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CIRCUITS FOR CONTROLLING DISPLAY APPARATUS

Field of the Invention

In general, the invention relates to the field of imaging displays, in particular,
the invention relates to controller circuits and processes for controlling light

modulators incorporated into imaging displays.

Background of the Invention

Displays built from mechanical light modulators are an attractive alternative
to displays based on liquid crystal technology. Mechanical light modulators are fast
enough to display video content with good viewing angles and with a wide range of
color and grey scale. Mechanical light modulators have been successful in
projection display applications. Direct-view displays using mechanical light
modulators have not yet demonstrated sufficiently attractive combinations of
brightness and low power. There is a need in the art for fast, bright, low-powered
mechanically actuated direct-view displays. Specifically there is a need for direct-
view displays that can be driven at high speeds and at low voltages for improved

image quality and reduced power consumption.

In contrast to projection displays in which switching circuitry and light
modulators can be built on relatively small die cut from silicon substrates, most
direct-view displays require the fabrication of light modulators on much larger
substrates. In addition, in many cases, particularly for backlit direct view displays,
both the control circuitry and the light modulators are preferably formed on
transparent substrates. As a result, many typical semiconductor manufacturing
processes are inapplicable. New switching circuits and control algorithms often
need to be developed to address the fundamental differences in materials, process
technology, and performance characteristics of MEMS devices built on transparent
substrates. A need remains for MEMS direct-view displays that incorporate
modulation processes in conjunction with switching circuitry that yield detailed

images along with rich levels of grayscale and contrast.
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Summary of the Invention

Such direct-view displays can be manufactured using an array of MEMS-
based light modulators. In one aspect, the invention relates to a direct-view display
that includes an array of pixels formed on a transparent substrate and a control
matrix for controlling the array of pixels. Each of pixels in the array of pixels
includes a MEMS-based light modulator with first and second opposing actuators
for controlling the state of the light-modulator. Suitable MEMS-based light
modulators include shutter-based light modulators and light-tap based modulators.
The control matrix includes a number of features for each pixel. For each pixel, the
control matrix includes a write-enabling switch for enabling the pixel to respond to a
data voltage and a data switch for selectively controlling actuation of one or both of
the opposing actuators in the pixel. In addition, for each pixel, the control matrix
includes one and only one data voltage interconnect for setting a desired state of the
light modulator to form an image by controlling the data switch. In one
embodiment, the same data voltage interconnect is shared among a number of pixels

in a column of the array.

In one embodiment, for each pixel, the control matrix also includes a voltage
inverter circuit. The voltage inverter circuit, in various implementations, is a p-mos
inverter circuit, an n-mos inverter circuit, or a CMOS inverter circuit. The voltage
inverter circuit, in some instances is a level shifting inverter. In other instances, the
voltage inverter circuit is a transition sharpening inverter or a switching inverter. In
another embodiment, the control matrix includes a cross-coupled inverter for each
pixel. The cross-coupled inverter, in one embodiment electrically couples the first
and second actuators to one another. In another embodiment, the cross-coupled

inverter comprises a level shifting inverter.

In various embodiments, each pixel includes a flip flop circuit. In one
embodiment, the flip flop electrically connects the first and second actuators of the
pixel to one another. In another embodiment, the flip flop stores light modulator
control instructions. Light modulator instructions, in some embodiments may also

be stored by a cross-coupled inverter included in the control matrix for each pixel.
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In one embodiment in which the light modulators are shutter-based, the first
and second actuators force the shutters of the light modulators relative to an
aperture. The aperture may be formed in a layer of material on the substrate. In an
alternative embodiment, the layer of material in which the apertures are formed is
disposed on a transparent substrate other than the substrate on which the light

modulators are formed.

In another embodiment, the control matrix includes a global actuation
interconnect that is electrically connected to pixels in at least two rows and at least
two columns of the array of pixels. The global actuation interconnect causes
substantially simultaneous actuation of the pixels to which it is connected. In one
embodiment, the global actuation interconnect is electrically connected to, and

thereby controls, a discharge transistor included in each pixel of the array.

In still another embodiment, the control matrix includes a first voltage
actuation interconnect. The first voltage actuation interconnect is distinct from the
data voltage interconnect and is electrically connected to the first actuator. The first
actuation voltage interconnect provides a voltage sufficient to actuate the first
actuator. In another embodiment, the control matrix includes another switch, other
than the data switch for regulating the application of the voltage provided via the
first actuation voltage interconnect, for each pixel in the array. The data switch, in
certain embodiments, is a transistor that selectively controls the discharge of the
voltage provided by the first actuation voltage interconnect. Each pixel may also be
electrically connected to a common voltage interconnect in the control matrix that

provides a bias voltage to the pixels to which it is connected.

In a further embodiment, the control matrix includes a second actuation
voltage interconnect. The second actuation voltage interconnect is distinct from
both the data voltage interconnect and the first actuation voltage interconnect. The
second actuation voltage interconnect provides a voltage sufficient to actuate the
second actuators of the pixels to which it is connected. In one embodiment, the
application of the voltage provided by the second actuation voltage interconnect to
the second actuator of a pixel is controlled by the pixel;s data switch. In another

embodiment, the second actuation voltage interconnect directly connects a display



WO 2007/145970 PCT/US2007/013277

driver to the second actuators of pixels in the array. In some embodiments, the
voltage provided by the second actuation voltage interconnect is insufficient to
actuate the second actuator if a voltage greater than a maintenance voltage is applied

to the first actuator.

In another embodiment, the control matrix include an actuation voltage
interconnect that is directly electrically connected to one of the actuators of pixels in
multiple rows and in multiple columns of the array of pixels. The actuation voltage
interconnect provides a voltage sufficient to actuate the actuators to which it is
connecting barring an opposing voltage being applied to the actuators that oppose

the actuators to which the shared actuation voltage interconnect connects.

According to another aspect, the invention relates to a direct-view display
apparatus that includes voltage regulators that substantially limits variation in a
voltage applied across the actuators in the display that would otherwise be caused by
movement of portions of the actuators. In one embodiment, voltage variation is
considered substantially limited if, during actuation of an actuator, the voltage across
the actuator varies less than 20% from the voltage needed to initiate actuation of the
actuator. In other embodimenfs, voltage variation is considered substantially limited
if, during actuation of an actuator, the voltage across the actuator varnies less than
10% from the voltage needed to initiate actuation of the actuator. In still another
other embodiments, voltage variation is considered substantially limited if, during
actuation of an actuator, the voltage across the actuator varies less than 5% from the

voltage needed to initiate actuation of the actuator.

The direct-view display apparatus includes an array of pixels formed on a
transparent substrate. Each pixel includes a MEMS-based light modulator. Suitable
MEMS-based light modulators include shutter-based light modulators, light-tap
based light modulators, and electrowetting-based light modulators. The MEMS-
based light modulators include at least one electrostatic actuator for changing the

state of the light modulator.

The direct-view display apparatus also includes a control matrix. The
control matrix is connected to the substrate and includes, for each pixel, a write-

enabling interconnect, a data voltage interconnect, and a data switch. The write-
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enable interconnect of a pixel enables the pixel to respond to a data voltage applied
via the data voltage interconnect. The data switch of a pixel electrically connects to
a corresponding data voltage interconnect. Voltages applied to the pixel’s data

voltage interconnect thereby control the state of the pixel’s light modulator.

In one embodiment, the voltage regulators are display drivers that include
DC voltage sources. The display drivers are connected to light modulators in the
array by actuation voltage interconnects that are distinct from the data voltage
interconnects. In some embodiments, the actuation voltage interconnect electrically
connects directly to pixel actuators. In other embodiments, the actuation voltage
interconnect electrically connects to pixel actuators through a switch, other than the
data switch, included in the control matrix for each pixel. In one embodiment, the
actuation voltage interconnect provides a substantially constant voltage throughout
operation of the display. In other embodiments, the voltage on the actuation voltage

interconnect varies during operation as a result of variation in display driver output.

In another embodiment, each pixel includes its own voltage regulator. In one
particular embodiment, the voltage regulator is a capacitor in electrical

communication with the electro-static actuator.

In a third aspect, the invention relates to a direct-view display apparatus that
includes an array of MEMS-based light modulators formed on a transparent
substrate. The display apparatus includes a control matrix formed on the substrate.

The control matrix includes a CMOS circuit for each pixel in the display.

In a fourth aspect, the invention relates to a direct-view display apparatus
that includes a bank-wise addressing feature. The display apparatus includes a
transparent substrate, upon which an array of light modulators are formed. Suitable
light modulators include, without limitation, shutter-based light modulators,
electrowetting-based light modulators, and light-tap based light modulators. The
array is organized into rows and columns. The rows are divided into at least two
sets of rows. Each row in a set of rows is associated with a corresponding row in
another set of rows. The associated rows are collectively referred to as a “group of
associated rows.” For each pixel in the array, the light modulators include an

actuator for controlling the state of the light modulator.
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The display apparatus also includes a control matrix connected to the
substrate and the light modulators. For each group of associated rows in the array,
the control matrix includes an electrical connection shared among the pixels of the
group of associated rows that enables the group of associated rows to be actuated to
an addressed state at substantially the same time. These electrical connections allow
each group of associated rows to be actuated at a different times. In one
embodiment, the control matrix includes, for each column in the array, a single write
enable switch and a single data store capacitor per set of rows. In another
embodiment, the display apparatus includes, for each group of associated rows, a
second distinct electrical connection shared among the pixels of the associated rows.
This second electrical connection provides an actuation voltage to the light
modulators in the pixels to reset the pixels to an initial state. In still another
embodiment, the display apparatus includes a charge interconnect that connects to
pixels in multiple rows and in multiple columns. This charge interconnect provides
an actuation voltage to the actuators in the pixels to drive the light modulators into

the addressed state.

According to another aspect of the invention, a display apparatus includes an
array of pixels, a transparent substrate, and a control matrix formed on the
transparent substrate. The array of pixels includes a plurality of MEMS light
modulators each corresponding to a pixel in the array. The control matrix has, for
each pixel in the array, a set of switches comprising a first switch and a second
switch directly connected in series. The first and second switches may include a
first transistor and a second transistor, respectively.

In one embodiment, the set of switches connects an energy source to a
MEMS light modulator of the respective pixel. The set of switches may include a
first transistor and a second transistor that share a common gate voltage. A gate of
the first transistor and a gate of the second transistor may be substantially at a first
voltage and a second voltage, respectively, where the first and second voltages are
different for at least one moment in time. The second voltage may be substantially
equal to half of the first voltage while the first and second transistors are each in an
off state. A cascode interconnect may supply the second voltage to the gate of the

second transistor. The energy source may be connected to an actuation voltage
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interconnect for supplying an actuation voltage to the MEMS light modulator of the
respective pixel. The second voltage may be substantially equal to half of the
actuation voltage while the first and second transistors are each in an off state. The
actuation voltage interconnect may be a global common interconnect for supplying
the actuation voltage to multiple pixels in the array. The respective pixel may
include a first actuator and/or a second actuator for driving the MEMS light
modulator of the respective pixel into a first state and/or second state, respectively.
A second actuation voltage interconnect may supply an actuation voltage to the
second actuator. The second actuator may be connected to the energy source via at.
least one switch.

In another embodiment, current flows through the set of switches from a
MEMS light modulator of the respective pixel to a current drain interconnect. The
set of switches may include a first transistor and a second transistor that share a
common gate voltage. A gate of the first transistor and a gate of the second
transistor may be substantially at a first voltage and a second voltage, respectively,
where the first and second voltages are different for at least one moment in time.
The first voltage may be substantial]y equal to half of an actuation voltage supplied
to the MEMS light modulator of the respective pixel while the first and second
transistors are each in an off state. A data voltage interconnect may supply a data
yoltage to the respective pixel, where the data voltage is applied to the gate of the
second transistor. A cascode interconnect may supply the first voltage to the gate of
the first transistor. The respective pixel may include a first actuator and/or second
actuator for driving the MEMS light modulator of the respective pixel into a first
state and/or second state, respectively. The control matrix may include a first
actuation voltage interconnect for supplying a first actuation voltage to the first
actuator. The first actuation voltage interconnect may be a global common
interconnect for supplying the actuation voltage to multiple pixels in the array. A
second actuation voltage interconnect may supply a second actuation voltage to the
second actuator. The second actuator may be connected to the first actuation voltage
interconnect via at least one switch.

According to another aspect of the invention, a display apparatus includes an

array of pixels, a transparent substrate, and a control matrix formed on the
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transparent substrate. The array of pixels includes a plurality of light modulators
each corresponding to a pixel in the array. The control matrix has, for each pixel in
the array, a charging cascode and a discharging cascode. The charging cascode
connects an energy source to a light modulator of the respective pixel. Current
flows through the discharging cascode from the light modulator of the respective
pixel to a current drain interconnect, where the charging and discharging cascodes
are connected to a common interconnect. The control matrix may be a CMOS
control matrix.

The charging cascode may include a first switch and a second switch directly
connected in series and the discharging cascode may include a third switch and a
fourth switch directly connected in series. The first switch may include a first
transistor connecting the energy source and the second switch. The second switch
may include a second transistor connecting the first switch and the light modulator
of the respective pixel. The third switch may include a third transistor connecting
the light modulator of the respective pixel and the fourth switch. The fourth switch '
may include a fourth transistor connecting the third switch and the current drain
interconnect.

In one embodiment, the energy source is connected to an actuation voltage
interconnect for supplying an actuation voltage to the light modulator of the
respective pixel. The actuation voltage interconnect may be a global common
interconnect for supplying the actuation voltage to multiple pixels in the array. The
common interconnect may be at a voltage that is substantially half of the actuation
voltage.

In one embodiment, the plurality of light modulators includes a plurality of
MEMS light modulators each corresponding to a pixel in the array. The respective
pixel may include a first actuator and/or second actuator for driving a MEMS light
modulator of the respective pixel into a first state and/or second state, respectively.
A second actuation voltage interconnect may supply a second actuation voltage to
the second actuator. The second actuator may be connected to the first actuation

voltage interconnect via at least one switch.
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Brief Description of the Drawings

The foregoing discussion will be understood more readily from the following

detailed description of the invention with reference to the following drawings:

Figure 1A is an isometric view of display apparatus, according to an

illustrative embodiment of the invention;

Figure 1B is a block diagram of the display apparatus of Figure 1A,

according to an illustrative embodiment of the invention;

Figure 2A is a perspective view of an illustrative shutter-based light
modulator suitable for incorporation into the MEMS-based display of Figure 1A,
according to an illustrative embodiment of the invention;

Figure 2B is a cross-sectional view of a rollershade-based light modulator
suitable for incorporation into the MEMS-based display of Figure 1A, according to
an illustrative embodiment of the invention;

Figure 2C is a cross sectional view of a light-tap-based light modulator
suitable for incorporation into an alternative embodiment of the MEMS-based
display of Figure 1A, according to an illustrative embodiment of the invention;

Figure 2D is a cross sectional view of an electrowetting-based light
modulator suitable for incorporation into an alternative embodiment of the MEMS-
based display of Figure 1A, according to an illustrative embodiment of the
invention;

Figure 3A is a schematic diagram of a control matrix suitable for controlling
the light modulators incorporated into the MEMS-based display of Figure 1A,
according to an illustrative embodiment of the invention;

Figure 3B is a perspective view of an array of shutter-based light modulators
connected to the control matrix of Figure 3A, according to an illustrative
embodiment of the invention;

Figures 4A and 4B are plan views of a dual-actuated shutter assembly in the
open and closed states respectively, according to an illustrative embodiment of the

invention.
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Figure 4C is a cross sectional view of a dual actuator light tap-based light
modulator suitable for incorporation into the MEMS-based display, according to an
illustrative embodiment of the invention.

Figure 5A is a diagram of a control matrix suitable for controlling the shutter
assemblies of the display apparatus of Figure 1A, according to an illustrative

embodiment of the invention;

Figure 5B is a diagram of another control matrix suitable for controlling the
shutter assemblies of the display apparatus of Figure 1A, according to an illustrative

embodiment of the invention;

Figure 5C is a flow chart of a method of addressing the pixels of the control

matrix of Figure 5B, according to an illustrative embodiment of the invention;

Figure 6 is a diagram of another control matrix suitable for controlling the
shutter assemblies of the display apparatus of Figure 1 A, according to an illustrative

embodiment of the invention,;

Figure 7 is a diagram of a control matrix suitable for controlling the shutter
assemblies of the display apparatus of Figure 1A, according to an illustrative

embodiment of the invention;

Figure 8 is a diagram of a control matrix suitable for controlling the shutter
assemblies of the display apparatus of Figure 1A, according to an illustrative

embodiment of the invention;

Figure 9 is a diagram of a control matrix suitable for controlling the shutter
assemblies of the display apparatus of Figure 1A, according to an illustrative

embodiment of the invention,;

Figure 10 is a diagram of an control matrix suitable for controlling the
shutter assemblies of the display apparatus of Figure 1A, according to an illustrative

embodiment of the invention;

Figure 11 is a flow chart of a method of addressing the pixels of the control

matrix of Figure 10, according to an illustrative embodiment of the invention;
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Figure 12 is a schematic diagram of yet another suitable control matrix for
inclusion in the display apparatus, according to an illustrative embodiment of the

invention;

Figure 13 is a schematic diagram of another eontrol matrix suitable for
inclusion in the display apparatus, according to an illustrative embodiment of the

invention;

Figure 14 includes three charts of voltage variations across portions of
MEMS actuators that may result during actuation, according to various

embodiments of the invention;

Figure 15 is a schematic diagram of yet another suitable control matrix for
inclusion in the display apparatus of Figure 1A, according to an illustrative

embodiment of the invention; and

Figure 16 is a schematic diagram of yet another suitable control matrix for
inclusion in the display apparatus of Figure 1A, according to an illustrative

embodiment of the invention.

Description of Certain Hlustrative Embodiments

To provide an overall understanding of the invention, certain illustrative
embodiments will now be described, including apparatus and methods for displaying
images. However, it will be understood by one of ordinary skill in the art that the
systems and methods described herein may be adapted and modified as is
appropriate for the application being addressed and that the systems and methods
described herein may be employed in other suitable applications, and that such other
additions and modifications will not depart from the scope hereof.

Figure 1A is a schematic diagram of a direct-view MEMS-based display
apparatus 100, according to an illustrative embodiment of the invention. The
display apparatus 100 includes a plurality of light modulators 102a—102d (generally
“light modulators 102”) arranged in rows and columns. In the display apparatus
100, light modulators 102a and 102d are in the open state, allowing light to pass.

| Light modulators 102b and 102c are in the closed state, obstructing the passage of
light. By selectively setting the states of the light modulators 102a—-102d, the
display apparatus 100 can be utilized to form an image 104 for a backlit display, if

11
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illuminated by a lamp or lamps 105. In another implementation, the apparatus 100
may form an image by reflection of ambient light originating from the front of the
apparatus. In another implementation, the apparatus 100 may form an image by
reflection of light from a lamp or lamps positioned in the front of the display, i.e. by
use of a frontlight. In one of the closed or open states, the light modulators 102
interfere with light in an optical path by, for example, and without limitation,
blocking, reflecting, absorbing, filtering, polarizing, diffracting, or otherwise
altering a property or path of the light.

In the display apparatus 100, each light modulator 102 corresponds to a pixel
106 in the image 104. In other implementations, the display apparatus 100 may
utilize a plurality of light modulators to form a pixel 106 in the image 104. For
example, the display apparatus 100 may include three color-specific light
modulators 102. By selectively opening one or more of the color-specific light
modulators 102 corresponding to a particular pixel 106, the display apparatus 100
can generate a color pixel 106 in the image 104. In another example, the display
apparatus 100 includes two or more light modulators 102 per pixel 106 to provide
grayscale in an image 104. With respect to an image, a “pixel” corresponds to the
smallest picture element defined by the resolution of the image. With respect to
structural components of the display apparatus 100, the term “pixel” refers to the
combined mechanical and electrical components utilized to modulate the light that
forms a single pixel of the image.

Display apparatus 100 is a direct-view display in that it does not require
imaging optics. The user sees an image by looking directly at the display apparatus
100. In alternate embodiments the display apparatus 100 is incorporated into a
projection display. In such embodiments, the display forms an image by projecting
light onto a screen or onto a wall. In projection applications the display apparatus
100 is substantially smaller than the projected image 104.

