferably of ITO, which acts
as the front electrode in the final display.

A layer (generally designated 16) of an electro-optic medium is
deposited upon, and in electrical contact with, the conductive layer 14. The
electro-optic medium shown in Figure 1 is an opposite charge dual particle
encapsulated electrophoretic medium of the type described in the aforementioned
2002/0185378, and comprises a plurality of microcapsules, each of which
comprises a capsule wall 18 containing a hydrocarbon-based liquid 20 in which are
suspended negatively charged white particles 22 and positively charged black
particles 24. The microcapsules are retained within a binder 25. Upon application
of an electrical field across the layer 16, the white particles 22 move to the positive
electrode and the black particles 24 move to the negative electrode, so that the
layer 16 appeérs, to an observer viewing the display through the substrate 12, white
or black depending upon whether the layer 14 is positive or negative relative to the
backplane at any point within the final display.

The laminate 10 further comprises a layer 26 of lamination adhesive
coated over the electro-optic medium layer 16 and a release layer 28 covering the
adhesive layer 26. The release layer is conveniently a 7 mil (177 um) PET film,
which may be provided with any appropriate release coating, for example a
silicone coating. As illustrated at the left side of Figure 1, the release layer 28 is
peeled from the adhesive layer 26 before the laminate is laminated, by means of

the adhesive layer 26, to a backplane to form the final display.
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Figure 2 shows a modified front plane laminate (generally
designated 10') which is identical to the laminate 10 shown in Figure 1, except that
a thin second conductive layer 30, preferably of aluminum,’is provided on the
surface of the release layer 28 facing the electrophoretic medium. (The second
conductive layer 30 could alternatively be provided on the surface of the release
layer remote from the electrophoretic medium. However, the arrangement shown
in Figure 2 is generally preferred, since, as described below, the second conductive
layer 30 is used for testing of the electrophoretic medium, and, to produce as large
an electric field as possible across this medium for any given operating voltage, it
is desirable to keep the distance between the two conductive layers as small as
possible.) As already indicated, the release layer 28 and conductive layer 30 can
be formed from an aluminized PET film, and such films are readily available
commercially. Although not shown in Figure 2, in some cases, depending upon the
properties of the electro-optic medium, it may be necessary or desirable to provide
a coating of a low surface energy material, such as a silicone, over the second
conductive layer 30 to prevent this layer sticking to the electro-optic medium.
Although this low energy material introduces an additional electrical resistance
into the system, the resistance of most electro-optic media is sufficiently high that
the presence of the additional resistance is not a problem. If necessary, the driving
voltage used during testing (see below) may be adjusted to allow for the additional
resistance.

Figure 2 shows the laminate 10' being tested, with the conductive
layer 14 grounded and a drive voltage V, sufficient to cause a change in the optical
state of the electro-optic medium and preferably equal to the drive voltage used in
the final display, applied to the second conductive layer 30. Contact with the
second conductive layer 30 may be achieved by peeling a small area of the release
layer 28 away from the adhesive layer 26; contact with the conductive layer 14
may be achieved by similar peeling and either removing the electro-optic medium
from a small area of the laminate or by piercing this medium with, for example,
crocodile clips. Advantageously, an alternating, preferably square wave, voltage is

applied to the second conductive layer 30, so that the entire sheet of laminate 10’
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flashes black and white. The human eye is very sensitive to even small areas
which do not flash in this situation, so that even small defects are readily
observable. Furthermore, since the testing method can readily be applied to large
sheets of the laminate, in many cases small defects can be marked and subsequent
cutting of the large sheet into portions needed for individual displays can be
adjusted, thus enabling the maximum number of individual displays to be obtained
from a sheet with some defects.

The testing method shown in Figure 2 allows inspection to be
achieved with precise application of a low voltage corresponding to the drive
voltage used in the actual display, thus essentially guaranteeing that the properties
of the laminate.displayed during testing will correspond to those achieved in the
final display. For example, an area of the electro-optic medium which does
undergo a change of optical state, but more slowly than required by the design
specification, can readily be detected by this method. The method does not require
high voltage sources, which can be hazardous in certain environments, leaves
essentially no residual electrostatic charges on the laminate, and is well adapted for
automated inspection.

A preferred embodiment of a second testing method of the
invention is illustrated schematically in Figure 3, which shows the second testing
method being applied to the laminate 10 shown in Figure 1. As shown in Figure 3,
the conductive layer 14 is grounded in the same way as in Figure 2. An
electrostatic head 32 is disposed near the release layer 28, thereby distributing
electrostatic charge on the exposed surface of the release layer 28; although
positive charges are shown in Figure 3, negative charges could of course be used
and indeed, for reasons similar to those already discussed, it is advantageous to
apply charges of opposite polarities in successive steps of the testing process. The
electrostatic charge placed on the release layer 28 causes the optical state of the
laminate 10 to change.

Figure 4 is a more detailed, though still schematic, side elevation of
a preferred apparatus (generally designated 40) for carrying out the testing method

of Figure 3. This apparatus 40 includes a "transparent electrostatic chuck"
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(generally designated 42) which is used to hold the laminate 10 in position for
testing. (An electrostatic chuck is preferred over mechanical clips because an
electrostatic chuck ensures that the laminate is absolutely flat against the glass
support, thus eliminating reflective artifacts in the image seen.) The chuck 42
comprises a flat glass plate 44 to which is bonded with optical cement a plastic
film 46 (conveniently of PET), the exposed surface of which carries an ITO layer
48. A solenoid-actuated pogo pin 50 mounted on the chuck 42 contacts the
conductive layer 14 (see Figure 1) of the laminate 10, and a voltage is applied
between the conductive layers 14 and 48 to produce between these layers an
electrostatic attraction which holds the laminate 10 firmly in position on the chuck
42 during testing.

