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ELECTRO-OPTIC DISPLAYS WITH REDUCED REMNANT
VOLTAGE

This invention relates to electro-optic displays with reduced
remnant voltage, and to methods for reducing remnant voltage in electro-optic
displays. The term "remnant voltage" is used herein to refer to a persistent or
decaying electric field that remains in certain electro-optic displays after an
addressing pulse (a voltage pulse used to change the optical state of the electro-
optic medium) is terminated. It has been found that such remnant voltages can lead
to undesirable effects on the images displayed on electro-optic displays; in
particular, remnant voltages can lead to so-called "ghosting" phenomena, in which,
after the display has been rewritten, traces of the previous image are still visible.
The present invention is especially, though not exclusively, intended for use in
electrophoretic displays.

Electro-optic displays comprise a layer of electro-optic material, a
term which 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.

In the displays of the present invention, the electro-optic medium
will typically be 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. Thus, the term "solid electro-optic displays" includes
encapsulated electrophoretic displays, encapsulated liquid crystal displays, and
other types of displays discussed below.

The term "gray state" is used herein in its conventional meaning in

the imaging art to refer to a state intermediate two extreme optical states of a pixel,
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and does not necessarily imply a black-white transition between these two extreme
states. For example, several of the patents and published applications referred to
below describe electrophoretic displays in which the extreme states are white and
deep blue, so that an intermediate "gray state" would actually be pale blue. Indeed,
as already mentioned the transition between the two extreme states may not be a
color change at all.

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 published U.S. Patent
Application No. 2002/0180687 that some particle-based electrophoretic displays
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.

The term "impulse" is used herein in its conventional meaning in
the imaging art of the integral of voltage with respect to time. However, some
bistable electro-optic media act as charge transducers, and with such media an
alternative definition of impulse, namely the integral of current over time (which is
equal to the total charge applied) may be used. The appropriate definition of
impulse should be used, depending on whether the medium acts as a voltage-time
impulse transducer or a charge impulse transducer.

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
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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 by 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 U.S. Patent Application 2003/0214695. 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
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.

As noted above, electrophoretic media require the presence of a
suspending fluid. In most prior art electrophoretic media, this suspending fluid is a

liquid, but electrophoretic media can be produced using gaseous suspending fluids;
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see, for example, Kitamura, T., et al., "Electrical toner movement for electronic
paper-like display", IDW Japan, 2001, Paper HCS1-1, and Yamaguchi, Y., et al.,
"Toner display using insulative particles charged triboelectrically", IDW Japan,
2001, Paper AMDA4-4). See also European Patent Applications 1,429,178;
1,462,847, 1,482,354; and 1,484,625; and International Applications WO
2004/090626; WO 2004/079442; WO 2004/077140; WO 2004/059379; WO
2004/055586; WO 2004/008239; WO 2004/006006; WO 2004/001498; WO
03/091799; and WO 03/088495. Such gas-based electrophoretic media appear to
be susceptible to the same types of problems due to particle settling as liquid-based
electrophoretic media, when the media are used in an orientation which permits
such settling, for example in a sign where the medium is disposed in a vertical
plane. Indeed, particle settling appears to be a more serious problem in gas-based
electrophoretic media than in liquid-based ones, since the lower viscosity of
gaseous suspending fluids as compared with liquid ones allows more rapid settling
of the electrophoretic particles.

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 suspending 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;
6,543,291; 6,580,545; 6,639,578; 6,652,075; 6,657,772; 6,664,944; 6,680,725;
6,683,333; 6,704,133; 6,710,540; 6,721,083; 6,727,881; 6,738,050; 6,750,473;
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6,753,999; 6,816,147; 6,819,471; and 6,822,782; and U.S. Patent Applications
Publication Nos. 2002/0019081; 2002/0060321; 2002/0060321; 2002/0063661;
2002/0090980; 2002/0113770; 2002/0130832; 2002/0131147; 2002/0171910;
2002/0180687; 2002/0180688; 2003/0011560; 2003/0020844; 2003/0025855;
2003/0053189; 2003/0102858; 2003/0132908; 2003/0137521; 2003/0137717;
2003/0151702; 2003/0214695; 2003/0214697; 2003/0222315; 2004/0008398;
2004/0012839; 2004/0014265; 2004/0027327; 2004/0075634; 2004/0094422;
2004/0105036; 2004/0112750; and 2004/0119681; and International Applications
Publication Nos. WO 99/67678, WO 00/05704; WO 00/38000; WO 00/38001;
WO000/36560; WO 00/67110; WO 00/67327; WO 01/07961; WO 01/08241; WO
03/107,315; WO 2004/023195; WO 2004/049045; WO 2004/059378; WO
2004/088002; WO 2004/088395; and WO 2004/090857.

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 média are regarded as sub-
species of encapsulated electrophoretic media.

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,
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.
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Many of the aforementioned E Ink and MIT patents and
applications also contemplate microcell electrophoretic displays and polymer-
dispersed electrophoretic displays. The term "encapsulated -electrophoretic
displays" can refer to all such display types, which may also be described
collectively as "microcavity electrophoretic displays" to generalize across the
morphology of the walls.

Another type of electro-optic display is an electro-wetting display
developed by Philips and described in an article in the September 25, 2003 issue of
the Journal "Nature" and entitled "Performing Pixels: Moving Images on
Electronic Paper". It is shown in copending Application Serial No. 10/711,802,
filed October 6, 2004, that such electro-wetting displays can be made bistable.

Other types of electro-optic materials may also be used in the
present invention. Of particular interest, bistable ferroelectric liquid crystal
displays (FLC's) are known in the art and have exhibited remnant voltage behavior.

Although electrophoretic media are often. opaque (since, for
example, in many electrophoretic media, the particles substantially block
transmission of visible light through the display) and operate in a reflective mode,
many electrophoretic displays can be made to operate in a so-called "shutter mode"
in which one display state is substantially opaque and one 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.

An encapsulated or microcell 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
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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 processes; electrophoretic deposition; 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.

The Dbistable or multi-stable behavior of particle-based
electrophoretic displays, and other electro-optic displays displaying similar
behavior (such displays may hereinafter for convenience be referred to as "impulse
driven displays"), is in marked contrast to that of conventional liquid crystal
("LLC") displays. Twisted nematic liquid crystals act are not bi- or multi-stable but
act as voltage transducers, so that applying a given electric field to a pixel of such a
display produces a specific gray level at the pixel, regardless of the gray level
previously present at the pixel. Furthermore, LC displays are only driven in one
direction (from non-transmissive or "dark" to transmissive or "light"), the reverse
transition from a lighter state to a darker one being effected by reducing or
eliminating the electric field. Finally, the gray level of a pixel of an LC display is
not sensitive to the polarity of the electric field, only to its magnitude, and indeed
for technical reasons commercial LC displays usually reverse the polarity of the
driving field at frequent intervals. In contrast, bistable electro-optic displays act, to
a first approximation, as impulse transducers, so that the final state of a pixel
depends not only upon the electric field applied and the time for which this field is
applied, but also upon the state of the pixel prior to the application of the electric
field.

Also, to obtain a high-resolution display, individual pixels of a
display must be addressable without interference from adjacent pixels. One way to
achieve this objective is to provide an array of non-linear elements, such as
transistors or diodes, with at least one non-linear element associated with each
pixel, to produce an "active matrix" display. An addressing or pixel electrode,
which addresses one pixel, is connected to an appropriate voltage source through

the associated non-linear element. Typically, when the non-linear element is a
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transistor, the pixel electrode is connected to the drain of the transistor, and this
arrangement will be assumed in the following description, although it is essentially
arbitrary and the pixel electrode could be connected to the source of the transistor.
Conventionally, in high resolution arrays, the pixels are arranged in a two-
dimensional array of rows and columns, such that any specific pixel is uniquely
defined by the intersection of one specified row and one specified column. The
sources of all the transistors in each column are connected to a single columh
electrode, while the gates of all the transistors in each row are connected to a single
row electrode; again the assignment of sources to rows and gates to columns is
conventional but essentially arbitrary, and could be reversed if desired. The row
electrodes are connected to a row driver, which essentially ensures that at any
given moment only one row is selected, i.e., that there is applied to the selected
row electrode a voltage such as to ensure that all the transistors in the selected row
are conductive, while there is applied to all other rows a voltage such as to ensure
that all the transistors in these non-selected rows remain non-conductive. The
column electrodes are connected to column drivers, which place upon the various
column electrodes voltages selected to drive the pixels in the selected row to their
desired optical states. (The aforementioned voltages are relative to a common front
electrode which is conventionally provided on the opposed side of the electro-optic
medium from the non-linear array and extends across the whole display.) After a
pre-selected interval known as the "line address time" the selected row is
deselected, the next row is selected, and the voltages on the column drivers are
changed to that the next line of the display is written. This process is repeated so
that the entire display is written in a row-by-row manner.

The aforementioned 2003/0137521 describes how a direct current
(DC) imbalanced waveform can result in a remnant voltage being created, this
remnant voltage being ascertainable by measuring the open-circuit electrochemical
potential of a display pixel.

For reasons explained at length in the aforementioned copending
applications, when driving an electro-optic display it is desirable to use a drive
scheme that is DC balanced, i.e., on which has the property that, for any sequence

of optical states, the integral of the applied voltage is zero whenever the final
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optical state matches the initial optical state. This guarantees that the net DC
imbalance experienced by the electro-optic layer is bounded by a known value. For
example, a 15V, 300 ms pulse may be used to drive an electro-optic layer from the
white to the black state. After this transition, the imaging layer has experienced 4.5
V-s of DC-imbalanced impulse. To drive the film back to white, if a -15 V, 300 ms
pulse is used, then the imaging layer is DC balanced across the series of transitions
from white to black and back to white.

It has now been found that remnant voltage is a more general
phenomenon in electrophoretic and other impulse-driven electro-optic displays,
both in causes and effects. It has also been found that DC imbalances cause long-
term lifetime degradation of electrophoretic displays.

Remnant voltage has been measured in electrophoretic displays by
starting with a sample that has not been switched for a long period of time (e.g.
hours or days). A voltmeter is applied across the open pixel circuit and a "Base
Voltage" reading is measured. An electric field is then applied to the pixel, for
example a switching waveform. Immediately after the waveform ends, the
voltmeter is used to measure the open-circuit potential over a series of periods, and
the difference between the measured reading and the original Base Voltage is
regarded as the "remnant voltage". |

The remnant voltage decays in a complex manner which may be
loosely approximated mathematically as a sum of exponentials. In typical
experiments, 15 V was applied across the electro-optic medium for approximately
1 second. Immediately after the end of this voltage pulse, a remnant voltage of
between +3 'V and -3 V was measured; 1 second later a remnant voltage of between
+1 Vand -1 V was measured; ten minutes later the remnant voltage was near zero
(relative to the original Base Voltage).

