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(57) ABSTRACT

A display device including a plurality of optical modulators
and a plurality of filter elements on a reflective side of the
plurality of optical modulators is provided. The plurality of
optical modulators includes a first set of optical modulators
and a second set of optical modulators. Each optical modu-
lator of the plurality of optical modulators is configured to be
selectively switched among at least a first state, a second state,
and a third state. Each state has a different spectral reflec-
tance. The plurality of filter elements includes a first set of
filter elements corresponding to the first set of optical modu-
lators and a second set of filter elements corresponding to the
second set of optical modulators. The first set of filter ele-
ments has a different spectral transmittance than the second
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HYBRID COLOR SYNTHESIS FOR
MULTISTATE REFLECTIVE MODULATOR

DISPLAYS
BACKGROUND
[0001] 1.Field
[0002] The field of the invention relates to microelectrome-

chanical systems (MEMS), and more particularly to displays
comprising MEMS.

[0003] 2. Description of the Related Art

[0004] Microelectromechanical systems (MEMS) include
micro mechanical elements, actuators, and electronics.
Micromechanical elements may be created using deposition,
etching, and/or other micromachining processes that etch
away parts of substrates and/or deposited material layers or
that add layers to form electrical and electromechanical
devices. One type of MEMS device is called an interferomet-
ric modulator. As used herein, the term interferometric modu-
lator or interferometric light modulator refers to a device that
selectively absorbs and/or reflects light using the principles of
optical interference. In certain embodiments, an interfero-
metric modulator may comprise a pair of conductive plates,
one or both of which may be transparent and/or reflective in
whole or part and capable of relative motion upon application
of an appropriate electrical signal. In a particular embodi-
ment, one plate may comprise a stationary layer deposited on
a substrate and the other plate may comprise a metallic mem-
brane separated from the stationary layer by an air gap. As
described herein in more detail, the position of one plate in
relation to another can change the optical interference of light
incident on the interferometric modulator. Such devices have
a wide range of applications, and it would be beneficial in the
art to utilize and/or modify the characteristics of these types
of'devices so that their features can be exploited in improving
existing products and creating new products that have not yet
been developed.

SUMMARY

[0005] In certain embodiments, a display device comprises
a plurality of optical modulators and a plurality of filter ele-
ments on a reflective side of the plurality of optical modula-
tors. The plurality of optical modulators comprises a first set
of optical modulators and a second set of optical modulators.
Each optical modulator of the plurality of optical modulators
is configured to be selectively switched among at least a first
state, a second state, and a third state. Each state has a differ-
ent spectral reflectance. The plurality of filter elements com-
prises a first set of filter elements corresponding to the first set
of optical modulators and a second set of filter elements
corresponding to the second set of optical modulators. The
first set of filter elements has a different spectral transmittance
than the second set of filter elements.

[0006] In certain embodiments, a display device comprises
first means for optically modulating light between at least a
first color, a second color, and a third color, second means for
optically modulating light between the first color, the second
color, and the third color, first means for filtering light modu-
lated by the first modulating means, and second means for
filtering light modulated by the second modulating means.
The first filtering means has a different spectral transmittance
than the second filtering means.

[0007] In certain embodiments, a method of generating an
image comprises providing a display device comprising a
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plurality of optical modulators and a filter on a reflective side
of'the plurality of optical modulators. The plurality of optical
modulators comprises a first set of optical modulators and a
second set of optical modulators. Each optical modulator of
the plurality of optical modulators is configured to be selec-
tively switched among at least a first state, a second state, and
a third state. Each state has a different spectral reflectance.
The filter comprises a first set of filter elements corresponding
to the first set of optical modulators and a second set of filter
elements corresponding to the second set of optical modula-
tors. The first set of filter elements has a different spectral
transmittance than the second set of filter elements. The
method further comprises directing light from a light source
onto the display device and selectively switching the plurality
of optical modulators between the states.

[0008] Incertain embodiments, a method of manufacturing
a display device comprises forming a plurality of optical
modulators and forming a plurality of filter elements on a
reflective side of the plurality of optical modulators. The
plurality of optical modulators comprises a first set of optical
modulators and a second set of optical modulators. Each
optical modulator of the plurality of optical modulators is
configured to be selectively switched among at least a first
state, a second state, and a third state. Each state has a differ-
ent spectral reflectance. The plurality of filter elements com-
prises a first set of filter elements corresponding to the first set
of optical modulators and a second set of filter elements
corresponding to the second set of optical modulators. The
first set of filter elements has a different spectral transmittance
than the second set of filter elements.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is an isometric view depicting a portion of
one embodiment of an interferometric modulator display in
which a movable reflective layer of a first interferometric
modulator is in a relaxed position and a movable reflective
layer of a second interferometric modulator is in an actuated
position.

[0010] FIG. 2 is a system block diagram illustrating one
embodiment of an electronic device incorporating a 3x3
interferometric modulator display.

[0011] FIG. 3 is a diagram of movable mirror position
versus applied voltage for one exemplary embodiment of an
interferometric modulator of FIG. 1.

[0012] FIG. 4 is an illustration of a set of row and column
voltages that may be used to drive an interferometric modu-
lator display.

[0013] FIG. 5A illustrates one exemplary frame of display
data in the 3x3 interferometric modulator display of FIG. 2.
[0014] FIG. 5B illustrates one exemplary timing diagram
for row and column signals that may be used to write the
frame of FIG. 5A.

[0015] FIGS. 6A and 6B are system block diagrams illus-
trating an embodiment of a visual display device comprising
a plurality of interferometric modulators.

[0016] FIG. 7A is a cross section of the device of FIG. 1.
[0017] FIG. 7B is a cross section of an alternative embodi-
ment of an interferometric modulator.

[0018] FIG. 7C is a cross section of another alternative
embodiment of an interferometric modulator.

[0019] FIG. 7D is a cross section of yet another alternative
embodiment of an interferometric modulator.

[0020] FIG. 7E is across section of an additional alternative
embodiment of an interferometric modulator.
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[0021] FIGS. 8A through 8C show schematic side cross-
sectional views of an example multi-state interferometric
modulator.

[0022] FIG. 9 is an exploded perspective view of one
embodiment of a display comprising a plurality of interfero-
metric modulators and one example of a plurality of filter
elements.

[0023] FIG. 10 illustrates an example of reflectance spectra
for a multi-state interferometric modulator.

[0024] FIG. 11 is a chart plotting the spectral transmittance
of example filter elements versus wavelength.

[0025] FIGS. 12A through 12D illustrate further examples
of pluralities of filter elements.

[0026] FIGS. 13A through 13D are exploded perspective
views of an embodiment of a display comprising pluralities of
interferometric modulators in various states and a plurality of
filter elements.

[0027] FIGS. 14A through 14D are exploded perspective
views of another embodiment of a display comprising plu-
ralities of interferometric modulators in various states and a
plurality of filter elements.

[0028] FIGS. 15A through 15G are exploded perspective
views of an embodiment of a pair of interferometric modula-
tors in various states and a pair of corresponding filter ele-
ments.

[0029] FIGS. 16A through 16F are exploded perspective
views of another embodiment of a pair of interferometric
modulators in various states and a pair of corresponding filter
elements.

[0030] FIG. 17 is a schematic diagram of a projection dis-
play comprising a plurality of interferometric modulators and
a plurality of filter elements.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0031] The following detailed description is directed to
certain specific embodiments of the invention. However, the
invention can be embodied in a multitude of different ways. In
this description, reference is made to the drawings wherein
like parts are designated with like numerals throughout. As
will be apparent from the following description, the embodi-
ments may be implemented in any device that is configured to
display an image, whether in motion (e.g., video) or station-
ary (e.g., still image), and whether textual or pictorial. More
particularly, it is contemplated that the embodiments may be
implemented in or associated with a variety of electronic
devices such as, but not limited to, mobile telephones, wire-
less devices, personal data assistants (PDAs), hand-held or
portable computers, GPS receivers/navigators, cameras, MP3
players, camcorders, game consoles, wrist watches, clocks,
calculators, television monitors, flat panel displays, computer
monitors, auto displays (e.g., odometer display, etc.), cockpit
controls and/or displays, display of camera views (e.g., dis-
play of a rear view camera in a vehicle), electronic photo-
graphs, electronic billboards or signs, projectors, architec-
tural structures, packaging, and aesthetic structures (e.g.,
display of images on a piece of jewelry). MEMS devices of
similar structure to those described herein can also be used in
non-display applications such as in electronic switching
devices.

[0032] Apparatuses are provided that can render color
images from three primary colors using two optical modula-
tors by employing hybrid spatial-temporal color synthesis.
Each optical modulator can produce three spectral reflec-
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tances and is paired with a filter element to produce one or two
primary colors. A color pixel can produce three primary col-
ors by comprising an optical modulator and filter element that
produces one primary color paired with an optical modulator
and filter element that produces two other primary colors.
Such an approach reduces the number of optical modulators
(or “sub-pixels”) within a pixel from three to two, which can
increase resolution and reduce fixed-pattern noise while
maintaining the same number of column drivers as a conven-
tional RGB display. Alternatively, the number of column
drivers may be reduced while maintaining the same resolu-
tion as a conventional RGB display. In some embodiments,
the size of the optical modulators and their corresponding
filter elements may be optimized to account for the luminance
of different primary colors. In embodiments in which the
optical modulators comprise interferometric modulators
rather than narrowband illuminants, blanking fields are
advantageously eliminated, which can increases bandwidth.
Projection devices comprising such modulators and filters
may advantageously eliminate a color wheel because the
optical modulators can perform color separation. Methods of
generating an image using such apparatuses are also pro-
vided.

[0033] One interferometric modulator display embodiment
comprising an interferometric MEMS display element is
illustrated in FIG. 1. In these devices, the pixels are in either
a bright or dark state. In the bright (“on” or “open”) state, the
display element reflects a large portion of incident visible
light to a user. When in the dark (“off” or “closed”) state, the
display element reflects little incident visible light to the user.
Depending on the embodiment, the light reflectance proper-
ties of the “on” and “off” states may be reversed. MEMS
pixels can be configured to reflect predominantly at selected
colors, allowing for a color display in addition to black and
white.