A line scan camera 52 is mounted below the chuck 42 so that it can
scan the laminate 10 through the chuck. An ionographic print head 54 is mounted
above the chuck 42 to apply electrostatic charge to the release layer 28 (Figure 1)
of the laminate 10 in the manner illustrated in Figure 3. Suitable ionographic print
heads, of the type described in U.S. Patent No. 4,160,257, are available
commercially; one experimental apparatus used a head recycled from a Xerox
Docuprint 1300 Electron Beam printer, sold commercially by Xerox Corporation,
Stamford Connecticut, United States of America. The print head 54 is provided
with a spring-loaded slide mechanism 56 (illustrated in a highly schematic manner
in Figure 4) which maintains the print head 54 at a constant distance, typically
about 0.5 mm, from the exposed surface of the release layer 28. The camera 52
and print head 54 are attached to a common linear motion stage (not shown) and
during testing of the laminate 10 move from left to right in Figure 4, the camera 52
being positioned a short distance "downstream" from the print head 54 so that the
linear area scanned by the camera 52 is an area which has recently been imaged by
the print head 54.

The preferred mode of operation of the apparatus shown in Figure 4
is as follows. An operator places the laminate sheet 10 on to the electrostatic
chuck 42. The operator ensures that the sheet is properly aligned using registration

pins or printed registration marks (not shown). After the operator closes a safety
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interlock cover (not shown), the pin 50 makes electrical contact with the
conductive layer 14. The apparatus then activates the chuck 42, thus causing an
electric field between the two conductive layers 14 and 48 and pulling them
together.

The ionographic print head 54 drives the electrophoretic medium to
an optically saturated optical state by projecting a beam of ions onto the release
layer 28. The ions cause the formation of an equal and opposite image charge on
the conductive layer 14, and the resultant electric field changes the color on the
viewing surface (the lower surface in Figure 4) of the laminate 10. Over time, the
energy stored in the electric field across the electrophoretic medium dissipates by
electrical conduction.

The line scan camera 52 images the laminate 10 through the
electrostatic chuck 42. The apparatus is designed to provide precise, even
illumination to the laminate being imaged by the camera. A controller (not shown)
controls the various components of the machine (camera, stage, light, etc.) and
processes images from the camera 52 to decide if the laminate sheet being
measured is within manufacturing specifications. Since it is necessary to detect
areas which fail to change optical state in either direction (i.e., white areas that fail
to turn black or black areas that fail to turn white), at least two scans of the
laminate 10 are required for full testing, with the polarity of the print head 54 being
reversed between scans. The controller may use a simple thresholding algorithm to
determine location of defects: pixels of the image that fall outside of an upper
and/or lower reflectivity bound for each optical state tested are considered defects.
The computer may then perform more sophisticated processing on the resultant
pixel defect data to determine whether the laminate meets specifications. For
example, a group of contiguous defect pixels might be called a single defect. The
computer could count the number of pixel defects per area, location of each defect,
average defect area, and any number of other computed parameters.

The apparatus can then indicate if the sheet is accepted or rejected.

If the sheet is rejected, the apparatus can generate a numerical control program for
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a laser cutter to dice the laminate sheet under test into smaller sheets that meet
specifications. Alternatively, rejected sheets could be discarded.

It should be noted that the voltages which need to be applied to the
print head 54 in such an apparatus are much less than might be thought from a
naive analysis of the resistance of a typical release layer as compared with that of
an electro-optic medium, and, as already indicated, the print head voltage required
in practice is well within the capability of commercial ionographic print heads.
For example, in one experiment the apparatus illustrated in Figure 4 was used to
test encapsulated electrophoretic media which, in the final displays, were to be
switched between their black and white states using 15V driving pulses having
durations of 150 to 500 msec. In the laminates, the release layer used was a PET
film having a resistance of 10" ohm cm?®. Considering only the resistance of the
electrophoretic medium (about 10% ohm cm?) versus the resistance of the release
layer one might conclude that driving the ink through the release layer would
require over 1 million volts. However, the capacitance of the layers was about the
same (28 pF/cm? for the electrophoretic medium and SOpF/cm2 for the release
layer) so in practice, pulses of less than 1000 V across the electrophoretic medium
and release layer combined caused resistance-capacitance spikes across the
electrophoretic medium that carried sufficient energy for full transitions between
the optical states thereof.

In experiments using an electrophoretic medium as discussed above
with a 0.05 mm (2 pm) release layer and the aforementioned Xerox print head, full
transitions between black and white states were successfully demonstrated at a
tracking speed of 10 mm/sec. using a driver electrode voltage of 1900 VPP, a
driver electrode frequency of 50 KHz, a driver pulse width of 30 Hz, and spacing
of 0.5 mm between the print head and the release layer. To drive the medium to its
white optical state, the control electrode voltage was setto 0V, the screen electrode
voltage to 180 V and the accelerating voltage to + 1000 V. To drive the medium to

its black optical state, the control electrode voltage was set to 200 V, the screen
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electrode voltage to 20 V and the accelerating voltage to -1000 V. All voltages
given are with respect to a common ground.

Figures 5, 6 and 7 are photographs showing the actual apparatus
used in these experiments. Figure 5 shows the overall test set up, Figure 6 shows
the print head switching the electrophoretic medium from white to black, and
Figure 7 shows the ionographic print head and its associated control board.

This test method of the present invention has been shown to achieve
full optical state transitions and provides a non-contact testing methods which
carries no risk of bursting capsules in encapsulated electro-optic media and can
achieve a high testing speed.

Figure 8 shows a laminate (generally designated 200) which closely
resembles the laminate 10 shown in Figure 1, but which is provided with a
connection area having the form of an aperture 202 extending through the release
sheet 28, the adhesive layer 26 and the electro-optic medium layer 16, thus
exposing an area of the conductive layer 14 lying at the base of the aperture 202.
The aperture 202 may be formed by any conventional technique, including for
example depth routing techniques. The formation of the aperture 202 may be
performed in two stages, the first of which removes the release sheet 28 and the
second of which removes the adhesive layer 26 and the electro-optic medium layer
16. The first stage of the process may be carried out by physically cutting the
release sheet 28 using a mechanical cutter provided with a depth control to limit
the depth of cut. The severed portion of the release sheet 28 can then be removed,
for example by suction from a vacuum device. Alternatively, the release layer
could be removed by laser ablation or by dry etching, especially reactive ion
etching, which can be performed in a highly controllable and repeatable manner.
Etching may also be used to remove the adhesive layer 26 and the electro-optic
medium layer 16, preferably using an etching technique for which the conductive
layer 14 acts as an etch stop. However, the presently preferred technique for
removing the adhesive layer 26 and the electro-optic medium layer 16 is wet
mechanical rubbing; this technique may also be used to remove the release sheet

28. Such mechanical rubbing is preferably effected using a non-woven and non-
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shredding tape, such as polyester rayon, and removes the material by a shearing
type action.