The term "remnant voltage" is sometimes used herein as a term of
convenience referring to an overall phenomenon. However the basis for the
switching behavior of impulse-driven electro-optic displays is the application of a
voltage impulse (the integral of voltage with respect to time) across the electro-
optic medium. As shown in Figure 1 of the accompanying drawings, which is a

typical graph of remnant voltage against time, remnant voltage reaches a peak
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value, designated 102, immediately after the application of a driving pulse (the
time scale in Figure 1 is essentially arbitrary), and thereafter decays substantially
exponentially, as indicated by curve 104 in Figure 1. The persistence of the
remnant voltage for a significant time period applies a "remnant impulse"
represented by the area 106 under curve 104, to the electro-optic medium, and
strictly speaking it is this remnant impulse, rather than the remnant voltage, that is
responsible for the effects on the optical states of electro-optic displays normally
considered as caused by remnant voltage.

In theory the effect of rerﬁnant voltage should correspond directly to
remnant impulse. In practice, however, the impulse switching model can lose
accuracy at low voltages. Some electro-optic media, including preferred
electrophoretic media used in experiments described herein, have a small
threshold, such that a remnant voltage of about 1 V does not cause a noticeable
change in the optical state of the medium after a drive pulse ends. Thus, two
equivalent remnant impulses may differ in actual consequences, and it may be
helpful to increase the threshold of the electro-optic medium to reduce the effect of
remnant voltage. E Ink has produced electrophoretic media having a "small
threshold" adequate to prevent remnant voltage experienced in typical use from
immediately changing the display image after a drive pulse ends. If the threshold is
inadequate or if the remnant voltage is too high, the display may present a
kickback/self-erasing or self-improving phenomenon.

Even when remnant voltages are below a small threshold, they do
have a serious effect on image switching if they still persist when the next image
update occurs. For example, suppose that during an image update of an
electrophoretic display a +/-15 V drive voltage is applied to move the
electrophoretic particles. If a +1 V remnant voltage persists from a prior update,
the drive voltage would effectively be shifted from +15 V/-15 V to +16 V/-14 V.
As a result, the pixel would be biased toward the dark or white state, depending on
whether it has a positive or negative remnant voltage. Furthermore, this effect
varies with elapsed time due to the decay rate of the remnant voltage. The electro-
optic material in a pixel switched to white using a 15 V, 300 ms drive pulse

immediately after a previous image update may actually experience a waveform
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closer to 16 V for 300 ms, whereas the material in a pixel switched to white one
minute later using the exact same drive pulse (15 V, 300 ms) may actually
experience a waveform closer to 15.2 V for 300 ms. Consequently the pixels may
show noticeably different shades of white.

If the remnant voltage field has been created across multiple pixels
by a prior image (say a dark line on a white background) then the remnant voltages
may also be arrayed across the display in a similar pattern. In practical terms then,
the most noticeably effect of remnant voltage on display performance is ghosting.
This problem is in addition to the problem previously noted, namely that DC
imbalance (e.g. 16 V/14 V instead of 15 V/15 V) may be a cause of slow lifetime
degradation of the electro-optic medium.

Ghosting or similar visual artifacts may be measured optically by a
photometer. In handheld device display screens, two neighboring pixels with the
same target brightness should differ in actual brightness by less than 2L* (where
L* has the usual ICE definition:

L*=116(R/Ro)"* - 16
where R is the reflectance and Ry is a standard reflectance value), preferably less
than 1L*, and ideally less than 0.3L* to avoid user objection.

If a remnant voltage decays slowly and is nearly constant, then its
effect in shifting the waveform does not vary from image update to update and may
actually create less ghosting than a remnant voltage that decays quickly. Thus the
ghosting experienced by updating one pixel after 10 minutes and another pixel
after 11 minutes is much less than the ghosting experienced by updating one pixel
immediately and another pixel after 1 minute. Conversely, a remnant voltage that
decays so quickly that it approaches zero before the next update occurs may in
practice cause no detectable ghosting. Accordingly, for practical purposes, remnant
voltages that are greater than about 0.2 V for a duration of between 10 ms and one
hour, and most specifically between 50 ms and 10 minutes, give rise to most
concern.

As will be evident from the discussion above, the effects of remnant
voltage are reduced by minimizing the remnant impulse. As shown in Figure 1, this

can be accomplished by reducing the peak remnant voltage or by increasing the
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decay rate. In theory, it might be predicted that if it were possible to measure
remnant voltage instantaneously and perfectly after the completion of a drive
pulse, the peak remnant voltage would be nearly equal in magnitude but opposite
in sign to the voltage of the drive pulse. In practice, a good deal of the remnant
voltage appears to decay so quickly (e.g. less than 20 ms) that the "peak" remnant
voltage measured experimentally is much smaller. Thus, the "peak" remnant
voltage may be reduced in practice by either (1) operating the display at a lower
voltage or (2) increasing the very fast decay that occurs within the initial
milliseconds after an image update and which results in very low remnant impulse.
In essence, other than operating at a lower voltage, one main way to reduce
remnant impulse is to increase decay rates.

There are multiple potential sources of remnant voltage. It is
believed (although this invention is in no way limited by this belief), that a primary
cause of remnant voltage is ionic polarization within the materials of the various
layers forming the display.

Such polarization occur in various ways. In a first (for convenience,
denoted "Type I") polarization, an ionic double layer is created across or adjacent a
material interface. For example, a positive potential at an indium-tin-oxide ("ITO")
electrode may produce a corresponding polarized layer of negative jons in an
adjacent laminating adhesive. The decay rate of such a polarization layer is
associated with the recombination of separated ions in the lamination adhesive
layer. The geometry of such a polarization layer is determined by the shape of the
interface, but is typically planar in nature.

In a second ("Type II") type of polarization, nodules, crystals or
other kinds of material heterogeneity within a single material can result in regions
in which ions can move or less quickly than the surrounding material. The differing
rate of ionic migration can result in differing degrees of charge polarization within
the bulk of the medium, and polarization may thus occur within a single display
component. Such a polarization may be substantially localized in nature or
dispersed throughout the layer.

In a third ("Type III") type of polarization, polarization may occur at

any interface that represents a barrier to charge transport of any particular type of
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idn. An important example of such an interface in a microcavity electrophoretic
display is the boundary between the electrophoretic suspension including the
suspending medium and particles (the "internal phase") and the surrounding
medium including walls, adhesives and binders (the "external phase"). In many
electrophoretic displays, the internal phase is a hydrophobic liquid whereas the
external phase is a polymer, such as gelatin. Ions that are present in the internal
phase are typically insoluble and non-diffusible in the external phase and vice
versa. On the application of an electric field perpendicular to such an interface,
polarization layers of opposite sign will accumulate on either side of the interface.
When the applied electric field is removed, the resulting non-equilibrium charge
distribution will result in a measurable remnant voltage potential that decays with a
relaxation time determined by the mobility of the ions in the two phases on either
side of the interface.

Polarization typically occurs during a drive pulse. Typically, each
image update is an event that affects remnant voltage. A positive waveform voltage
can create a remnant voltage across an electro-optic medium that is of the same or
opposite polarity (or nearly zero) depending on the specific electro-optic display,
as discussed below.

It will be evident from the foregoing discussion that polarization
occurs at multiple locations within the electrophoretic or other electro-optic
display, each location having its own characteristic spectrum of decay times,
principally at interfaces and at material heterogeneities. Depending on the
placement of the sources of these voltages (in other words, the polarized charge
distribution) relative to the electro-active component (for example, the
electrophoretic suspension), and the degree of electrical coupling between each
kind of charge distribution and the motion of the particles through the suspension,
or other electro-optic activity, various kinds of polarization will produce more or
less deleterious effects. Since an electrophoretic display operates by motion of
charged particles, which inherently causes a polarization of the electro-optic layer,
in a sense a preferred electrophoretic display is not one in which zero remnant
voltages are always present in the display, but rather one in which the remnant

voltages do not cause objectionable electro-optic behavior. Ideally, the remnant
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impulse will be minimized and the remnant voltage will decrease below 1 V, and
preferably below 0.2 V, within 1 second, and preferably within 50 ms, so that that
by introducing a minimal pause between image updates, the electrophoretic display
may effect all transitions between optical states without concern for remnant
voltage effects. For electrophoretic displays operating at video rates or at voltages
below +/-15 V these ideal values should be correspondingly reduced. Similar
considerations apply to other types of electro-optic display.

To summarize, remnant voltage as a phenomenon is at least
substantially a result of ionic polarization occurring within the display material
components, either at interfaces or within the materials themselves. Such
polarizations are especially problematic when they persist on a meso time scale of
roughly 50 ms to about an hour. Remnant voltage can present itself as image
ghosting or visual artifacts in a variety of ways, with a degree of severity that can
vary with the elapsed times between image updates. Remnant voltage can also
create a DC imbalance and reduce ultimate display lifetime. The effects of remnant
voltage are therefore usually deleterious to the quality of the electrophoretic or
other electro-optic device and it is desirable to minimize both the remnant voltage
itself, and the sensitivity of the optical states of the device to the influence of the
remnant voltage.

Several approaches to reducing or eliminating ghosting and visual
artifacts resulting from remnant voltage are described in previous E Ink patent
applications. For example, the aforementioned 2003/0137521 and copending
Application Serial No. PCT/US2004/21000, filed June 29, 2004 (see also the
corresponding International Application PCT/US2004/21000) describe so-called
"rail stabilized" drive schemes in which the electro-optic medium is periodically
driven to one of the "optical rails" (the two extreme optical states of the electro-
optic medium) where a small remnant voltage does not have an appreciable effect
on the optical state. Copending Application Serial No. 10/837,062, filed April 30,
2004 (see also the corresponding International Application PCT/US2004/13573)
describes controlling the capsule height and pigment level of an electrophoretic
medium so that when switching to black and white a small remnant voltage will

not cause a noticeable optical change.
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While such approaches are useful for monochrome displays, they do
not address the root cause of remnant voltage. In addition, while somewhat helpful
for gray scale or color displays, these approaches do not completely solve the
problem of addressing the system to gray levels, because gray levels in
electrophoretic displays are typically dependent on mixing fractions of white and
black particles without benefit of a physical wall to correct for differences in
particle speed, and therefore gray scale addressing is typically more susceptible to
small differences between the target waveform and the actual voltage experienced
by the electrophoretic medium.