Direct-view displays may operate in either a transmissive or reflective mode.
In a transmissive display, the light modulators filter or selectively block light which
originates from a lamp or lamps positioned behind the display. The light from the
lamps is optionally injected into a light guide or “backlight”. Transmissive direct-

view display embodiments are often built onto transparent or glass substrates to
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facilitate a sandwich assembly arrangement where one substrate, containing the light
modulators, is positioned directly on top of the backlight. In some transmissive
display embodiments, a color-specific light modulator is created by associating a
color filter material with each modulator 102. In other transmissive display
embodiments colors can be generated, as described below, using a field sequential
color method by alternating illumination of lamps with different primary colors.

Each light modulator 102 includes a shutter 108 and an aperture 109. To
illuminate a pixel 106 in the image 104, the shutter 108 is positioned such that it
allows light to pass through the aperture 109 towards a viewer. To keep a pixel 106
unlit, the shutter 108 is positioned such that it obstructs the passage of light through
the aperture 109. The aperture 109 is defined by an opening patterned through a
reflective or light-absorbing material.

The display apparatus also includes a control matrix connected to the
substrate and to the light modulators for controlling the movement of the shutters.
The control matrix includes a series of electrical interconnects (e.g., interconnects
110, 112, and 114), including at least one write-enable interconnect 110 (also
referred to as a “scan-line interconnect’) per row of pixels, one data interconnect
112 for each column of pixels, and one common interconnect 114 providing a
common voltage to all pixels, or at least to pixels from both multiple columns and
multiples rows in the display apparatus 100. In response to the application of an
appropriate voltage (the “write-enabling voltage, V"), the write-enable
interconnect 110 for a given row of pixels prepares the pixels in the row to accept
new shutter movement instructions. The data interconnects 112 communicate the
new movement instructions in the form of data voltage pulses. The data voltage
pulses applied to the data interconnects 112, in some implementations, directly
contribute to an electrostatic movement of the shutters. In other implementations,
the data voltage pulses control switches, e.g., transistors or other non-linear circuit
elements that control the application of separate actuation voltages, which are
typically higher in magnitude than the data voltages, to the light modulators 102.
The application of these actuation voltages then results in the electrostatic driven

movement of the shutters 108.
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Figure 1B is a block diagram 150 of the display apparatus 100. Referring to
Figures 1A and 1B, in addition to the elements of the display apparatus 100
described above, as depicted in the block diagram 150, the display apparatus 100
includes a plurality of scan drivers 152 (also referred to as “write enabling voltage
sources™) and a plurality of data drivers 154 (also referred to as “data voltage
sources™). The scan drivers 152 apply write enabling voltages to scan-line
interconnects 110. The data drivers 154 apply data voltages to the data
interconnects 112. In some embodiments of the display apparatus, the data drivers
154 are configured to provide analog data voltages to the light modulators,
especially where the gray scale of the image 104 is to be derived in analog fashion.
In analog operation the light modulators 102 are designed such that when a range of
intermediate voltages is applied through the data interconnects 112 there results a
range of intermediate open states in the shutters 108 and therefore a range of
intermediate illumination states or gray scales in the image 104.

In other cases the data drivers 154 are configured to apply only a reduced set
of 2, 3, or 4 digital voltage levels to the control matrix. These voltage levels are
designed to set, in digital fashion, either an open state or a closed state to each of the
shutters 108.

The scan drivers 152 and the data drivers 154 are connected to digital
controller circuit 156 (also referred to as the “controller 156”). The controller 156
includes an input processing module 158, which processes an incoming image signal

157 into a digital image format appropriate to the spatial addressing and the gray
scale capabilities of the display 100. The pixel location and gray scale data of each
image is stored in a frame buffer 159 so that the data can be fed out as needed to the
data drivers 154. The data is sent to the data drivers 154 in mostly serial fashion,
organized in predetermined sequences grouped by rows and by image frames. The
data drivers 154 can include series to parallel data converters, level shifting, and for
some applications digital to analog voltage converters.

The display 100 apparatus optionally includes a set of common drivers 153,
also referred to as common voltage sources. In some embodiments the common
drivers 153 provide a DC common potential to all light modulators within the array

of light modulators 103, for instance by supplying voltage to a series of common
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interconnects 114. In other embodiments the common drivers 153, following
commands from the controller 156, issue voltage pulses or signals to the array of
light modulators 103, for instance global actuation pulses which are capable of
driving and/or initiating simultaneous actuation of all light modulators in multiple
rows and columns of the array 103.

All of the drivers (e.g., scan drivers 152, data drivers 154, and common
drivers 153) for different display functions are time-synchronized by a timing-
control module 160 in the controller 156. Timing commands from the module 160
coordinate the illumination of red, green and blue and white lamps (162, 164, 166,
and 167 respectively) via lamp drivers 168, the write-enabling and sequencing of
specific rows within the array of pixels 103, the output of voltages from the data
drivers 154, and the output of voltages that provide for light modulator actuation.

The controller 156 determines the sequencing or addressing scheme by
which each of the shutters 108 in the array 103 can be re-set to the illumination
levels appropriate to a new image 104. Details of suitable addressing, image
formation, and gray scale techniques can be found in U.S. Patent Application Nos.
11/326,696 and 11/643,042, incorporated herein by reference. New images 104 can
be set at periodic intervals. For instance, for video displays, the color images 104 or
frames of video are refreshed at frequencies ranging from 10 to 300 Hertz. In some
embodiments the setting of an image frame to the array 103 is synchronized with the
illumination of the lamps 162, 164, and 166 such that alternate image frames are
illuminated with an alternating series of colors, such as red, green, and blue. The
image frames for each respective color is referred to as a color sub-frame. In this
method, referred to as the field sequential color method, if the color sub-frames are
alternated at frequencies in excess of 20 Hz, the human brain will average the
alternating frame images into the perception of an image having a broad and
continuous range of colors. In alternate implementations, four or more lamps.with
primary colors can be employed in display apparatus 100, employing primaries other
than red, green, and blue.

In some implementations, where the display apparatus 100 is designed for
the digital switching of shutters 108 between open and closed states, the controller

156 determines the addressing sequence and/or the time intervals between image
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frames to produce images 104 with appropriate gray scale. The process of
generating varying levels of grayscale by controlling the amount of time a shutter
108 is open in a particular frame is referred to as time division gray scale. In one
embodiment of time division gray scale, the controller 156 determines the time
period or the fraction of time within each frame that a shutter 108 is allowed to
remain in the open state, according to the illumination level or gray scale desired of
that pixel. In other implementations, for each image frame, the controller 156 sets a
plurality of sub-frame images in multiple rows and columns of the array 103, and the
controller alters the duration over which each sub-frame image is illuminated in
proportion to a gray scale value or significance value employed within a coded word
for gray scale. For instance, the illumination times for a series of sub-frame images
can be varied in proportion to the binary coding series 1,2,4,8 ... The shutters 108
for each pixel in the array 103 are then set to either the open or closed state within a
sub-frame image according to the value at a corresponding pdsition within the
pixel’s binary coded word for gray level.

In other implementations, the controller alters the intensity of light from the
lamps 162, 164, and 166 in proportion to the gray scale value desired for a particular
sub-frame image. A number of hybrid techniques are also available for forming
colors and gray scale from an array of shutters 108. For instance, the time division
techniques described above can be combined with the use of multiple shutters 108
per pixel, or the gray scale value for a particular sub-frame image can be established
through a combination of both sub-frame timing and lamp intensity. Details of these
and other embodiments can be found in U.S. Patent Application 11/643,042,
referenced above.

In some implementations the data for an image state 104 is loaded by the
controller 156 to the modulator array 103 by a sequential addressing of individual
rows, also referred to as scan lines. For each row or scan line in the sequence, the
scan driver 152 applies a write-enable voltage to the write enable interconnect 110
for that row of the array 103, and subsequently the data driver 154 supplies data
voltages, corresponding to desired shutter states, for each column in the selected
row. This process repeats until data has been loaded for all rows in the array. In

some implementations the sequence of selected rows for data loading is linear,
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proceeding from top to bottom in the array. In other implementations the sequence
of selected rows is pseudo-randomized, in order to minimize visual artifacts. And in
other implementations the sequencing is organized by blocks, where, for a block, the
data for only a certain fraction of the image state 104 is loaded to the array, for
instance by addressing only every 5™ row of the array in sequence.

In some implementations, the process for loading image data to the array 103
is separated in time from the process of actuating the shutters 108. In these
implementations, the modulator array 103 may include data memory elements for
each pixel in the array 103 and the control matrix may include a global actuation
interconnect for carrying trigger signals, from common driver 153, to initiate
simultaneous actuation of shutters 108 according to data stored in the memory
elements. Various addressing sequences, many of which are described in U.S.
Patent Application 1 1/643,04i, can be coordinated by means of the timing control
module 160.

In alternative embodiments, the array of pixels 103 and the control matrix
that controls the pixels may be arranged in configurations other than rectangular
rows and columns. For example, the pixels can be arranged in hexagonal arrays or
curvilinear rows and columns. In general, as used herein, the term scan-line shall
refer to any plurality of pixels that share a write-enabling interconnect.

The display 100 is comprised of a plurality of functional blocks including the
timing control module 160, the frame buffer 159, scan drivers 152, data drivers 154,
and drivers 153 and 168. Each block can be understood to represent either a
distinguishable hardware circuit and/or a module of executable code. In some
implementations the functional blocks are provided as distinct chips or circuits
connected together by means of circuit boards and/or cables. Alternately, many of
these circuits can be fabricated along with the pixel array 103 on the same substrate
of glass or plastic. In other implementations, multiple circuits, drivers, processors,
and/or control functions from block diagram 150 may be integrated together within a
single silicon chip, which is then bonded directly to the transparent substrate holding
pixel array 103.

The controller 156 includes a programming link 180 by which the

addressing, color, and/or gray scale algorithms, which are implemented within
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controller 156, can be altered according to the needs of particular applications. In
some embodiments, the programming link 180 conveys information from
environmental sensors, such as ambient light or temperature sensors, so that the
controller 156 can adjust imaging modes or backlight power in correspondence with
environmental conditions. The controller 156 also comprises a power supply input
182 which provides the power ﬁeeded for lamps as well as light modulator actuation.
Where necessary, the drivers 152 153, 154, and/or 168 may include or be associated
with DC-DC converters for transforming an input voltage at 182 into various
voltages sufficient for the actuation of shutters 108 or illumination of the lamps,

such as lamps 162, 164, 166, and 167.

MEMS Light Modulators ‘

Figure 2A is a perspective view of an illustrative shutter-based light
modaulator 200 suitable for incorporation into the MEMS-based display apparatus
100 of Figure 1A, according to an illustrative embodiment of the invention. The
shutter-based light modulator 200 (also referred to as shutter assembly 200) includes
a shutter 202 coupled to an actuator 204. The actuator 204 is formed from two
separate compliant electrode beam actuators 205 (the “actuators 205”), as described
in U.S. Patent Application No. 11/251,035, filed on October 14, 2005. The shutter
202 couples on one side to the actuators 205. The actuators 205 move the shutter
202 transversely over a surface 203 in a plane of motion which is substantially
parallel to the surface 203. The opposite side of the shutter 202 couples to a spring
207 which provides a restoring force opposing the forces exerted by the actuator
204.

Each actuator 205 includes a compliant load beam 206 connecting the shutter
202 to a load anchor 208. The load anchors 208 along with the compliant load
beams 206 serve as mechanical supports, keeping the shutter 202 suspended
proximate to the surface 203. The load anchors 208 physically connect the
compliant load beams 206 and the shutter 202 to the surface 203 and electrically
connect the load beams 206 to a bias voltage, in some instances, ground.

Each actuator 205 also includes a compliant drive beam 216 positioned

adjacent to each load beam 206. The drive beams 216 couple at one end to a drive
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beam anchor 218 shared between the drive beams 216. The other end of each drive
beam 216 is free to move. Each drive beam 216 is curved such that it is closest to
the load beam 206 near the free end of the drive beam 216 and the anchored end of
the load beam 206.

The surface 203 includes one or more apertures 211 for admitting the
passage of light. If the shutter assembly 200 is formed on an opaque substrate,
made, for example, from silicon, then the surface 203 is a surface of the substrate,
and the apertures 211 are formed by etching an array of holes through the substrate.
If the shutter assembly 200 is formed on a transparent substrate, made, for example,
of glass or plastic, then the surface 203 is a surface of a light blocking layer
deposited on the substrate, and the apertures are formed by etching the surface 203
into an array of holes 211. The apertures 211 can be generally circular, elliptical,
polygonal, serpentine, or irregular in shape.

In operation, a display apparatus incorporating the light modulator 200
applies an electric potential to the drive beams 216 via the drive beam anchor 218.
A second electric potential may be applied to the load beams 206. The resulting
potential difference betwéen the drive beams 216 and the load beams 206 pulls the
free ends of the drive beams 216 towards the anchored ends of the load beams 206,
and pulls the shutter ends of the load beams 206 toward the anchored ends of the
drive beams 216, thereby driving the shutter 202 transversely towards the drive
anchor 218. The comp]iaﬁt members 206 act as springs, such that when the voltage
across the beams 206 and 216 is removed, the load beams 206 push the shutter 202
back into its initial position, releasing the stress stored in the load beams 206.

The shutter assembly 200, also referred to as an elastic shutter assembly,
incorporates a passive restoring force, such as a spring, for returning a shutter to its
rest or relaxed position after voltages have been removed. A number of elastic
restore mechanisms and various electrostatic couplings can be designed into or in
conjunction with electrostatic actuators, the compliant beams illustrated in shutter
assembly 200 being just one example. Other examples are described in U.S. Patent
Applications 11/251,035 and 11/326,696, incorporated herein by reference. For
instance, a highly non-linear voltage-displacement response can be provided which

favors an abrupt transition between “open” vs “closed” states of operation, and
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which, in many cases, provides a bi-stable or hysteretic operating characteristic for
the shutter assembly. Other electrostatic actuators can be designed with more
incremental voltage-displacement responses and with considerably reduced
hysteresis, as may be preferred for analog gray scale operation.

The actuator 205 within the elastic shutter assembly is said to operate
between a closed or actuated position and a relaxed position. The designer,
however, can choose to place apertures 211 such that shutter assembly 200 is in
either the “open” state, i.e. passing light, or in the “closed” state, i.e. blocking light,
whenever actuator 205 is in its relaxed position. For illustrative purposes, it is
assumed below that elastic shutter assemblies described herein are designed to be
open in their relaxed state.

In many cases it is preferable to provide a dual set of “open” and “closed”
actuators as part of a shutter assembly so that the control electronics are capable of
electrostatically driving the shutters into each of the open and closed states.

Display apparatus 100, in alternative embodiments, includes light modulators
other than transverse shutter-based light modulators, such as the shutter assembly
200 described above. For example, Figure 2B is a cross-sectional view of a rolling
actuator shutter-based light modulator 220 suitable for incorporation into an
alternative embodiment of the MEMS-based display apparatus 100 of Figure 1 A,
according to an illustrative embodiment of the invention. As described further in
U.S. Patent No. 5,233,459, entitled “Electric Display Device,” and U.S. Patent No.
5,784,189, entitled “Spatial Light Modulator,” the entireties of which are
incorporated herein by reference, a rolling actuator-based light modulator includes a
moveable electrode disposed opposite a fixed electrode and biased to move in a
preferred direction to produce a shutter upon application of an electric field. In one
embodiment, the light modulator 220 includes a planar electrode 226 disposed
between a substrate 228 and an insulating layer 224 and a moveable electrode 222
having a fixed end 230 attached to the insulating layer 224. In the absence of any
applied voltage, a moveable end 232 of the moveable electrode 222 is free to roll
towards the fixed end 230 to produce a rolled state. Application of a voltage
between the electrodes 222 and 226 causes the moveable electrode 222 to unroll and

lie flat against the insulating layer 224, whereby it acts as a shutter that blocks light
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traveling through the substrate 228. The moveable electrode .222 returns to the
rolled state by means of an elastic restoring force after the voltage is removed. The
bias towards a rolled state may be achieved by manufacturing the moveable
electrode 222 fo include an anisotropic stress state.

Figure 2C is a cross-sectional view of an illustrative non shutter-based
MEMS light modulator 250. The light tap modulator 250 is suitable for
incofporation into an alternative embodiment of the MEMS-based display apparatus
100 of Figure 1A, according to an illustrative embodiment of the invention. As
described further in U.S. Patent No. 5,771,321, entitled “Micromechanical Optical»
Switch and Flat Panel Display,” the entirety of which is incorporated herein by
reference, a light tap works according to a principle of frustrated total internal
reflection. That is, light 252 is introduced into a light guide 254, in which, without
interference, light 252 is for the most part unable to escape the light guide 254
through its front or rear surfaces due to total internal reflection. The light tap 250
includes a tap element 256 that has a sufficiently high index of refraction that, in
response to the tap element 256 contacting the light guide 254, light 252 impinging
on the surface of the light guide 254 adjacent the tap element 256 escapes the light
guide 254 through the tap element 256 towards a viewer, thereby contributing to the
formation of an image. '

In one embodiment, the tap element 256 is formed as part of beam 258 of
flexible, transparent material. Electrodes 260 coat portions of one side of the beam
258. Opposing electrodes 260 are disposed on the light guide 254. By applying a
voltage across the electrodes 260, the position of the tap element 256 relative to the
light guide 254 can be controlled to selectively extract light 252 from the light guide
254,

Figure 2D is a cross sectional view of a second illustrative non-shutter-based
MEMS light modulator suitable for inclusion in various embodiments of the
invention. Specifically, Figure 2D is a cross sectional view of an electrowetting-
based light modulation array 270. The electrowetting-based light modulator array
270 is suitable for incorporation into an alternative embodiment of the MEMS-based
display apparatus 100 of Figure 1A, according to an illustrative embodiment of the

invention. The light modulation array 270 includes a plurality of electrowetting-
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based light modulation cells 272a-272d (generally “cells 272”) formed on an optical
cavity 274. The light modulation array 270 also includes a set of color filters 276
corresponding to the cells 272.

Each cell 272 includes a layer of water (or other transparent conductive or
polar fluid) 278, a layer of light absorbing oil 280, a transparent electrode 282
(made, for example, from indium-tin oxide) and an insulating layer 284 positioned
between the layer of light absorbing oil 280 and the transparent electrode 282.
INustrative implementations of such cells are described further in U.S. Patent
Application Publication No. 2005/0104804, published May 19, 2005 and entitled
“Display Device.” In the embodiment described herein, the electrode takes up a
portion of a rear surface of a cell 272.

The light modulation array 270 also includes a light gu1de 288 and one or
more light sources 292 which inject light 294 into the light guide 288. A series of
light redirectors 291 are formed on the rear surface of the light guide, proximate a
front facing reflective layer 290. The light redirectors 291 may be either diffuse or
specular reflectors. The modulation array 270 includes an aperture layer 286 which
is patterned into a series of apertures, one aperture for each of the cells 272, to allow
light rays 294 to pass through the cells 272 and toward the viewer.

Iﬁ one embodiment the aperture layer 286 is comprised of a light absorbing
material to block the passage of light except through the patterned apertures. In
another embodiment the aperture layer 286 is comprised of a reflective material
which reflects light not passing through the surface apertures back towards the rear
of the light guide 288. Afier returning to the light guide, the reflected light can be
further recycled by the front facing reflective layer 290. .

' In operation, application of a voltage to the electrode 282 of a cell causes the
light absorbing oil 280 in the cell to move into or collect in one portion of the cell
272. As aresult, the light absorbing oil 280 no longer obstructs the passage of li ght
through the aperture formed in the reflective aperture layer 286 (see, for example,
cells 272b and 272c). Light escaping the light guide 288 at the aperture is then able
to escape through the cell and through a corresponding color (for example, red,
green, or blue) filter in the set of color filters 276 to form a color pixel in an image.

When the electrode 282 is grounded, the light absorbing oil 280 returns to its
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previous position (as in cell 272a) and covers the aperture in the reflective aperture
layer 286, absorbing any light 294 attempting to pass through it.

The roller-based light modulator 220, light tap 250, and electrowetting-based
light modulation array 270 are not the only examples of MEMS light modulators
suitable for inclusion in various embodiments of the invention. It will be understood
that other MEMS light modulators can exist and can be usefully incorporated into
the invention.

U.S. Patent Applications Nos. 11/251,035 and 11/326,696 have described a
variety of methods by which an array of shutters can be controlled via a control
matrix to produce images, in many cases moving images, with appropriate gray
scale. In some cases, control is accomplished by means of a passive matrix array of
row and column interconnects connected to driver circuits on the periphery of the
display. In other cases it is appropriate to include switching and/or data storage
elements within each pixel of the array (the so-called active matrix) to improve
either the speed, the gray scale and/or the power dissipation performance of the
display.