The use of high energy material removal techniques, such as laser
ablation, is not recommended for removal of the layers 26 and 16 since in practice
such high energy techniques tend to damage the conductive layer 14. As already
mentioned, the substrate 12 and conductive layer 14 are conveniently formed from
an ITO-coated PET film, and such films are available commercially. However, in
such commercial films, the thickness of the ITO is only of the order of 100 nm (0.1
um) and hence the ITO is relatively easily damaged by high energy removal
techniques.

To reduce the risk of damage to the conductive layer 14, it may be
advantageous to increase the thickness of the layer 14 in the area where the
aperture 202 is to be formed; obviously, it is not practical to increase the thickness
of the whole conductive layer 14, since this layer lies between an observer and the
electro-optic medium layer 16 when a display is in use, and increasing the
thickness of the whole layer 14 would adversely affect the optical properties of the
display. However, the aperture 202 will typically be formed in a peripheral area of
the display, normally an area which is not visible in use, for example by being
hidden under the bezel of the display, and hence the thickness of the layer 14 can
be increased in such an area without affecting the optical performance of the
display. The thickness of the conductive layer 14 in the area which will eventually
be exposed by aperture 202 may be effected by printing a conductive ink, for
example a silver or graphite ink, over the ITO layer; note that in practice the
conductive ink is printed over the relevant area of the PET/ITO film (or similar
film used to form the substrate 12 and conductive layer 14) before the electro-optic
medium layer 16 is coated or otherwise deposited over the conductive layer 14.

Forming an aperture through some electro-optic media may cause
the formation of significant amounts of debris. For example, in Figure 8, a "blank"
area from which microcapsules are missing is shown to the left of aperture 202,

and this blank area indicates that one microcapsule has disappeared the layer 16 as
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a result of the formation of aperture 202. (The size of the microcapsules in Figure 8
is of course greatly exaggerated relative to the size of the aperture; in practice, a
typical aperture would have a diameter of the order of about 10 microcapsules.)
The "missing” microcapsule was punctured during the formation of aperture 202
and hence formed debris in the aperture. This debris should be removed before the
front plane laminate is used in a display, since it may interfere with the necessary
electrical contact between the conductive layer 14 and the backplane of the display.
Some methods for formation of the aperture 202, for example wet mechanical
rubbing, may themselves serve as efficient removers of debris from the electro-
optic medium, but if the method used to form to aperture 202 does not itself
remove debris, any known debris removal technique, for example plasma etching
or washing the aperture with a stream of a liquid or gas, may be used to remove the
debris, provided of course that the debris removal technique used does not cause
damage to the electro-optic medium which would result in unacceptable adverse
effects on the optical performance of the final display.

The aperture 202 is, in the final display, filled with a conductive
material and thus forms a conductive path between the front electrode (the
conductive layer 14) and the backplane of the display. (Although only one aperture
202 is shown in Figure 8, in practice it may be advantageous to provide more than
one aperture within a portion of the front plane laminate 10 used to form a single
display, thus providing multiple conductive paths between the front electrode and
the backplane of the display and permitting the display to function correctly even if
one conductive path fails to function correctly due to, for example, cracking of a
material forming the conductive path.) However, the filling of the aperture 202
with the conductive material may be effected before, or essentially simultaneously
with, the lamination of the front plane laminate to the backplane.

Figure 9 illustrates a front plane laminate (generally designated 210)
in which the filling of the aperture 202 has effected before lamination. In Figure 9,
the aperture 202 shown in Figure 8 has been filled with a conductive material to
form a conductive via 204 extending from the conductive layer 14 to the exposed

surface of the release sheet 28. The via 204 may be formed from any conductive
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material, though the use of a deformable conductive material, for example a
material comprising conductive particles in a polymeric matrix, is convenient.
Conductive materials of this type include silver ink, silver-filled epoxy resin,
metal-containing silicones and other materials. Alternatively, the via 204 could be
formed from a conductive tape. The conductive material may be inserted into the
aperture 202 in any convenient manner, for example by printing an ink on to the
front plane laminate or by injecting the conductive material through a needle into
the aperture 202. It should be noted that the use of a process such as printing,
which may leave excess conductive material on the surface of the release sheet 28,
is not objectionable since the excess conductive material will be removed with the
release sheet 28 prior to lamination of the front plane laminate to the backplane. If
the conductive material is of a type which requires curing, partial curing of the
conductive material may be effected after insertion of the conductive material into
the aperture 202, but final curing of the conductive material is desirably postponed
until after lamination of the front plane laminate to the backplane in order that the
conductive material may remain somewhat deformable during this lamination and
thus make better electrical contact with the backplane. One advantage of using
silver-filled epoxy resin to form the conductive via 204 is that that material does
not require a residence time for curing prior to lamination; a lamination conducted
within a preferred elevated temperature range, as described below, effects curing of
the silver-filled epoxy resin during the lamination itself.

The front plane laminate structures shown in Figures 8 and 9 will
typically be formed while the front plane laminate is still in bulk, web form. Next,
the front plane laminate will typically be cut into pieces of the size needed to form
individual displays. This cutting may be effected using a laser cutter or a cutting
die. Tt is one of the important advantages of the invention that the front plane
laminate can be prepared in the form of a web, which can then be cut into a variety
of different size pieces for use with differing displays; thus, the manufacturer of the
front plane laminate does not need to keep a large inventory of different sized
pieces, but can prepare the front plane laminate as a web and cut this web into

pieces of varying sizes as orders are received. Again, it should be noted that cutting
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of some types of electro-optic media may result in the formation of debris, for
example from ruptured capsules of an encapsulated electrophoretic medium, and
appropriate cleaning may be required after cutting in order to remove such debris.

The present invention allows flexibility in the order of performing
the various steps in the preparation of the front plane laminate. For example,
instead of removing the release sheet, adhesive layer and electro-optic medium
from parts of a web of front plane laminate (and optionally inserting a conductive
material), and then severing the web to form individual pieces of the laminate, the
web could be severed first and removal of the various layers effected on the
individual pieces of laminate. In this case, it may be desirable to provide a jig or
die to hold the pieces of laminate in order to ensure that removal of the release
layer, adhesive layer and electro-optic medium is effected from accurately defined
areas of the pieces of laminate. Other variations in the order of process steps are of
course possible; for example in producing the laminate of Figure 9, formation of
the apertures 202 (Figure 8) could be effected on a web of laminate, which is
thereafter severed to produce individual pieces, and insertion of the conductive
material to form the conductive vias could be effected after severing, possibly
immediately before lamination of the laminate pieces to backplanes.