In the method described in the aforementioned 2003/0137521, a
remnant voltage is measured, and a corrective balancing impulse is applied either
immediately after each image transition, or periodically, to achieve a zero remnant
voltage state. This is helpful for both monochrome and grayscale addressing.
However, it is not always practical to measure remnant voltage using the means
described in the aforementioned 2003/0137521.

The present invention seeks to provide additional addressing
methodologies for electro-optic displays which will reduce ghosting caused by
remnant voltage but which will not require measurement of remnant voltage at the
pixel level. The present invention also seeks to provide additional addressing
methodologies for electro-optic displays that do measure remnant voltage, but
which are improved over the aforementioned method, as well as alternative means
of measuring remnant voltage. The methods of the present invention may be useful
in electro-optic displays other than electrophoretic displays. The present invention
also seeks to provide electro-optic materials, manufacturing methods, and designs
that will minimize remnant voltage. Reducing remnant voltage may be
accomplished by reducing peak remnant voltage, accelerating the rate of voltage
decay, or any combination thereof.

This invention provides improved addressing methods for
electrophoretic and other electro-optic displays that exhibit remnant voltage. This
invention also provides improved display electronics for electrophoretic and other

electro-optic displays that exhibit remnant voltage.
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In one aspect, this invention provides a method of driving a bistable
electro-optic display having a plurality of pixels each of which is capable of
displaying at least two gray levels. The method comprises applying to each pixel of
the display a waveform determined by the initial and the final gray level of the
pixel. For at least one transition from a specific initial gray level to a specific final
gray level, at least first and second waveforms differing from each other are
available. According to this aspect of the invention, the remnant voltage of a pixel
undergoing the transition is determined prior to the transition, and the first or
second waveform is used for the transition depending upon the determined remnant
voltage.

This aspect of the present invention may hereinafter for
convenience be referred to as the “waveform selection” method of the invention. In
a preferred variant of this waveform selection method (hereinafter for convenience
called the “dwell time waveform selection” method), the selection of the first or
second waveform for use in the specified transition is based upon the dwell time of
the relevant pixel, i. e., the period for which the relevant pixel has been in its initial
gray level prior to the transition. The first waveform is used if the pixel has been in
its initial gray level for less than a predetermined interval, and the second
waveform is used if the pixel has been in its initial gray level of more than the
predetermined interval. The dwell time waveform selection method may of course
make use of more than two waveforms for the same transition. Thus, in one form
of the dwell time waveform selection method, for the relevant transition, at least
first, second and third waveforms, all different from one another, are used, the first
waveform being used if the pixel has been in its initial gray level for less than a
first predetermined interval, the second waveform being used if the pixel has been
in its initial gray level for more than the first predetermined interval but less than a
second predetermined interval, and the third waveform being used if the pixel has
been in its initial gray level for more than the second predetermined interval. The
first and second predetermined intervals will of course vary with the specific
waveforms and electro-optic display being used; however, the first predetermined
interval may be in the range of about 0.3 to about 3 seconds, and second

predetermined interval in the range of about 1.5 to about 15 seconds.
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The waveform selection method of the present invention may be
carried out using a look-up table, as described in the aforementioned
2003/0137521. Thus, the waveform selection method may comprise:

storing a look-up table containing data representing, for each
possible transition between gray levels of a pixel, the one or more waveforms to be
used for that transition;

storing initial state data representing at least an initial state of each
pixel;

storing dwell time data representing the period for which each pixel
has remained in its initial state;

receiving an input signal representing a desired final state of at least
one pixel of the display; and

generating an output signal representing the waveform necessary to
convert the initial state of the one pixel to the desired final state thereof, as
determined from the look-up table, the output signal being dependent upon the
initial state data, the dwell time date and the input signal.

Such a “look-up table waveform selection method of the invention
may make use of any of the optional aspects of the look-up table method, as
described in the aforementioned 2003/0137521 and PCT/US2004/21000, and in
copending Application Serial No. 10//814,205, filed March 31, 2004 (see also the
corresponding International Application WO 2004/090857), and, without prejudice
to the generality of the foregoing statement, may specifically make use of the prior
state, temperature compensation and lifetime compensation aspects of the look-up
table method as described in these copending applications. Thus, the look-up table
waveform selection method may comprise storing data representing at least one
prior state of each pixel prior to the initial state thereof, and generating the output
signal dependent upon both the at least one prior state and the initial state of the
relevant pixel. The look-up table waveform selection method may also comprise
receiving a temperature signal representing the temperature of at least one pixel of
the display and generating the output signal dependent upon the temperature

signal. The look-up table waveform selection method may also comprise
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generating a lifetime signal representing the operating time of the relevant pixel
and generating the output signal dependent upon the lifetime signal.

This invention also provides a device controller intended for use in
carrying out the look-up table waveform selection method of the invention, and
thus for controlling a bistable electro-optic display having a plurality of pixels,
each of which is capable of displaying at least two gray levels. The controller
comprises:

storage means arranged to store look-up table data representing, for
each possible transition between gray levels of a pixel, one or more waveforms to
be used for that transition, at least one transition having at least two different
waveforms associated therewith, the storage means also being arranged to store
initial state data representing at least an initial state of each pixel and dwell time
data representing the period for which each pixel has remained in its initial state;

input means for receiving an input signal representing a desired
final state of at least one pixel of the display;

calculation means for determining, from the input signal, the initial
state data, the dwell time data and the look-up table, the waveform required to
change the initial state of the one pixel to the desired final state; and

output means for generating an output signal representative of the
waveform.

In such a “look-up table waveform selection controller”, the storage
means may also be arranged to store prior state data representing at least one prior
state of each pixel prior to the initial state thereof, and the calculation means may
be arranged to determine the waveform dependent upon the input signal, the initial
state date, the dwell time data, the prior state data and the look-up table. The input
means may be arranged to receive a temperature signal representing the
temperature of at least one pixel of the display, and the calculation means may be
arranged to determine the waveform dependent upon the input signal, the initial
state data, the dwell time data and the temperature signal. The controller may
further comprise lifetime signal generation means arranged to generate a lifetime

signal representing the operating time of the relevant pixel, the calculation means
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determining the waveform from the input signal, the initial state data, the dwell
time data and the lifetime signal.

In another aspect, this invention provides an electro-optic display
comprising a layer of electro-optic material and voltage supply means for applying
a voltage not greater than a predetermined value in either direction across the layer
of electro-optic material, wherein the electro-optic material has a threshold voltage
which is greater than zero but less than about one third of the predetermined value.

This aspect of the invention may hereinafter for convenience be
called the “low threshold” display of the invention. Such a low threshold display is
intended to reduce the effect of remnant voltages on the display. In such a low
threshold display, the electro-optic material may have a threshold voltage which is
not less than about one-fiftieth but less than about one third of the predetermined
value. The electro-optic material in such a low threshold display may of any of the
types previously described; however, the low threshold display is especially
intended to use a particle-based electrophoretic material comprising a suspending
fluid and a plurality of electrically charged particles held in the suspending fluid
and capable of moving therethrough on application of a voltage across the layer of
electro-optic material. The electrophoretic material may be, for example, an
encapsulated electrophoretic material, a polymer-dispersed electrophoretic material
or a microcell electrophoretic material. The suspending fluid may be liquid or
gaseous.

In another aspect, this invention provides an electrophoretic
medium comprising a suspending fluid, a plurality of a first type of electrically-
charged particle held in the suspending fluid and capable of moving therethrough
on application of an electric field to the electrophoretic medium, and a plurality of
a second type of electrically-charged particle held in the suspending fluid and
capable of moving therethrough on application of an electric field to the
electrophoretic medium, the particles of the second type having a charge of an
opposite polarity to the particles of the first type, wherein the total charge on the
particles of the second type is from about one-half to about twice the total charge

on the particles of the first type.
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This aspect of the invention may hereinafter for convenience be
called the “charge balanced dual particle electrophoretic medium” of the invention.
The electrophoretic medium may be, for example, an encapsulated electrophoretic
medium, a polymer-dispersed electrophoretic medium or a microcell
electrophoretic medium. The suspending fluid may be liquid or gaseous. Desirably,
such a charge balanced dual particle electrophoretic medium displays a remnant
voltage of less than about 1 Volt, and preferably less than about 0.2 Volt, one
second after the application thereto of a square wave addressing pulse of 15 Volts
for 300 milliseconds.

In another aspect, this invention provides an electrophoretic
medium comprising a suspending fluid, a plurality of a first type of electrically-
charged particle held in the suspending fluid and capable of mc;ving therethrough
on application of an electric field to the electrophoretic medium, and a plurality of
a second type of electrically-charged particle held in the suspending fluid and
capable of moving therethrough on application of an electric field to the
electrophoretic medium, the particles of the second type having a charge of an
opposite polarity to the particles of the first type, the medium displaying a remnant
voltage of less than about 1 Volt one second after the application thereto of a
square wave addressing pulse of 15 Volts for 300 milliseconds.

This aspect of the invention may hereinafter for convenience be
called the “low remnant voltage electrophoretic medium” of the invention.
Desirably, such a medium displays a remnant voltage of less than about 0.2 Volt
one second after the application thereto of a square wave addressing pulse of 15
Volts for 300 milliseconds.

In another aspect, this invention provides an electrophoretic
medium comprising a plurality of discrete droplets of a suspending fluid dispersed
in a continuous phase, the droplets further comprising a plurality of electrically-
charged particles held in the suspending fluid and capable of moving therethrough
on application of an electric field to the electrophoretic medium, wherein the
continuous phase has a volume resistivity not greater than about one-half of the
volume resistivity of the droplets, and that both the continuous phase and the

droplets having a volume resistivity of less than about 10" ohm cm. This aspect of
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the invention may hereinafter for convenience be called the “volume resistivity
balanced electrophoretic medium” of the invention and may be of any of types
previously discussed; thus, for example, the volume resistivity balanced
electrophoretic medium may be an encapsulated electrophoretic medium with
capsules walls surrounding the droplets and a polymeric binder surrounding the
capsules, a polymer-dispersed electrophoretic medium or a mmicrocell
electrophoretic medium.

The present invention also provides additional improvem ents and
design techniques for reducing the effects of remnant voltages on electro-optic
media and displays, especially electrophoretic displays and media. For example,
this invention provides an electrophoretic display comprising a material that has
been selected or designed for its ability to carry a low peak remnant voltage or to
permit remnant voltages to decay quickly (in short reduced remnant impul se). This
invention also provides an electrophoretic display comprising a material that has
been doped, treated, purified, or otherwise processed to reduce its capacity for
carrying remnant voltages. This invention also provides an electrophoretic display
comprising a binder and a laminating adhesive which are of similar com position,
conductivity or ionic mobility. This invention also provides an electrophoretic
display in which the interface between at least two adjacent components has been
treated to reduce remnant voltage, or in which an intervening layer has been
introduced at least partially to reduce remnant voltage. These aspects of the
invention may hereinafter be collectively termed the "material selection” invention.