Figure 3A is a schematic diagram of a control matrix 300 suitable for
controlling the light modulators incorporated into the MEMS-based display
apparatus 100 of Figure 1A, according to an illustrative embodiment of the
invention. Figure 3B is a perspective view of an array 320 of shutter-based light
modulators connected to the control matrix 300.of Figure 3A, according to an
illustrative embodiment of the invention. The control matrix 300 may address an
array of pixels 320 (the “array 320”). Each pixel 301 includes an elastic shutter
assembly 302, such as the shutter assembly 200 of Figure 2A, controlled by an
actuator 303. Each pixel also includes an aperture layer 322 that includes apertures
324. Further electrical and mechanical descriptions of shutter assemblies such as
shutter assembly 302, and Qariations thereon, can be found in U.S. Patent
Applications Nos. 11/251,035 and 11/326,696. Descriptions of alternate control
matrices can also be found in U.S. Patent Application No. 11/607,715. ,

The control matrix 300 is fabricated as a diffused or thin-film-deposited
electrical circuit on the surface of a substrate 304 on which the shutter assemblies

302 are formed. The control matrix 300 includes a scan-line interconnect 306 for
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each row of pixels 301 in the control matrix 300 and a data-interconnect 308 for
each column of pixels 301 in the control matrix 300. Each scan-line interconnect
306 electrically connects a write-enabling voltage source 307 to the pixels 301 in a
corresponding row of pixels 301. Each data interconnect 308 electrically connects a
data voltage source, (“Vd source”) 309 to the pixels 301 in a corresponding column
of pixels 301. In control matrix 300, the data voltage V4 provides the majority of the
energy necessary for actuation of the shutter assemblies 302. Thus, the data voltage
source 309 also serves as an actuation voltage source.

Referring to Figures 3A and 3B, for each pixel 301 or for each shutter
assembly 302 in the array of pixels 320, the control matrix 300 includes a transistor
310 and a capacitor 312. The gate of each transistor 310 is electrically connected to
the scan-line interconnect 306 of the row in the array 320 in which the pixel 301 is
located. The source of each transistor 310 1s electrically connected to its
corresponding data interconnect 308. The actuators 303 of each shutter assembly
302 include two electrodes. The drain of each transistor 310 is electrically
connected in parallel to one electrode of the corresponding capacitor 312 and to one
of the electrodes of the corresponding actuator 303. The other electrode of the
capacitor 312 and the other electrode of the actuator 303 in shutter assembly 302 are
connected to a common or ground potential. In alternate implementations, the
transistors 310 can be replaced with semiconductor diodes and or metal-insulator-
metal sandwich type switching elements.

In operation, to form an image, the control matrix 300 write-enables each
row in the array 320 in a sequence by applying V. to each scan-line interconnect
306 in turn. For a write-enabled row, the application of V. to the gates of the
transistors 310 of the pixels 301 in the row allows the flow of current through the
data interconnects 308 through the transistors 310 to apply a potential to the actuator
303 of the shutter assembly 302. While the row is write-enabled, data voltages V4
are selectively applied to the data interconnects 308. In implementations providing
analog gray scale, the data voltage applied to each data interconnect 308 is varied in
relation to the desired brightness of the pixel 301 located at the intersection of the
write-enabled scan-line interconnect 306 and the data interconnect 308. In

implementations providing digital control schemes, the data voltage is selected to be
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either a relatively low magnitude voltage (i.e., a voltage near ground) or to meet or
exceed V, (the actuation threshold voltage). In response to the application of Vy to
a data interconnect 308, the actuator 303 in the corresponding shutter assembly 302
actuates, opening the shutter in that shutter assembly 302. The voltage applied to
the data interconnect 308 remains stored in the capacitor 312 of the pixel 301 even
after the control matrix 300 ceases to apply Ve to a row. It is not necessary,
therefore, to wait and hold the voltage V. on a row for times long enough for the
shutter assembly 302 to actuate; such actuation can proceed after the write-enabling
voltage has been removed from the row. The capacitors 312 also function as
memory elements within the array 320, storing actuation instructions for periods as
long as is necessary for the illumination of an image frame.

The pixels 301 as well as the control matrix 300 of the array 320 are formed
on a substrate 304. The array includes an aperture layer 322, disposed on the
substrate 304, which includes a set of apertures 324 for respective pixels 301 in the
array 320. The apertures 324 are aligned with the shutter assemblies 302 in each
pixel. In one implementation the substrate 304 is made of a transparent material,
such as glass or plastic. In another implementation the substrate 304 is made of an
opaque material, but in which holes are etched to form the apertures 324.

Components of shutter assemblies 302 are processed either at the same time
as the control matrix 300 or in subsequent processing steps on the same substrate.
The electrical components in control matrix 300 are fabricated using many thin film
techniques in cdmmon with the manufacture of thin film transistor arrays for liquid
crystal displays. Available techniques are described in Den Boer, Active Matrix
Liquid Crystal Displays (Elsevier, Amsterdam, 2005), incorporated herein by
reference. The shutter assemblies are fabricated using techniques similar to the art
of micromachining or from the manufacture of micromechanical (i.e., MEMS)
devices. Many applicable thin film MEMS techniques are described in Rai-
Choudhury, ed., Handbook of Microlithography, Micromachining &
Microfabrication (SPIE Optical Engineering Press, Bellingham, Wash. 1997),
incorporated herein by reference. Fabrication techniques specific to MEMS light
modulators formed on glass substrates can be found in U.S. Patent Application Nos.

11/361,785 and 11/731,628, incorporated herein by reference. For instance, as
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described in those applications, the shutter assembly 302 can be formed from thin
films of amorphous silicon, deposited by a chemical vapor deposition process.

The shutter assembly 302 together with the actuator 303 can be made bi-
stable. That is, the shutters can exist in at least two equilibrium positions (e.g. open
or closed) with little or no power required to hold them in either position. More
particularly, the shutter assembly 302 can be mechanically bi-stable. Once the
shutter of the shutter assembly 302 is set in position, no electrical energy or holding
voltage is required to maintain that position. The mechanical stresses on the
physical elements of the shutter assembly 302 can hold the shutter in place.

The shutter assembly 302 together with the actuator 303 can also be made
electrically bi-stable. In an electrically bi-stable shutter assembly, there exists a
range of voltages below the actuation voltage of the shutter assembly, which if
applied to a closed actuator (with the shutter being either open or closed), holds the
actuator closed and the shutter in position, even if an opposing force is exerted on
the shutter. The opposing force may be exerted by a spring such as spring 207 in
shutter-based light modulator 200, or the opposing force may be exerted by an
opposing actuator, such as an “open” or “closed” actuator.

The light modulator array 320-is depicted as having a single MEMS light
modulator per pixel. Other embodiments are possible in which multiple MEMS
light modulators are provided in each pixel, thereby providing the possibility of
more than just binary “on’ or “off” optical states in each pixel. Certain forms of
coded area division gray scale are possible where multiple MEMS light modulators
in the pixel are provided, and where apertures 324, which are associated with each
of the light modulators, have unequal areas.

In other embodiments the roller-based light modulator 220, the light tap 250,
or the electrowetting-based light modulation array 270, as well as other MEMS-
based light modulators, can be substituted for the shutter assembly 302 within the
light modulator array 320.

Figures 4A and 4B illustrate an alternative shutter-based light modulator
(shutter assembly) 400 suitable for inclusion in various embodiments of the
invention. The light modulator 400 is an example of a dual actuator shutter

assembly, and is shown in Figure 4A in an open state. Figure 4B is a view of the
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dual actuator shutter assembly 400 in a closed state. Shutter assembly 400 is
described in further detail in U.S. Patent Application 11/251,035, referenced above.
In contrast to the shutter assembly 200, shutter assembly 400 includes actuators 402
and 404 on either side of a shutter 406. Each actuator 402 and 404 is independently
controlled. A first actuator, a shutter-open actuator 402, serves to open the shutter
406. A second opposing actuator, the shutter-close actuator 404, serves to close the
shutter 406. Both actuators 402 and 404 are compliant beam electrode actuators.
The actuators 402 and 404 open and close the shutter 406 by driving the shutter 406
substantially in a plane parallel to an aperture layer 407 over which the shutter is
suspended. The shutter 406 is suspended a short distance over the aperture layer 407
by anchors 408 attached to the actuators 402 and 404. The inclusion of supports
attached to both ends of the shutter 406 along its axis of movement reduces out of
plane motion of the shutter 406 and confines the motion substantially a plane
parallel to the substrate. By analogy to the control matrix 300 of Figure 3A, a
control matrix suitable for use with shutter assembly 400 might include one
transistor and one capacitor for each of the opposing shutter-open and shutter-close
actuators 402 and 404.

The shutter 406 includes two shutter apertures 412 through which light can
pass. The aperture layer 407 includes a set of three apertures 409. In Figure 4A, the
shutter assembly 400 is in the open state and, as such, the shutter-open actuator 402
has been actuated, the shutter-close actuator 404 is in its relaxed position, and the
centerlines of apertures 412 and 409 coincide. In Figure 4B the shutter assembly
400 has been moved to the closed state and, as such, the shutter-open actuator 402 is
in its relaxed position, the shutter-close actuator 404 has been actuated, and the light
blocking portions of shutter 406 are now in position to block transmission of light
through the apertures 409 (shown as dotted lines). Each aperture has at least one
edge around its periphery. For example, the rectangular apertures 409 have four
edges. In alternative implementations in which circular, elliptical, oval, or other
curved apertures are formed in the aperture layer 407, each aperture may have only a
single edge. In other implementations the apertures need not be separated or disjoint
in the mathematical sense, but instead can be connected. That is to say, while

portions or shaped sections of the aperture may maintain a correspondence to each
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shutter, several of these sections may be connected such that a single continuous
perimeter of the aperture is shared by multiple shutters.

In order to allow light with a variety of exit angles to pass through apertures
412 and 409 in the open state, it is advantageous to provide a width or size for
shutter apertures 412 which is larger than a corresponding width or size of apertures
409 in the aperture layer 407. In order to effectively block light from escaping in the
closed state, it is preferable that the light blocking portions of the shutter 406 overlap
the apertures 409. Figure 4B shows a predefined overlap 416 between the edge of
light blocking portions in the shutter 406 and one edge of the aperture 409 formed in
aperture layer 407.

The electrostatic actuators 402 and 404 are designed so that their voltage -
displacement behavior provides a bi-stable characteristic to the shutter assembly
400. For each of the shutter-open and shutter-close actuators there exists a range of
voltages below the actuation voltage, which if applied while that actuator is in the
closed state (with the shutter being either open or closed), will hold the actuator
closed and the shutter in position, even after an actuation voltage is applied to the
opposing actuator. The minimum voltage needed to maintain a shutter’s position
against such an opposing force is referred to as a maintenance voltage Vi,.

Figure 4C is a cross-sectional view of a non shutter-based MEMS light
modulator 450, which includes first and second opposing actuators. The light
modulator 450 is also referred to as a dual actuator light tap, which operates
according to the principle of frustrated total internal reflection. The dual actuator
light tap is a variation of light tap modulator 250 as described in U.S. Patent No.
5,771,321, referred to above. The dual actuator light tap 450 comprises a light guide
454, in which, without interference, light is for the most part unable to escape
through its front or rear surfaces due to total internal reflection. The light tap 450
also includes a cover sheet 452 and a flexible membrane or tap element 456. The
tap element 456 has a sufficiently high index of refraction such that, in response to
the tap element 456 contacting the light guide 454, light impinging on the surface of
the light guide 454 adjacent the tap element 456 escapes the light guide 454 through
the tap element 456 towards a viewer, thereby contributing to the formation of an

image.
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The tap element 456 is formed from a flexible transparent material.
Electrodes 460 are coupled to the tap element 456. The light tap 450 also includes
electrodes 462 and 464. The combination of electrodes 460 and 462 comprise a first
actuator 470 and the combination of electrodes 460 and 464 comprise a second
opposing actuator 472. By applying a voltage to the first actuator 470 the tap
element 456 can be moved toward the light guide 454, allowing light to be extracted
from the light guide 454. By applying a voltage to the second actuator 472 the tap
element can be moved away from the light guide 454 thereby restricting the
extraction of light from the light guide 454.

-The actuators 470 and 472 are designed so that their voltage - displacement
behavior provides an electrically bi-stable characteristic to the light tap 450. For
each of the first and second actuators there exists a range of voltages below the
actuation voltage, which if applied while that actuator is in the closed state, will hold
the actuator closed and the tap element in position, even after an actuation voltage is
applied to the opposing actuator. The minimum voltage needed to maintain the tap
element’s position against such an opposing force is referred to as a maintenance
voltage V,,.

Electrical bi-stability arises from the fact that the electrostatic force across an
actuator is a strong function of position as well as voltage. The beams of the
actuators in the light modulators 400 and 450 act as capacitor plates. The force
between capacitor plates is proportional to 1/d? where d is the local separation
distance between capacitor plates. In a closed actuator, the local separation between
actuator beams is very small. Thus, the application of a small voltage can result in a
relatively strong force between the actuator beams of a closed actuator. As aresult,
a relatively small voltage, such as V,,, can keep the actuator closed, even if other
elements exert an opposing force on the closed actuator.

In light modulators, such as 400 and 450, that provide two opposing
actuators (e.g. for the purpose of opening and closing a shutter respectively), the
equilibrium position of the modulator will be determined by the combined effect of
the voltage differences across each of the actuators. In other words, the electrical

potentials of all three terminals (e.g. the shutter open drive beam, the shutter close
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drive beam, and the shutter/load beams), as well as modulator position, must be
considered to determine the equilibrium forces on the modulator.

For an electrically bi-stable system, a set of logic rules can describe the
stable states and can be used to develop reliable addressing or digital control
schemes for the modulator. Referring to the shutter-based light modulator 400 as an
example, these logic rules are as follows:

Let V; be the electrical potential on the shutter or load beam. Let V,, be the
electrical potential on the shutter-open drive beam. Let V. be the electrical potential
on the shutter-close drive beam. Let the expression /V,-V/ refer to the absolute
value of the voltage difference between the shutter and the shutter-open drive beam.
Let V., be the maintenance voltage. Let V,, be the actuation threshold voltage, i.e.,
the voltage necessary to actuate an actuator absent the application of V, to an
opposing drive beam. Let V;, be the maximum allowable potential for V, and V..
Let Vin < Vai<Vimax. Then, assuming V, and V. remain below Viax:

I. If  /Ve-VJ/<Vyp and  /Ve-VJ <Vp

Then the shutter will relax to the equilibrium position of its mechanical
spring.

2. If IVo-Vo/ >V, and /V-VJ/>V,

Then the shutter will not move, i.e. it will hold in either the open or the
closed state, whichever position was established by the last actuation event.

3. If Vo-Vg/ >V, and [V -V/ <V,
Then the shutter will move into the open position.
4. If IVo-Vo/ <V and  /V-Vy/ >V,

Then the shutter will move into the closed position.

Following rule 1, with voltage differences on each actuator near to zero, the
shutter will relax. In many shutter assemblies the mechanically relaxed position is
only partially open or closed, and so this voltage condition is preferably avoided in
an addressing scheme.

The condition of rule 2 makes it possible to include a global actuation
function into an addressing scheme. By maintaining a shutter voltage which
provides beam voltage differences that are at least the maintenance voltage, V,, the

absolute values of the shutter open and shutter closed potentials can be altered or
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switched in the midst of an addressing sequence over wide voltage ranges (even
where voltage differences exceed V,,) with no danger of unintentional shutter
motion.

The conditions of rules 3 and 4 are those that are generally targeted during
the addressing sequence to ensure the bi-stable actuation of the shutter.

The maintenance voltage difference, Vp,, can be designed or expressed as a
certain fraction of the actuation threshold voltage, V,. For systems designed for a
useful degree of bi-stability the maintenance voltage can exist in a range between
20% and 80% of V. This helps ensure that charge leakage or parasitic voltage
fluctuations in the system do not result in a deviation of a set holding voltage out of
its maintenance range — a deviation which could result in the unintentional actuation
of a shutter. In some systems an exceptional degree of bi-stability or hysteresis can
be provided, with V, existing over a range of 2% to 98% of V. In these systems,
however, care must be taken to ensure that an electrode voltage condition of V <V,
can be reliably obtained within the addressing and actuation time available.

Figure 5A illustrates an alternative control matrix 1600 suitable for inclusion
in the display apparatus 100, according to an illustrative embodiment of the
invention. Control matrix 1600 controls an array of pixels 1604 that include elastic
shutter assemblies 1614. Although only one pixel 1604 is illustrated in Figure 5A, it
is understood that the control matrix extends and incorporates a large number of
rows and columns of similar pixels, as is partially illustrated by the control matrix
300 of Figure 3A. In addition, while the control matrix is described in relation to
controlling elastic shutter assemblies, other MEMS modulators with alternate
actuators, such as modulators 220, 250,or 270 can also be employed without
departing from the scope of the invention. The control matrix 1600 includes a single
data interconnect 1602 for each column of pixels 1604 in the control matrix. The
actuators in the elastic shutter assemblies 1614 can be made either electrically bi-
stable or mechanically bi-stable.

The control matrix 1600 includes a scan-line interconnect 1606 for each row
of pixels 1604 in the control matrix 1600. The control matrix 1600 further includes
a charge interconnect 1610, a charge trigger interconnect 1608, a global actuation

interconnect 1612, and a shutter common interconnect 1622. These interconnects
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1610, 1608, 1612 and 1622 are shared among pixels 1604 in multiple rows and
multiple columns in the array. In one implementation, the interconnects 1610, 1608,
1612, and 1622 are shared among all pixels 1604 in the control matrix 1600. Each
pixel 1604 in the control matrix includes a shutter charge transistor 1616, a shutter
discharge transistor 1617, a shutter write-enable transistor 1618, and a data store
capacitor 1620.

The control matrix 1600 of Figure 5A, previously described in U.S. Patent
Application No. 11/326,696, includes many circuit elements in common with those
described below. The shutter assembly 1614 includes an electrostatic actuator,
similar to the actuator 204 of the elastic shutter assembly 200. When a voltage
difference equal to or greater than an actuation voltage, also referred to as a charging
voltage or V,, is imposed across the two terminals of the actuator, the shutter
assembly can be driven into a closed state, blocking the passage of light.

In one implementation, the charge interconnect 1610 is connected to a
voltage source which is maintained equal to or greater than V. The shutter
common interconnect 1622 is maintained near to the ground potential. One terminal
of the shutter actuator is connected through the shutter charge transistor 1616 to the
charge interconnect 1610. The other terminal of the actuator is connected to the
shutter common 1622. If charge is allowed to flow through the charge interconnect
1610 and onto the actuator of shutter assembly 1614, then a voltage of substantially
Va will be imposed across the actuator and the shutter will be driven into its closed
state. The shutter returns to its open or relaxed state when the voltage across the two
terminals of the actuator falls below a maintenance voltage V,,, as described in
relation to Figures 4A—4C.

The charge transistor 1616 can be turned on, and the shutter thereby
actuated, when a voltage is applied to the charge trigger interconnect 1608. In order
to account for a wide range of voltages that might be stored on the actuator of
shutter assembly 1644, a voltage in excess of V,, when applied to the gate of
transistor 1616, is generally sufficient to turn that transistor on, while a voltage
substantially near to ground will be sufficient to turn transistor 1616 off.

The pixel 1604 includes a data store capacitor 1620. As described further

below, the capacitor 1620 stores, by means of stored charge, “data” instructions
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(e.g., open or close) that are sent by a controller, such as controller 156, to the pixel
1620 as part of a data loading or writing operation. The voltage stored on the
capacitor 1620 determines, in part, whether the shutter discharge transistor 1617 can
be turned on or not.

During a data load operation, each row of the array is write-enabled in an
addressing sequence. The voltage sources in control matrix 1600 (not shown) apply
a write-enabling voltage V. to the scan-line interconnect 1606 corresponding to a
selected row. The application of V. to the scan-line interconnect 1606 for the
write-enabled row turns on the write-enable transistor 1618 of the pixels 1604 in the
corresponding scan line, thereby write enabling the pixels. While a selected row of

- pixels 1604 is write-enabled, data voltage sources apply appropriate data voltages to
the data interconnect 1602 corresponding to each column of pixels 1604 in the
control matrix 1600. The voltages applied to the data interconnects 1602 are thereby
stored on the data store capacitors 1620 of the respective pixels 1604.