The front plane laminates shown in Figures 8 and 9 are desirably
tested by one of the methods previously described before being integrated into
displays as described below with reference to Figures 10 to 17.

The next major step in the process for forming an electro-optic
display is laminating the front plane laminate to a backplane. However, before the
front plane laminates shown in Figures 8 and 9 are laminated to a backplane, the
release sheet 28 must be removed. This removal may be effected by applying an
adhesive tape to the exposed surface of the release sheet and peeling the release
sheet from the adhesive layer using the adhesive tape. Alternatively, in some case
the release sheet may be arranged to extend beyond the edge of the adhesive layer
26 and the electro-optic medium layer 16 (for example by using a release sheet
web which is wider than the applied adhesive layer 26), leaving one or more "tabs"

of release sheet which can be grasped manually and pulled to remove the release
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sheet. Removing the release sheet 28 exposes the adhesive layer 26 ready for the
lamination process.

Figure 10 illustrates schematically the front plane laminate 210
shown in Figure 9 being laminated to a backplane 406 provided with pixel
electrodes 408 and a contact pad 410. Figure 10 shows a protective layer 412 being
laminated over the substrate 12 of the front plane laminate 10 simultaneously with
the lamination of the front plane laminate to the backplane 406. Although
provision of such a protective layer is desirable for reasons discussed below, the
protective layer need not be attached in the same lamination as that used to
laminate the front plane laminate to the backplane, and typically the protective
layer will be applied in a second lamination after the front plane laminate has been
laminated to the backplane. Alternatively, the protective layer 412 could be applied
to the substrate 12 before the electro-optic medium 16 is applied to the substrate. It
should be noted that the front plane laminate is inverted in Figure 10 relative to the
position in which it is illustrated in Figure 9.

Figure 10 shows the lamination being effected using a roller 414
and a moveable heated stage 416 which, during the lamination process, is moved in
the direction of arrow A. The backplane 406 is placed on the stage 416, and a cut
piece of front plane laminate 210 is placed over the backplane 406, the front plane
laminate 210 and the backplane 406 preferably being aligned using pre-positioned
alignment reference markers, e.g., edge references, to control alignment in both
directions parallel to the plane of stage 416 to achieve precision alignment of the
two components prior to lamination. Protective layer 412 may then be placed over
front plane laminate 210.

Once aligned, protective layer 412, front plane laminate 210 and
backplane 406 are laminated together by advancing stage 416 in the direction of
arrow A under roller 414, while the stack of material on stage 416 is held at a
specific elevated temperature, desirably in the range of 50-150°C, and preferably in
the range of 80-110°C for hot melt adhesives such as ethylene vinyl acetate. Roller
414 may be heated or un-heated, and applies a pressure desirably in the range of
0.2 to 0.5 MPa and preferably in the range of 0.35 to 0.5 MPa. The lamination
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adhesive layer is preferably temperature- and pressure-activated, so that the heat
and pressure of the lamination laminate front plane laminate 210 and backplane
406 together as the stack passes under roller 414, thus forming an electro-optic
display. It will be seen from Figure 10 that the lamination is arranged to that the
conductive via 204 contacts the contact pad 410, while the electro-optic medium
becomes disposed adjacent the pixel electrodes 408; it is of course necessary that
the contact pad 410 be electrically isolated from the pixel electrodes 408 in order
that the potentials applied to the common front electrode formed by the conductive
layer of the front plane laminate and the pixel electrodes can be varied
independently to generate electric fields across the electro-optic medium sufficient
to change the optical state thereof.

The lamination process can be varied in numerous ways. For
example, the stage 416 could remain stationary and the roller 414 move. Both the
roller 414 and the stage 416 could be unheated, and the lamination adhesive
pressure-activated by the pressure applied by the roller 414. If the lamination is to
be conducted using the front plane laminate of Figure 8 rather than that of Figure
9, a deformable conductive material, for example a silver-filled epoxy resin, may
be printed or otherwise deposited over the contact pad 410 so that during the
lamination this deformable conductive material is forced into the aperture 202
(Figure 8) thus forming a conductive via during the lamination process. The
lamination could of course also be carried out using two rollers (heated or un-
heated) rather than one roller and a stage.

More fundamental variations of the lamination process are also
possible. The lamination process shown in Figure 10 is a "piece-to-piece" process,
in which individual cut pieces of front plane laminate are laminated to individual
backplanes. However, the lamination process could also be effected in a roll-to-roll
mode, with a web of front plane laminate being laminated to a web comprising
multiple backplanes formed on a flexible substrate; such a web might make use of
transistors formed from polymeric semiconductors, as described in certain of the
aforementioned E Ink and MIT patents and published applications. Such a roll-to-
roll lamination may be effected by passing the two webs through a nip between a
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pair of rollers, which may be heated or unheated, depending upon the type of
adhesive used. It will be apparent to those skilled in conducting roll-to-roll
processes that in such a roll-to-roll lamination removal of the release sheet from
the front plane laminate could be conducted "in-line" by providing a take-up roller
which applies tension to separate the release sheet from the front plane laminate,
and on which the separated release sheet is wound. Such a roll-to-roll lamination
process is also well-adapted for simultaneous lamination of a protective layer.
Following the roll-to-roll lamination process, the combined "display" web will of
course be cut to produce individual displays.

The lamination could also be effected in what may be termed a
"web-to-piece” mode, with a continuous web of front plane laminate, stripped of its
release sheet, being laminated to a plurality of backplanes arranged in an
appropriate holder, with the web of front plane laminate later being cut to produce
individual displays.