This invention also provides an electrophoretic display commprising
conductive paths within a display pixel for the purpose of reducing remnant
voltage. This aspect of the invention may hereinafter be termed the "conductive
paths" invention.

This invention also provides an electrophoretic suspension
comprising two species of charged particles, in which the total charge of each
particle species is selected to reduce remnant voltage. This aspect of the imvention
may hereinafter be termed the "zeta potential” invention.

This invention also provides an electrophoretic suspension

comprising an additive in the suspending fluid that reduces remnant voltage. This
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aspect of the invention may hereinafter be termed the "suspending fluid additive"
invention.

This invention also provides external phase materials for a
microcavity electrophoretic display with reduced remnant voltage. This aspect of
the invention may hereinafter be termed the "microcavity external materials"
invention.

This invention also provides methods of manufacturing
electrophoretic and other electro-optic displays with reduced remnant voltage, and
displays comprising means for determining remnant voltages.

As already mentioned, Figure 1 of the accompanying drawings is a
graph showing a typical curve of the decay of remnant voltage with time in an
electro-optic display.

Figure 2 is a schematic side elevation showing the contact circle
between capsules and surrounding liquid during the coating of an encapsulated
electrophoretic medium.

Figure 3A is a schematic side elevation illustrating the forces acting
on sparsely coated capsules during the coating of an encapsulated electrophoretic
medium.

Figure 3B is a schematic side elevation, similar to that of Figure 3A
but showing the form of the capsules in the final dried capsule layer as a result of
the forces illustrated in Figure 3A.

Figures 4A and 4B are schematic side elevations, similar to those of
Figures 3A and 3B respectively, showing the forces acting on closely packed
coated capsules and the form of the capsules in the final dried capsule layers.

As already mentioned, the present invention provides several
different improvements in electro-optic displays and media, and in waveforms and
controllers for driving such displays. The various aspects of the present invention
will be described separately (or in related groups) below, although it should be
understood that a single display or medium may make use of more than one aspect
of the present invention. For example, a single display may contain a volume
resistivity balanced electrophoretic medium of the present invention and use a

waveform selection method of the invention to drive this medium.
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Methods for determining remnant voltages, and addressing methods and
controllers for electro-optic displays which exhibit remnant voltages

As already indicated, in view of the deleterious effects of remnant
voltages on the optical performance of electro-optic displays, when a display is
subject to such remnant voltages it is typically necessary or desirable to use an
addressing method that minimizes the impact of remnant voltage.

For a given pixel of an electro-optic display, the state of the remnant
voltage is greatly affected by the "image history", i.e., the electric fields that have
been applied previously, and is thus affected by parameters such as the waveforms
used, the electric field intensity, and the elapsed times between successive image
updates.

One helpful class of addressing methods described in the
aforementioned 2003/0137521 and in US Application Serial No. 10/249,973, filed
May 23, 2003 (see also International Application WO 03/107315) employs
knowledge of the previous image data. A look-up table is employed in which, for
example, the waveform for a black pixel being switched to white may be different,
depending on whether the black pixel had previously been white, or had previously
been gray (the transition from gray presumably being a different waveform that
would have created a different amount of remnant voltage). Practically it has been
found that such "prior n-state lookup tables" do tend to reduce ghosting attributable
to remnant voltage.

There are, however, several disadvantages to this approach. Firstly,
while the previous optical states are tracked, in some cases the algorithm used does
not take into account the elapsed time between each image transition (change of
optical state), and as a result the values chosen for the look-up table must be
selected with some usage model in mind, for example, an update on average once
per second. Secondly, this method requires additional memory, and to achieve
higher accuracy, the size of the look-up table must be increased and the amount of
memory required goes up further, especially as n increases past 2 or 3. As
discussed in the aforementioned applications, in some cases the very large look-up

tables required may be difficult to accommodate in portable devices.
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In accordance with the waveform selection method of the present
invention, an alternative approach is now proposed in which the remnant voltage of
each pixel is first determined (or estimated by use of various parameters known to
be related to remnant voltage), and thereafter one of two or more waveforms is
selected based at least in part on the determined or estimated remnant voltage.
Such a waveform selection method may make use of several possible approaches
to estimating or predicting the remnant voltage based on known or measured
display characteristics. A waveform selection method may also involve direct
measurement of remnant voltage.

In an exhaustive method, the complete update history of each pixel
may be recorded including both voltage applied and the elapsed times between
image updates. A decay model is used to forecast the remnant voltage remaining
from each previous update. Updates that occur a sufficiently long time (typically
about 10 minutes) before the transition being considered may be ignored and their
history erased because their contribution to remnant voltage level has been reduced
essentially to zero. The remnant voltage of the pixel may then be modeled as the
aggregate of remnant voltages from each previous relevant update.

In practice, a preferred approach requiring less memory is to track a
single remnant voltage value and time stamp for each pixel. Prior to each image
update, the remnant value for each pixel is reduced by an amount determined by
the decay function of the display and the time stamp for the pixel is updated. After
each update, the remnant voltage value is increased or decreased by an amount
based on the actual waveform used, and the time stamp is updated. In this way,
remnant voltage is tracked at all times but only two data values have to be stored
per pixel.

The decay functions and change functions may be calculated in any
suitable manner, such as by logical computation based on a formula and data
parameters, through analog logic device, or by a look-up table with adequate
gradations for the display application. The actual updating of the stored remnant
voltage and time stamp values may occur in any suitable manner, such as a single
step combining the results of both calculations. If a waveform used for an image

update comprises a series of pulses spread over a long period (e.g. 300-1000
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msec), it may be advantageous to update remnant voltage and/or time stamp values
at intervals during the image update itself.

The decay function for a given display is highly sensitive to many
factors, such as the materials, manufacturing methods, and system design features
used in the display. Hence, it is necessary to vary the decay function or function
parameter values for different electro-optic displays. In practice, due to the
complexity of electro-optic media and displays, it has been found most useful to
measure the display system experimentally for remnant voltage response and decay
against a series of applied voltages and to thereby create a look-up table or to fit a
function to the data. It may be helpful to repeat this measuring step periodically in
the manufacturing process, for example when switching to new material set or
making a batch change. It may also be helpful to individually characterize the
decay function for each display after it is assembled, and to record the resulting
parameters in a display controller.

The remnant voltage decay and response function for a given
display may be affected by environmental factors such as temperature and
humidity level. A sensor or user-selectable input value may be added to the display
(or device containing the display) to track such factors. Thus, it may be
advantageous to use a remnant response and decay function or look-up table that
allows for these environmental parameters. It may also be advantageous to update
the remnant voltage value regularly (e.g. every 30-300 seconds) regardless of
whether the display has been updated so that the stored values allow for
environmental changes such as temperature and humidity, and remain accurate.

If the pixels in a display are small, the overall remnant voltage on a
pixel may be significantly affected by the remnant voltages of its neighbors.
Accordingly, remnant voltage updating functions may be used that allow for lateral
field effects, or a pre- or post-processing algorithm may be introduced to allow for
such effects. Again, it may be useful to update the remnant voltage value
periodically for each pixel in response to the remnant voltage values of its
immediate neighbors, and to thereby achieve an adequately accurate estimate of

actual remnant voltage values.
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The foregoing discussion has focused on methods for estimating the
remnant voltage based on system inputs and characteristics. An alternative
approach is to measure the remnant voltage directly. Techniques for sensing the
state of an electrophoretic display are described in U.S. Patent No. 6,512,354.
Similar techniques may be used for sensing the remnant voltage in other electro-
optic displays. The aforementioned 2003/0137521 specifically describes the use of
comparators to measure remnant voltage. Direct measurement of remnant voltage
may be performed prior to each image update or periodically to update and correct
the data values described above.

Estimating and direct measuring methods may be used together. For
example, an estimating method may be used at each image update, but the remnant
voltage value may be updated periodically based on actual measurement. Because
the remnant voltage response and decay rate may change over the working lifetime
of a display, which may be a period of years, it can be advantageous for display
controller software to track such changes and to use an adaptive algorithm, for
example a Bayesian algorithm, that updates its predictive parameters based on
actual data.

Similarly, an estimating method may be used for each pixel, the
remnant voltage value may be directly sensed at one or more test pixels, and the
remnant voltage value for the remaining pixels adjusted, at least in part, based on
the difference between the estimated and measure remnant voltage for the test
pixels. The test pixels may or may not be pixels visible to an observer of the
display.

In at least some cases, the remnant voltage characteristics of a
display may be highly sensitive to the electrical properties of one or more specific
layers of the display, for example, an adhesive layer. Accordingly, the foregoing
approaches to estimating or measuring remnant voltage may be modified to
estimate or measure the electrical characteristics of the specific layer (such as the
adhesive layer) having a major effect on remnant voltage characteristics, and to
modify the algorithms for the remnant values of the pixels appropriately. A sensor
may be used to probe the specific layer of the display and may or may not probe

material associated with visible pixels. Furthermore, a physical sample of the
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material of the relevant layer may be provided outside the display as part of a
sensor that incorporates the material directly to measure its responses and changes

over time.
Remnant voltage aware waveforms and addressing methods

Having estimated or measured the remnant voltage (or a proxy
variable) by the above or any other suitable methods, in accordance with the
waveform selection method of the present invention, an addressing method is
selected based at least in part on the estimated or measured current remnant voltage
or proxy variable. The addressing method may be chosen based on the remnant
voltage of a specific pixel, the remnant voltage of the pixel and the surrounding
pixels, or on the overall remnant voltage across all or a portion of the display larger
than one pixel and its immediate neighbors.