The control matrix 1600 allows for two methods for setting an image into an
array of pixels 1604. According to the first method, all shutters in the array are
actuated into a closed position prior to loading any data into the array. The process
begins with a global charge trigger operation in which the charge trigger voltage is
applied to all charge trigger interconnects 1608, turning on all transistors 1616, and
Va is applied to all charge interconnects 1610. As a result, all shutters in the array
close nearly simultaneously. The charge trigger interconnect 1608 is then grounded.
The method then proceeds to a selective discharge operation where data is loaded
into each row of the array sequentially. As described above, data is loaded into a
pixel 1604 by storing charge on its data store capacitor 1620. Presuming that the
global actuation interconnect 1612 is held near the ground potential, the voltage
resulting from the storage of data on the data store capacitor 1620 of a pixel 1604
controls the discharge transistor 1617 of the pixel 1604. In pixels in which a voltage
is stored on the data store capacitor 1620, the discharge transistor 1617 is turned on,
allowing charge stored on the actuator of the shutter assembly 1614 to discharge
through the global actuation interconnect 1612. As a result, the shutter assembly
relaxes into the open state. In a pixel 1604 in which charge is not stored on its data

store capacitor 1620, the charge stored on the actuators of the shutter assembly
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remains, keeping the shutter in the closed state. When all rows of the array have
been addressed the image setting is complete.

The second method includes a three-step control process for setting an
image, in which loading data into the array is separated in time from the selective
discharge of the shutter assemblies 1614. In the second method, the global actuation
interconnect 1612 is maintained at a potential significantly above that of the shutter
common interconnect 1622, thereby preventing the turn-on of the discharge switch
transistor 1617 during the addressing (i.e., data loading) process, regardless of what
charge gets stored on the capacitor 1620. This method allows for a global actuation
process in which all selected shutters are actuated simultaneously. In a global
actuation process one image state is maintained in the array (while it is illuminated
by one of the lamps 162, 164, or 166) while, simultaneously, data is loaded into data
store capacitors 1620 (or other data storage elements) in the array corresponding to a
subsequent image state.

The three-step process proceeds as follows. First, while one image state is
being illuminated, the data for a subsequent image state is loaded or written, row by
row, into the memory elements (capacitors 1620) of the array. This loading
operation is often the most time-consuming of the three steps, partiéularly where a
large number of rows (in excess of 100) need to be addressed. In the second step,
the shutter assemblies are all reset to the closed state by a global charging operation,
initiated by a voltage change on the charge trigger interconnect 1608. And finally
the new image state, as dictated by the data stored in the capacitors 1620, is set into
the array of shutter assemblies. The potential on the global actuation interconnect
1612 is brought to ground or to substantially the same potential as the shutter
common interconnect 1622, thereby turning on all of the shutter discharge
transistors 1617 simultaneously according to the whether a data voltage has been
stored on capacitor 1620 or not. During the global actuation step, for the pixels at
which a data voltage has been stored on capacitor 1620, the discharge transistor
turns on, charge drains out of the actuators of shutter assembly 1614, and the shutter
assembly 1614 is allowed to move or actuate into its relaxed state, for instance the
shutter open state. For pixels at which no data voltage was stored on the capacitor

1620, the discharge transistor 1617 does not turn on and the shutter assembly 1614
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remains charged. For those pixels a voltage remains across the actuators of shutter
assemblies 1614 and those pixels remain, for instance, in the shutter closed state.
During the global actuation step all pixels connected to the same global actuation
interconnect, and with data stored on capacitor 1620, move into their new states at
substantially at the same time.

Applying partial voltages to the data store capacitor 1620 allows partial turn-
on of the discharge switch transistor 1617 during the time that the global actuation
interconnect 1612 is brought to its actuation potential. In this fashion, an analog
voltage is created on the shutter assembly 1614, for providing analog gray scale.

In some implementations the global actuation interconnect 1612 is connected
to every shutter discharge transistor 358 in every row and column in the array of
pixels. In other implementations the global actuation interconnect 1612 is connected
to shutter discharge transistors within only a sub-group of pixels in multiple rows
and columns (see control matrix 2740 below). Such a control matrix enables an
addressing method in which images are globally set to only a fraction of the array, or
a sub-group of pixels, at one time. This capability, referred to as bank-wise
addressing, enhances brightness when using time division gray scale to set multiple
gray scale images into the array.

In control matrix 1600, the energy for actuation of shutter assemblies 1614
derives primarily from the charge interconnect 1610 (also referred to as the pre-
charge interconnect), which is shared among multiple rows and columns in the array
and is attached to a voltage source at a voltage V,. The actuation voltage V, can be
as high as 40 volts. The control matrix 1600 reduces system power consumption by
separating the energy required for shutter actuation from the energy required for
addressing (i.e. loading data into) the array. The energy required for addressing is
minimized in control matrix 1600 by means of an independent set of data
interconnects 1602, through which is transmitted only voltages sufficient to transmit
data (information) and to activate the discharge transistors 1617, 1.e. voltages as low
as 5 volts. The voltage changes occur at higher frequencies amongst the set of data
interconnects 1602, but since the data voltage sources provide voltages that are less
than those provided to the charging interconnect 1610, i.e. less than V,,, the power

dissipation in control matrix 1600 is substantially reduced.
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Figure 5B illustrates another suitable control matrix 1640 for inclusion in the
display apparatus 100, according to an illustrative embodiment of the invention.
Control matrix 1640 controls an array of pixels 1642 that include elastic shutter
assemblies. The control matrix 1640 includes a single data interconnect 1648 for
each column of pixels 1642 in the control matrix. As such, the control matrix 1640
is suitable for controlling elastic shutter assemblies 1644, such as shutter assemblies
200, 220, 250, or 270. The actuators in the shutter assemblies 1644 can be made
either electrically bi-stable or mechanically bi-stable.

The control matrix 1640 includes a scan-line interconnect 1646 for each row
of pixels 1642 in the control matrix 1640. The control matrix 1640 further includes
a charge interconnect 1650, and a global actuation interconnect 1654, and a shutter
common interconnect 1655. These interconnects 1650, 1654 and 1655 are shared
among pixels 1642 in multiple rows and multiple columns in the array. In one
implementation (the one described in more detail below), the interconnects 1650,
1654, and 1655 are shared among all pixels 1642 in the control matrix 1640.

Each pixel 1642 in the control matrix includes a shutter charge transistor
1656, a shutter discharge transistor 1658, a shutter write-enable transistor 1657, and’
a data store capacitor 1659, as described in Figures 5SA. Control matrix 1640 also
incorporates an optional voltage stabilizing capacitor 1652 which is connected in
parallel with the source and drain of discharge switch transistor 1658.

By comparison to control matrix 1600, the charging transistor 1656 is wired
with a different circuit connection to the charge interconnect 1650. Control matrix
1640 does not include a charge trigger interconnect which is shared among pixels.
Instead, the gate terminals of the charging transistor 1656 are connected directly to
the charge interconnect 1650, along with the drain terminal of transistor 1656. In
operation, the charging transistors 1656 operate essentially as diodes, they can pass a
current in only 1 direction. '

At the beginning of each frame addressing cycle the control matrix 1640
applies a voltage pulse to the charge interconnect 1650, allowing current to flow
through charging transistor 1656 and into the shutter assemblies 1644 of the pixels
1642. After this charging pulse, each of the shutter electrodes of shutter assemblies

1644 will be in the same voltage state. A fter the voltage pulse, the potential of
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charge interconnect 1650 is reset to zero, and the charging transistors 1656 will
prevent the charge stored in the shutter assemblies 1644 from being dissipated
through charge interconnect 1650. The charge interconnect 1650, in one
implementation, transmits a pulsed voltage equal to or greater than V,, e.g., 40V.

Each row is then write-enabled in sequence, as was described with respect to
control matrix 1600 of Figure 5A. While a particular row of pixels 1642 is write-
enabled, the control matrix 1640 applies a data voltage to the data interconnect 1648
corresponding to each column of pixels 1642 in the control matrix 1640. The
application of V. to the scan-line interconnect 1646 for the write-enabled row turns
on the write-enable transistor 1657 of the pixels 1642 in the corresponding scan line.
The voltages applied to the data interconnect 1648 is thereby caused to be stored on -
the data store capacitor 1659 of the respective pixels 1642.

In control matrix 1640 the global actuation interconnect 1654 is connected to
the source of the shutter discharge switch transistor 1658. Maintaining the global
actuation interconnect 1654 at a potential significantly above that of the shutter
common interconnect 1655 prevents the turn-on of the discharge switch transistor
1658, regardless of what charge is stored on the capacitor 1659. Global actuation in
control matrix 1640 is achieved by bringing the potential on the global actuation
interconnect 1654 to ground or to substantially the same potential as the shutter
common interconnect 1655, enabling the discharge switch transistor 1658 to turn-on
in accordance to the whether a data voltage has been stored on capacitor 1659.
Applying partial voltages to the data store capacitor 1659 allows partial turn-on of
the discharge switch transistor 1658 during the time that the glpbal actuation
interconnect 1654 is brought to its actuation potential. In this fashion, an analog
voltage is created on the shutter assembly 1644, for providing analog gray scale.

An alternative method of addressing pixels in control matrix 1640 is
illustrated by the method 1670 shown in Figure SC. The method 1670 proceeds in
three general steps. First the matrix is addressed row by row by storing data into the
data store capacitors 1659. Next all actuators are actuated (or reset) simultaneously
(step 1688) be applying a voltage V,, to the charge interconnect 1650. And finally
the image is set in a global actuation step 1692 by selectively activating transistors

1658 by means of the global actuation interconnect 1654.
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In more detail, the frame addressing cycl'e of method 1670 begins when a
voltage Vorr is applied to the global actuation interconnect 1654 (step 1672). The
voltage. Vi on interconnect 1654 is designed to ensure that the discharge transistor
1658 will not turn on regardless of whether a voltage has been stored on capacitor
1659.

The control matrix 1640 then proceeds with the addressing of each pixel
1642 in the control matrix, one row at a time (steps 1674-1684). To address a
particular réw, the control matrix 1640 write-enables a first scan line by applying a
voltage Ve to the corresponding scan-line interconnect 1646 (step 1674). Then, at
decision block 1676, the control matrix 1640 determines for each pixel 1642 in the
write-enabled row whether the pixel 1642 needs to be open or closed. For example,
if at the reset step 1688 all shutters are to be (temporarily) closed, then at decision
block 1676 it is determined for each pixel 1642 in the write-enabled row whether or
not the pixel is to be (subsequently) opened. If a pixel 1642 is to be opened, the
control matrix 1640 applies a data voltage V4, for example 5V, to the data
interconnect 1648 corresponding to the column in which that pixel 1642 is located
(step 1678). The voltage V4 applied to the data interconnect 1648 is thereby caused
to be stored by means of a charge on the data store capacitor 1659 of the selected
pixel 1642 (step 1679). If at decision block 1676, it is determined that a pixel 1642
is to be closed, the corresponding data interconnect 1648 is grounded (step 1680).
Although the relaxed position in this example is defined as the shutter-open position,
alternative shutter assemblies can be provided in which the relaxed state is a shutter-
closed position. In these alternative cases, the application of data voltage Vg4, at step
1678, would result in the closing of the shutter.

The application of V. to the scan-line interconnect 1646 for the write-
enabled row turns on all of the write-enable transistors 1657 for the pixels 1642 in
the corresponding scan line. The control matrix 1640 selectively applies the data
voltage to all columns of a given row in the control matrix 1640 at the same time
while that row has been write-enabled. After all data has been stored on capacitors
1659 in the selected row (steps 1679 and 1681), the control matrix 1640 grounds the
selected scan-line interconnect (step 1682) and selects a subsequent scan-line

interconnect for writing (step 1685). After the information has been stored in the
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capacitors for all the rows in control matrix 1640, the decision block 1684 is
triggered to begin the global actuation sequence.

The actuation sequence begins at step 1686 of method 1670, with the
application of an actuation voltage V,, e.g. 40 V, to the charge interconnect 1650.
As a consequence of step 1686, the voltage V, is now imposed simultaneously
across all the actuators of all the shutter assemblies 1644 in control matrix 1640.
The control matrix 1640 continues to apply the voltage V,, (step 1686) for a period
of time sufficient for all actuators to actuate into an initial state (step 1688). For the
example given in method 1670, step 1688 acts to reset and close all actuators.
Alternatives to the method 1670 are possible, however, in which the reset step 1688
acts to open all shutters. At the next step 1690 the control matrix grounds the charge
interconnect 1650. A voltage, at least greater than a maintenance voltage V
remains stored across the capacitor 1652, thereby holding the shutters in position.
The electrodes on the actuators in shutter assembly 1644 provide a capacitance
which also stores a charge after the charge interconnect 1650 has been grounded,
useful for those embodiments in which capacitor 1652 is not included.

After all actuators have been actuated and held in their closed position by
voltage in excess of V,,,, the data stored in capacitors 1659 can now be utilized to set
an image in control matrix 1640 by selectively opening the specified shutter
assemblies (steps 1692 and 1694). First, the potential on the global actuation
interconnect 1654 is set to substantially the same potential as the shutter common
interconnect 1655 (step 1692). Step 1692 makes it possible for the discharge switch
transistor 1658 to turn-on in accordance to whether a data voltage has been stored on
capacitor 1659. For those pixéls in which a voltage has been stored on capacitor
1659, the charge which was stored on the actuator of shutter assembly 1644 is now
allowed to dissipate through the global actuation interconnect 1654. At step 1694,
therefore, selected shutters are discharged through transistor 1658 and allowed to
return by means of a restoring force or spring into their relaxed position. For the
example given in method 1670, a discharge into the relaxed position means that the
selected shutter assemblies 1644 are placed in their open position. For pixels where
no voltage was stored on capacitor 1659, the transistor 1658 remains closed at step

1694, no discharge will occur and the shutter assembly 1644 remains closed.
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To set an image in a subsequent video frame, the process begins again at step
1672.

In the method 1670, all of the shutters are closed simultaneously during the
time between step 1688 and step 1694, a time in which no image information can be
presented to the viewer. The method 1670, however, is designed to minimize this
dead time (or reset time) by making use of data store capacitors 1659 and global
actuation interconnect 1654 to provide timing control over the transistors 1658. By
the action of step 1672, all of the data for a given image frame can be written to the
capacitors 1659 during the addressing sequence (steps 1674 — 1685), without any
immediate actuation effect on the shutter assemblies. The shutter assemblies 1644
remain locked in the positions they were assigned in the previous image frame until
addressing is complete and they are uniformly actuated or reset at step 1688. The
global actuation step 1692 allows the simultaneous transfer of data out of the data
store capacitors 1659 so that all shutter assemblies can be brought into their next
addressed image state at the same time.

As with the previously described control matrices, the activity of an attached
backlight can be synchronized with the addressing of each frame. To take advantage
of the minimal dead time offered in the addressing sequence of method 1670, a
command to turn the illumination off can be given between step 1684 and step 1686.
The illumination can then be turned-on again after step 1694. In a field-sequential
color scheme, a lamp with one color can be tumed off after step 1684 while a lamp
with either the same or a different color is turned on after step 1694.

In other implementations it is possible to apply the method 1670 of Figure
5C to a selected portion of the whole array of pixels, since it may be advantageous to
update different areas or groupings of rows and columns in series. In this case a
number of different charge interconnects 1650 and global actuation interconnects
1654 could be routed to selected portions of the array for selectively updating and
actuating different portions of the array.

As described above, to address the pixels 1642 in the control matrix 1640,
the data voltage V4 can be significantly less than the actuation voltage V, (e.g., 5V
vs. 40V). Since the actuation voltage V, is applied once a frame, whereas the data

voltage V4 may be applied to each data interconnect 1648 as may times per frame as
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there are rows in the control matrix 1640, control matrices such as control matrix
1640 may save a substantial amount of power in comparison to control matrices
which require a data voltage to be high enough to also serve as the actuation voltage.

It will be understood that the embodiment of Figure 5B assumes the use of n-
channel MOS transistors. Other embodiments are possible that employ p-channel
transistors, in which case the relative signs of the bias potentials V,, and V4 would
be reversed.

The method 1670 assumes digital information is written into an image frame,
i.e. where the shutters are intended to be either open or closed. Using the circuit of
control matrix 1640, howeuver, it is also possible to write analog information into the
shutter assemblies 1644. In this case, the grounding of the scan line interconnects is
provided for only a short and fixed amount of time and only partial voltages are
applied through the data line interconnects 1648. The application of partial voltages
to the discharge switch transistor 1658, when operated in a linear amplification
mode, allows for only the partial discharge of the electrode of the shutter assembly
1644 and therefore a partial opening of the shutter.

In some implementations it is advantageous to periodically or occasionally
reverse the sign of the voltages that appear across the actuators of shutter assembly
]644 without otherwise altering the method 1670 of addressing the pixels. In
operation, in order to periodically reverse the polarity of voltages, the control matrix
alternates between two control logics, as described in U.S. Patent Application No.
11/326,696. In the first control logic, at step 1686 in the addressing cycle, the
control matrix 1640 closes the shutter assemblies 1644 of all pixels in the control
matrix 1640 by storing V,, across the electrodes of the shutter assembly 1644
actuator. The potential on the shutter common interconnect 1655 is held at ground.

To reverse polarities in the second control logic, the potential of the shutter
common interconnect 1655 is set instead to the actuation voltage V,. At steps 1686
and 1688, where the voltage on the charge interconnect 1650 is set to V,, all shutters
are instead allowed to relax to their open position. Therefore, in the second control
logic, the logic at step 1676 is reversed: the control matrix 1640 discharges the

stored V, from shutter assemblies that are to be closed, as opposed to those that are
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to remain open. At step 1692, global actuation is achieved by setting the global
actuation interconnect 1654 to ground.

The control matrix 1640 can alternate between the control logics every frame
or on some other periodic basis. Over time, the net potentials applied to the shutter
assemblies 1644 by the charge interconnect 1650 and the shutter common

interconnect 1655 average out to OV.

Figure 6 is yet another suitable control matrix 2000 for inclusion in the
display apparatus 100, according to an illustrative embodiment of the invention.
Control matrix 2000 controls an array of pixels 2002 that include dual-actuator
shutter assemblies 2004. Dual actuator shutter assemblies, such as shutter assembly
400, are shutter assemblies that include separate shutter-open and shutter-close
actuators. The actuators in the shutter assemblies 2004 can be made either
electrically bi-stable or mechanically bi-stable.

The control matrix 2000 includes a scan-line interconnect 2006 for each row
of pixels 2002 in the control matrix 2000. The control matrix 2000 also includes
two data interconnects, a shutter-open interconnect 2008a and a shutter-close
interconnect 2008b, for each column of pixels 2002 in the control matrix 2000. The
control matrix 2000 further includes a charge interconnect 2010, and a global
actuation interconnect 2014, and a shutter common interconnect 2015. These
interconnects 2010, 2014 and 2015 are shared among pixels 2002 in multiple rows
and multiple columns in the array. In one implementation (the one described in
more detail below), the interconnects 2010, 2014 and 2015 are shared among all
pixels 2002 in the control matrix 2000.

Each pixel 2002 in the control matrix includes a shutter-open charge
transistor 2016, a shutter-open discharge transistor 201 8, a shutter-open write-enable
transistor 2017, and a data store capacitor 2019 as described in Figures SA. Each
pixel 2002 in the control matrix includes a shutter-close charge transistor 2020, and
a shutter-close discharge transistor 2022, a shutter-close write-enable transistor
2027, and a data store capacitor 2029.

Control matrix 2000 also incorporates two voltage stabilizing capacitors

2031 and 2033 which connect on one side to the sources of the discharge switch
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transistors 2018 and 2022, respectively, and on the other side to the shutter common
interconnect 2015.

By comparison to control matrix 1600 of Figure 5A, each of the charging
transistors 2016 and 2020 is wired in with a different circuit connection to the
charge interconnect 2010. Control matrix 2000 does not include a charge trigger
interconnect which is shared among pixels. Instead, the gate terminals of both
charging transistors 2016 and 2020 are connected directly to the charge interconnect
2010, along with the drain terminal of transistors 2016 and 2020. In operation, the
charging transistors operate essentially as diodes, i.e., they can pass a current in only
1 direction. '

At the beginning of each frame addressing cycle the control matrix 2000
applies a voltage pulse to the charge interconnect 2010, allowing current to flow
through charging transistors 2016 and 2020 and into the shutter assemblies 2004 of
the pixels 2002. After this charging pulse, each of the shutter open and shutter
closed electrodes of shutter assemblies 2004 will be in the same voltage state. After
the voltage pulse, the potential of charge interconnect 2010 is reset to zero, and the
charging transistors 2016 and 2020 will prevent the charge stored in the shutter
assemblies 2004 from being dissipated through charge interconnect 2010. The
charge interconnect 2010, in one implementation, transmits a pulsed voltage equal to
or greater than V,,, e.g., 40V. As an immediate result of the charging operation, the
shutter assemblies 2004 do not necessarily change their states. As voltages are
applied to both of the actuators simultaneously, and as one of the actuators is likely
already in its closed or actuated st>ate, then the electrically bi-stable nature of the
shutter assembly tends to prevent any further change of state

Each row is then write-enabled in sequence, as was described with respect to
control matrix 1600 of Figure 5SA. While a particular row of pixels 2002 is write-
enabled, the control matrix 2000 applies a data voltage to either the shutter-open
interconnect 2008a or the shutter-close interconnect 2008b corresponding to each
column of pixels 2002 in the control matrix 2000. The application of V. to the
scan-line interconnect 2006 for the write-enabled row turns on both of the write-
enable transistors 2017 and 2027 of the pixels 2002 in the corresponding scan line.