[0034] FIG. 1 is an isometric view depicting two adjacent
pixels in a series of pixels of a visual display, wherein each
pixel comprises a MEMS interferometric modulator. In some
embodiments, an interferometric modulator display com-
prises a row/column array of these interferometric modula-
tors. Each interferometric modulator includes a pair of reflec-
tive layers positioned at a variable and controllable distance
from each other to form a resonant optical gap with at least
one variable dimension. In one embodiment, one of the
reflective layers may be moved between two positions. In the
first position, referred to herein as the relaxed position, the
movable reflective layer is positioned at a relatively large
distance from a fixed partially reflective layer. In the second
position, referred to herein as the actuated position, the mov-
able reflective layer is positioned more closely adjacent to the
partially reflective layer. Incident light that reflects from the
two layers interferes constructively or destructively depend-
ing on the position of the movable reflective layer, producing
either an overall reflective or non-reflective state for each
pixel.

[0035] The depicted portion of the pixel array in FIG. 1
includes two adjacent interferometric modulators 12a and
12b. In the interferometric modulator 124 on the left, a mov-
able reflective layer 14a is illustrated in a relaxed position at
a predetermined distance from an optical stack 16a, which
includes a partially reflective layer. In the interferometric
modulator 125 on the right, the movable reflective layer 145
is illustrated in an actuated position adjacent to the optical
stack 165.
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[0036] Theoptical stacks 16a and 165 (collectively referred
to as optical stack 16), as referenced herein, typically com-
prise several fused layers, which can include an electrode
layer, such as indium tin oxide (ITO), a partially reflective
layer, such as chromium, and a transparent dielectric. The
optical stack 16 is thus electrically conductive, partially trans-
parent, and partially reflective, and may be fabricated, for
example, by depositing one or more of the above layers onto
atransparent substrate 20. The partially reflective layer can be
formed from a variety of materials that are partially reflective
such as various metals, semiconductors, and dielectrics. The
partially reflective layer can be formed of one or more layers
of materials, and each of the layers can be formed of a single
material or a combination of materials.

[0037] Insomeembodiments, the layers of the optical stack
16 are patterned into parallel strips, and may form row elec-
trodes in a display device as described further below. The
movable reflective layers 14a, 145 may be formed as a series
ofparallel strips of a deposited metal layer or layers (orthogo-
nal to the row electrodes of 16a, 165) deposited on top of
posts 18 and an intervening sacrificial material deposited
between the posts 18. When the sacrificial material is etched
away, the movable reflective layers 14a, 145 are separated
from the optical stacks 16a, 165 by a defined gap 19. A highly
conductive and reflective material such as aluminum may be
used for the reflective layers 14, and these strips may form
column electrodes in a display device.

[0038] With no applied voltage, the gap 19 remains
between the movable reflective layer 14a and optical stack
164, with the movable reflective layer 14a in a mechanically
relaxed state, as illustrated by the pixel 124 in FIG. 1. How-
ever, when a potential difference is applied to a selected row
and column, the capacitor formed at the intersection of the
row and column electrodes at the corresponding pixel
becomes charged, and electrostatic forces pull the electrodes
together. If the voltage is high enough, the movable reflective
layer 14 is deformed and is forced against the optical stack 16.
A dielectric layer (not illustrated in this Figure) within the
optical stack 16 may prevent shorting and control the separa-
tion distance between layers 14 and 16, as illustrated by pixel
125 on the right in FIG. 1. The behavior is the same regardless
of'the polarity of the applied potential difference. In this way,
row/column actuation that can control the reflective vs. non-
reflective pixel states is analogous in many ways to that used
in conventional LCD and other display technologies.

[0039] FIGS. 2 through 5B illustrate one exemplary pro-
cess and system for using an array of interferometric modu-
lators in a display application.

[0040] FIG. 2 is a system block diagram illustrating one
embodiment of an electronic device that may incorporate
aspects of the invention. In the exemplary embodiment, the
electronic device includes a processor 21 which may be any
general purpose single- or multi-chip microprocessor such as
an ARM, Pentium®, Pentium II®, Pentium II®, Pentium
IV®, Pentium® Pro, an 8051, a MIPS®, a Power PC®, an
ALPHA®, or any special purpose microprocessor such as a
digital signal processor, microcontroller, or a programmable
gate array. As is conventional in the art, the processor 21 may
be configured to execute one or more software modules. In
addition to executing an operating system, the processor may
be configured to execute one or more software applications,
including a web browser, a telephone application, an email
program, or any other software application.
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[0041] Inone embodiment, the processor 21 is also config-
ured to communicate with an array driver 22. In one embodi-
ment, the array driver 22 includes a row driver circuit 24 and
a column driver circuit 26 that provide signals to a display
array or panel 30. The cross section of the array illustrated in
FIG. 1 is shown by the lines 1-1 in FIG. 2. For MEMS
interferometric modulators, the row/column actuation proto-
col may take advantage of a hysteresis property of these
devices illustrated in FIG. 3. It may require, for example, a 10
volt potential difference to cause a movable layer to deform
from the relaxed state to the actuated state. However, when
the voltage is reduced from that value, the movable layer
maintains its state as the voltage drops back below 10 volts. In
the exemplary embodiment of FIG. 3, the movable layer does
not relax completely until the voltage drops below 2 volts.
Thus, there exists a window of applied voltage, about 3to 7V
in the example illustrated in FIG. 3, within which the device
is stable in either the relaxed or actuated state. This is referred
to herein as the “hysteresis window™ or “stability window.”
For a display array having the hysteresis characteristics of
FIG. 3, the row/column actuation protocol can be designed
such that during row strobing, pixels in the strobed row that
are to be actuated are exposed to a voltage difference of about
10 volts, and pixels that are to be relaxed are exposed to a
voltage difference of close to zero volts. After the strobe, the
pixels are exposed to a steady state voltage difference of about
5 volts such that they remain in whatever state the row strobe
put them in. After being written, each pixel sees a potential
difference within the “stability window” of 3-7 volts in this
example. This feature makes the pixel design illustrated in
FIG. 1 stable under the same applied voltage conditions in
either an actuated or relaxed pre-existing state. Since each
pixel of the interferometric modulator, whether in the actu-
ated or relaxed state, is essentially a capacitor formed by the
fixed and moving reflective layers, this stable state can be held
at a voltage within the hysteresis window with almost no
power dissipation. Essentially no current flows into the pixel
if the applied potential is fixed.

[0042] Intypical applications, a display frame may be cre-
ated by asserting the set of column electrodes in accordance
with the desired set of actuated pixels in the first row. A row
pulse is then applied to the row 1 electrode, actuating the
pixels corresponding to the asserted column lines. The
asserted set of column electrodes is then changed to corre-
spond to the desired set of actuated pixels in the second row.
A pulse is then applied to the row 2 electrode, actuating the
appropriate pixels in row 2 in accordance with the asserted
column electrodes. The row 1 pixels are unaftected by the row
2 pulse, and remain in the state they were set to during the row
1 pulse. This may be repeated for the entire series of rows in
a sequential fashion to produce the frame. Generally, the
frames are refreshed and/or updated with new display data by
continually repeating this process at some desired number of
frames per second. A wide variety of protocols for driving row
and column electrodes of pixel arrays to produce display
frames are also well known and may be used in conjunction
with the present invention.

[0043] FIGS.4,5A, and 5Billustrate one possible actuation
protocol for creating a display frame on the 3x3 array of F1G.
2. FIG. 4 illustrates a possible set of column and row voltage
levels that may be used for pixels exhibiting the hysteresis
curves of FIG. 3. In the FIG. 4 embodiment, actuating a pixel
involves setting the appropriate column to -V, and the
appropriate row to +AV, which may correspond to -5 volts
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and +5 volts, respectively. Relaxing the pixel is accomplished
by setting the appropriate column to +V,,, . and the appro-
priate row to the same +AV, producing a zero volt potential
difference across the pixel. In those rows where the row
voltage is held at zero volts, the pixels are stable in whatever
state they were originally in, regardless of whether the col-
umn is at +V,;,, or =V, .. As is also illustrated in FIG. 4, it
will be appreciated that voltages of opposite polarity than
those described above can be used, e.g., actuating a pixel can
involve setting the appropriate column to +V,,, . and the
appropriate row to —AV. In this embodiment, releasing the
pixel is accomplished by setting the appropriate column to
-V 45> and the appropriate row to the same —AV, producing a
zero volt potential difference across the pixel.

[0044] FIG. 5B isatiming diagram showing a series of row
and column signals applied to the 3x3 array of FIG. 2 which
will result in the display arrangement illustrated in FIG. 5A,
where actuated pixels are non-reflective. Prior to writing the
frame illustrated in FIG. 5A, the pixels can be in any state, and
in this example, all the rows are at 0 volts, and all the columns
are at +5 volts. With these applied voltages, all pixels are
stable in their existing actuated or relaxed states.

[0045] Inthe FIG. 5A frame, pixels (1,1), (1,2), (2,2), (3,2)
and (3,3) are actuated. To accomplish this, during a “line
time” for row 1, columns 1 and 2 are set to -5 volts, and
column 3 is set to +5 volts. This does not change the state of
any pixels, because all the pixels remain in the 3-7 volt sta-
bility window. Row 1 is then strobed with a pulse that goes
from 0, up to 5 volts, and back to zero. This actuates the (1,1)
and (1,2) pixels and relaxes the (1,3) pixel. No other pixels in
the array are affected. To set row 2 as desired, column 2 is set
to =5 volts, and columns 1 and 3 are set to +5 volts. The same
strobe applied to row 2 will then actuate pixel (2,2) and relax
pixels (2,1) and (2,3). Again, no other pixels of the array are
affected. Row 3 is similarly set by setting columns 2 and 3 to
-5 volts, and column 1 to +5 volts. The row 3 strobe sets the
row 3 pixels as shown in FIG. 5A. After writing the frame, the
row potentials are zero, and the column potentials can remain
at either +5 or -5 volts, and the display is then stable in the
arrangement of FIG. 5A. It will be appreciated that the same
procedure can be employed for arrays of dozens or hundreds
of rows and columns. It will also be appreciated that the
timing, sequence, and levels of voltages used to perform row
and column actuation can be varied widely within the general
principles outlined above, and the above example is exem-
plary only, and any actuation voltage method can be used with
the systems and methods described herein.