Care should be exercised in choosing the environmental conditions,
such as relative humidity and temperature, under which the front plane
laminate/backplane lamination is affected, since such conditions have been shown,
at least in the case of encapsulated electrophoretic displays, to affect the optical
performance of the display produced by the lamination. For such electrophoretic
displays, it is recommended that the lamination be effected at 20 to 60 percent
relative humidity, optimally at 40 per cent relative humidity. Also, for such
electrophoretic displays, preferably, the lamination process is carried out at about
room temperature, €.g., in the range of 15 to 25° C. In addition to relative humidity
and temperature, other environmental parameters are desirably controlled. The
lamination process is desirably carried out in a clean room environment with a low
particle count to improve manufacturing yields. The environment should also be
electrostatic-free. Electrostatic discharge (ESD), which may occur due to the high
generation of static when the release sheet is removed from the front plane
laminate, may damage the backplane. To reduce the risk of ESD, an ion cannon or
gun may be used to spray electrically neutralizing ionized particles on to the front

plane laminate both while the front plane laminate is covered with the release sheet
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and after the release sheet has been removed and the front plane laminate is placed
on the lamination stage or is being laminated in a roll-to-roll process. The ionized
particles serve to discharge or electrically neutralize the front plane laminate. In
addition, the lamination environment should be properly grounded, including
grounding the operators, flooring, etc., to further reduce the risk of ESD.

It will be seen from Figure 10 that after the lamination, even if a
protective film has been applied, at least the edge of the electro-optic medium is
exposed to the environment, and, as previously noted, many electro-optic media
are susceptible to environmental factors, such as moisture, oxygen, and
particulates. Accordingly, according to the present invention, the display may be
sealed to prevent adverse effects on the electro-optic medium caused by such
environmental factors, thus increasing the operating life of the display. Examples
of useful seals are illustrated in Figures 11 to 17.

Figure 11 shows a "fillet" edge seal 520. (The pixel electrodes are
omitted from Figures 11 to 17 for simplicity.) In this type of seal, both the substrate
12 and the protective layer 412 are of the same size as the electro-optic medium
layer (measured parallel to the plane of the backplane 406) and the seal 520 is of
substantially triangular cross-section, having a lateral thickness, measured parallel
to the plane of the backplane 406, which decreases from the backplane 406 to the
protective layer 412. The seal 520 extends from the surface of backplane 406 up to,
but not past, protective layer 412, as shown in Figure 11.

The seal 520, and the other seals shown in Figures 12 to 17, may be
formed by dispensing an appropriate sealing material around the periphery of the
electro-optic medium using standard dispensing machinery for manufacturing. For
example, a conventional robotic needle dispenser may be used to dispense a seal
520 having a thickness of 0.3 to 0.6 mm and a width of 0.8 to 1.5 mm.
Alternatively, the sealing material may be printed using standard printing
processes, such as silk screening, stenciling, transfer, etc., on either front plane
laminate 10 or backplane 406 before lamination.

The fillet seal 520 shown in Figure 11 has advantages from a

display processing and manufacturing standpoint, as it is easily integrated into the
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other steps used for manufacturing the display. The other edge seal geometries
shown in Figures 12 to 17 require protective layer 412 (and in some cases, also the
substrate 12) to be a different size from the layer of electro-optic medium, and such
a size difference may require additional processing and/or manufacturing steps,
which may complicate the overall display manufacturing process.

Figure 12 illustrates an "overlap" seal 522. In this type of seal, the
protective layer 412 is smaller than the layer of electro-optic medium (measured
parallel to the plane of the backplane 406) and the sealing material extends over a
peripheral portion of the layer of electro-optic medium and contacts the periphery
of the protective layer 412. The seal 522 extends from the backplane 406 up to, but
not past, protective layer 412, as shown in Figure 12.

Figure 13 illustrates an "underfill" seal 524. In this type of seal, the
protective layer 412 is larger than the layer of electro-optic medium (measured
parallel to the plane of the backplane 406) and the sealing material extends
between the backplane 406 and the peripheral portion of the protective layer 412
extending beyond the periphery of the electro-optic medium and the substrate 12.

Figure 14 illustrates a "true underfill" seal 526. In this type of seal,
the protective layer 412, the substrate 12 and (optionally) the conductive layer 14
are all larger than the layer of electro-optic medium (measured parallel to the plane
of the backplane 406), desirably by a distance of about 0.5 to 1.5 mm. The
necessary "overhang" of protective layer 412, substrate 12 and conductive layer 14
may be provided by removing a peripheral portion of the layer of electro-optic
medium from around the periphery of the display prior to the lamination of the
front plane laminate 10 or 210 to the backplane 406. Also prior to this lamination,
sealing material is dispensed around the periphery of the display, so that when the
backplane 406 and front plane laminate 10 are laminated together, the edge seal
526 is formed. Alternatively, the sealing material may be applied after lamination
by using capillary forces or direct pressure to fill the sealant into the small cavity
around the electro-optic medium.

The underfill seals of Figures 13 and 14 are advantageous in that

they only allow for diffusion of environmental factors in one dimension (left to
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right in Figures 13 and 14) through a substantial thickness of the sealing material
before the environmental factors can reach the electro-optic medium 16. The
protective sheet tends to be less susceptible to diffusion of environmental factors
therethrough than the sealing material, and hence it is desirable to use an underfill
seal which ensures that such environmental factors must diffuse in one dimension
through a substantial thickness of the sealing material before they can reach and
affect the electro-optic medium, as opposed to a type of seal which allows these
factors to migrate in two dimensions into the electro-optic medium.

Figure 15 illustrates a "non-contact overlap" seal 550. This type of
seal closely resembles the overlap seal 522 shown in Figure 12, but the sealing
material does not extend to the edge of the protective film 412, leaving a gap
between the sealing material and the protective film. Desirably, as shown in Figure
15, a flexible sealant 522 is inserted into the gap to improve the sealing of the
electro-optic medium 16. It has been found empirically that, in the overlap seal
522 of Figure 12, there is a tendency for the sealing material to break away from
the edge of the protective film, because of, for example, differences between the
coefficients of thermal expansion of the various materials used in the display, and
the differing degrees to which layers at differing distances from the backplane are
constrained against lateral movement relative to the backplane. Formation of a
break between the adjacent surfaces of the sealing material and protective film
adversely affects the sealing of the electro-optic medium and hence the operating
lifetime of the display. The non-contact overlap seal 5500 allows for some relative
movement between the sealing material and the protective film without adverse
effects on the sealing of the electro-optic medium.