The voltages applied to the data interconnects 2008a and 2008b are thereby caused
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to be stored on the data store capacitors 2019 and 2029 of the respective pixels 2002.
Generally, to ensure proper actuation, only one of the actuators, either the shutter-
closed actuator or the shutter-open actuator, is caused to be discharged for any given
shutter assembly in the array. .

In control matrix 2000 the global actuation interconnect 2014 is connected to
the source of the both the shutter-open discharge switch transistor 2018 and the
shutter-close discharge transistor 2022. Maintaining the global actuation
interconnect 2014 at a potential significantly above that of the shutter common
interconnect 2015 prevents the turn-on of any of the discharge switch transistors
2018 or 2022, regardless of what charge is stored on the capacitors 2019 and 2029.
Global actuation in control matrix 2000 is achieved by bringing the potential on the
global actuation interconnect 2014 to substantially the same potential as the shutter
common interconnect 2015, making it possible for the discharge switch transistors
2018 or 2022 to turn-on in accordance to whether a data voltage has been stored on
ether capacitor 2019 or 2029. Control matrix 2000, therefore, does not depend on
electrical bi-stability in the shutter assembly 2004 in order to achieve global
actuation.

Applying partial voltages to the data store capacitors 2019 and 2021 allows
partial turn-on of the discharge switch transistors 2018 and 2022 during the time that
the global actuation interconnect 2014 is brought to its actuation potential. In this
fashion, an analog voltage is created on the shutter assembly 2004, for providing
analog gray scale.

In operation, in order to periodically reverse the polarity of voltages supplied
to the shutter assembly 2004, the control matrix 2000 alternates between two control
logics, as described in relation to method 1670 of Figure 5C.

It will be understood that the embodiment of Figure 6 assumes the use of n-
channel MOS transistors. Other embodiments are possible that employ p-channel
transistors, in which case the relative signs of the bias potentials V, and V4 would
be reversed. In alternative implementations, the storage capacitors 2019 and 2029
and write-enable transistors can be replaced with an alternative data memory circuit,
such as a DRAM or SRAM circuit known in the art. In alternate implementations,

semiconductor diodes and/or metal insulator metal sandwich type thin films can be

a4



WO 2007/145970 PCT/US2007/013277

substituted as switches in place of transistors in control matrix 2000. 'Examples of

these substitutions are described in U.S. Patent Application No. 11/326,696.

Figure 7 is yet another suitable control matrix 2100 for inclusion in the
display apparatus 100, according to an illustrative embodiment of the invention.
Control matrix 2100 controls an array of pixels 2102 that include dual-actuator
shutter assemblies 2104 (i.e., shutter assemblies with both shutter-open and shutter-
close actuators). The actuators in the shutter assemblies 2104 can be made either
electrically bi-stable or mechanically bi-stable.

The control matrix 2100 includes a scan-line interconnect 2106 for each row
of pixels 2102 in the control matrix 2100. Despite the fact that shutter assemblies
2104 are dual-actuator shutter assemblies, the control matrix 2100 only includes a
single data interconnect 2108. The control matrix 2100 further includes a charge
interconnect 2110, and a global actuation interconnect 2114, and a shutter common
interconnect 2115. These interconnects 2110, 2114 and 2115 are shared among
pixels 2102 in multiple rows and multiple columns in the array. In one
implementation (the one described in more detail below), the interconnects 2110,
2114, and 2115 are shared among all pixels 2102 in the control matrix 2100.

Each pixel 2102 in the control matrix includes a shutter-open charge
transistor 2116, a shutter-open discharge transistor 2118, a shutter-open write-enable
transistor 2117, and a data store capacitor 2119, as described in Figure SA. Each
pixel 2102 in the control matrix includes a shutter-close charge transistor 2120, a
shutter-close discharge transistor 2122, and a data store capacitor 2129.

In addition and in contrast to control matrices described until now, the
control matrix 2100 includes a data load transistor 2135 and a data discharge
transistor 2137. Control matrix 2100 also incorporates two voltage stabilizing
capacitors 2131 and 2133 which connect on one side to the sources of the discharge
switch transistors 2118 and 2122, respectively, and on the other side to the shutter
common interconnect 2115.

The charging transistors 2116 and 2120 are wired similarly to that of the

charging transistors in control matrix 2000 of Figure 6. That is, the gate terminals of
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both charging transistors 2116 and 2120 are connected directly to the charge
interconnect 2110, along with the drain terminal of transistors 2116 and 2120.

At the beginning of each frame addressing cycle the control matrix 2100
applies a voltage pulse to the charge interconnect 2110, allowing current to flow
through charging transistors 2116 and 2120 and into the shutter assemblies 2104 of
the pixels 2102. After this charging pulse, each of the shutter open and shutter
closed electrodes of shutter assemblies 2104 will be in the same voltage state. After
the voltage pulse, the potential of charge interconnect 2110 is reset to zero, and the
charging transistors 2116 and 2120 will prevent the charge stored in the shutter
assemblies 2104 from being dissipated through charge interconnect 2110. The

-charge interconnect 2110, in one implementation, transmits a pulsed voltage equal to
or greater than V,, e.g., 40V.

Each row is then write-enabled in sequence, as was described with respect to
control matrix 1600 of Figure SA. While a particular row of pixels 2102 is write-
enabled, the control matrix 2100 applies a data voltage to the data interconnect 2108.
The application of V. to the scan-line interconnect 2106 for the write-enabled row
turns on the write-enable transistor 2117 of the pixels 2102 in the corresponding
scan line. The voltages applied to the data interconnect 2108 is thereby caused to be
stored on the data store capacitor 2119 of the respective pixels 2102. The same V.
that is applied to the write enable transistor 2117 is applied simultaneously to both
the gate and the drain of data load transistor 2135, which allows current to pass
through the data load transistor 2135 depending on whatever voltage is stored on
capacitor 2129.

The combination of transistors 2135 and 2137 functions essentially as an
inverter with respect to the data stored on capacitor 2119. The source of data load
transistor 2135 is connected to the drain of data discharge transistor 2137 and
simultaneously to an electrode of the data store capacitor 2129. The gate of data
discharge transistor 2137 is connected to an electrode of data store capacitor 2119.
The voltage stored on capacitor 2129, therefore, becomes the complement or inverse
of the voltage stored on data store capacitor 2119. For instance, if the voltage on the
data store capacitor 2119 is V,,, then the data discharge transistor 2137 can switch

on and the voltage on the data store capacitor 2129 can become zero. Conversely, if
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the voltage on data store capacitor 2119 is zero, then the data discharge transistor
2137 will switch off and the voltage on the data store capacitor 2129 will remain at
its pre-set voltage Vye.

In control matrix 2100 the global actuation interconnect 2114 is connected to
the source of the shutter-open discharge switch transistor 2118, the shutter-close
discharge transistor 2122, and the data discharge transistor 2137. Maintaining the
global actuation interconnect 2114 at a potential significantly above that of the
shutter common interconnect 2115 prevents the turn-on of any of the discharge
switch transistors 2118, 2122 and 2137, regardless of what charge is stored on the
capacitors 2119. Global actuation in control matrix 2100 is achieved by bringing the
potential on the global actuation interconnect 2114 to substantially the same
potential as the shutter common interconnect 2115. During the time that the global
actuation is so activated, all three of the transistors 2118, 2122, and 2137 can change
their state, depending on what data voltage has been stored on capacitor 2119.
Because of the operation of the inverter 2135 and 2137, only one of the discharge
transistors 2118 or 2122 can be on at any one time, ensuring proper actuation of
shutter assembly 2104. The presence of the inverter 2135 and 2137 helps to obviate
the need for a separate shutter-close data interconnect. )

Applying partial voltages to the data store capacitors 2119 and 2129 allows
partial turn-on of the discharge switch transistors 2118 and 2122 during the time that
the global actuation interconnect 2114 is brought to its actuation potential. In this
fashion, an analog voltage is created on the shutter assembly 2104, for providing
analog gray scale. ' _

In operation, in order to periodically reverse the polarity of voltages supplied
to the shutter assembly 2104, the control matrix 2100 alternates between two control
logics as described in relation to method 1670 of Figure 5C.

In alternate implementations, semiconductor diodes and/or metal insulator
metal sandwich type thin films can be substituted as switches in place of transistors
in control matrix 2100.

Figure 8 is yet another suitable control matrix 2200 for inclusion in the
display apparatus 100, according to an illustrative embodiment of the invention.

Control matrix 2200 controls an array of pixels 2202 that include dual-actuator

47



WO 2007/145970 PCT/US2007/013277

shutter assemblies 2204 (i.e., shutter assemblies with both shutter-open and shutter-
close actuators). The actuators in the shutter assemblies 2204 can be made either
electrically bi-stable or mechanically bi-stable.

The control matrix 2200 includes a scan-line interconnect 2206 for each row
of pixels 2202 in the control matrix 2200. The control matrix 2200 also includes
two data interconnects, a shutter-open interconnect 2208a and a shutter-close
interconnect 2208b, for each column of pixels 2202 in the control matrix 2200. The
control matrix 2200 further includes a charge interconnect 2210, a global actuation
interconnect 2214, and a shutter common interconnect 2215. These interconnects
2210, 2214 and 2215 are shared among pixels 2202 in multiple rows and multiple
columns in the array. In one implementation (the one described in more detail -
below), the interconnects 2210, 2214 and 2215 are shared among all pixels 2202 in
the control matrix 2200.

Each pixel 2202 in the control matrix includes a shutter-open charge
transistor 2216, a shutter-open discharge transistor 2218, a shutter-open write-enable
transistor 2217, and a data store capacitor 2219 as described in Figure SA. Each

~ pixel 2202 in the control matrix includes a shutter-close charge transistor 2220, and
a shutter-close discharge transistor 2222, a shutter-close write-enable transistor
2227, and a data store capacitor 2229.

The control matrix 2200 makes use of two complementary types of
transistors, both p-channel and n-channel transistors. It is therefore referred to as a
complementary MOS control matrix or a CMOS control matrix. The charging
transistors 2216 and 2220 are of the pMOS type while the discharge transistors 2218
and 2222 are of the nMOS type. In other implementations, the types of transistors
can be reversed, for example nMOS transistors can be used for the charging
transistors and pMOS transistors can be used for the discharge transistors. (The
symbol for a pMOS transistor includes an arrow that points into the channel region,
the symbol for an nMOS transistor includes an arrow that points away from the
channel region.)

The CMOS control matrix 2200 does not incorporate and does not require
any voltage stabilizing capacitors, such as 2031 and 2033 from control matrix 2000

of Figure 6. Control matrix 2200 does not include a charge trigger interconnect
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(such as charge trigger interconnect 1608 in control matrix 1600 of Figure 5A). By
comparison to control matrix 2000, the charging transistors 2216 and 2220 are wired
with different circuit connections between the charge interconnect 2210 and the
shutter assembly. 2204. The source of each of transistors 2216 and 2220 are
connected to the charge interconnect 2210. The gate of shutter-close charge
transistor 2220 is connected to the drain of a shutter-open discharge transistor 2218
and simultaneously to the shutter-open actuator of the corresponding shutter
assembly 2204. The gate of shutter-open charge transistor 2216 is connected to the
drain of a shutter-close discharge transistor 2222 and simultaneously to the shutter-
close actuator of the corresponding shutter assembly 2204. The drain of shutter-
close charge transistor 2220 is connected to the drain of a shutter-close discharge
transistor 2222 and simultaneously to the shutter-close actuator of the corresponding
shutter assembly 2204. The drain of shutter-open charge transistor 2216 is
connected to the drain of a shutter-open discharge transistor 2218 and
simultaneously to the shutter-open actuator of the corresponding shutter assembly
2204.

The operation of control matrix 2200 is distinct from that of method 1670,
and simpler, since it does not require a distinct or initializing charging operation.
(Charging occurs in the method 1670 between the steps 1686 and 1690.) A charging
operation was utilized for control matrix 1600 when a voltage was applied to charge
trigger interconnect so as to turn on the shutter charge transistors 1616. A charging
operation was utilized in control matrix 2000 when a temporary voltage pulse was
applied to charge interconnect 2010, allowing current to flow through the charging
transistors 2016 and 2020. Instead, the charge interconnect 2210 is maintained at a
steady DC voltage equal to the actuation voltage V,, e.g. at 40 volts.

The control matrix 2200 operates as a logical flip-flop, which has only two
stable states. In the first stable state the shutter-open discharge transistor 2218 is on,
the shutter-closed discharge transistor 2222 is off, the shutter-open charge transistor
2216 is off, and the shutter-close charge transistor 2220 is on. In this first stable
state the shutter-open actuator is discharged or set to the same potential as the global
actuation interconnect 2214, while the shutter-closed actuator is held at the actuation

voltage V4. In the second stable state the shutter-open discharge transistor 2218 is
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off, the shutter-closed discharge transistor 2222 is on, the shutter-open charge
transistor 2216 is on, and the shutter-close charge transistor 2220 is off. In this
second stable state the shutter-closed actuator is discharged or set to the same
potential as the global actuation interconnect 2214, while the shutter-closed actuator
is held at the actuation voltage V. The cross-coupling of transistors 2216, 2218,
2220, and 2222 helps to ensure that if any one of these 4 transistors is on - then only
the two states described above can result as a stable state. In various embodiments,
the flip-flop can also be used to store pixel addressing data.

Those skilled in the art will recognize that both the shutter-open and shutter-
close actuators of shutter assembly 2204 are connected to the output stage of a
corresponding CMOS inverter. These inverters can be labeled as the shutter open
inverter which comprises transistors 2216 and 2218 and the shutter close inverter
which comprises transistors 2220 and 2222. The flip-flop operation of the switching
circuit is formed from the cross-coupling of the two inverters. These inverters are
also known as level shifting inverters since the input voltages, from data store
capacitors 2219 and 2229, are lower than the output voltages, i.e. the V, which is
supplied to the actuators.

The two stable actuation states of control matrix 2200 are associated with
substantially zero current flow between the charge in‘terconnect 2210 and the global
actuation interconnect 2214, an important power savings. This is achieved because
the shutter-open charge transistor 2216 and the shutter-close discharge transistor
2218 are made from different transistor types, pMOS or nMOS, while the shutter-
close charge transistor 2220 and the shutter-close discharge transistor 2222 are also
made from the different transistor types, pMOS and nMOS.

The flip-flop operation of control matrix 2200 allows for a constant voltage
actuation of the shutter assembly 2204, without the need for voltage stabilizing
capacitors, such as capacitor 2031 or 2033 in control matrix 2000 of Figure 6. This
is because one of the charging transistors 2216 or 2220 remains on throughout the
actuation event, allowing the corresponding actuator to maintain a low impedance
connection to the DC supply of the interconnect 2210 throughout the actuation

event.
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At the beginning of each frame addressing cycle the control matrix 2200 -
applies a write enable voltage to each scan-line interconnect 2206 in sequence.
While a particular row of pixels 2202 is write-enabled, the control matrix 2200
applies a data voltage to either the shutter-open interconnect 2208a or the shutter-
close interconnect 2208b corresponding to each column of pixels 2202 in the control
matrix 2200. The application of V. to the scan-line interconnect 2206 for the write-
enabled row turns on both of the write-enable transistors 2217 and 2227 of the pixels
2202 in the corresponding scan line. The voltages applied to the data interconnects
2208a and 2208b are thereby caused to be stored on the data store capacitors 2219
and 2229 of the respective pixels 2202. Generally, to ensure proper actuation, only
one of the actuators, either the shutter-closed actuator or the shutter-open actuator, is
caused to be discharged for any given shutter assembly in the array.

In control matrix 2200 the global actuation interconnect 2214 is connected to
the source of the both the shutter-open discharge switch transistor 2218 and the
shutter-close discharge transistor 2222. Maintaining the global actuation
interconnect 2214 at a potential significantly above that of the shutter common
interconnect 2215 prevents the turn-on of any of the discharge switch transistors
2218 or 2222, regardless of what charge is stored on the capacitors 2219 and 2229.
Global actuation in control matrix 2200 is achieved by bringing the potential on the
global actuation interconnect 2214 to substantially the same potential as the shutter
common interconnect 2215, making it possible for the discharge switch transistors
2218 or 2222 to turn-on in accordance to whether a data voltage has been stored on
either capacitor 2219 or 2222. Upon setting the global actuation interconnect to the
same potential as the shutter common interconnect, the state of the transistors will
either remain unchanged from its stable state as it was set at the last actuation event,
or it will switch to the alternate stable state, in accordance to whether a data voltage
has been stored on either capacitor 2219 or 2222.

The voltage stored on capacitors 2219 or 2229 is not necessarily the same as
the actuation voltage as applied to the charge interconnect 2210. Therefore some
optional specifications on the transistors can help to reduce any transient switching
currents in control matrix 2200. For instance, it may be preferable to increase the

ratio of width to length in the discharge transistors 2218 and 2222 as compared to
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the charge transistors 2216 and 2220. The ratio of width to length for the discharge
transistors may vary between 1 to 10 while the ratio of length to width for the charge
transistors may vary between 0.1 and 1.

In operation, in order.to periodically reverse the polarity of voltages supplied
to the shutter assembly 2204, the control matrix 2200 alternates between two control
logics as described in relation to method 1670 of Figure 5C.

Figure 9 is yet another suitable control matrix 2300 for inclusion in the
display apparatus 100, according to an illustrative embodiment of the invention.
Control matrix 2300 controls an array of pixels 2302 that include dual-actuator
shutter assemblies 2304 (i.e., shutter assemblies with both shutter-open and shutter-
close actuators). ‘The actuators in the shutter assemblies 2304 can be made either
electrically bi-stable or mechanically bi-stable.

The control matrix 2300 includes a scan-line interconnect 2306 for each row
of pixels 2302 in the control matrix 2300. Despite the fact that shutter assemblies
2304 are dual-actuator shutter assemblies, the control matrix 2300 only includes a
single data interconnect 2308. The control matrix 2300 further includes a charge
interconnect 2310, and a global actuation interconnect 2314, and a shutter common
interconnect 2315. These interconnects 2310, 2314 and 2315 are shared among
pixels 2302 in multiple rows and multiple columns in the array. In one
implementation (the one described in more detail below), the interconnects 2310,
2314 and 2315 are shared among all pixels 2302 in the control matrix 2300.

Each pixel 2302 in the control matrix includes a shutter-open charge
transistor Q16, a shutter-open discharge transistor Q18, a shutter-open write-enable
transistor Q17, and a data store capacitor C19, as described in Figure SA. Each pixel
2302 in the control matrix includes a shutter-close charge transistor Q20, and a
shutter-close discharge transistor Q22, and a shutter-close write-enable transistor
Q27.

The control matrix 2300 makes use of two complementary types of
transistors, both p-channel and n-channel transistors. It is therefore referred to as a
complementary MOS control matrix or a CMOS control matrix. The charging
transistors Q16 and Q20, for instance, are of the pMOS type, while the discharge
transistors Q18 and Q22 are of the nMOS type. In other implementations, the types
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of transistors employed in control matrix 2300 can be reversed, for example nMOS
transistors can be used for the charging transistors and pMOS transistors can be used
for the discharge transistors.

In addition to the transistors identified above, the control matrix 2300
includes a level shifting inverter 2332, comprised of transistors Q31 and Q33; it
includes a transition-sharpening inverter 2336, comprised of transistors Q35 and
Q37; and it includes a switching inverter 2340, comprised of transistors Q39 and
Q41. Each of these inverters is comprised of complementary pairs of transistors
(i.e., nMOS coupled with pMOS). The sources of transistors Q33, Q37, and Q41 are
connected to a V44 supply interconnect 2334. The sources of transistors Q31, Q35,
and Q39 are connected to the global actuation interconnect 2314.