[0046] FIGS. 6A and 6B are system block diagrams illus-
trating an embodiment of a display device 40. The display
device 40 can be, for example, a cellular or mobile telephone.
However, the same components of display device 40 or slight
variations thereof are also illustrative of various types of
display devices such as televisions and portable media play-
ers.

[0047] The display device 40 includes a housing 41, a dis-
play 30, an antenna 43, a speaker 45, an input device 48, and
a microphone 46. The housing 41 is generally formed from
any of a variety of manufacturing processes as are well known
to those of skill in the art, including injection molding and
vacuum forming. In addition, the housing 41 may be made
from any of a variety of materials, including, but not limited
to, plastic, metal, glass, rubber, and ceramic, or acombination
thereof. In one embodiment, the housing 41 includes remov-
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able portions (not shown) that may be interchanged with other
removable portions of different color, or containing different
logos, pictures, or symbols.

[0048] The display 30 of exemplary display device 40 may
be any of a variety of displays, including a bi-stable display, as
described herein. In other embodiments, the display 30
includes a flat-panel display, such as plasma, EL,, OLED, STN
LCD, or TFT LCD as described above, or a non-flat-panel
display, such as a CRT or other tube device, as is well known
to those of skill in the art. However, for purposes of describing
the present embodiment, the display 30 includes an interfero-
metric modulator display, as described herein.

[0049] The components of one embodiment of exemplary
display device 40 are schematically illustrated in FIG. 6B.
The illustrated exemplary display device 40 includes a hous-
ing 41 and can include additional components at least par-
tially enclosed therein. For example, in one embodiment, the
exemplary display device 40 includes a network interface 27
that includes an antenna 43, which is coupled to a transceiver
47. The transceiver 47 is connected to a processor 21, which
is connected to conditioning hardware 52. The conditioning
hardware 52 may be configured to condition a signal (e.g.,
filter a signal). The conditioning hardware 52 is connected to
a speaker 45 and a microphone 46. The processor 21 is also
connected to aninput device 48 and a driver controller 29. The
driver controller 29 is coupled to a frame buffer 28 and to an
array driver 22, which in turn is coupled to a display array 30.
A power supply 50 provides power to all components as
required by the particular exemplary display device 40
design.

[0050] The network interface 27 includes the antenna 43
and the transceiver 47 so that the exemplary display device 40
can communicate with one or more devices over a network. In
one embodiment, the network interface 27 may also have
some processing capabilities to relieve requirements of the
processor 21. The antenna 43 is any antenna known to those
of'skill in the art for transmitting and receiving signals. In one
embodiment, the antenna transmits and receives RF signals
according to the IEEE 802.11 standard, including IEEE 802.
11(a), (b), or (g). In another embodiment, the antenna trans-
mits and receives RF signals according to the BLUETOOTH
standard. In the case of a cellular telephone, the antenna is
designed to receive CDMA, GSM, AMPS, or other known
signals that are used to communicate within a wireless cell
phone network. The transceiver 47 pre-processes the signals
received from the antenna 43 so that they may be received by
and further manipulated by the processor 21. The transceiver
47 also processes signals received from the processor 21 so
that they may be transmitted from the exemplary display
device 40 via the antenna 43.

[0051] Inan alternative embodiment, the transceiver 47 can
be replaced by a receiver. In yet another alternative embodi-
ment, network interface 27 can be replaced by an image
source, which can store or generate image data to be sent to
the processor 21. For example, the image source can be a
digital video disc (DVD) or a hard-disc drive that contains
image data, or a software module that generates image data.
[0052] Processor 21 generally controls the overall opera-
tion of the exemplary display device 40. The processor 21
receives data, such as compressed image data from the net-
work interface 27 or an image source, and processes the data
into raw image data or into a format that is readily processed
into raw image data. The processor 21 then sends the pro-
cessed data to the driver controller 29 or to frame buffer 28 for
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storage. Raw data typically refers to the information that
identifies the image characteristics at each location within an
image. For example, such image characteristics can include
color, saturation, and gray-scale level.

[0053] In one embodiment, the processor 21 includes a
microcontroller, CPU, or logic unit to control operation of the
exemplary display device 40. Conditioning hardware 52 gen-
erally includes amplifiers and filters for transmitting signals
to the speaker 45, and for receiving signals from the micro-
phone 46. Conditioning hardware 52 may be discrete com-
ponents within the exemplary display device 40, or may be
incorporated within the processor 21 or other components.
[0054] The driver controller 29 takes the raw image data
generated by the processor 21 either directly from the proces-
sor 21 or from the frame buffer 28 and reformats the raw
image data appropriately for high speed transmission to the
array driver 22. Specifically, the driver controller 29 refor-
mats the raw image data into a data flow having a raster-like
format, such that it has a time order suitable for scanning
across the display array 30. Then the driver controller 29
sends the formatted information to the array driver 22.
Although a driver controller 29, such as a LCD controller, is
often associated with the system processor 21 as a stand-
alone Integrated Circuit (IC), such controllers may be imple-
mented in many ways. They may be embedded in the proces-
sor 21 as hardware, embedded in the processor 21 as software,
or fully integrated in hardware with the array driver 22.
[0055] Typically, the array driver 22 receives the formatted
information from the driver controller 29 and reformats the
video data into a parallel set of waveforms that are applied
many times per second to the hundreds and sometimes thou-
sands of leads coming from the display’s x-y matrix of pixels.
[0056] In one embodiment, the driver controller 29, array
driver 22, and display array 30 are appropriate for any of the
types of displays described herein. For example, in one
embodiment, driver controller 29 is a conventional display
controller or a bi-stable display controller (e.g., an interfero-
metric modulator controller). In another embodiment, array
driver 22 is a conventional driver or a bi-stable display driver
(e.g., an interferometric modulator display). In one embodi-
ment, a driver controller 29 is integrated with the array driver
22. Such an embodiment is common in highly integrated
systems such as cellular phones, watches, and other small
area displays. In yet another embodiment, display array 30 is
a typical display array or a bi-stable display array (e.g., a
display including an array of interferometric modulators).
[0057] The input device 48 allows a user to control the
operation of the exemplary display device 40. In one embodi-
ment, input device 48 includes a keypad, suchas a QWERTY
keyboard or a telephone keypad, a button, a switch, a touch-
sensitive screen, or a pressure- or heat-sensitive membrane. In
one embodiment, the microphone 46 is an input device for the
exemplary display device 40. When the microphone 46 is
used to input data to the device, voice commands may be
provided by a user for controlling operations of the exemplary
display device 40.

[0058] Power supply 50 can include a variety of energy
storage devices as are well known in the art. For example, in
one embodiment, power supply 50 is a rechargeable battery,
such as a nickel-cadmium battery or a lithium ion battery. In
another embodiment, power supply 50 is a renewable energy
source, a capacitor, or asolar cell including a plastic solar cell,
and solar-cell paint. In another embodiment, power supply 50
is configured to receive power from a wall outlet.
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[0059] In some embodiments, control programmability
resides, as described above, in a driver controller which can
be located in several places in the electronic display system.
In some embodiments, control programmability resides in the
array driver 22. Those of skill in the art will recognize that the
above-described optimizations may be implemented in any
number of hardware and/or software components and in vari-
ous configurations.

[0060] The details of the structure of interferometric modu-
lators that operate in accordance with the principles set forth
above may vary widely. For example, FIGS. 7A-7E illustrate
five different embodiments of the movable reflective layer 14
and its supporting structures. FIG. 7A is a cross section of the
embodiment of FIG. 1, where a strip of metal material 14 is
deposited on orthogonally extending supports 18. In FIG. 7B,
the moveable reflective layer 14 is attached to supports at the
corners only, on tethers 32. In FIG. 7C, the moveable reflec-
tive layer 14 is suspended from a deformable layer 34, which
may comprise a flexible metal. The deformable layer 34 con-
nects, directly or indirectly, to the substrate 20 around the
perimeter of the deformable layer 34. These connections are
herein referred to as support posts. The embodiment illus-
trated in FIG. 7D has support post plugs 42 upon which the
deformable layer 34 rests. The movable reflective layer 14
remains suspended over the gap, as in FIGS. 7A-7C, but the
deformable layer 34 does not form the support posts by filling
holes between the deformable layer 34 and the optical stack
16. Rather, the support posts are formed of a planarization
material, which is used to form support post plugs 42. The
embodiment illustrated in FIG. 7E is based on the embodi-
ment shown in FIG. 7D, but may also be adapted to work with
any ofthe embodiments illustrated in FIGS. 7A-7C, as well as
additional embodiments not shown. In the embodiment
shown in FIG. 7E, an extra layer of metal or other conductive
material has been used to form a bus structure 44. This allows
signal routing along the back of the interferometric modula-
tors, eliminating a number of electrodes that may otherwise
have had to be formed on the substrate 20.

[0061] Inembodiments such as those shown in FIG. 7, the
interferometric modulators function as direct-view devices,
in which images are viewed from the front side of the trans-
parent substrate 20, the side opposite to that upon which the
modulator is arranged. In these embodiments, the reflective
layer 14 optically shields the portions of the interferometric
modulator on the side of the reflective layer opposite the
substrate 20, including the deformable layer 34. This allows
the shielded areas to be configured and operated upon without
negatively affecting the image quality. Such shielding allows
the bus structure 44 in FIG. 7E, which provides the ability to
separate the optical properties of the modulator from the
electromechanical properties of the modulator, such as
addressing and the movements that result from that address-
ing. This separable modulator architecture allows the struc-
tural design and materials used for the electromechanical
aspects and the optical aspects of the modulator to be selected
and to function independently of each other. Moreover, the
embodiments shown in FIGS. 7C-7E have additional benefits
deriving from the decoupling of the optical properties of the
reflective layer 14 from its mechanical properties, which are
carried out by the deformable layer 34. This allows the struc-
tural design and materials used for the reflective layer 14 to be
optimized with respect to the optical properties, and the struc-
tural design and materials used for the deformable layer 34 to
be optimized with respect to desired mechanical properties.
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[0062] A common problem for all color displays, regard-
less of whether they are of the self-luminous type or the
non-self-luminous type, is the synthesis of a full-color image
from a limited set of primary colors. Several approaches to
color synthesis have traditionally been employed for elec-
tronic displays. The most successful of these conform to the
principles of additive color mixture and include optical super-
position, spatial color synthesis, and temporal color synthe-
sis.