Figure 16 illustrates an "underfill dam" seal 560. This type of seal
closely resembles the true underfill seal 526 shown in Figure 14. However, in the
underfill dam seal 560, both the electro-optic layer and the conductive layer
terminate short of the edge of the substrate 12, thus leaving a peripheral portion of
this substrate 12 exposed. Also, the underfill dam seal 560 includes a protective
dam 562. The dam 562 is formed from a curable material, for example an epoxy

resin, which is dispensed on to either the backplane 406 or the front plane
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laminate, and cured before the backplane and the front plane laminate are
laminated together, the dam 562 being positioned so that extends between the
backplane 406 and the aforementioned exposed peripheral portion of the substrate
12.

Figure 17 illustrates an "channel" seal 570. This type of seal closely
resembles the underfill dam seal 560 shown in Figure 16, but uses two spaced
beads 572 and 574 which are dispensed and cured prior to lamination of the
backplane and front plane laminate to define a channel between the two beads.
This channel is then filled with the sealing material, but before the lamination step.

In the seals shown in Figures 16 and 17, spacer beads may be
introduced between the backplane and the front plane laminate to prevent extrusion
(i.e., squeezing out) of the sealing material during the lamination step.

In some cases, it may be advantageous to apply an adhesion
promoter to either the front plane laminate and/or the backplane prior to
application of the sealing material to achieve improved adhesion of the sealing
material to the backplane and front plane laminate.

If an edge seal alone does not provide sufficient protection against
environmental factors, a barrier tape could also be applied. Such a barrier tape
would preferably run around the perimeter of front plane laminate 10 to
supplement the barrier properties of the edge seal 510. The barrier tape could be a
die cut piece of adhesive backed polychlorotrifluoroethylene (sold commercially
by Honeywell International, Inc. under the Registered Trade Mark Aclar),
metallized PET, aluminum, or stainless steel. Similarly, an additional barrier film
may be applied to the protective film to further enhance protection of the display
against environmental factors. Similarly, an additional barrier film may be applied
over the protective film 412 to further enhance the environmental integrity of the
display.

Figure 18 shows a further front plane laminate (generally designated
600) of the present invention being tested by a method similar to that of Figure 2.
The front plane laminate 600 comprises a release sheet 28 provided with a

conductive layer 30, an adhesive layer 26, an electro-optic medium layer 16, a
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conductive layer 14 and a substrate 12, all of which are essentially identical to the
corresponding parts of the front plane laminate 10' shown in Figure 2. However,
the front plane laminate 600 further comprises an auxiliary adhesive layer 702 on
the opposed surface of the substrate 12 from the conductive layer 14, this auxiliary
adhesive layer 702 being formed from a transparent adhesive, and an auxiliary
release sheet 704 on the opposed side of adhesive layer 702 from the substrate 12.
The front plane laminate 600 also comprises a contact pad 706, formed from silver
ink, on a peripheral portion of conductive layer 14. An aperture 708 is formed
through release sheet 28 adjacent contact pad 706 and the portions of electro-optic
medium layer 16 and adhesive layer 26 overlying contact pad 706 are removed, so
that contact pad 706 is accessible from the exposed surface of release sheet 28 via
aperture 708.

Figure 18 shows the front plane laminate 600 being tested using
essentially the same process as used in Figure 2. It will be seen from Figure 18
that a peripheral portion 28' of release sheet extends beyond substrate 12, thus
leaving an area 30" of conductive layer 30 exposed. An electrical conductor 710
connects the area 30' to a voltage source 712, which is also connected to a second
electrical conductor 714. Conductor 714 passes through aperture 708 and contacts
contact pad 706, thus enabling the voltage source 712 to apply a voltage between
conductive layers 14 and 30 and change the optical state of the electro-optic
medium layer 16.

The front plane laminate 600 may be manufactured by first applying
the auxiliary adhesive layer 702 and the auxiliary release sheet 704 to the substrate
12 already provided with conductive layer 14; as previously mentioned,
conveniently substrate 12 and conductive layer 14 are constituted by a
commercially available PET/ITO or similar composite film. The contact pad 706
is then printed on the exposed surface of the conductive layer 14. Next, the
conductive layer 14, including the area occupied by contact 706 is coated with the
electro-optic medium, followed by the adhesive layer 26, which is in turn covered
by the release sheet 28 provided with the conductive layer 30. Finally, the aperture
708 is formed through the release sheet 28 and the adhesive layer 26 and the
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electro-optic medium layer 16 cleaned from the contact pad 706 in any of the ways
already described above with reference to Figure 2. The front plane laminate 600
is now ready for testing as illustrated in Figure 18.

Figure 19 illustrates to front plane laminate 600 of Figure 18
Jaminated to a backplane 406 provided with pixel electrodes 408 and a contact pad
410, all of which are essentially identical to the corresponding parts of the
backplane shown in Figure 10. A conductor 720 formed from an electrically-
conductive adhesive establishes electrical contact between the contact pad 706 of
the front plane laminate 600 and the contact pad 410 of the backplane 406; this
contact pad 410 is of course electrically isolated from the pixel electrodes 408. To
produce the structure shown in Figure 19, the electrically-conductive adhesive may
be printed on to the contact pad 410, the release sheet 28 removed from the front
plane laminate 600, and the backplane and front plane laminate laminated together
using any of the techniques previously described.

Figure 20 shows one form of display (generally designated 800)
which can be prepared from the laminated structure shown in Figure 19. To
manufacture the display 800, the auxiliary release sheet 704 is removed from the
auxiliary adhesive layer, and the front plane laminate/backplane structure (the
contact pad 410 and the pixel electrodes 408 are omitted from Figure 20 for ease of
illustration) is then laminated to a barrier film 802, which is larger (parallel to the
plane of the backplane 406) than the front plane laminate 600. A further protective
film 802, preferably a PET film having a thickness of about 200 um, and provided
with a laminating adhesive layer, formed of a transparent adhesive, is then
laminated to the exposed surface of the protective film 802. Next, a sealing
material 808 is injected into the gap between the backplane 406 and the barrier
film 802, thereby forming a type of underfill seal which is similar in principle to
the seal 524 shown in Figure 13, except that the sealing material 808 extends from
the backplane 406 to the barrier film 802, rather than to the protective film 412.

Although not shown in the drawings, the backplane 406 is provided
with circuitry which connects the pixel electrodes 408 and the contact pad 410
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(Figure 19) to a peripheral portion of the backplane, to which is attached a tape
connect package 810 provided with a driver integrated circuit 812 (which controls
the operation of the display); the tape connect package 810 is connected to a
printed circuit board 814.