The CMOS control matrix 2300 does not incorporate and does not require
any voltage stabilizing capacitors, such as 2031 and 2033 from control matrix 2000
of Figure 6. Control matrix 2300 does not include a charge trigger interconnect
(such as charge trigger interconnect 1608 of Figure SA).

In a'win'ng similar to control matrix 2200, the transistors Q16, Q18, Q20,
and Q22 are cross connected and operate as a flip flop. The sources of both
transistors Q16 and Q20 are connected directly to charge interconnect 2310, which
is held at a DC potential equal to the actuation voltage V,, e.g. at 40 volts. The
sources of both transistors Q18 and Q22 are connected to the global actuation
interconnect 2314. The cross coupling of transistors Q16, Q18, Q20, and Q22
ensures that there are only two stable states - in which only one of the actuators in
shutter assembly 2304 is held at the actuation voltage V,, while the other actuator
(after global actuation) is held at a voltage near to zero. By contrast to the operation
of control matrices 1600, 1640, or 2000, the control matrix 2300 does not require a
distinct charging sequence or any variation or pulsing of the voltage from charge
interconnect 2310.

| As was the case in control matrix 2200 of Figure 8, the flip-flop switching
circuit can be recognized as the cross coupling of two inverters, namely a shutter
open inverter (transistors Q16 and Q18) and a shutter close inverter (transistors Q20

and Q22).
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In either of its stable states, the flip-flop circuit formed by transistors Q16,
Q18, Q20, and Q22 is associated with substantially zero DC current flow, and
thgrefore forms a low power voltage switching circuit. This is achieved because of
the use of complementary (CMOS) transistor types.

The flip-flop operation of control matrix 2300 allows for a constant voltage
actuation of the shutter assembly 2304, without the need for voltage stabilizing
capacitors, such as capacitor 2031 or 2033 in control matrix 2000 of Figure 6. This
is because one of the charging transistors Q16 or Q20 remains on throughout the
actuation event, allowing the corresponding actuator to maintain a low impedance
connection to the DC sﬁpply of the interconnect 2210 throughout the actuation
event. »

At the beginning of each frame addressing cycle the control matrix 2300
applies a write enable voltage to each scan-line interconnect 2306 in. sequence.
While a particular row of pixels 2302 is write-enabled, the control matrix 2300
applies a data voltage to the data interconnect 2308. The application of V. to the
scan-line interconnect 2306 for the write-enabled row turns on the write-enable
transistor Q17 of the pixels 2302 in the corresponding scan line. The voltages
applied to the data l;nterconnect 2308 is thereby caused to be stored on the data store
capacitor 2319 of the respective pixels 2302.

The functions of the inverters with transistors Q31 through Q41 will now be
explained. The level shifting inverter 2332 outputs a voltage Va4 (derived from
supply interconnect 2334), e.g. 8 volts, which is provisionally supplied to the input
of the transition sharpening inverter 2336, depending on the voltage state of
capacitor C19. The transition-sharpening inverter 2336 outputs the inverse or
complement of its input from the voltage leveling inverter 2332, and supplies that
complement voltage to both the switching inverter 2340, as well as to the gate of
transistor Q22. (By complement we mean that if the output of the voltage leveling
inverter is Vg4, then the output of the transition sharpening inverter will be near to
zero, and vice versa.) The output of the switching inverter 2340 supplies a voltage
to the gate of transistor Q18, which is again the complement of the voltage supplied

from the transition-sharpening inverter 2336.
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In a manner similar to the function of transistors 2135 and 2137 from control
matrix 2100 of Figure 7, the switching inverter 2340 ensures that only one of the
discharge transistors Q18 or Q22 can be on at any one time, thereby ensuring proper
actuation of shutter assembly 2304. The presence of the switching inverter 2340
obviates the need for a separate shutter-close data interconnect.

The level shifting inverter 2332 requires only a low voltage input (e.g. 3
volts) and outputs a complement which is shifted to the higher voltage of Vqq (e.g. 8
volts). For instance, if the voltage on capacitor C19 is 3 volts, then the output
voltage from inverter 2332 will be close to zero, while if the voltage on capacitor
C19 is close to zero, then the output from the inverter 2332 will be at Vyq (e.g. 8
volts). The presence of the level shifting inverter, therefore, provides several
advantages. A higher voltage (e.g. 8 volts) is supplied as a switch voltage to
discharge transistors Q18 and Q22. But the 8 volts required for such switching is
derived from a power supply, interconnect 2334, which is a DC supply and which
only needs to provide enough current to charge the gate capacitance on various
transistors in the pixel. The power required to drive the supply interconnect 2334
will, therefore, be only a minor contributor to the power required to drive shutter
assembly 2304. At the same time the data voltage, supplied by data interconnect
2308 and stored on capacitor C19, can be less than 5 volts (e.g. 3 volts) and the
power associated with AC voltage variations on interconnect 2308 will be
substantially reduced.

The transition-sharpening inverter 2336 helps to reduce the switching time or
latency between voltage states as output to the discharge transistor Q22 and to the
switching inverter 2340. Any reduction in switching time on the inputs to the
CMOS switching circuit (Q16 through Q22) helps to reduce the transient switching
currents experienced by that circuit.

The combination of the CMOS switching circuit, with transistors Q16
through Q22, the CMOS switching inverter 2340, and the CMOS level shifting
inverter 2332 makes the control matrix 2300 an attractive low power method for
driving an array of shutter assemblies 2304. Reliable actuation of even dual-actuator
shutter assemblies, such as shutter assembly 2304, is achieved with the use of only a

single storage capacitor, C19, in each pixel.
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In control matrix 2300 the global actuation interconnect 2314 is connected to
the source of transistors Q31, Q35, Q39, Q18, and Q22. Maintaining the global
actuation interconnect 2314 at a potential significantly above that of the shutter
common interconnect 2315 prevents the turn-on of any of the transistors Q31, Q35,
Q39, Q18, and Q22, regardless of what charge is stored on the capacitor C19.
Global actuation in control matrix 2300 is achieved by bringing the potential on the
global actuation interconnect 2314 to substantially the same potential as the shutter
common interconnect 2315. During the time that the global actuation is so
activated, all of the transistors Q31, Q35, Q39, Q18, and Q22 have the opportunity
to change their state, depending on what data voltage has been stored on capacitor
C1o.

The voltage supplied by supply interconnect 2334, Vg4, is not necessarily the
same as the actuation voltage V,, as supplied by the charge interconnect 2310.
Therefore, some optional specifications on transistors Q16 through Q22 can help to
reduce the transient switching currents in control matrix 2300. For instance it may
be preferable to increase the width to length ratio in the discharge transistors Q18
and Q22 as compared to the charge transistors Q16 and Q20. The ratio of width to
length for the discharge transistors may vary between 1 and 10 while the ratio of
length to width for the charge transistors may vary between 0.1 and 1. Similarly the
width to length ratio between level shifting transistors Q31 and Q33 should be
similarly differentiated. For instance, the ratio of width to length for transistor Q31
may vary between 1 and 10 while the ratio of width to length for transistor Q33 may
vary between 0.1 and 1. ‘

In operation, in order to periodically reverse the polarity of voltages supplied
to the shutter assembly 2304, the control matrix 2300 alternates between two control
logics as described in relation to method 1670 of Figure 5C.

Alternative embodiments to control matrix 2300 are also possible. For
instance, the level shifting inverters 2332 and the transition sharpening inverter 2336
can be removed from the circuit as long as the voltage supplied by the data
interconnect 2308 is high enough to switch the flip-flop circuit reliably. As this
required switching voltage may be as high as 8 volts, the power dissipation for such

a simplified circuit is expected to increase by comparison to control matrix 2300.
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The simplified circuit would, however, require less real estate and could therefore be
packed to higher pixel densities.

In another alternative to control matrix 2300, the pre-charge circuit from
control matrices 2000 and 2100 of Figures 6 and 7, respectively, can be substituted
into control matrix 2300, in place of transistors Q16, Q18, Q20, and Q22. For such
a control matrix the transition sharpening inverter 2336 would no longer be
necessary. To the extent that both pMOS and nMOS remain available to this CMOS
circuit, both types of transistors would still be beneficial in the level shifting inverter
2332 and in the switching inverter 2340. This circuit would thereby exhibit power
dissipation advantages by comparison to control matrix 2100 of Figure 7.

Figure 10 is yet another suitable control matrix 2440 for inclusion in the
display apparatus 100, according to an illustrative embodiment of the invention.
Control matrix 2440 controls an array of pixels 2442 that include dual-actuator
shutter assemblies 2444 (i.e., shutter assemblies with both shutter-open and shutter-
close actuators). The actuators in the shutter assemblies 2444 can be made either
electrically bi-stable or mechanically bi-stable.

Control matrix 2440 is substantially the same as control matrix 1640 of
Figure 5B, except for three changes. A dual-actuator shutter assembly 2444 is
utilized instead of the elastic shutter assembly 1644, a new common drive
interconnect 2462 is added, and there is no voltage stabilizing capacitor, such as
capacitor 1652, in control matrix 2440. For the example given in control matrix
2440, the common drive interconnect 2462 is electrically connected to the shutter-
open actuator of the shutter assembly 2444.

Despite the presence of a dual-actuator shutter assembly 2444, the control
matrix 2440 includes only a single data interconnect 2448 for each column of pixels
2442 in the control matrix. The actuators in the shutter assemblies 2444 can be
made either electrically bi-stable or mechanically bi-stable.

The control matrix 2440 includes a scan-line interconnect 2446 for each row
of pixels 2442 in the control matrix 2440. The control matrix 2440 further includes
a charge interconnect 2450, a global actuation interconnect 2454, and a shutter
common interconnect 2455. The interconnects 2450, 2454, 2455, and 2462 are

shared among pixels 2442 in multiple rows and multiple columns in the array. In
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one implementation (the one described in more detail below), the interconnects
2450, 2454, 2455, and 2462 are shared among all pixels 2442 in the control matrix
2440.

Each pixel 2442 in the control matrix includes a shutter charge transistor
2456, a shutter discharge transistor 2458, a shutter write-enable transistor 2457, and
a data store capacitor 2459 as described in Figure SA. For the example given in
control matrix 2440 the drain of the shutter discharge transistor is connected to the
shutter-close actuator of the shutter assembly 2444.

By comparison to control matrix 1600 of Figure 5A, the charging transistor
2456.is wired with a different circuit connection to the charge interconnect 2450.
Control matrix 2440 does not include a charge trigger interconnect which is shared
among pixels. Instead, the gate terminals of the charging transistor 2456 are
connected directly to the charge interconnect 2450, along with the drain terminal of
transistor 2456. In operation, the charging transistors operate essentially as diodes,
i.e., they can pass a current in only 1 direction. ‘ |

A method of addressing and actuating the pixels in control matrix 2440 is
illustrated by the method 2470 shown in Figure 11. The method 2470 proceedsin
three general steps. First the matrix is addressed row by row by storing data into the
data store capacitors 2459. Next all actuators are actuated (or reset) simultaneously
(step 2488) in part by applying a voltage V; to the charge interconnect 2450. And
finally the image is set in steps 2492-2494 by a) selectively activating transistors
2458 by means of the global actuation interconnect 2454 and b) changing the
potential difference between the common drive interconnect 2462 and the shutter
common interconnect 2455 so as to be greater than an actuation voltage V.

In operation, in order to periodically reverse the polarity of voltages across
shutter assemblies 2442, a control matrix advantageously alternates between two
control logics. For reasons of clarity, the details for control method 2470 are
described next with respect to only the first control logic. l.n this first control logic
the potential of the shutter common interconnect 2455 is maintained at all times near
to the ground potential. A shutter will be held in either the open or closed states by
applying a voltage V,, directly across either or both of the charge interconnect 2450

or the common drive interconnect 2462. (In the second control logic, to be
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described after we complete the discussion of Figure 11, the shutter common
interconnect is held at the voltage V,, and an actuated state will be maintained by
maintaining either or both of the charge interconnect 2450 or the common drive
interconnect 2462 at ground.)

More specifically for the first control logic of method 2470, the frame
addressing cycle of method 2470 begins when a voltage Vg is applied to the global
actuation interconnect 2454 (step 2472). The voltage Vg on interconnect 2454 is
designed to ensure that the discharge transistor 2458 will not turn on regardless of
whether a voltage has been stored on capacitor 2459.

The control matrix 2440 then proceeds with the addressing of each pixel
2442 in the control matrix, one row at a time (steps 2474-2484). To address a
particular row, the control matrix 2440 write-enables a first scan line by applying a
voltage V. to the corresponding scan-line interconnect 2446 (step 2474). Then, at
decision block 2476, the control matrix 2440 determines for each pixel 2442 in the
write-enabled row whether the pixel 2442 needs to be open or closed. For example,
if at the reset step 2488 all shutters are to be (temporarily) closed, then at decision
block 2476 it is determined for each pixel 2442 in the write-enabled row whether or
not the pixel is to be (subsequently) opened. If a pixel 2442 is to be opened, the
control matrix 2440 applies a data voltage V4, for example 5V, to the data
interconnect 2448 corresponding to the column in which that pixel 2442 is located
(step 2478). The voltage V4 applied to the data interconnect 2448 is thereby caused
to be stored by means of a charge on the data store capacitor 2459 of the selected
pixel 2442 (step 2479). If at decision block 2476, it is determined that a pixel 2442
is to be closed, the corresponding data interconnect 2448 is grounded (step 2480).
Although the temporary (or reset) position after step 2488 in this example is defined
as the shutter-close position, alternative shutter assemblies can be provided in which
the reset position after 2488 is a shutter-open position. In these alternative cases, the
application of data voltage Vy, at step 2478, would result in the opening of the
shutter.

The application of V. to the scan-line interconnect 2446 for the write-
enabled row turns on all of the write-enable transistors 2457 for the pixels 2442 in

the corresponding scan line. The control matrix 2440 selectively applies the data
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voltage to all columns of a given row in the control matrix 2440 at the same time
while that row has been write-enabled. After all data has been stored on capacitors .
2459 in the selected row (steps 2479 and 2481), the control matrix 2440 grounds the
selected scan-line interconnect (step 2482) and selects a subsequent scan-line
interconnect for writing (step 2485). After the information has been stored in the
capacitors for all the rows in control matrix 2440, the decision block 2484 is
triggered to begin the global actuation sequence.

The actuation sequence begins at step 2486 of method 2470, with the
application of an actuation voltage V,, e.g. 40 V, to the charge interconnect 2450.
As a consequence of step 2486, the voltage V,, is now imposed simultaneously
across all of the shutter-close actuators of all the shutter assemblies 2444 in control
matrix 2440. Next, at step 2487, the potential on the common drive interconnect
2462 is grounded. In this first control logic (with the shutter common potential 2455
held near to ground) a grounded common drive interconnect 2462 reduces the
voltage drop across all of the shutter-open actuators of all shutter assemblies 2444 to
a value substantially below the maintenance voltage V,,. The control matrix 2440
then continues to maintain these actuator voltages (from steps 2486 and 2487) for a
period of time sufficient for all actuators to actuate (step 2488). For the example
given in method 2470, step 2488 acts to reset and close all actuators into an initial
state. Alternatives to the method 2470 are possible, however, in which the reset step
2488 acts to open all shutters. For this case the common drive interconnect 2462
would be electrically connected to the shutter-closed actuator of all shutter
assemblies 2444.

At the next step 2490 the control matrix grounds the charge interconnect
2450. The electrodes on the shutter-close actuators in shutter assembly 2444
provide a capacitance which stores a charge after the charge interconnect 2450 has
been grounded and the charging transistor 2456 has been turned off. The stored
charge acts to maintain a voltage in excess of the maintenance voltage V,, across the .
shutter-close actuator.

After all actuators have been actuated and held in their closed position by a
voltage in excess of V,, the data stored in capacitors 2459 can now be utilized to set

an image in control matrix 2440.by selectively opening the specified shutter
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assemblies (steps 2492 - 2494). First, the potential on the global actuation
interconnect 2454 is set to ground (step 2492). Step 2492 makes it possible for the
discharge switch transistor 2458 to turn-on in accordance to whether a data voltage
has been stored on capacitor 2459. For those pixels in which a voltage has been
stored on capacitor 2459, the charge which was stored on the shutter-close actuator
of shutter assembly 2444 is now allowed to dissipate through the global actuation
interconnect 2454.

Next, at step 2493, the voltage on the common drive interconnect 2462 is
returned to the actuation voltage V,, or is set such that the potential difference
between the common drive interconnect 2462 and the shutter common interconnect
2455 is greater than an actuation voltage V,,. The conditions for selective actuation
of the pixels have now been set. For those pixels in which a charge (or voltage Vg)
has been stored on capacitor 2459, the voltage difference across the shutter-close
actuator will now be less than the maintenance voltage V,, while the voltage across
the shutter-open actuator (which is tied to the common drive 2462) will at V.
These selected shutters will now be caused to open at step 2494. For those pixels in
which no charge has been stored on capacitor 2459, the transistor 2458 remains off
and the voltage difference across the shutter-close actuator will be maintained above
the maintenance voltage V,,. Even though a voltage V, has been imposed across the
shutter-open actuator, the shutter assembly 2444 will not actuate at step 2494 and
will remain closed. The control matrix 2440 continues to maintain the voltages set
after steps 2492 and 2493 for a period of time sufficient for all selected actuators to
actuate during step 2494. After step 2494, each shutter is in its addressed state, i.e.,
the position dictated by the data voltages applied during the addressing and actuating
method 2470.

To set an image in a subsequent video frame, the process begins again at step
2472. _

In alternate embodiments, the positions of the steps 2486 and 2487 in the
sequence can be switched, so that step 2487 occurs before step 2486.

In the method 2470, all of the shutters are closed simultaneously during the
time between step 2488 and step 2494, a time in which no image information can be

- presented-to the viewer. The method 2470, however, is designed to minimize this
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dead time (or reset time), by making use of data store capacitors 2459 and global
actuation interconnect 2454 to provide timing control over the transistors 2458. By
the action of step 2472, all of the data for a given image frame can be written to the
capacitors 2459 during the addressing sequence (steps 2474 — 2485), without any
immediate actuation effect on the shutter assemblies. The shutter assemblies 2444
remain locked in the positions they were assigned in the previous image frame until
addressing is complete and they are uniformly actuated or reset at step 2488. The
global actuation step 2492 allows the simultaneous transfer of data out of the data
store capacitors 2459 so that all shutter assemblies can be brought into their next
image state at the same time.

As with the previously described control matrices, the activity of an attached
backlight can be synchronized with the addressing of each frame. To take advantage
of the minimal dead time offered in the addressing sequence of method 2470, a
command to turn the illumination off can be given between step 2484 and step 2486.
The illumination can then be turned-on again after step 2494. In a field-sequential
color scheme, a lamp with one color can be turned off after step 2484 while a lamp
with either the same or a different color is turned on after step 2494.

In other implementations, it is possible to apply the method 2470 of Figure
11 to a selected portion of the whole array of pixels, since it may be advantageous to
update different areas or groupings of rows and columns in series. In this case a
number of different charge interconnects 2450, global actuation interconnects 2454,
and common drive interconnects 2462 could be routed to selected portions of the
array for selectively updating and actuating different portions of the array.

As described above, to address the pixels 2442 in the control matrix 2440,
the data voltage V4 can be significantly less than the actuation voltage V, (e.g., 5V
vs. 40V). Since the actuation voltage V,, is applied once a frame, whereas the data
voltage V4 may be applied to each data interconnect 2448 as may times per frame as |
there are rows in the control matrix 2440, control matrices such as control matrix
2440 may save a substantial amount of power in comparison to control matrices
which require a data voltage to be high enough to also serve as the actuation voltage.

It will be understood that the embodiment of Figure 10 assumes the use of n-

channel MOS transistors. Other embodiments are possible that employ p-channel
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transistors, in which case the relative signs of the bias potentials V,; and V4 would
be reversed. In alternative implementations, the storage capacitor 2459 and write-
enable transistor 2457 can be replaced with alternative data memory circuits, such as
a DRAM or SRAM circuits known in the art. In alternate implementations,
semiconductor diodes and/or metal insulator metal sandwich type thin films can be
substituted as switches in place of transistors in control matrix 2440. Examples of
these substitutions are described in U.S. Patent Application No. 11/326,696

As stated above, it is advantageous to periodically or occasionally reverse the
sign of the voltages that appear across the actuators of shutter assembly 2442. U.S.
Patent Application No. 11/326,696 describes the use of two control logics to provide
a periodic polarity reversal and ensure OV DC average operation. To achieve
polarity reversal in the second control logic several of the voltage assignments
illustrated and described with respect to method 2470 of Figure 11 are changed,
although the sequencing of the control steps remains the same.