Various methods may be used to modify a standard waveform (i.e.,
a waveform which is not remnant voltage aware) to allow for remnant voltage of a
specific pixel or group of pixels. For example, the remnant voltage may be
subtracted from the desired waveform and a reduced voltage applied, so that the
effective waveform experienced by the pixel is the original desired waveform.
Alternatively, a scaling factor or other transformation may be applied to the
waveform. Alternatively, the voltage levels in the waveform may be held
unchanged, but their durations may be adjusted. For example, if a standard
waveform requires a 10 V 50 ms pulse, but the pixel has a 2 V remnant voltage, the
pulse may instead be 40 ms at 10 V, 50 ms at 8 V, 44.7 ms at 8.94 V, or even two
pulses of 20 ms at 10 V with an intervening pause of 10 ms at 0 V (for simplicity
these examples do not take account of the decay rate of the 2 V remnant voltage
and could be adjusted more precisely to match the expected remnant impulse
decline from an initial value of 2 V). These waveforms may also be adjusted to
allow for the fact that it is not necessarily ideal for the net impulse to be exactly
constant, since the electro-optic medium may have a slight threshold or be
otherwise asymmetric in its optical response to the voltage or duration of a pulse in

a waveform.
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Direct calculation of waveform adjustments in this manner may
impose a significant overhead on the display controller. To reduce such overhead,
the controller may instead select an addressing waveform, algorithm, formula or
look-up table from a series of options, each associated with a range of remnant
voltage values. Thus, the waveform selection method of the present invention
extends to the selection of from among two or more essentially equivalent
waveforms (waveforms that do not substantially differ in the final optical state of
the pixel after the waveform has been completed) so as to minimize the change in
aggregate remnant voltage within a pixel (i.e., to yield a very low remnant voltage
waveform). The optimum waveform may be determined by modeling the decay
rates of the electro-optic medium or by direct experimentation and a process of
tuning and optimization for the waveforms. The waveform selection method of the
present invention also extends to selecting among essentially equivalent
waveforms that generate equivalent or non-minimal remnant voltages, choosing
the waveform that brings the net remnant voltage of a given pixel closer to zero;
such a waveform may be called an “off-setting remnant voltage waveform”.

As described in the aforementioned WO 2004/090857 and
PCT/US2004/21000, it is possible, and often desirable, to use drive schemes in
which the waveforms used for individual transitions are DC-balanced (as opposed
to the overall drive scheme being DC-balanced). In other cases, specific parts of a
waveform may be DC-balanced even if the entire waveform is not DC-balanced;
examples are shake-up pulses, blanking pulses (see below), and many rail-
stabilized addressing methods. During such DC-balanced waveform sequences, as
part of a sequence which involves a pixel being driven to both its extreme optical
states (hereinafter assumed for convenience to be black and white) the controller
may select in which direction to switch first, towards white or towards black.
When a switch to one extreme optical state is followed by a switch to the other
extreme optical state, the second switch will normally have a greater impact on
remnant voltage simply because it occurs later in time and the effects of remnant
voltage decay with time. Thus, in a DC-balanced waveform sequence, selecting

whether to switch towards black or white first can determine whether the remnant
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voltage for a given pixel is slightly increased or decreased. This is another example
of an offsetting remnant voltage waveform of the invention.

Some drive schemes require a periodic (typically every 10 minutes
or so, or every image update) blanking pulse which drives a pixel to both extreme
optical states; see, for example, the aforementioned 2003/0137521. For example,
the blanking pulse can switch the display to all-white then all-black, or to all-black
then to all-white. In accordance with the waveform selection method of the present
invention, a choice between these alternatives can be made to reduce remnant
voltage and thus to reduce perceived ghosting. Alternatively, by determining
whether the pixels of the display have, overall, positive or negative remnant
voltages, the total remnant voltage on the display may be reduced by choosing the
appropriate blanking sequence (black/white or white/black) without increasing the
image update time. In a variation, the decision as to which optical rail (extreme
optical state) to hit first is not based on the aggregate remnant voltage but is based
on the number of pixels that have high remnant voltage in either direction. More
generally, any suitable algorithm may be used to determine to which rail the
medium will be driven first in order to minimize outliers or other distracting visual
artifacts of the display caused by remnant voltages, given the user preferences for
the targeted application.

If desired, the algorithm may also provide for introducing an
additional blanking nsequence (white-black-white or white-black-white-black) when
the remnant voltages are extreme in one or both directions. It will be apparent that
the voltage level of the blanking pulse on each pixel could be modified instead of
its duration.

The waveform selection method of this invention also extends to
extending the period of a voltage pulse during the time when the electro-optic
medium is already in an extreme optical state (i.e., is at an optical rail), thereby
increasing or decreasing remnant voltage without a distracting optical change. An
opportunity for such voltage pulse extension exists every time a pixel is brought to
an extreme optical state. The blanking pulses mentioned above are one example.
The waveform selection method therefore provides for the blanking pulse duration

(or voltage) to be varied on a pixel-by-pixel basis. By lengthening the pulse in
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either direction on a calculated basis for each pixel, a net remnant voltage
component may be applied, and the total remnant voltage for that pixel thereby
reduced or eliminated. Thus, a blanking pulse could be used to reduce remnant
voltage across all pixels of the display without apparent optical impact. As a
practical matter, the degree to which the pulse is lengthened could be quantized,
ie., the pixels could be grouped into categories based on remnant voltage ranges
and the same adjustment applied to all the pixels in each category.

So-called "rail stabilized" drive schemes are known (see, for
example, the aforementioned 2003/0137521, WO 2004/090857 and
PCT/US2004/21000), which allow any given pixel to undergo only a limited
number of transitions without touching an optical rail, and thus provide for each
pixel to be switched to one of its extreme optical states on a frequent basis. For
example, to transition a pixel from one gray level to another gray level, the pixel
may be switched first to either a dark or a white state (possibly for an extended
period) and then a subsequent pulse applied to reach a desired gray level. Such a
transition tends to create positive or negative remnant voltage by virtue of the long
period in which the pixel is addressed toward the extreme optical state. According
to the waveform selection method of the present invention, the remnant voltage of
the pixel may be minimized by causing the transition to use the optical rail for
which the remnant voltage created by the direction of the switch will tend be
opposite in sign to the remnant voltage carried by the pixel just prior to the
transition.

One reason for using a rail-stabilized drive scheme is to mitigate the
optical effects of remnant voltage. The estimate of measurement of remnant
voltage on a pixel-by-pixel level, as described above, can reduce the need for the
use of such rail-stabilized drive schemes. A hybrid approach is to use rail-stabilized
methods for pixels in which remnant voltage is fairly high, but to switch directly to
the desired state (a direct impulse method) when remnant voltage is low and would
not affect the image.

Another approach to reducing remnant voltage is to identify pixels
for which the remnant voltage is extreme (i.e., has a magnitude greater than some

predetermined value), and, prior to a general image update, to apply an off-setting
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voltage to such pixels to reduce their remnant voltages, or otherwise pre-condition
the remnant voltage levels across the display. Such pre-conditioning may enable a
reduced period of rail stabilization and achieve a faster perceived image update
time. If the off-setting voltage is small and applied over a sustained time, or if it
tends to lengthen a period of rail stabilization rather than pull the particles back
from the rail, the reduction of remnant voltages may be accomplished without
distracting visual impact.

The above discussion has focused on tracking net remnant voltages
and selecting appropriate algorithms for reducing remnant voltages. Another
parameter of image history of a pixel or display is net DC imbalance. It will be
apparent to one skilled in the imaging art that most of the methods described above
can be modified to track and correct for net DC imbalance, either in combination
with, or independently from, any adjustments for remnant voltage. For example,
DC imbalance can be used when determining which optical rail to select first and
what pre-conditioning is appropriate in the above approaches. Also, for example,
even when remnant voltage may be reduced by modifying a waveform, the drive
scheme could omit this correction if the pixel is already DC-imbalanced and would
become more imbalanced after the adjustment for remnant voltage. Similarly, any
conditioning of the display or adjustment of waveforms to achieve a net DC
balance would be allowed for when estimating the remnant voltage across each
pixel.

Thus, the waveform selection method of this invention may be
generalized as an addressing method for an electro-optic display capable of
exhibiting a remnant voltage, wherein a data value corresponding to remnant
voltage is determined and an addressing waveform is selected at least in part based
on the remnant voltage value. In such a method, time and remnant voltage values,
or data representing each, are typically explicitly tracked. However, it should be
recognized that addressing waveforms for electrophoretic and other electro-optic
displays may account for time and remnant voltage values implicitly or
approximately. For example, the so-called “prior n-state” addressing
methodologies described the aforementioned 2003/0137521, WO 2004/090857 and
PCT/US2004/21000 and above may not track time, but they do track a history of
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prior pixel optical states, and this can be a proxy for time if the drive scheme
designer has some knowledge of typical usage models and common elapsed times
between image updates. Hence, it is now recognized that such methods tend to
reduce remnant voltage and thus show improved ghosting behavior.

One practical reason why such methods have previously been used
is that the display controller in many electro-optic displays does not have access to
clock information to track elapsed time between image updates, perhaps because
such elapsed time data is most useful for bistable displays and few bistable
displays have hitherto been commercialized. In a preferred form of the waveform
selection method of the present invention, the controller does comprise a clock or
equivalent timing mechanism. Alternatively, the controller may be in logical
communication with an external information source (such as the device which uses
the display as its output device) that generates an elapsed time value and provides
this information to the controller. For example, the device may provide time
information along with a function call to the display controller or along with each
new set of image data. Such time information may be quantized (e.g. immediate,
0.5 seconds, 1 second , 2 seconds, 10 seconds, 30 seconds, 60 seconds, more than
60 seconds) thereby reducing data bandwidth and yet still providing useful
information, especially if the quantized time bands are chosen to correspond to the
substantially exponential decay of the remnant voltage.

In general, it is most useful for the controller to receive elapsed time
data for each pixel, since some pixels may not change during an update. However,
it is still useful for the controller to receive data corresponding to the elapsed time
since the most recent image update, most recent blanking pulse, or most recent
update for a set of pixels. Additionally, the controller may receive data indicating
the likely update frequency of the display, for example, a flag indicating whether
the user is currently entering text, which may require many updates in rapid
succession to the whole display or to a defined region thereof.

Another form of approximate correction of remnant voltage is used
in the dwell time waveform selection method of the present invention, which
provides for choice among multiple waveforms to effect an image transition, where

the selection among the multiple waveforms is based at least in part on the dwell
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time of the relevant pixel in its initial gray state, or some proxy for this dwell time.
Such time-sensitive selection among multiple waveforms implicitly accounts for
the decay of remnant voltage with time, even though remnant voltage is not
explicitly tracked, estimated or measured.

For example, a specific dwell time waveform selection method of
the present invention might be applied to a controller for a display with four gray
levels using a drive scheme based on a logical transition table with 16 entries, each
entry corresponding to the transition from one gray level (0,1,2,3) to another
(0,1,2,3). Selection of the entry is based on knowledge of the initial and final gray
levels of the desired transition. Within each entry, there are three possible
waveforms. The controller selects the first waveform when the image transition
occurs within 1 second after the prior image update, the second waveform when
the image transition occurs between 1 and 5 seconds after the prior image update,
and the third waveform when the image transition occurs more than 5 seconds after
the prior image update.

In the dwell time waveform selection method, the waveforms may
be represented by look-up tables (as described above), may be modified (or split
intb sub-tables) to allow for variation in environmental conditions, and may be set
in whole or in part during manufacture of the display to include specific parameters
of an individual display. In short, the waveforms used in this method may include
any of the optional components and variations described in the aforementioned
2003/0137521, WO 2004/090857 and PCT/US2004/21000.