[0063] Direct optical superposition of three primary color
images is an effective and commonly used method in projec-
tion display systems, but is not readily amenable to most
direct-view color display technologies. Spatial color synthe-
sis has by far been the most successful method of color
synthesis and remains the foundation of modern color display
technology in devices like cathode ray tubes (CRT) and liquid
crystal displays (LCD). Spatial color synthesis mixes sub-
pixels of three or more primary colors (typically red (R),
green (), and blue (B)) in close proximity to generate a full
spectrum. However, spatial color synthesis has two signifi-
cant limitations that reduce image quality and display effi-
ciency.

[0064] First, potential display resolution is sacrificed
because the use of available spatial area for color synthesis
reduces the spatial imaging potential of the display. Spatial
color synthesis requires high sub-pixel density because the
primary color elements must be encompassed within spatial
integration zones of the human visual system (HVS). If the
elements (e.g., sub-pixels) are too large, complete color syn-
thesis will fail and color fringes will be apparent in the image.
As such, the use of available spatial area for color synthesis
reduces the spatial imaging potential for the display. In gen-
eral, the use of RGB spatial mosaics to synthesize a full-color
gamut results in a sacrifice of approximately %5 of the reso-
Iution potential of the display to color synthesis. Display area
allocated to blue sub-pixels is especially wasteful since blue
sub-pixels contribute little to luminance and short-wave-
lengths are processed only at a very low spatial resolution by
the HVS.

[0065] Second, the mosaic of primary color sub-pixels,
particularly due to blue sub-pixel elements, produces fixed-
pattern noise. Principal sources of high fixed-pattern noise in
some mosaics are low-luminance blue sub-pixels (or blue
stripes in the case of commonly-used stripe mosaics), which
typically account for only about 8% of the luminance of a
displayed white field and therefore appear as dark regions in
a relatively bright surrounding. If the green, red, and blue
sub-pixel regions have the same radiance in the visible spec-
trum, then the green regions will appear the brightest of the
three because the HVS luminous efficiency function peaks in
the green region of the spectrum. Similarly, due to the HVS
luminous efficiency, the red regioins will appear less bright
and the blue regions will exhibit an even further reduction in
brightness. If luminance is computed from weighted values of
R, G, and B, the weighting coefficient for G will be large (e.g.,
between about 0.55 and 0.8), the weighting coefficient for R
will be intermediate (e.g., between about 0.15 and 0.35), and
the weighting coefficient for B will be small (e.g., between
about 0.05 and 0.15).

[0066] Temporal color (or “frame-sequential” or “field-se-
quential”) synthesis avoids the loss of spatial resolution
inherent to spatial color synthesis and does not produce fixed-
pattern noise. Unlike spatial color synthesis, temporal color
synthesis does not rely on the integration of spatially sepa-
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rated primary color sub-pixels. Instead, primary color pixels
are imaged sequentially in time at the same retinal position
and temporally integrated to synthesize a full-color spectrum
(assuming no positional shifts due to eye and/or head move-
ments). This temporal color approach may be accomplished
in various ways, including the sequential activation of R, G,
and B emissive sources or the passing broadband light
through three primary color filters (e.g., R, G, and B or yellow
(Y), cyan (C), and magenta (M)) that can be selectively acti-
vated. Because the primary color components are all imaged
to the same spatial location and there is no spatial mosaic,
temporal color synthesis advantageously avoids the loss of
spatial resolution. Additionally, since there is no mosaic, tem-
poral color synthesis advantageously does not produce fixed-
pattern noise. However, two important limitations of tempo-
ral color synthesis constrain the efficacy of displays
employing temporal color synthesis.

[0067] First, although temporal color synthesis produces
effective additive color mixtures, luminance differences
between time-varying components can produce observable
luminance flicker. Because the individual primary colors’
fields are only present for one third of the total display view-
ing period, temporal color synthesis displays require a high
system bandwidth in order to produce a full-color image at a
refresh rate high enough to minimize observable flicker. Even
with high system bandwidths and full-color frame refresh
rates equivalent to monochromatic or spatial color synthesis
displays (i.e., color field rates of three times the refresh rates
of spatial color synthesis displays), temporal color synthesis
displays are still prone to image flicker due to the residual
luminance modulation existing between sequential color
image fields.

[0068] Second, an even more difficult limitation results
from relative movement between the displayed image and the
viewer’s retina, whether the motion arises from the image or
from the viewer’s head and/or eye movements. In either case,
the time-varying color components are no longer imaged on
the same retinal region, and the observer experiences what
has come to be known as “color break-up” or “the rainbow
effect.” Avoiding color break-up for RGB temporal color
synthesis displays in the presence of large, high-velocity sac-
cadic eye movements generally requires refresh frequencies
well in excess of those needed to avoid flicker, which typi-
cally entail color field rates in the range of 360 to 480 fields
per second, and can easily exceed 1,000 fields per second
when the display luminance and contrast are high. These high
field rates impose severe bandwidth limitations on temporal
color synthesis displays, as well as their drive electronics, and
make the temporal isolation of primary color image fields
very difficult.

[0069] Image quality has been a driving force behind the
evolution of display technology. In all major market seg-
ments, the momentum toward higher display resolution and
enhanced color quality is inescapable. In turn, this has
exposed the limitations of both spatial color synthesis and
temporal color synthesis, and raises the question as to
whether either method for synthesizing color can alone fully
satisfy the ever-increasing demands on display image quality.
New approaches to color synthesis may sustain the evolution
of display technology.

[0070] Recognizing the limitations of traditional methods
for synthesizing color in electronic displays, a new hybrid
spatial-temporal method has recently been proposed which
distributes the color synthesis function across both the spatial
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and temporal domains. One embodiment of this method has
been proposed for transmissive LCDs. Hybrid spatial-tempo-
ral color synthesis distributes the color synthesis function
across both the spatial and temporal domains. The general
approach reduces the number of primary color sub-pixels
from three to two and produces the third primary color by
temporal synthesis. Two temporally alternating illuminants
with different spectral power distributions are typically used,
and emit light at through both of the two sub-pixels, each
having a different corresponding color selection filter. For
example, yellow and blue illuminants may be combined with
an LCD panel having a mosaic of magenta and cyan color
filters. When the yellow illuminant is turned on during one
temporal field, the display output in an activated cyan sub-
pixel will be green because the cyan color filter transmits the
green segment of the yellow spectral light distribution and the
display output in an activated magenta sub-pixel will be red
because the magenta color filter transmits the red segment of
the yellow spectral light distribution. When the blue illumi-
nant is turned on during an adjacent temporal field, the dis-
play output in activated cyan and magenta sub-pixels will be
blue because both the cyan and magenta color filters transmit
the same short-wavelength spectral region of the blue illumi-
nant.

[0071] Hybrid spatial-temporal color synthesis can provide
an effective spatial resolution increase of up to three times
along the horizontal and vertical dimensions, along with van-
ishingly low levels of fixed-pattern noise, when using the
same number of horizontal sub-pixels and column drivers as
a full-color display utilizing an RGB vertical stripe pixel
mosaic and spatial color synthesis. Alternatively, hybrid spa-
tial-temporal color synthesis can be used with reduced pixel
density and column drivers to provide comparable levels of
effective resolution. Such an approach can retain reduced
levels of fixed-pattern noise and can provide improved dis-
play efficiency (via increased pixel aperture ratios) while
potentially reducing costs. However, a major drawback to
using hybrid spatial-temporal color synthesis for LCDs is the
simultaneous illumination of all sub-pixels by each illumi-
nant in each field.

[0072] In order to produce some colors in LCDs, it is nec-
essary to write a blanking field between one temporal field
and second adjacent temporal field. For example, creating
cyan from red, green, and blue is usually accomplished by
combining green and blue. In order to create green and blue in
the above example LCD, the yellow illuminant would be
turned on, thereby creating green in an activated cyan sub-
pixel, then a blanking field would be written to ensure that no
residual green remained in the sub-pixel. The blue illuminant
would then be turned on, thereby creating blue in an activated
cyan sub-pixel. The temporal combination of green and blue
within the same pixel creates cyan in an observer’s eyes. A
second blanking field would be written before the next color
is created in order to ensure that no residual blue remained in
the sub-pixel. These blanking fields take time, and thus
reduce the throughput of LCDs. A LCD with blanking fields
requires increased frequencies to create sequential colors in
the same period, again imposing severe bandwidth require-
ments and/or flicker. Moreover, the power provided to the
LCD light sources during the non-blanking fields is typically
increased to compensate for the lack of light being emitted
during the blanking fields, disadvantageously increasing the
LCD’s power consumption.
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[0073] Interferometric modulator technology poses unique
challenges for generating full-color displays (i.e., displays in
which three or more primary colors render color images).
These challenges arise from the following operational char-
acteristics: the device is a reflective spatial light modulator
with constraints on the reflectance spectrum at each sub-pixel
element; the spatial structure and density of the sub-pixel
array are limited by design rules and timing-based addressing
limits; the bi-stable and binary nature of pixel operation gen-
erally utilizes the synthesis of gray-scale levels via spatial
and/or temporal color synthesis; and high pixel density inter-
ferometric modulator devices will likely be limited to rela-
tively low temporal frame rates due to fundamental opera-
tional constraints and the need for high levels of synthesis for
both grayscale and color.