In the second control logic, the potential on the shutter common interconnect
2455 is maintained at a voltage near to V, (instead of near ground as was the case in
the first control logic). In the second control logic, at step 2478, where the logic is
set for the opening of a shutter assembly, the data interconnect 2448 is grounded
instead of taken to V4. At step 2480, where the logic is set for the closing of a
shutter assembly, the data interconnect is taken to the voltage V4. Step 2486
remains the same, but at step 2487 the common drive interconnect is set to the
actuation voltage V,, in the second control logic instead of to ground. At the end of
step 2487 in the second control logic, therefore, each of the shutter common
interconnect 2455, the common drive interconnect 2462, and the charge interconnect
2450 are set to the same voltage V,. The image setting sequence then continues
with grounding of the global actuation interconnect 2454 at step 2492 — which has
the effect in this second logic of closing only those shutters for which a voltage V4
was stored across the capacitor 2459. At step 2493 in the second control logic the
common drive interconnect 2462 is grounded. This has the effect of actuating and
opening any shutters that were not otherwise actuated at step 2492. The logical state
expressed at step 2494, therefore, is reversed in the second control logic, and the

polarities are also effectively reversed.
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The control matrix 2440 can alternate between the control logics between
every frame or between alternate sub-frame images or. on some other periodic basis,
for instance once every second. Over time, the net potentials applied to the shutter
assemblies 2444 by the charge interconnect 2450 and the shutter common
interconnect 2455 average out to OV.

Figure 12 is a schematic diagram of yet another suitable control matrix 2640
for inclusion in the display apparatus 100, according to an illustrative embodiment
of the invention. Control matrix 2640 controls an array of pixels 2642 that include
dual-actuator shutter assemblies 2644 (i.e., shutter assemblies with both shutter-open
and shutter-close actuators). The actuators in the shutter assemblies 2004 can be
made either electrically bi-stable or mechanically bi-stable.

Control matrix 2640 is substantially the same as control matrix 2440, with
two changes: a charge trigger interconnect 2652 has been added and a pMOS
transistor has been substituted for the charging transistor 2656 instead of the nMOS
transistor as was indicated at 2456.

The control matrix 2640 utilizes a dual-actuator shutter assembly 2644 along
with a common drive interconnect 2662. For the example given in control matrix
2640 the common drive interconnect 2662 is electrically connected to the shutter-
open actuator of the shutter assembly 2644. Despite the presence of a dual-actuator
shutter assembly 2644, the control matrix 2640 includes only a single data
interconnect 2648 for each column of pixels 2642 in the control matrix.

The control matrix 2640 includes a scan-line interconnect 2646 for each row
of pixels 2642 in the control matrix 2640. The control matrix 2640 further includes
a charge interconnect 2650, a charge trigger interconnect 2652, a global actuation
interconnect 2654, and a shutter common interconnect 2655. The interconnects
2650, 2654, 2655, and 2662 are shared among pixels 2642 in multiple rows and
multiple columns in the array. In one implementation (the one described in more
detail below), the interconnects 2650, 2654, 2655, and 2662 are shared among all
pixels 2642 in the control matrix 2640.

Each pixel 2642 in the control matrix includes a shutter charge transistor
2656, a shutter discharge transistor 2658, a shutter write-enable transistor 2657, and

a data store capacitor 2659 as described in Figure SA. For the example given in
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control matrix 2644 the drain of the shutter discharge transistor is connected to the
shutter-close actuator of the shutter assembly 2644.

The control matrix 2640 makes use of two complementary types of
transistors: both p-channel and n-channel transistors. It is therefore referred to as a
complementary MOS control matrix or a CMOS control matrix. While the charging
transistor 2656 is made of the pMOS type, the discharge transistor 2658 is made of
the nMOS type of transistor. (In other implementations the types of transistors can
be reversed, for example nMOS transistors can be used for the charging transistors
and pMOS transistors can be used for the discharge transistors.) The use of a charge
trigger interconnect along with the CMOS circuit helps to reduce the set of voltage
variations required to achieve shutter actuation.

With the use of the charge trigger interconnect 2652, the control circuit 2640
is wired to the charging transistor 2656 in a fashion similar to that of control matrix
1600. Only the source of pMOS transistor 2656 is connected to the charge
interconnect 2650 while the gate is connected to the charge trigger interconnect
2652. Throughout operation, the charge interconnect 2650 is maintained at a
constant voltage equal to the actuation voltage V. The charge trigger interconnect
2652 is maintained at the same voltage (V) as that of the charge interconnect
whenever the charge transistor 2656 is to be held in the off state. In order to tum-on
the charge transistor 2656, the voltage on the charge trigger interconnect 2652 is
reduced so that the voltage difference between charge interconnect 2650 and
interconnect 2652 is greater than the threshold voltage of the transistor 2656.
Threshold voltages can vary in a range from 2 to 8 volts. In one implementation
where the transistor 2656 is a pMOS transistor, both the charge interconnect 2650
and the charge trigger interconnect 2652 are held at a V,; of 40 volts when the
transistor 2656 is off. In order to turn transistor 2656 on, the voltage on the charge
interconnect 2650 would remain at 40 volts while the voltage on the charge trigger
interconnect 2652 is temporarily reduced to 35 volts. (If an nMOS transistor were to
be used at the point of transistor 2656, then the V, would be -40 volts and a charge
trigger voltage of -35 volts would be sufficient to turn the transistor on.)

A method for addressing and actuating pixels in control matrix 2640 is

similar to that of methq_d 2470, with the following changes. At step 2486 the
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voltage on the charge trigger interconnect is reduced from V4 to V, minus a
threshold voltage. Similar to the operation of method 2470 all of the shutter-closed
actuators then become charged at the same time, and at step 2488 all shutters will
close while a constant voliage Va is maintained across the shutter close actuator. In
another modification to the method 2470, at step 2490, the charge interconnect 2650
is allowed to remain at V,, while the transistor 2656 °is turned-off by returning the
voltage on the charge trigger interconnect 2652 to V. After the transistor 2656 is
turned off, the actuation procedure proceeds to the global actuation step 2492.

The actuator charging process at step 2486 in method 2470 can be
accomplished as described above for control matrix 2640 with nearly zero voltage
change on the charge interconnect 2650 and only a minimal (threshold voltage)
change required for the charge trigger interconnect 2652. Therefore the energy
required to repeatedly change the voltage from Vat to ground and back 1s saved in
this control matrix. The power required to drive each actuation cycle is considerably
reduced in control matrix 2640 as compared to control matrix 2440.

In a similar fashion, the use of complementary nMOS and pMOS transistor
types can be applied to the charging transistors in control matrices 1600, 1640,
2000, 2100, 2700 to reduce the power required for actuation.

Figure 13 is a schematic diagram of another control matrix 2740 suitable for
inclusion in the display apparatus 100, according to an illustrative embodiment of
the invention. Control matrix 2740 operates in a manner substantially similar to that
of control matrix 2440, except that some of the circuit elements are now shared
between multiple shutter assemblies in the array of shutter assemblies. In addition
several of the common interconnects are wired into separate groups or banks, such
that each of these common interconnects are shared only amongst the pixels of their
particular group.

The control matrix 2740 includes an array of dual-actuator shutter assemblies
2744, Similar to the control matrix 2440, however, the control matrix 2740 includes
only a single data interconnect 2748 for each column of pixels 2742 in the control
matrix. The actuators in the shutter assemblies 2744 can be made either electrically

bi-stable or mechanically bi-stable.
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The control matrix 2740 includes one scan-line interconnect 2746 which is
shared amongst four consecutive rows of pixels 2742 in the array of pixels. Each
pixel in the array is also connected to a global actuation interconnect, a common
drive interconnect, a charge interconnect, and a shutter common interconnect. For
the embodiment illustrated in Figure 13, however, the pixels are identified as
members of four separate groups or banks which are connected in common only to
certain interconnects within their particular group. The pixels 2742A, for instance,
are aligned along the first row and are members of the first group in control matrix
2740. Each pixel in the group of pixels that include pixels 2742A is connected to a
global actuation interconnect 2754A and a common drive interconnect 2762A. The
pixels 2742B are aligned along the second row and are members of the second group
in control matrix 2740. Each pixel in the group of pixels 2742B is connected to a
global actuation interconnect 2754B and a common drive interconnect 2762B.
Similarly the pixels 2742C in the third row are members of the third group of pixels
which are connected in common to global actuation interconnect 2754C and
common drive interconnect 2762C. Similarly the pixels 2742D in the third row are
members of the third group of pixels which are connected in common to global
actuation interconnect 2754D and common drive interconnect 2762D. The
sequential pattern of rows including pixels 2742A, 2742B, 2742C, and 2742D is
repeated for rows that continue both above and below the pixels illustrated in Figure
13. Each group of four rows includes a single scan line interconnect 2746 which is
shared between the four rows.

The global actuation interconnects 2754A, 2754B, 2754C, and 2754D are
electrically independent of each other. A global actuation signal applied to the
interconnect 2754 A may actuate all pixels 2742 A within that row of the array, as
well as all pixels in similarly connected rows (that occur in every fourth row of the

.array). A global actuation signal applied to the interconnect 2754A, however, will
not actuate any of the pixels in the other groups, e.g. it will not actuate the pixels
2742B, 2742C, or 2742D. In a similar fashion the common drive interconnects
2762A, 2762B, 2762C, and 2762D. are electrically independent, connecting to all .

pixels within their particular group but not to any pixels outside of their group.

67



WO 2007/145970 PCT/US2007/013277

The control matrix 2740 further includes a charge interconnect 2750 anda - .
shutter common interconnect 2755.. The interconnects 2750 and 2755 are shared
among pixels 2742 in multiple rows and multiple columns in the array. In one
implementation (the one described Figure 13), the interconnects 2750 and 2755 are
shared among all pixels 2742 in the control matrix 2740.

Each pixel 2742 in the control matrix includes a shutter charge transistor
2756 and a shutter discharge transistor 2758. As described in Figures SA and Figure
10 the charge transistor 2756 is connected between the charge interconnect 2750 and
the shutter-closed actuator of shutter assemblies 2744 in each pixel. The shutter
discharge transistor 2758 is connected between the shutter assembly 2744 and the
particular global actuation interconnect 2754A, 2754B, 2754C, or 2754D assigned to
its group. For the example given in control matrix 2740 the common drive
interconnects 2762A, 2762B, 2762C, and 2762D are electrically connected to the
shutter-open actuators of the shutter assemblies 2744 within their particular groups.

Near .to the intersection of each data interconnect 2748 and each scan line
interconnect 2746 is a write-enable transistor 2757, and a data store capacitor 2759.
The transistors 2757 and capacitor 2759 appear in each column but, like the scan
line interconnect 2746, they appear only once in every four rows. The function of
these circuit elements is shared between the pixels in each of the four adjacent rows.
A fan-out interconnect 2766 is used to connect the charge stored on the capacitor
2759 to the gates on each of the shutter discharge transistors 2758 within the column
for the four adjacent rows.

The operation of shutter assemblies 2744 is very similar to that described for
control matrix 2440 in method 2470. The difference is that, for control matrix 2740,
the addressing and actuating of the pixels is carried out independently and during
separate time intervals for each of the four pixel banks 2742A, 2742B, 2742C, and
2742D. For the embodiment of Figure 13 the addressing for the pixels in group
2742 A would proceed by applying Voff to the global actuation interconnect 2754A
and applying a write-enable voltage to each of the scan line interconnects 2746 in
turn. During the time that a scan line is write-enabled the data corresponding to
each of the pixels of group A assigned to a particular scan line is loaded into the

capacitor 2759 by means of the data interconnect 2748 in each column. After the
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addressing of the scan lines in the whole array is complete, the control matrix then
proceeds to an actuation sequence as described from step 2486 to step 2494 in the
method 2470. Except, for control matrix 2740, the data is loaded for only one group
of pixels at a time (e.g. the pixels 2742A in group A) and the actuation proceeds by
activating only the global actuation interconnect (2754A) and the common drive
interconnect (2762A) for that particular group of pixels.

After actuation of pixels 2742A is complete, the control matrix proceeds
with the loading of data into the second group of pixels, e.g. 2742B. The addressing
of the second group of pixels (group B) proceeds by use of the same set of scan line
interconnects 2746, data interconnects 2748, and data store capacitors 2759 as were
employed for group A. The data stored in capacitors 2759 will only affect the
actuation of the pixels 2742B in group B, however, since this data can only be
transferred to the shutter assemblies of their particular group after actuation by
means of the global actuation interconnect for the group, 2754B. The selective
actuation of each the four pixel groups is accomplished by means of the independent
global actuation interconnects 2754A, 2754B, 2754C, or 2754D and independent
common drive interconnects 2762A, 2762B, 2762C, or 2762D.

In order to address and actuate all pixels in the array it 1s necessary to
address and actuate the pixels in each of the four pixel groups.2742A, 2742B,
2742C, and 2742D sequentially. Considerable space savings, however, is
accomplished in the array since the write enable transistors 2757 and the data store
capacitors 2759 only need to be fabricated once for each adjacent set of four rows.

For the embodiment given in Figure 13 the pixels in the array have been
broken into four groups A,B,C, and D. Other embodiments are possible, however,
in which the array can be broken into only 2 groups, into 3 groups, into 6 groups, or
into 8 groups. In all of these cases the pixels of a group are connected in common to
their own particular global actuation interconnect and common drive interconnect.
For the case of 2 groups the scan line interconnect, the write-enable transistor, and
the data store capacitor would appear in every other row. For the case of 6 groups
the scan line interconnect, the write-enable transistor, and the data store capacitor

would appear in every sixth row.
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For the embodiment given in Figure 13 the charge interconnect 2750 and
shutter common interconnect 2755 are shared among pixels 2742 in multiple rows
and multiple columns in the array. In other embodiments the charge interconnects
and shutter common interconnects can also be assigned and shared only among
particular groups, such as groups A, B, C, and D.

It will be understood that the embodiment of Figure 13 assumes the use of n-
channel MOS transistors. Other embodiments are possible that employ p-channel
transistors, in which case the relative signs of the bias potentials V4 and V4 would
be reversed. In alternative implementations, the storage capacitor 2759 and write-
enable transistor 2757 can be replaced with alternative data memory circuits, such as
a DRAM or SRAM circuits known in the art. In alternate implementations,
semiconductor diodes and/or metal insulator metal sandwich type thin films can be
substituted as switches in place of transistors in control matrix 2740. Examples of
these substitutions are described in U.S. Patent Application No. 11/326,696

The sharing of actuation interconnects amongst distinct groups, and the
sharing of scan line interconnects, write-enable transistors, and data store capacitors
amongst adjacent rows has been described in an implementation particular to the
control matrix 2440. Similar sharing of pixel elements, however, can be adopted
with respect to a number of other control matrices, such as control matnces 1600,

1640, 2000, 2100, 2200, 2300, and 2640.

Voltage vs. Charge Actuation

As described above, in various embodiments of the invention, the MEMS-
based light modulators used to form an image utilize electrostatic actuation, in which
opposing capacitive members are drawn together during an actuation event. In some
actuator implementations, depending on the geometry of the electrostatic members,
the force drawing the capacitive members will vary in relation to the voltage applied
across the electrostatic members. If the charge stored on the actuator is held
constant, then the voltage and thus the force attracting the capacitive members, may
decrease as the capacitive beams draw closer together. For such actuators, it is
desirable to maintain a substantially constant voltage across the capacitive members

to maintain sufficient force to complete actuation. For other actuator geometries
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(e.g., parallel plate capacitors), force is proportional to the strength of the electric
field between the capacitive portions of the actuator, the electric field likewise
being proportional to the amount of charge stored on the capacitive members. In
such actuators, if an elastic restoring force is present which increases as capacitive
members draw together, it may be necessary to increase the stored charge on the
members to complete the actuation. -An increase in stored charge and therefore the
force of actuation can be accomplished by connecting the actuator to a source of
charge, i.e. a constant voltage source.

Control matrix 2000 of Figure 6 operates in conditions in which actuators are
electrically isolated from a source of charge during actuation. Prior to actuation of
either of the two actuators included in the pixel, charge yielding a voltage sufficient
to initiate actuation of both actuators V,,, absent a maintenance voltage, is stored
directly on each actuator. The actuators are then isolated from external voltage
sources. At a later date, the charge stored on one of the actuators is discharged. The

"non-discharged actuator then actuates based solely on the constant charge previously
stored on the actuator.

Figure 14 includes three charts that illustrate the variations in electrostatic
parameters that result from movement of portions of electrostatic actuators in
various implementations of the invention. The chart labeled Case A in Figure 14
illustrates the variations in parameters associated with the actuation of the actuator
of a pixel from control matrix 2000 from an open position to a closed position.
During actuation, since the actuator is electrically isolated, the charge remains
constant. As the capacitive members draw closer together, the voltage decreases and
the capacitance increases. To ensure proper actuation, the initial voltage applied to
the actuator is preferably high enough such that as the voltage decreases resulting
from motion of portions of the actuator, the resulting voltage is still sufficient to
fully actuate the actuator.

To help ensure proper actuation without applying what might otherwise be
an unnecessarily high voltage across the capacitive members of an actuator, a
control matrix can incorporate a voltage regulator in electrical communication with
the actuator during actuation of the actuator. The voltage regulator maintains a

substantially constant voltage on the actuator during actuation. As a result, as the
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capacitance of the actuator increases as the capacitive elements draw closer together,
additional charge flows into the capacitive members to maintain the voltage across
the capacitive members, thereby maintaining the voltage level, increasing the
electric field, and increasing the attractive force between the capacitive members.
Thus, the voltage regulator substantially limits variations in voltage that would
otherwise be caused by movement of portions of the actuators during actuation.
Voltage regulators can be included in each pixel in a control matrix, for

example, as stabilizing capacitors connected to the capacitive members of the
actuators. Control matrices 1640, 2000, and 2100 include such stabilizing
capacitors. The impact of such a stabilizing capacitor is depicted in the chart labeled
as Case B in Figure 14. In such implementations, as the capacitive members of an
actuator draw closer together, charge stored on the stabilizing capacitor flows into
the capacitive member maintaining a voltage equilibrium between the stabilizing
capacitor and the actuator. Thus, the voltage on the actuator decreases, but less so
than in control matrices without a stabilizing capacitor. Preferably, the stabilizing
capacitor is selected such that during actuation, the variation in the voltage on the
actuator is limited to less than about 20% of V,. In other implementations, a higher
capacitance capacitor is selected such that during actuation, the variation in the
voltage on the actuator is limited to less than about 10% of V.. In still other
implementations, the stabilizing capacitor is selected such that during actuation, the
variation in the voltage on the actuator is limited to less than about 5% of V.

~ Alternatively, display drivers may serve as voltage regulators. The display
drivers output a DC actuation voltage. In some implementations, the voltage may be
substantially constant throughout operation of the display apparatus in which it is
incorporated. In such implementations, the application of the voltage output by the
display drivers is regulated by transistors incorporated into each pixel in the control
matrix. In other implementations, the display drivers switch between two
substantially constant voltage levels according. In such implementations, no such
transistors are needed. .In some implementations the pixels are connected to the
display drivers by means of a voltage actuation interconnect. In some

- implementations, such as control matrix 2640, a voltage actuation interconnect such
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as interconnect 2662, can be a global common interconnect, meaning that it connects-
to pixels in at least two rows and two columns of the array of pixels.

Control matrices 1600, 1640, 2200, 2300, 2440, 2640, and 2740 include
voltage regulators in the form of connections to voltage sources. As illustrated in
Case C of Figure 14, as the capacitive members of an electrostatic actuator
connected to a voltage source draw together, the voltage across the capacitive
members remains substantially constant. To maintain the constant voltage despite
increasing capacitance, additional charge flows into the capacitive members as the

capacitance of the actuator increases.

Cascoded Control Matrices

Figure 15 is a schematic diagram of yet another suitable control matrix 2940
for inclusion in the display apparatus 100, according to an illustrative embodiment
of the invention. Control matrix 2940 controls an array of pixels 2942 that include
dual-actuator shutter assemblies 2944 (i.e., shutter assemblies with both shutter-open
and shutter-close actuators). The actuators in the shutter assemblies 2004 can be
made either electrically bi-stable or mechanically bi-stable.

Control matrix 2940 is substantially the same as control matrix 2640 with the
addition of two additional transistors: 2966 and 2968. The control matrix also
includes an additional common interconnect 2970.