The specific displays described above with reference to Figures 2 to
20 use a front plane laminate having at least one aperture formed through the
release layer, adhesive layer and layer of electro-optic medium, so that this
aperture is completely surrounded by these layers. However, the use of such
apertures is not essential. The release layer, adhesive layer and layer of electro-
optic medium could be removed from an area which adjoins the periphery of the
front plane laminate, so that the "aperture" has the form of a recess in the edge of
the release layer, adhesive layer and layer of electro-optic medium. Alternatively,
the exposed area of the conductive layer of the front plane laminate needed for
electrical contact with the backplane may be provided not by removing the release
layer, adhesive layer and layer of electro-optic medium, but by not coating a
specific area of the conductive layer with these additional layers, as illustrated in
Figures 21 and 22.

Figure 21 illustrates a "lane" coating process in which a continuous
strip 920 of an electro-optic medium is deposited on a web 922, which can form
the substrate of a front plane laminate. Multiple areas of conductive material, only
two of which are shown in Figure 9, are provided on the web 922, each of these
areas having the form of a rectangle 924, which is completely covered by the strip
920 of electro-optic medium, and a tab 926 extending from the rectangle 924
beyond the edge of the strip 920, so that part of the tab 926 is not covered by the
electro-optic medium. Although not shown in Figure 21, the adhesive layer of the
front plane laminate is subsequently coated in the same pattern as the electro-optic
medium, so that in the final web of front plane laminate, part of the tab 926 is free
from both electro-optic medium and adhesive layer, so that there is no need to
remove these two layers from a portion of the conductive layer before lamination

of the front plane laminate to a backplane.
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The exposed tab 926 of conductive material could be directly
laminated to a suitable contact pad on the backplane. However, in general it is
preferred, prior to the lamination, to coat a deformable conductive material, such as
those previously described, on to the backplane so that this deformable conductive
material lies between the contact pad on the backplane and the tab 926 to ensure
good electrical contact between the contact pad and the tab.

Tt will be appreciated that considerable variation in the form of the
conductive layer is possible in the process shown in Figure 21. For example, the
conductive layer could have the form of a continuous strip with tabs provided at
regular intervals along one or both edges of the strip, so that the strip could be
severed to provide pieces of front plane laminate suitable for individual displays
and each having at least one tab. Alternatively, the conductive layer could have the
form of a simple strip without tabs, and the electro-optic medium be coated in the
form of a strip narrower than the strip of conductive material, thus leaving one or
both edges of the conductive material exposed to provide connection areas which
can contact the backplane when the front plane laminate is laminated thereto.

Figure 22 illustrates a process similar to that of Figure 21 but in
which the electro-optic medium is applied as a series of patches 930 rather than as
a continuous strip, with each patch 930 being used for one display. A modification
of the process of Figure 22 may be used to provide a front plane laminate suitable
for use with the true underfill seal of Figure 14. If the conductive layer is modified
to extend over the whole surface of the web 922 of substrate material and the
electro-optic medium is coated as appropriately-sized patches 930, severing the
web 922 between adjacent patches will provide pieces of front plane laminate in
which the substrate and conductive layer extend beyond the periphery of the layer
of electro-optic medium all around the electro-optic medium, as required for
formation of the true underfill seal of Figure 14.

Optionally, in the process of the present invention, after lamination
of the front plane laminate to the backplane and before or after formation of the
seal (although the latter is typically preferred), the laminated structure produced

may be autoclaved, that is put into an autoclave, which is a controlled environment
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chamber where the temperature and pressure can be increased to bake the structure.
Such autoclaving facilitates the removal of small air voids in the laminated
structure by forcing them out via heating. Alternatively, removal of voids may be
effected by performing the lamination of the front plane laminate to the backplane
under vacuum.

The process of the present invention can greatly simplify the
manufacture of electro-optic displays and increases the throughput of a display
manufacturing process by reducing the number of steps and materials required
compared with conventional display manufacturing techniques, thus significantly
reducing the cost of manufacturing such displays.

Tt will be understood by those skilled in the art that various changes
in form and detail could be made in the specific embodiments of the invention
described above. For example, the electrostatic chuck 42 shown in Figure 4 could
be replaced be a vacuum chuck, although a vacuum chuck does have the
disadvantage of visible vacuum holes that would make detection of defects near
the holes more difficult, and consequently it would probably be necessary to test
cach sheet of laminate twice in different positions on the chuck in order to detect
defects that would be obscured by the vacuum holes in one position. Similarly, the

line scan camera 52 could be replaced by a matrix camera and focusing optics.
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Claims

1. An article comprising, in order:

a light-transmissive electrically-conductive layer;

a layer of a solid electro-optic medium in electrical contact with the
electrically-conductive layer;

an adhesive layer; and

a release sheet.

2. An article according to claim 1 characterized in that the
electrically-conductive layer comprises a metal oxide.

3. An article according to claim 2 characterized in that the
electrically-conductive layer comprises indium tin oxide.

4. An article according to any one of the preceding claims
characterized in that the electro-optic medium comprises a rotating bichromal
member medium or an electrochromic medium.

5. An article according to any one of the preceding claims
characterized in that the electro-optic medium is an electrophoretic medium.

6. An article according to claim 5 characterized in that the
electrophoretic medium is an encapsulated electrophoretic medium.

7. An article according to any one of the preceding claims
characterized by a connection area wherein the electrically-conductive layer is
exposed free from the electro-optic medium and the adhesive layer.

8. An article according to claim 7 characterized in that the
connection area is formed by an aperture extending through the electro-optic
medium and the adhesive layer so that the connection area is surrounded by the
electro-optic medium and the adhesive layer.

9. An article according to claim 7 or 8 characterized in that the
release sheet does not extend across the connection area.

10. An article according to any one of claims 7 to 9
characterized by a contact pad of electrically-conductive material overlying the

electrically-conductive layer in the connection area.
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11.  An article according to any one of the preceding claims
characterized by a conductive via in electrical contact with the electrically-
conductive layer and extending therefrom through or past the layer of electro-optic
medium and the adhesive layer.

12.  An article according to claim 11 characterized in that the end
of the conductive via remote from the electricalfy—conductive layer is not covered
by the release sheet.