[0074] Along with the unique challenges posed by the
interferometric modulator technology for full-color displays
are great opportunities offered by the unique modes of opera-
tion of the device. In particular, the capability to switch
between two or more spectral reflectance functions at a sub-
pixel level provides significant flexibility in methods of color
synthesis for full-color interferometric modulator displays.
[0075] Embodiments of interferometric modulators
described herein operate in one or more reflective states and a
non-reflective (e.g., black) state. In certain embodiments,
each reflective state produces white light or light of a color
determined by the distance between the reflective layer 14
and the optical stack 16 when the modulator 12 is in a reflec-
tive state. In other embodiments, for example embodiments
disclosed in U.S. Pat. No. 5,986,796, the reflective layer 14
may be positioned at a range of positions relative to the optical
stack 16 to vary the size of the cavity 19, and thus the color of
the reflected light.

[0076] The interferometric modulator 12 includes an opti-
cal cavity 19 formed between the reflective layer 14 and the
optical stack 16. The effective optical path length, L, of the
optical cavity 19 determines the resonant wavelength, A, of
the optical cavity 19 and thus of the interferometric modulator
12. In certain embodiments, the effective optical path length,
L, is substantially equal to the distance between the reflective
layer 14 and the optical stack 16. In certain embodiments,
white light may be produced by having an effective optical
path length, L, of less than about 100 A (10 nm). The resonant
wavelength, A, of the interferometric modulator 12 generally
corresponds to the perceived color of light reflected by the
interferometric modulator 12, which in certain embodiments
is described by Equation 1, where N is an integer.

(Eqn. 1)

[0077] A selected resonant wavelength, A, is thus reflected
by interferometric modulators 12 having effective optical
path lengths, L, of 0.5A (N=1), A (N=2), 1.5A (N=3), etc. The
integer N may be referred to as the “order” of interference of
the reflected light. As used herein, the order of an interfero-
metric modulator also refers to the order N of light reflected
by the interferometric modulator when the reflective layer 14
is in at least one position. For example, a first order (N=1) red
interferometric modulator may have an effective optical path
length, L, of about 325 nm, corresponding to a wavelength, A,
of about 650 nm. Accordingly, a second order (N=2) red
interferometric modulator may have an effective optical path
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length, L, of about 650 nm. A list of examples of wavelength
ranges for some common colors used in interferometric
modulator displays are shown in Table 1.

TABLE 1
Color Wavelength (nm)
Violet 380420
Indigo 420440
Blue 440-500
Cyan 500-520
Green 520-565
Yellow 565-590
Orange 590-625
Red 625-740

[0078] When the cavity 19 comprises a fluid having an
index of refraction of approximately 1 (e.g., air), the effective
optical path length, L, is substantially equal to the distance
between the reflective layer 14 and the optical stack 16. When
the cavity 19 comprises a fluid having an index of refraction
of greater than 1, the effective optical path length, L., may be
different from the distance between the reflective layer 14 and
the optical stack 16. In embodiments in which the optical
stack 16 comprises an insulating layer, the effective optical
path length, L, is affected by the thickness and index of
refraction of the insulating layer such that the effective optical
path length, L, is different from the distance between the
reflective layer 14 and the optical stack 16. In certain embodi-
ments, the distance between the reflective layer 14 and the
optical stack 16 is selected to compensate for the fluid in the
cavity 19 and/or an insulating layer in the optical stack 16 by
modifying the thickness of a sacrificial material disposed
between the reflective layer 14 and the optical stack 16 during
fabrication of the interferometric modulator 12.

[0079] Generally, higher order modulators reflect light over
a narrower range of wavelengths, and thus produce colored
light that is more saturated. It will be appreciated that higher
order modulators generally utilize larger distances between
the reflective layer 14 and the optical stack 16. Additionally,
because higher order modulators reflect a narrower range of
wavelengths, the number of photons reflected is reduced and
the display is less bright.

[0080] FIG. 9 depicts an exploded schematic view of a
display device 90 that can use spatial-temporal color synthe-
sis. The display device 90 comprises a plurality of optical
modulators (e.g., interferometric modulators 91) and a plu-
rality of filter elements 95. The plurality of optical modulators
91 comprises a first set of optical modulators 92 and a second
set of optical modulators 94. The first set of optical modula-
tors 92 may be the same as or different from the second set of
optical modulators 94. For example, in certain embodiments
forming the first set of optical modulators comprises a first set
of process steps and forming the second set of optical modu-
lators comprises a second set of process steps, and the second
set of steps comprises the first set of steps. Each optical
modulator 91 is configured to be selectively switched among
at least a first state, a second state, and a third state, each state
having a different spectral reflectance. The plurality of filter
elements 95 is disposed on a reflective side of the plurality of
optical modulators 91. The plurality of filter elements 95
comprises a first set of filter elements 96 corresponding to the
first set of optical modulators 92 and a second set of filter
elements 98 corresponding to the second set of optical modu-
lators 94. The first set of filter elements 96 has a different
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spectral transmittance than the second set of filter elements
98. As used herein, the term “corresponding” is a broad term
including, but not limited to, being disposed substantially
within the optical path, for example having the same size,
shape, orientation, and position within the optical path.
[0081] FIGS. 8A through 8C show schematic side cross-
sectional views of an example multi-state interferometric
modulator 80 compatible with certain embodiments
described herein. The modulator 80 includes a movable
reflective layer 14 that is positioned between an electrode in
the optical stack 16 and an electrode in a bus stack 82, and is
movable between a relaxed state, a first actuated state, and a
second actuated state. Other configurations of multi-state
interferometric modulators are also compatible with certain
embodiments described herein.

[0082] In the example modulator 80 of FIGS. 8A through
8C, the bus stack 82 may be formed on posts 81 that are
formed on the side of the reflective layer 14 opposite the posts
18. The bus stack 82, as referenced herein, typically com-
prises several fused layers, which can include a conductive
electrode layer, such as aluminum, and an insulating dielec-
tric layer. In certain preferred embodiments, the bus stack 82
comprises an insulating layer between the reflective layer 14
and the electrode in the bus stack 82 in order to prevent
electrical shorts between conductive portions of the reflective
layer 14 and the electrode in the bus stack 82. The bus stack 82
may be fabricated, for example, by depositing one or more of
the above layers over a sacrificial layer formed on top of the
reflective layer 14.

[0083] The modulator 80 can produce a first spectral reflec-
tance in a first state, a second spectral reflectance in a second
state, and a third spectral reflectance in a third state. FIG. 8A
illustrates the modulator 80 in a relaxed state with the reflec-
tive layer 14 distal to the optical stack 16 and the bus stack 82.
The relaxed state may comprise the first, second, or third
state. FIG. 8B illustrates the modulator 80 in a first actuated
(or “driven”) state with the reflective layer 14 proximate to the
optical stack 16. The first actuated state may comprise the
first, second, or third state. FIG. 8C illustrates the modulator
80 in a second actuated (or “reverse driven”) state with the
reflective layer 14 proximate to the bus stack 82. The second
actuated state may comprise the first, second, or third state.
The distances from the reflective layer 14 to the partially
reflective layer in the optical stack 16 in each of the relaxed
state and the first and second actuated states, the fluid in the
cavity 19, and properties of an insulating layer in the optical
stack 16 can influence the spectral reflectances of the modu-
lator 80 in those states.

[0084] As will be appreciated by one of skill in the art, the
reverse driven state of FIG. 8C can be achieved in a number of
ways. In one embodiment, the reverse driven state is achieved
through the use of an electrode or conductive layer in the bus
stack 82 that can electrostatically pull the reflective layer 14
in the upward direction. In such an embodiment, the modu-
lator 80 basically includes two interferometric modulators
positioned symmetrically around a single movable reflective
layer 14. This configuration allows each of the electrodes of
the optical stack 16 and the bus stack 82 to attract the reflec-
tive layer 14 in opposite directions.

[0085] The materials used to produce the layers of the bus
stack 82 can be dissimilar to the materials used to produce the
optical stack 16. For example, the bus stack 82 does not need
to transmit light. Additionally, if the conductive layer of the
bus stack 82 is positioned beyond the reach of the reflective
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layer 14 in its deformed upward position, then the modulator
80 may or may not include an insulating layer between the
reflective layer 14 and the conductive layer in the bus stack
82.

[0086] The voltages applied to the optical stack 16 to drive
the reflective layer 14 from the relaxed state of FIG. 8A to the
driven state of FIG. 8B may be different than the voltage
applied to the optical stack 16 to drive the reflective layer 14
from the reverse driven state of FIG. 8C to the driven state of
FIG. 8B. The voltages applied to the bus stack 82 to drive the
reflective layer 14 from the relaxed state of FIG. 8A to the
reverse driven state of FIG. 8C may be different than the
voltage applied to the bus stack 82 to drive the reflective layer
14 from the driven state of FIG. 8B to the reverse driven state
of FIG. 8C. The voltages applied to the bus stack 82 to drive
the reflective layer 14 from the relaxed state of FIG. 8 A or the
driven state of FIG. 8B to the reverse driven state of FIG. 8C
may or may not be the same as the voltages applied to the
optical stack 16 to drive the reflective layer 14 from the
relaxed state of FIG. 8A or the reverse driven state of FIG. 8C
to the driven state of FIG. 8B. Such voltages can depend upon
the desired application and amounts of deflection, and can be
determined by one of skill in the art in view of the present
disclosure.

[0087] FIG.10 illustrates an example of reflectance spectra
for a multi-state interferometric modulator in accordance
with certain embodiments described herein. The spectral
reflectance of the first state, depicted by the dashed line 102,
is substantially yellow, the spectral reflectance of the second
state, depicted by the dotted line 104, is substantially cyan,
and the spectral reflectance of the third state, depicted by the
solid line 106, is substantially black. In order to produce such
spectra, the distance between the reflective layer 14 and the
optical stack 16 in FIG. 8 A may be between about 250 and
260 nm (e.g., for first order cyan reflectance), between about
500 and 520 nm (e.g., for second order cyan reflectance), or
between about 750 nm and 780 nm (e.g., for third order cyan
reflectance), and the distance between the reflective layer 14
and the optical stack 16 in FIG. 8C may be between about 283
and 295 nm (e.g., for first order yellow reflectance), between
about 565 and 590 nm (e.g., for second order yellow reflec-
tance), or between about 848 nm and 885 nm (e.g., for third
order yellow reflectance). Distances corresponding to higher
orders are also possible. It will be appreciated that the dis-
tances may depend on the fluid in the cavity 19, properties of
an insulating layer in the optical stack 16, the overall thick-
ness of the device, and the precision of the deposition and
removal processes used to manufacture the device.