From the foregoing it will be seen that, although in the dwell time
waveform selection method of the present invention remnant voltage is not
explicitly tracked, and although the elapsed time may be based on elapsed time
since the display was updated and not on elapsed time since a specific pixel was
updated, the dwell time waveform selection method does implicitly approximate
both remnant voltage and elapsed pixel update time and therefore exhibits

improved ghosting behavior over prior art drive schemes.
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Materials selection

As already indicated, the selection of materials for use in electro-
optic displays can have a major influence on the remnant voltages which exist in
such displays during their operation, and hence upon the electro-optic performance
of such displays.

Also as discussed above, when used in an electro-optic display
certain materials exhibit Type I polarization which contributes to remnant voltage.
It is believed (although the invention is in no way limited by this belief) that this
polarization is frequently due to the mobility and concentration of ions moving
through at least one of the component materials.

The speed of decay of remnant voltage may be measured in any
specific material by preparing a test cell in which the material is in contact with the
same interfaces as in the proposed display. For example, test cells have been
prepared consisting of a controlled thickness of laminating adhesive coated onto an
ITO substrate, and an electric field applied across the laminating adhesive/ITO
interface. Remnant voltage peak values and decay were then measured by opening
a charging circuit, and monitoring the voltage across ‘Fhe pixel with a high
impedance voltmeter.

It has been found that laminating adhesives with higher ionic
mobility show faster remnant voltage decay rate. A preferred lamination adhesive
has a volume resistivity of less than about 10'! ohm cm.

Previous E Ink patent applications, for example the aforementioned
2003/0011867 and 2003/0025855, and US Application Serial No. 10/708,121, filed
February 10, 2004 , describe lamination adhesives with controlled resistivities, or
which are heterogeneously or anisotropically conductive, for example Z-axis
adhesives. Such adhesives may provide a further benefit of reducing remnant
voltage.

A lamination adhesive may also exhibit Type II polarization. In test
cells, increased adhesive thickness has been found to be associated with higher
remnant voltage. Since polarization at the interfaces should be independent of the
film thickness, this result suggests the existence of internal charge polarization

sites, characteristic of Type II polarization effects. Consequently, care must be
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taken in the selection of the adhesive thickness and, in the case of encapsulated
electrophoretic displays, its morphology around the capsules. The same test
lamination adhesive was heated to drive out suspected impurities and crystalline
regions. Thereafter it exhibited reduced remnant voltage.

Type I polarization may occur anywhere in the display where a
material interface exists. It has been found that, by using the same material for
lamination adhesive and binder (i.e., the material used to surround the capsules and
form them into a cohesive layer, as described in many of the aforementioned E Ink
and MIT patents and applications), an interface is eliminated and the remnant
voltage is reduced. Therefore, the present invention provides an electrophoretic
display comprising a microcavity binder and a laminating adhesive in which the
materials are either identical or similar in composition or electrically equivalent in
conductivity or ionic mobility. In some cases where the materials are different in
composition, it may be desirable to dope the less conductive material to achieve
substantially equal ionic mobility on both sides of the interface.

Type I polarization at some interfaces can be affected by surface
roughness. It may be advantageous either to planarize or to introduce a texture to
some interfaces, thereby providing a degree of interpenetration of the materials on
either side of the interface. These techniques may result in either increased
polarization at the specific interface or in decreased polarization, either of which
could be beneficial depending upon the specific display being considered. For
example, increased polarization at one location that offsets polarization elsewhere
in the display may cause a reduced remnant voltage across an electro-optic
medium. Typically if the interface results in a remnant voltage that is strongly
coupled to the electro-optic medium, then reducing the degree of polarization at the
interface and its decay rate is desirable.

Type I polarization at some surfaces may also be affected by surface
cleanliness. Cleaning of substrates prior to coating and lamination is desirable in

order to achieve consistent electrical behavior.
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Conductive paths in electrophoretic layer

In microcavity electrophoretic displays, a cell wall (a term which is
used herein to include the capsule wall of an encapsulated display) exists that is
electrically in parallel with the electrophoretic internal phase (the suspending fluid
and the electrically charged particles). Current, in the form of electrically charged
ions, can flow through the internal phase or through the cell wall. The cell wall can
be a polymer, such as a gelatin, or any other suitable material. The cell wall is
typically further surrounded by a binder, as mentioned above. Therefore, some
current may flow between the electrodes of the display via the binder or cell wall
without flowing through the electrophoretic internal phase, and thus without
contributing to changes in the electro-optic state of the display or a pixel thereof.

In the preferred electrophoretic displays described in the
aforementioned E Ink and MIT patents and applications, the conductivities of the
cell wall and binder are typically slightly higher than those of the internal phase.
Relaxation of remnant voltage may thus occur in part through the binder and cell
wall.

During the application of an electric field to the electrophoretic
medium, charged particles move toward the two electrodes of the display. If
charged particles cluster near the front electrode (the electrode through which an
observer normally views the display) for a period of time, corresponding electrons
or oppositely charged ions may flow through the cell wall and/or binder in
response. The charged regions thus created may create a remnant voltage that
affects a subsequent image update. Consequently, the conductivities and ionic
mobilities of the cell wall and binder are of importance, as are their morphologies.

The remnant voltage of a specific cell/binder morphology may be
measured by methods similar to those described above for a lamination adhesive.
In accordance with the volume resistivity balanced electrophoretic medium aspect
of the present invention, it is preferred that the binder and cell walls have a volume
resistivity at least two times less than the volume resistivity of the electrophoretic
internal phase and that both have a volume resistivity of less than about 10'! chm
cm. More generally, in an electrophoretic medium comprising a plurality of

discrete droplets of a suspending fluid dispersed in a continuous phase (which may
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have the form of a single continuous phase in a polymer-dispersed medium, a
combination of cell walls and binder in an encapsulated electrophoretic medium, or
cell walls only in a microcell electrophoretic medium), the droplets comprising a
plurality of electrically-charged particles held in a suspending fluid and capable of
moving therethrough on application of an electric field to the electrophoretic
medium, it is preferred that the continuous phase have a volume resistivity not
greater than about one-half of the volume resistivity of the droplets, and that both
the continuous phase and the droplets have a volume resistivity of less than about
10" ohm cm. In a preferred embodiment, the binder and cell walls occupy between
about 5 and about 20% by volume of the electrophoretic layer (with the remainder
being the electrophoretic internal phase), and the binder is evenly distributed
among the capsule walls.
Zeta potential considerations, and charge balanced dual particle
electrophoretic medium

A preferred type of electrophoretic medium described in many of
the aforementioned E Ink and MIT patents and applications is a so-called "opposite
charge dual particle" medium, in which the electrophoretic internal phase contains
two different types of particles bearing charges of opposite polarity (see, for
example, the discussion of the different types of electrophoretic media in the
aforementioned 2002/0171910). The amount of charge on each particle may be
controlled, for example by surface modification as described in the aforementioned
2002/0185378, and in copending Application Serial No. 10/711,829, filed October
7, 2004 (see also the corresponding International Application No.
PCT/US2004/33188). The number of particles in each microcavity may also be
controlled in a predictable way by selecting the total amount of particles provided
in the electrophoretic internal phase prior to encapsulation or filling of microcells.
By multiplying the average charge per particle by the average number of particles
per microcavity, it is possible to estimate the total charge of each type of particle in
the microcavity.

It has been found that if the total charges of the oppositely charged
types particle are not approximately balanced, a particularly large polarization is

produced in the polarized microcavity, which induces a corresponding large and
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slowly decaying polarization in the continuous phase material(s). It has further
been found that by varying the net total charge of the particle types, it is possible to
vary an encapsulated electrophoretic display between a regime in which an electric
field leaves a remnant voltage of the same sign (so that a subsequent update in the
opposite direction is retarded), a regime in which very little remnant voltage
occurs, and a regime in which an electric field leaves a remnant voltage of the
opposite sign (so that a subsequent update in the opposite direction is promoted).

In accordance with the charge balanced dual particle aspect of the
present invention, it is preferred that neither type of electrophoretic particle have
more than about twice the total charge of the other. It is also preferred, in
accordance with the low remnant voltage electrophoretic medium aspect of the
present invention, that, in an opposite charge dual particle electrophoretic display,
the particle charge, particle mass, and particle mobility be selected so that the
display exhibits "Low Remnant Voltage Behavior", herein defined as having a
remnant voltage measuring less than about 1 V (and desirably less than about 0.2
V) exactly 1 second after the application thereto of a square wave DC addressing
pulse of 15 V for 300 milliseconds.

To assess charge balance in an opposite charge dual particle
electrophoretic internal phase, it is helpful to analyze the charge on each particle
relative to its mass (since mass can be easily measured at the time of manufacture).
It is believed, although the invention is in no way restricted by this belief, that the
charge to mass ratio may be estimated using the following relationship:

q/M is proportional to ¢/d* )
where:

q = particle charge

M = mass

€ = zeta potential (mV)

d = particle diameter.

The total net charge of the electrophoretic internal phase should
desirably be controlled by careful co-optimization of particle charge, particle mass,

particle diameter, and zeta potential.
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In a substantially charge-balanced electrophoretic medium
exhibiting Low Remnant Voltage Behavior (as defined above), such behavior may
typically cease if any of the following occurs: (a) the average charge on either type
of particles is changed by about 20% to 100%; (b) the relative mass of one type of
particle is changed by about 50% to 300%; (c) the average diameter of one type of
particle is changed by about 30% to 200%; and (d) the average mobility of one
type of particle is changed by about 20% to 100%.

Suspending fluid additives
It has been found that the addition of surfactants to the suspending
fluid of the electrophoretic medium may reduce remnant voltage. For example,

when single pixel displays were prepared using otherwise identical dual particle

‘opposite charge electrophoretic media but in which sorbitan trioleate (sold

commercially as Span 80) was added to one of the suspensions, the display
containing the sorbitan trioleate demonstrated reduced remnant voltage.

It is believed, although the invention is in no way restricted by this
belief, that the surfactant alters the relative charge balance of the two types of
electrophoretic particles. It is further believed that the surfactant' reduces Type III
polarization by modifying charge relaxation rates in the electrophoretic internal
phase so that they more closely balance the corresponding relaxation rates in the
external phase.

Thus, this invention provides an electrophoretic display exhibiting
Low Remnant Voltage Behavior (as defined above), which behavior ceases if the
concentration of a surfactant or charge control agent in the electrophoretic internal

phase is changed by about 30% to 200%.