13.  An article according to claim 11 or 12 characterized in that
the conductive via is formed from a deformable material.

14.  An article according to claim 14 characterized in that the
conductive via is formed from a material comprising conductive particles dispersed
in a polymeric matrix.

15.  An article according to any one of claims 11 to 14
characterized by a contact pad of electrically-conductive material interposed
between the electrically-conductive layer and the conductive via.

16.  An article according to any one of the preceding claims
characterized in that the release sheet is provided with a second electrically-
conductive layer.

17.  An article according to any one of the preceding claims
characterized by an auxiliary adhesive layer on the opposed side of the electrically-
conductive layer from the electro-optic medium.

18.  An article according to claim 17 characterized by an
auxiliary release sheet covering the auxiliary adhesive layer.

19.  An article comprising, in order:

a light-transmissive electrically-conductive layer;

a layer of a solid electro-optic medium in electrical contact with the
electrically-conductive layer; and

an adhesive layer,

the article being characterized by a connection area wherein the
electrically-conductive layer is exposed free from the electro-optic medium and the

adhesive layer.
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20.  An article comprising, in order:
a light-transmissive electrically-conductive layer;
a layer of a solid electro-optic medium in electrical contact with the
electrically-conductive layer; and
an adhesive layer,
the article being characterized by a conductive via in electrical
contact with the electrically-conductive layer and extending therefrom through or
past the layer of electro-optic medium and the adhesive layer.
21.  An electro-optic display comprising, in order:
a light-transmissive electrically-conductive layer;
a layer of a solid electro-optic medium in electrical contact with the
electrically-conductive layer;
an adhesive layer; and
a backplane having at least one pixel electrode, such that application
of an electrical potential between the electrically-conductive layer and the pixel
electrode can change the optical state of the electro-optic medium, the backplane
further comprising at least one contact pad electrically isolated from the at least
one pixel electrode,
the display being characterized by at least one conductive via
extending from the electrically-conductive layer through or past the electro-optic
medium and the adhesive layer to the or one of the contact pads.
22. A process for producing a solid electro-optic display, the
process comprising:
providing an article of manufacture comprising, in order:
a light-transmissive electrically-conductive layer;
a layer of a solid electro-optic medium in electrical contact
with the electrically-conductive layer;
an adhesive layer; and
arelease sheet;
providing a backplane comprising a plurality of pixel electrodes and

drive means arranged to apply variable potentials to the pixel electrodes;
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removing the release sheet from the adhesive layer; and

contacting the adhesive layer with the backplane under conditions
effect to cause the adhesive layer to adhere to the backplane, thereby securing the
adhesive layer, layer of electro-optic medium and electrically-conductive layer to
the backplane.

23. A process for forming an electro-optic display, the process
comprising:

providing a front assembly comprising, in order, a light-
transmissive electrically-conductive layer; a layer of a solid electro-optic medium
in electrical contact with the electrically-conductive layer; and an adhesive layer;

removing the electro-optic medium and the adhesive layer from a
portion of the front assembly, thereby providing a connection area wherein the
electrically-conductive layer is exposed free from the electro-optic medium and the
adhesive layer;

fofming a conductive via on the connection area;

providing a backplane comprising at least one pixel electrode and at
Jeast one contact pad electrically isolated from the at least one pixel electrode; and

laminating the front assembly to the backplane so that the adhesive
layer adheres to the backplane with the electro-optic medium disposed adjacent the
at least one pixel electrode and the conductive via in electrical contact with the at
least one contact pad, so that the electrically-conductive layer is electrically
connected to the at least one contact pad via the conductive via. |

24. A process for forming an electro-optic display, the process
comprising:

providing a substrate comprising a light-transmissive electrically-
conductive layer;

coating a solid electro-optic medium over part of the substrate,
leaving a connection area of the substrate uncoated;

coating an adhesive layer over the electro-optic medium, leaving the

connection area uncoated, thereby forming a front assembly;
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providing a backplane comprising at least one pixel electrode and a
contact pad electrically isolated from the at least one pixel electrode; and
laminating the front assembly to the backplane so that the adhesive
layer adheres to the backplane with the electro-optic medium disposed adjacent the
at least one pixel electrode and with the electrically-conductive layer in the
connection area in electrical contact with the contact pad.
25.  An electro-optic display comprising:
a backplane comprising at least one pixel electrode;
a layer of a solid electro-optic medium disposed adjacent the pixel
electrode;
a light-transmissive electrode disposed on the opposed side of the
electro-optic medium from the backplane;
a protective and/or barrier layer disposed on the opposed side of the
light-transmissive electrode from the electro-optic medium; and
a sealing material for preventing ingress of material from the
environment into the electro-optic medium, the sealing material being disposed
along at least part of the periphery of the layer of electro-optic medium and
extending from the backplane of the protective and/or barrier layer.
26.  An electro-optic display comprising:
a backplane comprising at least one pixel electrode;
a layer of a solid electro-optic medium disposed adjacent the pixel
electrode;
a light-transmissive electrode disposed on the opposed side of the
electro-optic medium from the backplane;
an electrode support disposed on the opposed side of the light-
transmissive electrode from the electro-optic medium,
the light-transmissive electrode and electrode support being larger
than the layer of electro-optic medium, measured parallel to the plane of the
backplane; and
a sealing material for preventing ingress of material from the

environment into the electro-optic medium, the sealing material extending between
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the backplane and the peripheral portion of the light-transmissive electrode
extending beyond the periphery of the layer of electro-optic medium.
27. A method of testing a solid electro-optic medium, the
method comprising:
providing an article of manufacture comprising, in order:
a light-transmissive electrically-conductive layer;
a layer of a solid electro-optic medium in electrical contact
with the electrically—cénductive layer;
an adhesive layer; and
a release sheet having a second electrically-conductive layer;
applying a potential difference between the two electrically-
conductive layers, thereby forming an image on the medium; and
observing the image thus formed.
28. A method of testing a solid electro-optic medium, the
method comprising:
providing an article of manufacture comprising, in order:
a light-transmissive electrically-conductive layer;
a layer of a solid electro-optic medium in electrical contact
with the electrically-conductive layer;
an adhesive layer; and
a release sheet;
placing a electrostatic charge on the release sheet, thereby forming
an image on the medium; and

observing the image thus formed.
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