[0088] In certain embodiments, the spectral reflectance of
the first state is substantially yellow, the spectral reflectance
of the second state is substantially blue, and the spectral
reflectance of the third state is substantially black. In order to
produce such reflectances, the distance between the reflective
layer 14 and the optical stack 16 in FIG. 8 A may be between
about 220 and 250 nm (e.g., for first order blue reflectance),
between about 440 and 500 nm (e.g., for second order blue
reflectance), or between about 660 nm and 750 nm (e.g., for
third order blue reflectance), and the distance between the
reflective layer 14 and the optical stack 16 in FIG. 8C may be
between about 283 and 295 nm (e.g., for first order yellow
reflectance), between about 565 and 590 nm (e.g., for second
order yellow reflectance), or between about 848 nm and 885
nm (e.g., for third order yellow reflectance). Distances corre-
sponding to higher orders are also possible.
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[0089] In certain embodiments, the plurality of filter ele-
ments 95 comprises a transparent material (e.g., glass, plastic,
etc.) with a concentration of dye or pigmentation correspond-
ing to each filter element 95. In some embodiments, the
plurality of filter elements 95 is about one-half as thick as a
similar plurality of filter elements would be fora LCD display
using hybrid spatial-temporal color synthesis. In some
embodiments, the plurality of filter elements 95 has about
one-half as much concentration of dye or pigmentation as a
similar plurality of filter elements would have in a LCD
display using hybrid spatial-temporal color synthesis. Suit-
able color filters are available, for example, from Toppan of
Tokyo, Japan and from Brewer Science, Inc. of Rolla, Mo.
[0090] FIG. 11 is a chart plotting the spectral transmittance
of example filter elements 95 versus wavelength, A. A cyan
filter element, depicted by the dotted line 112, substantially
transmits light from about 430 to 530 nm. A magenta filter
element, depicted by the dashed line 114, substantially trans-
mits light from about 380 to 480 nm and from about 600 to
740 nm. A yellow filter element, depicted by the solid line
116, substantially transmits light from about 500 to 740 nm.
[0091] In certain embodiments, the size and shape of each
filter element corresponds to the size and shape of a corre-
sponding interferometric modulator (e.g., as illustrated in
FIGS. 9 and 12A). In some embodiments, the plurality of
filter elements 95 forms a checkerboard pattern in which the
first set of filter elements 96 alternates with the second set of
filter elements 98 in two substantially perpendicular direc-
tions (e.g., as illustrated in FIG. 9). In some embodiments, the
plurality of filter elements 95 forms a series of vertical rows in
which the first set of filter elements 96 alternates with the
second set of filter elements 98 in one direction (e.g., as
illustrated in FIG. 12A).

[0092] In certain embodiments, the shape of each filter
element 96, 98 is substantially rectangular (e.g., as illustrated
in FIG. 9). In some embodiments, the size and shape of each
filter element corresponds to the size and shape of a plurality
of interferometric modulators (e.g., as illustrated in FIGS.
12B and 12C). In such embodiments, a portion of the filter
element is disposed in the optical path of an optical modulator
such that it corresponds to each of the optical modulators in
the plurality of optical modulators. As such, a pixel may
comprise a pair of optical modulators and each having difter-
ent corresponding filter elements. As used herein, the term
“corresponds” is a broad term including, but not limited to,
having substantially the same dimensions. In some embodi-
ments, the interferometric modulators 92, 94 and the corre-
sponding filter elements 96, 98 have other shapes, including,
but not limited to, square, triangular, trapezoidal, and polygo-
nal.

[0093] FIGS. 13A through 13D illustrate an example dis-
play device 90 with a plurality of optical modulators (e.g.,
interferometric modulators 91) in various states. The plurality
of optical modulators 91 includes a first set of optical modu-
lators 92 and a second set of optical modulators 94. In the
embodiment illustrated in FIGS. 13A-13D, the optical modu-
lators 92, 94 comprise a plurality of interferometric modula-
tors including a movable reflective layer 14. The display
device 90 comprises a plurality of filter elements 95 including
a first set of filter elements 96 having a spectral transmittance
of cyan and corresponding to the first set of optical modula-
tors 92 and a second set of filter elements 98 having a spectral
transmittance of magenta and corresponding to the second set
of'optical modulators 94. In FIG. 13 A, the optical modulators
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91 are all in a state having a spectral reflectance of black. For
example, using the modulator of FIGS. 8 A through 8C, each
modulator 91 is in an actuated state with the reflective layer 14
proximate to the optical stack 16. Regardless of the spectral
transmittance of the corresponding filter element, the pixels
corresponding to all of the modulators 91 of FIG. 13 A appear
black to an observer 99.

[0094] InFIG. 13B, the optical modulators 91 are in a state
having a spectral reflectance of yellow. For example, using
the modulator of FIGS. 8A through 8C, each modulator 91 is
in a relaxed state. Light from a light source 93 transmitted
through the first set of filter elements 96, reflected from the
optical modulators 91, and again transmitted through the first
set of filter elements 96 appears green to an observer 99. Light
from a light source 93 transmitted through the second set of
filter elements 98, reflected from the optical modulators 91,
and again transmitted through the second set of filter elements
98 appears red to an observer 99. In FIG. 13C, the optical
modulators 91 are in a state having a spectral reflectance of
blue. For example, using the modulator of FIGS. 8 A through
8C, each modulator 91 is in an actuated state with the reflec-
tive layer 14 proximate to the bus stack 82. Regardless of the
spectral transmittance of the corresponding filter element, the
pixels corresponding to all of the modulators 91 of FIG. 13C
appear blue to an observer 99. In FIG. 13D, the optical modu-
lators 91 are in various states with spectral reflectances of
yellow, blue, and black. Thus, by selectively actuating par-
ticular optical modulators 91, the display device 90 can pro-
duce an image with a pixel comprising green, red, blue, and
black areas.

[0095] FIGS. 14A through 14D illustrate an example dis-
play device 90 with a plurality of optical modulators (e.g.,
interferometric modulators 91) in various states. The plurality
of optical modulators 91 includes a first set of optical modu-
lators 92 and a second set of optical modulators 94. In the
embodiment illustrated in FIGS. 13A-13D, the optical modu-
lators 92, 94 comprise a plurality of interferometric modula-
tors including a movable reflective layer 14. The display
device 90 comprises a plurality of filter elements 95 including
a first set of filter elements 96 having a spectral transmittance
of green and corresponding to the first set of optical modula-
tors 92 and a second set of filter elements 98 having a spectral
transmittance of magenta and corresponding to the second set
of'optical modulators 94. In FIG. 14A, the optical modulators
91 are all in a state having a spectral reflectance of black. For
example, using the modulator of FIGS. 8 A through 8C, each
modulator 91 is in an actuated state with the reflective layer 14
proximate to the optical stack 16. Regardless of the spectral
transmittance of the corresponding filter element, the pixels
corresponding to all of the modulators 91 of FIG. 14 A appear
black to an observer 99.

[0096] InFIG. 14B, the optical modulators 91 are in a state
having a spectral reflectance of yellow. For example, using
the modulator of FIGS. 8A through 8C, each modulator 91 is
in a relaxed state. Light from a light source 93 transmitted
through the first set of filter elements 96, reflected from the
optical modulators 91, and again transmitted through the first
set of filter elements 96 appears green to an observer 99. Light
from a light source 93 transmitted through the second set of
filter elements 98, reflected from the optical modulators 91,
and again transmitted through the second set of filter elements
98 appears red to an observer 99. In FIG. 14C, the optical
modulators 91 are in a state having a spectral reflectance of
cyan. For example, using the modulator of FIGS. 8A through
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8C, each modulator 91 is in an actuated state with the reflec-
tive layer 14 proximate to the bus stack 82. Light from a light
source 93 transmitted through the first set of filter elements
96, reflected from the optical modulators 91, and again trans-
mitted through the first set of filter elements 96 appears green
to an observer 99. Light from a light source 93 transmitted
through the second set of filter elements 98, reflected from the
optical modulators 91, and again transmitted through the
second set of filter elements 98 appears blue to an observer 99.
In FIG. 14D, the optical modulators 91 are in various states
with spectral reflectances of yellow, cyan, and black. Thus, by
actuating particular optical modulators 91, the display device
90 can produce an image with a pixel comprising green, red,
blue, and black areas. It will be appreciated that displays
comprising optical modulators with other spectral reflec-
tances and filter elements with other spectral transmittances
are also possible.

[0097] In certain embodiments, the display device 90 is
configured to produce a full color spectrum (i.e., displays
devices that produce three or more primary colors suitable for
rendering color images). A pair of optical modulators and a
pair of filter elements with the appropriate spectral reflec-
tances and spectral transmittances, respectively, can produce
a full color spectrum with the appropriate spatial and/or tem-
poral synthesis. A plurality of optical modulators and a plu-
rality of filter elements can thereby produce a color image.
The following examples are not intended to be limiting, and
other combinations using primary, secondary, and other col-
ors are also hereby disclosed.

[0098] FIGS. 15A through 15G illustrate an example
embodiment of a portion of a full color display comprising a
first pixel element 151 and a second pixel element 152. Each
pixel element 151, 152 comprises an optical modulator 153,
155, respectively, that can be switched between states having
spectral reflectances of'yellow, blue, and black. The first pixel
element 151 includes a corresponding first filter element 154
with a spectral transmittance of magenta. The second pixel
element 152 includes a second filter element 156 with a
spectral transmittance of cyan. The display can use spatial
and/or temporal color synthesis to produce a full color spec-
trum.