Materials for external phases of microcavity electrophoretic displays

It is possible to select external phase materials for use in
microcavity electrophoretic displays, or to mix, dope or condition such materials,
to achieve desired remnant voltage relaxation rates. As described above, the
relaxation rate of an internal phase may be affected by numerous factors, including
the choice of electrophoretic particle(s) and the concentration of surfactants and

charge control agents. One aspect of the present invention provides that the
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external phase materials and the internal phase materials be balanced (within a
factor of 2) in relaxation rates.

This aspect of the invention provides an electrophoretic display
exhibiting Low Remnant Voltage Behavior (as defined above), which behavior
ceases if the conductivity of the external phase materials is changed by about 30%
to 200%.

In a typical encapsulated electrophoretic display, a critical external
phase material is the gelatin capsule wall. The conductivity of the wall is
significantly affected by moisture. In a preferred embodiment, the electrophoretic
display comprises moisture and is resistant to changes in the relative humidity
(RH) of the operating environment. In a further preferred embodiment, the display
is conditioned (by placing it in a controlled humidity environment until it has come
to equilibrium and/or by manufacturing the display in a controlled humidity
environment) so as to achieve between 20% RH and 55% RH, and preferably 35%
RH, for the electrophoretic layer within the final display.

Thus the invention provides a method of manufacturing an
electrophoretic display that comprises RH conditioning the display material. The
electrophoretic ‘display may also comprise moisture barriers or substrates that aré

impermeable to water.

Low threshold electro-optic displays

A small threshold in an electrophoretic or other electro-optic display
may be produced in many ways. The threshold can result from attractions between
particles and walls, or among particles. The attractions can be electrical, such as
from oppositely charged particles; physical, such as from surface tension; or
magnetic. A threshold can also result from the nature of a suspending fluid, which
may be strongly shear-thinning, or have an apparent yield stress (such as for a
Bingham fluid), or electro-rheological properties. An additional electrical field, for
instance a field created by in-plane electrodes or a control grid, can substitute for a
threshold.

For purposes of this application, a threshold is considered present at

a particular voltage level when a square wave DC pulse of 1 second duration
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applied to the display at that voltage level results in an optical change of less than
2L*,

It is known in the display art that a threshold in an electro-optic
medium can serve as a basis for a passive addressing scheme. Typically such a
scheme relies on a threshold equal to half of the switching voltage (“V/2”); in
some drive schemes, passive addressing can be achieved with a minimum
threshold of one-third of the switching voltage (“V/3”).

In contrast, as described above, a threshold of as little as 1 V, as
compared with a switching voltage of 15 V, can be useful in reducing the impact
of remnant voltages on electro-optic performance. Accordingly, the low threshold
display aspect of the present invention provides an electro-optic display operating
at a voltage not greater than & V, wherein the electro-optic material has a threshold

voltage which is greater than zero but less than about V/3.

Manufacturing electrophoretic displays with reduced remnant voltage

A final aspect of the present invention relates to various
improvements in the manufacture of electrophoretic displays to reduce the remnant
voltages exhibited by the displays thus manufactured.

During the manufacture of encapsulated electrophoretic displays,
capsules are typically suspended in a slurry, which comprises the capsules and a
polymeric binder, and may also comprise various additives, for example water,
plasticizers, pH adjusters, biocides, and surfactants or charge control agents. For
present purposes, such a slurry may be regarded as containing a "binder" consisting
of the nonvolatile components of the slurry, excluding the capsule. In some cases,
the binder materials may separate during preparation of the slurry, or during
shipment and storage, and may not always be mixed adequately prior to coating.
As a result, regions of area-to-area heterogeneity may exist that can cause Type II
polarization problems in the final display. To reduce such problems, it is desirable
to thoroughly mix such binder materials through appropriate means such as mixing
by propeller blade or on a roll mill for extended periods.

The dried binder material should desirably have uniform electrical

characteristics such that, following a 15 V voltage pulse applied for 300 ms and a 1
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second pause, the measured remnant voltage of the binder material itself should be
less than about 1V, and preferably less than 0.2 V.

As mentioned above, it is desirable to control the amount of space
between capsules that is occupied by binder because this space can contribute to
Type III polarization. Electrodeposition may be used to control capsule spacing
directly, as described in copending Applications Serial No. 10/807,594, filed
March 24, 2004 (see also the corresponding International Application
PCT/US2004/009421). In microcell or photo-patterned electrophoretic displays,
microcavity spacing can be controlled directly.

In coated encapsulated electrophoretic displays, dried capsule
spacing and morphology are the result of many controllable factors, as discussed in
several of the aforementioned E Ink and MIT patents and applications. To
summarize, capsule morphology can be adjusted by varying capsule wall thickness
and elasticity, the formulation of the coating slurry, the surface energy of the
coating substrate, the height of the coating die off the substrate, the amount of
coating slurry passing through or pumped through the die onto the substrate, the
speed of a substrate web, and the drying conditions of the wet coated film such as
temperature, duration and air flow. Useful principles for control of capsule spacing

and morphology are described below.

A : Capsule wall property effects on dried capsule shape

Capsule wall properties vary with materials and process variables of
encapsulation, especially mixing speed. The capsule wall should desirably be
elastic enough to allow an overall capsule height/diameter ratio between 0.33 and
0.5. However the capsule wall should also ideally permit local variations enabling
nearly a 90-degree bend radius on sharp corners for hexagonal close packing of the
capsules on the substrate on to which they are coated, as described for example in
U.S. Patents Nos. 6,067,185 and 6,392,785.

It is believed (although the invention is in no way limited by this
belief) that capsule wall elasticity can be affected by the degree of cross-linking of
the capsule wall material (less cross-linking typically giving a more flexible

capsule wall) and by the thickness of the wall. Wall thickness is affected by

42-



10

15

20

25

WO 2005/054933 PCT/US2004/039862

internal phase formulation, gelatin/acacia levels and process parameters. For a
given capsule packing pattern, reducing the wall thickness can improve the
"aperturé ratio" (i.e., the fraction of the area of the electrophoretic medium which
undergoes change of optical state; the areas occupied by the capsule walls cannot
undergo such change) of the medium; however, walls that are too thin may burst
easily.

Certain process parameters that have been found important in
affecting wall thickness are set out in the Table below. The results shown in the
Table were generated through encapsulation experiments done at a 4 L scale. Also
shown in the Table are the relative qualitative rankings for the wall thickness
compared to a standard operating procedure for encapsulation. The standard -
process conditions for the 4 L encapsulation are acacia level (index at 100% of
standard level), pH (4.95), emulsification temperature (40°C), cooling rate (3
hours), and rate of internal phase addition. In the Table, a Raﬁk of 3 denotes walls

of standard thickness, with 1 denoting a very thin wall and 5 a thick wall.

Table

Effect on wall thickness Rank Rank
Parameter Low High
Acacia: 25% variation in mass 3 1.5
pH: 3% variation on pH scale 3 2
Emulsification Temp: 10% variation 4 3
Cooling Rate : =+ 2 hours 2 4
Rate of IP addition: Spray / Dropwise 2.5 3.5

pH is a critical parameter for the wall properties, not just in terms of
the wall thickness but also because the solid content and viscosity of the coacervate
are quite different at different pH levels. Finally, the type of gelatin and acacia used
may have a dramatic impact on the wall properties.

B : Binder evaporation as a mechanism for changing dried capsule

shape
The effect of binder evaporation varies depending on how closely

packed the capsules were while the coated slurry was still wet. The same binder
ratio, with the same capsule diameters, may result in either flattened (oblate
ellipsoidal) or tall (substantially prismatic) capsules according to wet capsule

proximity.
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Figure 2 shows the situation where a capsule/binder slurry has been
coated on a substrate 110 so that the capsules 112 are sparsely coated, i.e., are
separated from one another by gaps comparable to the diameter of the capsules
112. As shown in Figure 2, in these circumstances the capsules 112 are only
partially immersed in the uncured binder 114, so that the portions of the capsules
112 remote from the substrate 110 protrude from the layer of binder 114, and the
boundary between the binder and each capsules is a circle of radius r, around each
substantially spherical capsule. It can be shown that the downward force exerted on
a capsule by surface tension forces during drying is given by:

F =2norsin v,
where:

F is the downward force on the capsule;

o is the surface tension of the liquid surrounding the capsule;

1. is the diameter or the contact circle which the liquid makes with the capsule, as
illustrated in Figure 2; and

V. is the complement to the contact angle of the liquid surrounding the capsule
(i.e., 90° - the contact angle).

From Figure 2, it will be seen that r; will increase as the capsules
increase in size and as the level of the surrounding liquid is lowered.

Two extreme cases of the effects of this downward force are shown
in Figures 3A-3B and 4A-4B respectively of the accompanying drawings. In
Figures 3A and 4A, arrows A denote evaporation of water from the wet binder,
while arrows B denote the forces on the capsules exerted by surface tension. In
Figures 3B and 4B, “C” denotes dried binder. (Note that throughout Figures 3A to
4B, the presence of binder outside the two illustrated capsules is ignored.) Figures
3A and 3B illustrate the effects of the downward force on sparsely coated wet
capsules, i.e., capsules coated so as to leave gaps between adjacent capsules which
are a substantial fraction of a capsule diameter. From Figures 3A and 3B, it will be
seen that the effect of the downward force is to flatten the original spherical
capsules into oblate ellipsoids, which typically will touch each other in the final
dried layer, but that little or no distortion of these ellipsoids occurs by contact

between adjacent capsules. In contrast, Figures 4A and 4B illustrate the effects of
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the downward force on closely packed coated wet capsules, in which the wet
capsules as coated are in contact with one another. From Figures 4A and 4B, it will
be seen that the effect of the downward force is to force the capsules to contact
each other over progressively larger areas, so that in the final dried layer the
capsules have substantially the form of polygonal prisms having a height
substantially greater than their width; if the wet capsules are hexagonally close
packed, as is ideally the case, the dried capsules will have substantially the form of
hexagonal prisms. It should be noted that if capsules are too sparsely packed, voids

may be left between the capsules as they dry and tend to associate into clusters.

C : Slurry preparation effects on dried capsule shape

The pH level of the capsules may affect dried capsule shape. As pH
is increased, the charge on gelatin changes, affecting the attraction of the gelatin to
the substrate (typically an ITO surface) on which the capsules are coated and
making it harder or easier for capsules to shift location. Choice of substrate surface
energy by changing substrates may affect this relationship.

Surfactant level affects the adhesion (“stickiness™) of capsules to
each other and possibly to the binder. A more surface active surfactant weakens
surface tension and should reduce the surface tension forces acting on the capsules
during drying. A less surface active formulation may help flatten capsules.

Binder ratio is a critical factor affecting dry capsule shape. Lower
binder ratios result in rounder capsules. A binder ratio of 2:1 (i.e., two parts by
weight of capsules to one part by weight of binder) is sufficient to fully surround
each capsule as a perfect sphere when dried and hence results in the least flattened
capsules. Lower binder ratios allow the binder, when dry, to fill the interstices
between capsules. A binder ratio of 8:1 is adequate to achieve flat capsules or

heightened (polygonal) capsules depending on coating conditions.

D : Coating parameter effects on dried capsule shape
As described above, the coating process should optimally deposit
wet capsules a predetermined distance apart. Critical parameters in achieving such

desired spacing include coating speed, die type, die height, and slurry flow rate.
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Experimentally, it has been found that increasing the slurry flow
rate in a coater, while holding all other parameters constant, tends to increase
coating weight, with the result that the wet capsules are placed closer together. This
could result in some capsules being too closely spaced, resulting in less
flattened/more heightened dried capsules.

In related coating experiments, decreasing the gap in the die to a
low value (e.g., 40-50 pm) brought the die height to a value comparable to the size
of the wet capsules being used. At this die height, a monolayer of capsules was
virtually assured, but the packing was usually very tight. Coatings at lower die
heights tended to result in heightened dried capsules. Ideally, the capsules would

be coated "almost touching together" but not packed together when wet.

E : Drying parameter effects on dried capsule shape

Experimentally, it has been found that a conveyor oven drying at
60°C for 2 minutes is able to create capsule-containing films with flattened,
heightened and spherical dry capsules. Attempting to dry the capsules too quickly
may cause a "skin" to form on the top of the binder; this skin traps moisture within
the binder and causes the film to dry very slowly.

The rate of air flow while drying affects the rate of evaporation and
affects whether evaporative gases are trapped among the capsules. It is difficult to
achieve good success in drying without adequate ventilation; air flow across the
binder is helpful.

k ok ook Aok sk ook ok ok ook ok ok ok

The foregoing description has emphasized the application of the
invention to electrophoretic displays. Such electrophoretic displays may be of any
type and still benefit from at least some aspects of this invention. Thus, the
displays may include microcavity electrophoretic displays, such as encapsulated,
microcell, microcup, and polymer-dispersed displays; electrophoretic displays
using one or more species of particles (except of course for those aspects of the
invention specific to dual particle electrophoretic displays); electrophoretic
displays using clear or dyed suspending fluids; electrophoretic displays comprising
oil-based and gaseous suspending media; flexible and rigid electrophoretic

displays; electrophoretic displays addressed by non-linear devices (such as thin
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film transistors), by passive means (such as a control grid) and by direct drive;
electrophoretic ~ displays operating by lateral or in-plane motion of the
electrophoretic particles, by vertical or electrode-to-electrode motion or any
combination thereof; and full-color, spot-color and monochrome electrophoretic
displays.

Finally, it is again emphasized that although this invention has been
principally described as applied to electrophoretic displays, many aspects thereof
are applicable to any electro-optic display or medium capable of a remnant voltage,

with particular importance for bistable electro-optic displays.
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CLAIMS

1. A method of driving a bistable electro-optic display having a
plurality of pixels each of which is capable of displaying at least two gray levels,
the method comprising applying to each pixel of the display a waveform
determined by the initial and the final gray level of the pixel, the method being
characterized in that, for at least one transition from a specific initial gray level to a
specific final gray level, a first waveform is used if the pixel has been in its initial
gray level for less than a predetermined interval, and a second waveform, different
from the first waveform, is used if the pixel has been in its initial gray level for
more than the predetermined interval.

2. A method according to claim 1 wherein, for the at least one
transition, first, second and third waveforms, all different from each other, are
used, the first waveform being used if the pixel has been in its initial gray level for
less than a first predetermined interval, the second waveform being used if the
pixel has been in its initial gray level for more than the first predetermined interval
but less than a second predetermined interval, and the third waveform being used if
the pixel has been in its initial gray level for more than the second predetermined
interval.

3. A method according to claim 2 wherein the first
predetermined interval is in the range of from 0.3 to 3 seconds, and the second
predetermined interval is in the range of from 1.5 to 15 seconds.

4. A method according to claim 1 comprising:

storing a look-up table containing data representing, for each
possible transition between gray levels of a pixel, the one or more waveforms to be
used for that transition;

storing initial state data representing at least an initial state of each
pixel;

storing dwell time data representing the period for which each pixel
has remained in its initial state;

receiving an input signal representing a desired final state of at least

one pixel of the display; and
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generating an output signal representing the waveform necessary to
convert the initial state of the one pixel to the desired final state thereof, as
determined from the look-up table, the output signal being dependent upon the
initial state data, the dwell time date and the input signal.

5. A method according to claim 4 further comprising storing
data representing at least one prior state of each pixel prior to the initial state
thereof, and wherein the output signal is generated dependent upon both the at least
one prior state and the initial state of the one pixel.

6. A method according to claim 4 further comprising receiving
a temperature signal representing the temperature of at least one pixel of the
display and generating the output signal dependent upon the temperature signal.

7. A method according to claim 4 further comprising
generating a lifetime signal representing the operating time of the pixel and
generating the output signal dependent upon the lifetime signal.

8. A device controller for controlling a bistable electro-optic
display having a plurality of pixels, each of which is capable of displaying at least
two gray levels, the controller comprising:

input means for receiving an input signal representing a desired
final state of at least one pixel of the display;

storage means arranged to store look-up table data representing, for
each possible transition between gray levels of a pixel, a waveform to be used for
that transition, the storage means also being arranged to store initial state data
representing at least an initial state of each pixel;

calculation means for determining, from the input signal, the initial
state data, and the look-up table, the waveform required to change the initial state
of the one pixel to the desired final state; and

output means for generating an output signal representative of the
waveform.

the controller being characterized in that, for at least one transition,
the storage means stores at least two different waveforms associated therewith,
and dwell time data representing the period for which each pixel has remained in

its initial state, and the calculation means determines which of the at least two
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different waveforms is to be used for the transition depending in part upon the
dwell time data.

9. A controller according to claim 8 wherein the storage means
is also arranged to store prior state data representing at least one prior state of each
pixel prior to the initial state thereof, and the calculation means is arranged to
determine the waveform dependent upon the input signal, the initial state date, the
dwell time data, the prior state data and the look-up table.

10. A controller according to claim 8 wherein the input means is
arranged to receive a temperature signal representing the temperature of at least
one pixel of the display, and the calculation means is arranged to determine the
waveform dependent upon the input signal, the initial state data, the dwell time
data and the temperature signal.

11. A controller according to claim 8 further comprising lifetime
signal generation means arranged to generate a lifetime signal representing the
operating time of the pixel, the calculation means determining the waveform from
the input signal, the initial state data, the dwell time data and the lifetime signal.

12. An electro-optic display comprising a layer of electro-optic
material and voltage supply means for applying a voltage not greater than a
predetermined value in either direction across the layer of electro-optic material,
the display being characterized in that the electro-optic material has a threshold
voltage which is greater than zero but less than one third of the predetermined
value.

13.  An electro-optic display according to claim 12 wherein the
electro-optic material has a threshold voltage which is not less than one-fiftieth but
less than one third of the predetermined value.

14.  An electro-optic display according to claim 13 wherein the
electro-optic material comprises a particle-based electrophoretic material
comprising a suspending fluid and a plurality of electrically charged particles held
in the suspending fluid and capable of moving therethrough on application of a

voltage across the layer of electro-optic material.
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15. An electro-optic display according to claim 14 wherein the
electrophoretic material is an encapsulated electrophoretic material, a polymer-
dispersed electrophoretic material or a microcell electrophoretic material.

16.  An electro-optic display according to claim 14 wherein the
suspending fluid is gaseous.

17. An electrophoretic medium comprising a suspending fluid, a
plurality of a first type of electrically-charged particle held in the suspending fluid
and capable of moving therethrough on application of an electric field to the
electrophoretic medium, and a plurality of a second type of electrically-charged
particle held in the suspending fluid and capable of moving therethrough on
application of an electric field to the electrophoretic medium, the particles of the
second type having a charge of an opposite polarity to the particles of the first type,
the medium being characterized in that the total charge on the particles of the
second type is from one-half to twice the total charge on the particles of the first
type.

18. An electrophoretic medium according to claim 17 which is
an encapsulated electrophoretic medium, a polymer-dispersed electrophoretic
medium or a microcell electrophoretic medium.

19.  An electrophoretic medium according to claim 17 wherein
the suspending fluid is gaseous.

20, An electrophoreﬁc medium according to claim 17 which
displays a remnant voltage of less than 1 Volt one second after the application
thereto of a square wave addressing pulse of 15 Volts for 300 milliseconds.

21.  An electrophoretic medium according to claim 20 which
displays a remnant voltage of less than 0.2 Volt one second after the application
thereto of a square wave addressing pulse of 15 Volts for 300 milliseconds.

22, An electrophoretic medium comprising a suspending fluid, a
plurality of a first type of electrically-charged particle held in the suspending fluid
and capable of moving therethrough on application of an electric field to the
electrophoretic medium, and a plurality of a second type of electrically-charged
particle held in the suspending fluid and capable of moving therethrough on

application of an electric field to the electrophoretic medium, the particles of the
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second type having a charge of an opposite polarity to the particles of the first type,
the medium being characterized by a remnant voltage of less than 1 Volt one
second after the application thereto of a square wave addressing pulse of 15 Volts
for 300 milliseconds.

23.  An electrophoretic medium according to claim 22 which
displays a remnant voltage of less than 0.2 Volt one second after the application
thereto of a square wave addressing pulse of 15 Volts for 300 milliseconds.

24.  Amethod of driving a bistable electro-optic display having a
plurality of pixels each of which is capable of displaying at least two gray levels,
the method comprising applying to each pixel of the display a waveform
determined by the initial and the final gray level of the pixel, the method being
characterized in that, for at least one transition from a specific initial gray level to a
specific final gray level, at least first and second waveforms differing from each
other are available, and the remnant voltage of a pixel undergoing the transition is
determined prior to the transition, and the first or second waveform is used for the
transition depending upon the determined remnant voltage.

25, An electrophoretic medium comprising a plurality of
discrete droplets of a suspending fluid dispersed in a continuous phase, the droplets
further comprising a plurality of electrically-charged particles held in the
suspending fluid and capable of moving therethrough on application of an electric
field to the electrophoretic medium, the medium being characterized in that the
continuous phase has a volume resistivity not greater than one-half of the volume
resistivity of the droplets, and that both the continuous phase and the droplets

having a volume resistivity of less than 10!! ohm cm.
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