[0099] FIGS. 15A and 15B depict an embodiment of the
formation of the color white using spatial-temporal color
synthesis of the first and second pixel elements 151, 152. In
FIG. 15A, the optical modulators 153, 155 are in a state
having a spectral reflectance of yellow. For example, using
the modulator 80 of FIGS. 8A through 8C, each modulator
153, 155 is in a relaxed state. Light from a light source 93
transmitted through the first filter element 154, reflected from
the optical modulator 153, and again transmitted through the
first filter element 154 appears red to an observer 99. Light
from a light source 93 transmitted through the second filter
element 156, reflected from the optical modulator 155, and
again transmitted through the second filter element 156
appears green to an observer 99. It will be appreciated that the
display of red and green in a single temporal field appears
yellow to an observer 99. In an adjacent temporal field
depicted in FI1G. 15B, the optical modulator 155 remains in a
state having a spectral reflectance of yellow and the optical
modulator 153 is in a state having a spectral reflectance of
blue. For example, using the modulator 80 of FIGS. 8A
through 8C, the modulator 153 is in an actuated state with the
reflective layer 14 proximate to the bus stack 82. Light from
a light source 93 transmitted through the first filter element
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154, reflected from the optical modulator 153, and again
transmitted through the first filter element 154 appears blue to
an observer 99. Light from a light source 93 transmitted
through the second filter element 156, reflected from the
optical modulator 155, and again transmitted through the
second filter element 156 continues to appear green to an
observer 99. It will be appreciated that the display of blue and
green in a single temporal field appears cyan to an observer
99. Spatially and temporally mixing the light with spectral
reflectances of green, blue, and red can synthesize white with
the appropriate ratios. In some embodiments, the weighting
coefficients of green, red, and blue are about 0.7152, 0.2126,
and 0.0722, respectively. In some embodiments, the weight-
ing coefficients of green, red, and blue are about 0.587,0.299,
and 0.114, respectively.

[0100] FIGS. 15C through 15G depict the formation of
certain other primary colors in a single temporal field (e.g., in
addition to the colors yellow and cyan described above for
FIGS. 15A and 15B, respectively). In FIG. 15C, the optical
modulators (e.g., interferometric modulators) 153, 155 are in
a state having a spectral reflectance of black. For example,
using the modulator 80 of FIGS. 8 A through 8C, each modu-
lator 153, 155 is in an actuated state with the reflective layer
14 proximate to the optical stack 16. When the optical modu-
lator 153 is in a state having a spectral reflectance of black,
light from a light source 93 transmitted through the first filter
element 154 is substantially destructively reflected by the
optical modulator 153, so the first pixel element 151 appears
black to an observer 99. When the optical modulator 155 is in
a state having a spectral reflectance of black, light from a light
source 93 transmitted through the second filter element 156 is
substantially destructively reflected by the optical modulator
155, so the second pixel element 153 appears black to an
observer 99. Thus, the display can synthesize black.

[0101] InFIG. 15D, the optical modulator 153 is in a state
having a spectral reflectance of black and the optical modu-
lator 155 is in a state having a spectral reflectance of yellow.
When the optical modulator 153 is in a state having a spectral
reflectance of black, light from a light source 93 transmitted
through the first filter element 154 is substantially destruc-
tively reflected by the optical modulator 153, so the first pixel
element 151 appears black to an observer 99. Light from a
light source 93 transmitted through the second filter element
156, reflected from the optical modulator 155, and again
transmitted through the second filter element 156 appears
green to an observer 99. Thus, the display can synthesize
green.

[0102] InFIG. 15E, the optical modulators 153, 155 are in
a state having a spectral reflectance of blue. Light from a light
source 93 transmitted through the first filter element 154,
reflected from the optical modulator 153, and again transmit-
ted through the first filter element 154 appears blue to an
observer 99. Light from a light source 93 transmitted through
the second filter element 156, reflected from the optical
modulator 155, and again transmitted through the second
filter element 156 appears blue to an observer 99. Thus, the
display can synthesize blue. It will be appreciated that the
display can also synthesize blue if either the first optical
modulator 153 or the second optical modulator 155 is in a
state having a spectral reflectance of black.

[0103] In FIG. 15F, the optical modulator 153 is in a state
having a spectral reflectance of yellow and the optical modu-
lator 155 is in a state having a spectral reflectance of black.
Light from a light source 93 transmitted through the first filter
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element 154, reflected from the optical modulator 153, and
again transmitted through the first filter element 154 appears
red to an observer 99. When the optical modulator 155 is in a
state having a spectral reflectance of black, light from a light
source 93 transmitted through the second filter element 156 is
substantially destructively reflected by the optical modulator
155, so the second pixel element 152 appears black to an
observer 99. Thus, the display can synthesize red.

[0104] InFIG. 15G, the optical modulator 153 is in a state
having a spectral reflectance of yellow and the optical modu-
lator 155 is in a state having a spectral reflectance of blue.
Light from a light source 93 transmitted through the first filter
element 154, reflected from the optical modulator 153, and
again transmitted through the first filter element 154 appears
red to an observer 99. Light from a light source 93 transmitted
through the second filter element 156, reflected from the
optical modulator 155, and again transmitted through the
second filter element 156 appears blue to an observer 99.
Thus, the display can synthesize magenta.

[0105] Inaccordance with color theory, various mixtures of
red, green, and blue can be used to synthesize a full color
spectrum. As an example, temporally mixing the green of
FIG. 15D with the red of FIG. 15F can produce orange. As
another example, temporally mixing the green of FIG. 15D,
the blue of FIG. 15E, and the red of FIG. 15F can also produce
white. The component colors are preferably temporally
mixed in less than Yo seconds (approximately 16 millisec-
onds) such that the HVS cannot resolve the component col-
ors.

[0106] FIGS. 16A through 16F illustrate an example
embodiment of a portion of a full color display comprising a
first pixel element 161 and a second pixel element 162. Each
pixel element 161, 162 comprises an optical modulator (e.g.,
an interferometric modulator) 163, 165, respectively, that can
be switched between states having spectral reflectances of
yellow, cyan, and black. The first pixel element 161 includes
a corresponding first filter element 164 with a spectral trans-
mittance of magenta. The second pixel element 162 includes
a second filter element 166 with a spectral transmittance of
green. The display can use spatial and/or temporal color syn-
thesis to produce a full color spectrum.

[0107] FIGS. 16A and 16B depict an embodiment of the
formation of the color white using spatial temporal color
synthesis of the first and second pixel elements 161, 162. In
FIG. 16A, the optical modulators 163, 165 are in a state
having a spectral reflectance of yellow. For example, using
the modulator 80 of FIGS. 8A through 8C, each modulator
163, 165 is in a relaxed state. Light from a light source 93
transmitted through the first filter element 164, reflected from
the optical modulator 163, and again transmitted through the
first filter element 164 appears red to an observer 99. Light
from a light source 93 transmitted through the second filter
element 166, reflected from the optical modulator 165, and
again transmitted through the second filter element 166
appears green to an observer 99. It will be appreciated that the
display of red and green in a single temporal field appears
yellow to an observer 99. In an adjacent temporal field
depicted in FI1G. 16B, the optical modulator 165 remains in a
state having a spectral reflectance of yellow and the optical
modulator 163 is in a state having a spectral reflectance of
cyan. For example, using the modulator 80 of FIGS. 8A
through 8C, the modulator 163 is in an actuated state with the
reflective layer 14 proximate to the bus stack 82. Light from
a light source 93 transmitted through the first filter element
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164, reflected from the optical modulator 163, and again
transmitted through the first filter element 164 appears blue to
an observer 99. Light from a light source 93 transmitted
through the second filter element 166, reflected from the
optical modulator 165, and again transmitted through the
second filter element 166 continues to appear green to an
observer 99. It will be appreciated that the display of blue and
green in a single temporal field appears cyan to an observer
99. Spatially and temporally mixing the light with spectral
reflectances of green, blue, and red can synthesize white with
the appropriate ratios. In some embodiments, the weighting
coefficients of green, red, and blue are about 0.7152, 0.2126,
and 0.0722, respectively. In some embodiments, the weight-
ing coefficients of green, red, and blue are about 0.587,0.299,
and 0.114, respectively. It will also be appreciated that white
may also be produced if the optical modulator 165 was in a
state having a spectral reflectance of cyan in either temporal
field (i.e., the first pixel element would appear green to an
observer 99).

[0108] FIGS. 16C through 16F depict the formation of
certain other primary colors in a single temporal field (e.g., in
addition to the colors yellow and cyan described above for
FIGS. 16 A and 16B, respectively). In FIG. 16C, the optical
modulators 163, 165 are in a state having a spectral reflec-
tance of black. When the optical modulator 163 is in a state
having a spectral reflectance of black, light from a light source
93 transmitted through the first filter element 164 is substan-
tially destructively reflected by the optical modulator 163, so
the first pixel element 161 appears black to an observer 99.
When the optical modulator 165 is in a state having a spectral
reflectance of black, light from a light source 93 transmitted
through the second filter element 166 is substantially destruc-
tively reflected by the optical modulator 165, so the second
pixel element 162 appears black to an observer 99. Thus, the
display can synthesize black.

[0109] InFIG. 16D, the optical modulator 163 is in a state
having a spectral reflectance of black and the optical modu-
lator 165 is in a state having a spectral reflectance of yellow.
When the optical modulator 163 is in a state having a spectral
reflectance of black, light from a light source 93 transmitted
through the first filter element 164 is substantially destruc-
tively reflected by the optical modulator 163, so the first pixel
element 161 appears black to an observer 99. Light from a
light source 93 transmitted through the second filter element
166, reflected from the optical modulator 165, and again
transmitted through the second filter element 166 appears
green to an observer 99. Thus, the display can synthesize
green. [t will be appreciated that green may also be produced
if the optical modulator 165 is in a state having a spectral
reflectance of cyan (i.e., the first pixel element would appear
green to an observer 99).

[0110] InFIG. 16E, the optical modulator 163 is in a state
having a spectral reflectance of cyan and the optical modula-
tor 165 is in a state having a spectral reflectance of black.
Light from a light source 93 transmitted through the first filter
element 164, reflected from the optical modulator 163, and
again transmitted through the first filter element 164 appears
blue to an observer 99. When the optical modulator 165 is in
a state having a spectral reflectance of black, light from a light
source 93 transmitted through the second filter element 166 is
substantially destructively reflected by the optical modulator
165, so the second pixel element 162 appears black to an
observer 99. Thus, the display can synthesize blue.
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[0111] In FIG. 16F, the optical modulator 163 is in a state
having a spectral reflectance of yellow and the optical modu-
lator 165 is in a state having a spectral reflectance of black.
Light from a light source 93 transmitted through the first filter
element 164, reflected from the optical modulator 163, and
again transmitted through the first filter element 164 appears
red to an observer 99. When the optical modulator 165 is in a
state having a spectral reflectance of black, light from a light
source 93 transmitted through the second filter element 166 is
substantially destructively reflected by the optical modulator
165, so the second pixel element 162 appears black to an
observer 99. Thus, the display can synthesize red.

[0112] Inaccordance with colortheory, various mixtures of
red, green, and blue can be used to synthesize a full color
spectrum. As an example, temporally mixing the green of
FIG. 16D with the red of FIG. 16F can produce orange. As
another example, temporally mixing the green of FIG. 16D,
the blue of FIG. 16E, and the red of FIG. 16F can also produce
white.

[0113] The weighted coefficients of the colors or the
example embodiments and other suitable embodiments may
be optimized to increase resolution and/or to decrease fixed
pattern noise. For example, the optical modulator of the first
pixel element may be in the first state for 76.3% of the time
and in the second state for 23.7% of the time while the optical
modulator of the second pixel element is in the first state for
100% of the time. Other proportions are also possible. For
another example, the area of the first filter element may have
an area smaller than the second filter element (e.g., between
about 50% and 75% less than the area of the second filter
element). FIG. 12D illustrates an embodiment in which the
first set of filter elements 96 are larger than the second set of
filter elements 98. Other proportions are also possible.
[0114] As described above, LCDs using spatial-temporal
color synthesis require blanking fields between illuminant
transitions. Displays comprising optical modulators advanta-
geously do not require blanking fields because the reflectance
color is controllable at an individual sub-pixel level. For
example, one sub-pixel may reflect blue at the same time an
adjacent sub-pixel reflects yellow, as opposed to an LCD
where adjacent sub-pixels are necessarily illuminated with
the same illuminant at one time. Elimination of blanking
fields advantageously increases light efficiency and reduces
power consumption.

[0115] In certain embodiments, the light reflected by the
optical modulators comes from an external ambient broad-
band light source. Examples of ambient broadband light
sources include, but are not limited to, sunlight and artificial
lighting (e.g., fluorescent or filament light bulbs). In certain
embodiments (e.g., the projection display described below),
the display comprises a light source or a plurality of light
sources. Optical modulator displays utilizing hybrid spatial-
temporal color synthesis and comprising light sources may
advantageously provide broadband light (e.g., from a metal
halide lamp) or narrowband light (e.g., from an LED projec-
tion illuminator). In some embodiments, narrowband light
sources provide better display color performance (e.g., color
saturation, color gamut).

[0116] The optical modulator displays utilizing hybrid spa-
tial-temporal color synthesis described herein may also be
integrated into a projection display. FIG. 17 illustrates a pro-
jection display 170 comprising a plurality of optical modula-
tors and a plurality of filter elements similar to the display
device 90. The projection display 170 further comprises a
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lamp 172, a condensing lens 174, a shaping lens 176, and a
projection lens 178. As described above, the lamp 172 may
comprise a broadband light source (e.g., a metal halide lamp)
or a plurality of narrowband light sources (e.g., LEDs). Other
light sources are also possible. The lenses 174, 176, 178 may
comprise plastic, glass, etc., and are well known in the art.
Such a projection display can advantageously eliminate a
color wheel disposed between the condensing lens 174 and
the shaping lens 176 included in traditional projection dis-
plays (e.g., DLP) because the optical modulators can perform
color separation (i.e., by reflecting light with different spec-
tral reflectances).

[0117] Various specific embodiments have been described
above. Although the invention has been described with refer-
ence to these specific embodiments, the descriptions are
intended to be illustrative of the invention and are not
intended to be limiting. Various modifications and applica-
tions may occur to those skilled in the art without departing
from the true scope of the invention as defined in the
appended claims.

What is claimed is:

1. A display device comprising:

a plurality of optical modulators comprising a first set of
optical modulators and a second set of optical modula-
tors, each optical modulator of the plurality of optical
modulators configured to be selectively switched among
at least a first state, a second state, and a third state, each
state having a different spectral reflectance; and

a plurality of filter elements on a reflective side of the
plurality of optical modulators, the plurality of filter
elements comprising a first set of filter elements corre-
sponding to the first set of optical modulators and a
second set of filter elements corresponding to the second
set of optical modulators, the first set of filter elements
having a different spectral transmittance than the second
set of filter elements.

2. The display device of claim 1, wherein the size and shape
of each filter element corresponds to the size and shape of a
corresponding optical modulator.

3. The display device of claim 1, wherein the plurality of
filter elements forms a checkerboard pattern in which the first
set of filter elements alternate with the second set of filter
elements in two substantially perpendicular directions.

4. The display device of claim 1, wherein the plurality of
filter elements forms a striped pattern in which the first set of
filter elements alternate with the second set of filter elements
in one direction.

5. The display device of claim 1, wherein a spectral reflec-
tance configuration of the first set of optical modulators is the
same as a spectral reflectance configuration of the second set
of optical modulators.

6. The display device of claim 1, wherein at least one of the
first, second, and third states of the first set of optical modu-
lators has a different spectral reflectance than the first, second,
and third states of the second set of optical modulators.

7. The display device of claim 1, wherein the device is
configured to produce a color image.

8. The display device of claim 1, wherein the device is
configured to produce three primary colors suitable for ren-
dering color images.

9. The display device of claim 1, wherein the first set of
filter elements has a spectral transmittance of magenta and the
second set of filter elements has a spectral transmittance of
cyan.
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10. The display device of claim 1, wherein the spectral
reflectance of the first state is substantially yellow, the spec-
tral reflectance of the second state is substantially blue, and
the spectral reflectance of the third state is substantially black.

11. The display device of claim 1, wherein the first set of
filter elements has a spectral transmittance of magenta and the
second set of filter elements has a spectral transmittance of
green.

12. The display device of claim 11, wherein the first set of
filter elements has an area less than an area of the second set
of filter elements.

13. The display device of claim 12, wherein the area of the
first set of filter elements is between about 50% to 75% less
than the area of the second set of filter elements.

14. The display device of claim 1, wherein the spectral
reflectance of the first state is substantially yellow, the spec-
tral reflectance of the second state is substantially cyan, and
the spectral reflectance of the third state is substantially black.

15. The display device of claim 1, wherein the spectral
reflectance of the first state is substantially white, the spectral
reflectance of the second state is substantially a narrowband
color, and the spectral reflectance of the third state is substan-
tially black.

16. The display device of claim 1, further comprising a
light source.

17. The display device of claim 16, wherein the light source
comprises a broadband light source.

18. The display device of claim 16, wherein the light source
comprises a plurality of narrow band light sources.

19. The display device of claim 1, wherein the plurality of
optical modulators are configured to reflect ambient light.

20. A display device comprising:

first means for optically modulating light between at least

a first color, a second color, and a third color;

second means for optically modulating light between the

first color, the second color, and the third color;

first means for filtering light modulated by the first modu-

lating means; and

second means for filtering light modulated by the second

modulating means, wherein the first filtering means has
a different spectral transmittance than the second filter-
ing means.

21. The display device of claim 20, wherein the first and
second modulating means comprise a plurality of optical
modulators, each optical modulator of the plurality of optical
modulators configured to be selectively switched to modulate
light between the first, second, and third colors.

22. The display device of claim 20, wherein the first filter-
ing means comprises a first set of filter elements correspond-
ing to the first modulating means and the second filtering
means comprises a second set of filter elements correspond-
ing to the second modulating means.

23. A method of generating an image, the method compris-
ing:

providing a display device comprising a plurality of optical

modulators comprising a first set of optical modulators
and a second set of optical modulators, each optical
modulator of the plurality of optical modulators config-
ured to be selectively switched among at least a first
state, a second state, and a third state, each state having
a different spectral reflectance, and a filter on a reflective
side of the plurality of optical modulators, the filter
comprising a first set of filter elements corresponding to
the first set of optical modulators and a second set of
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filter elements corresponding to the second set of optical
modulators, the first set of filter elements having a dif-
ferent spectral transmittance than the second set of filter
elements;

directing light from a light source onto the display device;

and

selectively switching the plurality of optical modulators

between the states.

24. The method of claim 23, wherein the first set of filter
elements has a transmission spectrum of magenta and the
second set of filter elements has a transmission spectrum of
cyan, and wherein the first state has a spectral reflectance of
yellow, the second state has a spectral reflectance of blue, and
the third state has a spectral reflectance of black.

25. The method of claim 23, wherein the first set of filter
elements has a transmission spectrum of magenta and the
second set of filter elements has a transmission spectrum of
green, and wherein the first state has a spectral reflectance of
yellow, the second state has a spectral reflectance of cyan, and
the third state has a spectral reflectance of black.

26. The method of claim 23, wherein directing the light
comprises directing light from a broadband light source.

27. The method of claim 23, wherein directing the light
comprises directing light from a plurality of narrow band light
sources.

28. A method of manufacturing a display device, the
method comprising:

forming a plurality of optical modulators comprising a first

set of optical modulators and a second set of optical
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modulators, each optical modulator of the plurality of
optical modulators configured to be selectively switched
among at least a first state, a second state, and a third
state, each state having a different spectral reflectance;
and

forming a plurality of filter elements on a reflective side of

the plurality of optical modulators, the plurality of filter
elements comprising a first set of filter elements corre-
sponding to the first set of optical modulators and a
second set of filter elements corresponding to the second
set of optical modulators, the first set of filter elements
having a different spectral transmittance than the second
set of filter elements.

29. The method of claim 28, wherein forming the first set of
optical modulators comprises a first set of process steps and
forming the second set of optical modulators comprises a
second set of process steps, the second set of steps comprising
the first set of steps.

30. The method of claim 28, wherein forming the plurality
of optical modulators comprises depositing a first sacrificial
layer having a first thickness and a second sacrificial layer
having a second thickness, and wherein the thicknesses of the
first and second sacrificial layers determine the spectral
reflectance of the first and second states.

31. The method of claim 28, further comprising forming a
light source.

32. A display device manufactured by the method of claim
28.