The control matrix 2940 utilizes a dual-actuator shutter assembly 2944 along
with a common drive interconnect 2962. For the example given in control matrix
2940 the common drive interconnect 2962 is electrically connected to the shutter-
open actuator of the shutter assembly 2944. Despite the presence of a dual-actuator
shutter assembly 2944, the control matrix 2940 includes only a single data
interconnect 2948 for each column of pixels 2942 in the control matrix.

The control matrix 2940 includes a scan-line interconnect 2946 for each row
of pixels 2942 in the control matrix 2940. The control matrix 2940 further includes
a charge interconnect 2950, a charge trigger interconnect 2952, a global actuation
interconnect 2954, and a shutter common interconnect 2955, and a switching
cascode interconnect 2970. The switching cascode interconnect 2970 is connected

to the gates of each of transistors 2966 and 2968. The interconnects 2950, 2954,
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2955, 2962, and 2970 are shared among pixels 2942 in multiple rows and multiple
columns in the array. In one implementation (the one described in more detail
below), the interconnects 2950, 2954, 2955, 2962, and 2970 are shared among all
pixels 2942 in the control matrix 2940.

" Each pixel 2942 in the control matrix includes a shutter charge transistor
2956, a shutter discharge transistor 2958, a shutter write-enable transistor 2957, and
a data store capacitor 2959 as described in Figure SA. For each pixel 2942 a
charging cascode transistor 2966 is inserted with its source and drain connected in
between the charging transistor 2956 and the actuator of shutter 2944. A discharge
cascode transistor 2968 is also inserted with its source and drain connected in
between the actuator of shutter 2944 and the discharge transistor 2958.

The control matrix 2940 rﬁgkes use of two complementary types of
transistors: both p-channel and n-channel transistors. It is therefore referred to as a
complementary MOS control matrix or a CMOS control matrix. While the charging
transistors 2956 and 2966 are made of the pMOS type, the discharge transistors
2958 and 2968 are made of the nMOS type of transistor. (In other implementations
the types of transistors can be reversed, for example nMOS transistors can be used
for the charging transistors and pMOS transistors can be used for the discharge
transistors.) The use of a charge trigger interconnect along with the CMOS circuit
helps to reduce the set of voltage variations required to achieve shutter actuation.

With the use of the charge trigger interconnect 2952, the control circuit 2940
is wired to the charging transistor 2956 in a fashion similar to that of control matrix
1600. Only the source of pMOS transistor 2956 is connected to the charge
interconnect 2950 while the gate is connected to the charge trigger interconnect
2952. Throughout operation, the charge interconnect 2950 is maintained at a
constant voltage equal to the actuation voltage V,. In alternate implementations the
interconnect 2950 is connected to either a voltage source or a current source at the
periphery of the display, or more generally an energy source. The charge trigger
interconnect 2952 is maintained at the same voltage (V) as that of the charge
interconnect whenever the charge transistor 2956 is to be held in the off state. In
order to turn-on the charge transistor 2956, the voltage on the charge trigger

interconnect 2952 is reduced so that the voltage difference between charge
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interconnect 2950 and interconnect 2952 is greater than the threshold voltage of the
transistor 2956. Threshold voltages can vary in a range from 2 to 8 volts. In one
implementation where the transistor 2956 is a pMOS transistor, both the charge
interconnect 2950 and the charge trigger interconnect 2952 are held at a V,, of 40
volts when the transistor 2956 is off. In order to turn transistof 2956 on, the voltage
on the charge interconnect 2950 would remain at 40 volts while the voltage on the
charge trigger interconnect 2952 is temporarily reduced to 35 volts. (If an nMOS
transistor were to be used at the point of transistor 2956, then the V, would be -40
volts and a charge trigger voltage of -35 volts would be sufficient to turn the
transistor on.)

The addition of the charging cascode transistor 2966 helps to reduce the
voltage drops experienced across either the source and drain or the gate and drain for
either of transistors 2956 or 2966. The addition of the discharge cascode transistor
2968 hélps to reduce the voltage drops experienced across either the source and
drain or the gate and drain for either of transistors 2958 or 2968. The proper
voltage applied to the switching cascode interconnect 2970 ensures that both
charging transistors 2956 and 2966 tum on'.ét substantially the same time. The same
voltage helps to ensure that the discharge transistors 2958 and 2968 turn on at
substantially the same time.

In operation the switching cascode interconnect 2970 is held to a constant
voltage of substantially 5 of the actuation voltage V. During a charging operation,
i.e. when the charge trigger interconnect is reduced in voltage below V,; such that
transistor 2956 is turned on, a voltage will then appear between the gate and drain of
transistor 2966 such that transistor 2966 will also turn on. If the gate of transistor
2966 is held at substantially 2 of the actuation voltage V,, then the source to drain
voltage of transistor 2966 is unlikely to exceed !4 V,, plus about a threshold voltage,
even though the voltage imposed at the charge interconnect 2950 remains at V, (for
example, 40 volts). The source to drain voltage of transistor 2956 then experiences
the difference between V,, and the voltage across transistor 2966. As a result, even
though a large voltage V,, is imposed at interconnect 2950, i.e. a voltage large

enough to cause catastrophic breakdown in any one of the transistors, the control
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circuit 2940 is designed such that only a fraction of V,, ever appears across any of
the individual transistors, thereby protecting the circuit.

Additionally, during a discharge operation, i.e. when a charge is stored on
capacitor 2959 and the global actuation interconnect is brought to zero volts, a
voltage will then appear between the gate and drain of transistor 2968 such that
transistor 2968 will also turn on in addition to transistor 2958. If the gate of
transistor 2968 is held at substantially /2 of the actuation voltage V,,, then the source
to drain voltage of transistor 2968 is unlikely to exceed 2 V,, plus about a threshold
voltage, even though the voltage difference between the actuator of shutter assembly.
2944 and the global actuation interconnect can be as high as V, (for example, 40
volts). The source to drain voltage of transistor 2958 then experiences the difference
between V, and the voltage across transistor 2968. As a result, even though a large
voltage V, is dropped between the actuator and ground, i.e. a voltage large enough
to cause catastrophic breakdown in any one of the transistors, the control circuit
2940 is designed such that only a fraction of V,, ever appears across any of the
individual transistors, thereby protecting the circuit.

In some circuits one of either the pMOS or the nMOS transistors may
withstand greater voltages before the onset of substantial leakage or catastrophic
breakdown. In such circuits it can be advantageous to apply a different voltage
criterion for the switching cascode interconnect 2970. For a particular example,
assume that the type of transistor (either pMOS or nMOS) employed for the
discharge transistors 2958 and 2968 was more resistant to leakage or breakdown
than the type used for the charging transistors 2956 and 2966. Then it would be
advantageous to apply a voltage of less than % of V, to the switching cascode
interconnect 2970, for instance 1/3 of V,, In such a circuit the greatest voltage
experienced by the charging cascode transistor 2966 would be 1/3 V, plus a
threshold voltage, while the greatest voltage experienced by the discharge cascode
transistor 2968 would be 2/3 V, plus a threshold voltage. If the discharge transistors
were strong enough, then the discharge cascode transistor 2958 could be eliminated
altogether, and the voltage on the switching cascode interconnect could be adjusted
so that the maximum gate to drain voltage on each of the charging transistors 2956

and 2966 were almost exactly ¥z of V,, In the opposite case where the type of
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transistor employed for the charging transistors 2956 and 2966 are stronger than
those used at the discharge transistors, the optimum voltage applied to the switching
cascode interconnect 2970 would be greater than Y2 of V,,

In another variation of the control matrix 2040, the switching cascode
interconnect 2970 can be replaced by two independent cascode interconnects. One
of the cascode interconnects would connect to the gate of the charging cascode
transistor 2966 while the other connects to the gate of the discharge cascode
transistor 2968: Each of the cascode interconnects would then be held to a constant
DC bias voltage, although the voltages would differ. The gate of the charging
cascode transistor 2966, for instance, could be held to a voltage of less than Y2 of Vy,,
for instance 1/3 of V,,, The gate of the discharge cascode interconnect 2968 could
be held to a voltage of greater than % of Vy, for instance 2/3 of V,,. In a refinement,
the voltages of each of the cascode interconnects can be adjusted such that the
greatest voltage appearing across any of the transistors 2956, 2966, 2958, or 2968 is
never greater than approximately 2 of V.

It would be apparent to one skilled in the art that further voltage divisions
can be achieved by providing 2 or even 3 cascode transistors to either the charging
or the discharge arm of each pixel in the control matrix 2940. Each of the additional
cascode transistors would be regulated by a unique gate voltage.

Further variations on the circuit protection scheme of control matrix 2940 are
possible. In one implementation the switching cascode interconnect 2970 is
eliminated. In this implementation the gate of transistor 2966 would be connected to
the charge trigger interconnect 2952, and the gate of transistor 2968 would be
connected to the capacitor 2959. This is known as a “double gate” implementation,
in that both charging transistors 2956 and 2966 would be connected in series while
sharing the same gate voltage. Similarly in this alternate implementation both
discharge transistors 2958 and 2968 would be connected in series and share the same
gate voltage. In the double gate implementation the source-drain voltages are
divided equally between two transistors, which reduces the voltage seen across an
individual transistor, thereby reducing leakage and the possibilities of avalanche

breakdown.
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A method for addressing and actuating pixels in control matrix 2940 is
similar to that of method 2470 of Figure 11, with the same changes to the procedure
for utilizing a charge trigger interconnect as outlined with respect to control matnx
2640. The power saving advantages outlined with respect to control matrix 2640

also apply to the control matrix 2940.

Figure 16 is a schematic diagram of yet another suitable control nﬂlatri.x 3040 .

for inclusion in the display apparatus 100, according to an illustrative embodiment

"of the invention. Control matrix 3040 controls an array of pixels 3042 that include
dual-actuator shutter assemblies 3044 (i.e., shutter assemblies with both shutter-open
and shutter-close actuators). The actuators in the shutter assemblies 2004 can be
made either electrically bi-stable or mechanically bi-stable.

Control matrix 3040 is substantially the same as control matrix 2440 with the
addition of two additional transistors: 3066 and 3068. The control matrix also
includes two additional common interconnects 3070 and 3072. The control matrix
3040 differs from control matrix 2940 in that a charge trigger interconnect is not
employed and all of the transistors are of a similar type. All transistors in control
matrix 3040 are n-channel transistors, although another useful circuit can be
employed in which all the transistors are p-channel transistors. (In embodiments
that employ p-channel transistors the relative polarities of the bias potentials V,, and
V4 would be reversed.)

The control matrix 3040 utilizes a dual-actuator shutter assembly 3044 along
with a common drive interconnect 3062. For the example given in control matrix
3040 the common drive interconnect 3062 is electrically connected to the shutter-
open actuator of the shutter assembly 3044. Despite the presence of a dual-actuator
shutter assembly 3044, the control matrix 3040 includes only a single data
interconnect 3048 for each column of pixeis 3042 in the control matrix.

The control matrix 3040 includes a scan-line interconnect 3046 for each row
of pixels 3042 in the control matrix 3040. The control matrix 3040 further includes
a charge interconnect 3050, a global actuation interconnect 3054, a shutter common
interconnect 3055, a charging cascode interconnect 3070, and a discharge cascode
interconnect 3072. The charging cascode interconnect 3070 is connected to the gate
of transistor 2966. The discharge cascode interconnect 3072 is connected to the gate
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of transistor 2968. The interconnects 3050, 3054, 3055, 3062, 3070, ad 3072 are
shared among pixels 3042 in multiple rows and multiple columns in the array. In
one implementation (the one described in more detail below), the interconnects
3050, 3054, 3055, 3062, 3070, and 3072 are shared among all pixels 3042 in the
control matrix 3040.

Each pixel 3042 in the control matrix includes a shutter charge transistor
3056, a shutter discharge transistor 3058, a shutter write-enable transistor 3057, and
a data store capacitor 3059 as described in Figure SA. For each pixel 3042 a
charging cascode transistor 3066 is inserted with its source and drain connected in
between the charging transistor 3056 and the actuator of shutter 3044. A discharge

. cascode transistor 3068 is also inserted with its source and drain connected in
between the actuator of shutter 3044 and the discharge transistor 3058.

By comparison to control matrix 2940 of Figure 15, the charging transistor
3056 is wired with a different circuit connection to the charge interconnect 3050.
Control matrix 3040 does not include a charge trigger interconnect which is shared
among pixels. Instead, the gate terminals of the charging transistor 3056 are
connected directly to the charge interconnect 3050, along with the drain terminal of
transistor 3056. In operation, the charging transistor 3056 operates essentially as a
diode, i.e., it can pass a current in only one direction.

The addition of the charging cascode transistor 3066 helps to reduce the
voltage drops experienced across either the source and drain or the gate and drain for
either of transistors 3056 or 3066. The addition of the discharge cascode transistor
3068 helps to reduce the voltage drops experienced across either the source and
drain or the gate and drain for either of transistors 3058 or 3068. The charging
cascode interconnect 3070 ensures that both charging transistors 3056 and 3066 turn
on at substantially the same time. The discharge cascode interconnect 3070 helps to
ensure that the discharge transistors 3058 and 3068 turn on at substantially the same
time.

A method for addressing and actuating pixels in control matrix 3040 is
similar to that of method 2470 of Figure 11, except for addition of voltages applied
at the charging cascode interconnect 3070 and the discharge cascode interconnect
3072. The variations from the method 2470 will now be described. At the
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beginning of the addressing cycle both of the charging cascode interconnect 3070
and the discharge cascode interconnect 3072 are held at a DC voltage equal to
substantially 2 of V; (or, alternatively, 2 of V,, minus a threshold voltage). At
step 2486 of method 2470 an actuation voltage Vy, is applied to the charge
interconnect 3050. As part of step 2486, immediately after V,, is applied to
interconnect 3050, a similar voltage of V., is applied to the charging cascode
interconnect 3070. At step 2487 the common drive interconnect 3062 is grounded
and at step 2488 all shutters actuate (close). At step 2490 in method 2470 the charge
interconnect 3050 is grounded. For control matrix 3040, however, step 2490 would
also include the step of returning the voltage on the charging cascode interconnect
3070 to substantially Y2 of V,, (or, altematively, 2 of V,; minus a threshold voltage).
The return of interconnect 3070 to substantially Yz of V,, preferably precedes the
grounding of the charge interconnect 3050. The steps 2486 to 2490 complete the
charging of the shutter-close actuator. The majority of charge stored on the shutter
assembly 3044 will not leak out after step 2490 since both of the charging transistors
3056 and 3066 as well as the discharge transistors 3058 and 3068 are then held in
their off state. By ensuring that the charging cascode transistor 3066 is turned-on
only when the charging transistor 3056 is already on, the actuation voltage V
becomes approximately equally divided between the two charging transistors 3056
and 3066, thereby preventing the catastrophic breakdown or either one of them.

The method 2470 proceeds at step 2492 with the setting of the global
actuation interconnect 3054 to ground. This makes possible the selective discharge
of shutters assemblies 3044, depending on whether or not a charge has been stored
on the capacitor 3059. The discharge transistors turn on at step 2492, but only if a
charge is stored on capacitor 3059. Control matrix includes a discharge cascode
interconnect 3072 which is held at a constant voltage equal to substantially 2 of V
(or, alternatively, Y2 of V,, minus a threshold voltage). Because of the /2 V, DC bias
at the gate of cascode transistor 3068, the transistor 3068 will turn on immediately
after the transistor 3058 is turned on. By ensuring that the discharge cascode
transistor 3068 transitions to the on state only after the discharge transistor 3058 has
turned on, the actuation voltage V,, remains approximately equally divided between

the two transistors 3058 and 3068, thereby preventing the catastrophic breakdown or
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either one of them. Both transistors 3058 and 3068 transition to the off state at step
2472, when the global actuation interconnect is returned to the Vg state.

Further variations on the circuit protection scheme of control matrix 2940 are
possible. In one variation the charging cascode interconnect 3070 is eliminated.
The gate of transistor 3066 is instead connected directly to the source of transistor
3056. The charging cascode transistor 3066 then behaves essentially as a diode in
series with the transistor 3056, dividing the source — drain voltages across two
transistors instead of only one. In another variation, the gate of transistor 3066 is
connected directly to the charge interconnect 3050. The control matrix thereby
adapts the “double gate” structure described with respect to control matrix 2940. In
another variation the discharge cascode interconnect 3072 is eliminated. The gate of
transistor 3068 is instead connected directly to the actuator of shutter assembly
3044. The discharge cascode transistor 3068 thereby behaves essentially as a diode
in series with transistor 3058. In another variation the gate of transistor 3068 is
connected directly to the charge interconnect 3050. In such a configuration the
discharge cascode transistor 3068 will tum on whenever the discharge transistor

3058 turns on.

The circuit protection schemes illustrated in Figures 15 and 16 can be
applied to a variety of other control matrices for inclusion in the display apparatus
100, according to an illustrative embodiment of the invention. For instance both of
the control matrices 15 and 16 are variations of a “common drive” type of control
matrix. The common drive matrix employs dual-actuator shutter assemblies 2944
(i.e., shutter assemblies with both shutter-open and shutter-close actuators), and yet
with the inclusion of the common drive interconnect 2962 only a single data
interconnect 2948 is required for each column of pixels. In operation, a common
drive type of control matrix employs variations of the method 2470 for addressing
and actuation.

In an alternate implementation for use with dual-actuator shutter assemblies
a separate shutter-open and shutter-close data interconnect can be provided for each
pixel in the array. An example of the use of separate data interconnects is found in

control matrix 2000 of Figure 6. The circuit protection scheme of Figure 16 can also
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be included as part of control matrix 2000.. For instance charging cascode
transistors can be inserted between each of the transistors 2016 and 2020 and their
respective shutter actuators. Similarly discharge cascode transistors can be inserted.
between each of the transistors 2018 and 2022 and their respective shutter actuators.
The gates of each of the charging cascode transistors would then be connected in
common with a charging cascode interconnect, such as interconnect 3070, which is
pulsed synchronously with the charge interconnect 2010. The gates of each of the
discharge cascode transistors would then be connected in common with a discharge
cascode interconnect, such as 3072, which is held at a constant voltage of about Y2
Va. A scheme where the cascode transistors are wired in a “double gate”
configuration can also be applied within control control matrix 2000..

And finally, the circuit protection schemes of Figures 15 and 16 can be
applied to control matrices that employ elastic shutter assemblies, such that only a
single data interconnect is necessary. Such single-ended control matrices are
exemplified by control matrices 1600 and 1640 in Figures SA and 5B. For instance
a charging cascode transistor can be inserted between transistor 1656 and the shutter
actuator. Similarly a discharge cascode transistor can be inserted between
transistors 1658 and the shutter actuator. The gate of the charging cascode transistor
would then be connected in common with a charging cascode interconnect, such as
interconnect 3070, which is pulsed synchronously with the charge interconnect
1650. The gate of each of the discharge cascode transistor would then be connected
in common with a discharge cascode interconnect, such as 3072, which is held at a
constant voltage of about 2 V. A scheme where the cascode transistors are wired
in a “double gate” configuration can also be applied within control matrices 1600
and 1640.

As noted above, CMOS variations are possible for circuit protection in each
of the control matrices 1600, 1640, and 2000. Therefore the wiring pattern of
control matrix 2940, in which the cascode transistors are of the CMOS type, can be
applied to these circuits. If the circuits 1640 and 2000 are wired by analogy to the
control matrix 2940, for example, only a single switching cascode interconnect, such
as interconnect 2970, would be needed for connection in common to both the nmos

and pmos cascode transistors, such as transistors 2966 and 2968.
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Generally, cascode transistors can be added to almost any control matrix
appropriate to displays where the applied voltages would otherwise threaten harm to

or cause excessive leakage in any individual transistor.

83



WO 2007/145970 PCT/US2007/013277

CLAIMS:
1. A direct-view display apparatus comprising:
a transparent substrate,

" an array of pixels including, for each pixel, a MEMS-based light modulator
formed on the substrate and including a first actuator and a second
actuator opposing the first actuator for controlling the state of thé light
modulator; and

a control matrix connected to the substrate including, for a pixel in the array
.of pixels, i) a write-enabling switch for enabling the pixel to respond to a
data voltage, iii) a data switch for selectively controlling actuation of one
of the first and second actuators, and iv) only one data voltage
interconnect for setting a desired state of the light modulator to form an
image, wherein a voltage applied to the data voltage interconnect controls

the data switch.

2. The direct-view display apparatus of claim 1, wherein the data switch controls

the actuation of both the first and the second actuators.

3. The direct-view display apparatus of claim 2, wherein the array comprises a
plurality of columns of pixels, and wherein a plurality of the pixels in a column

share a common data voltage interconnect.

4. The direct-view display apparatus of claim 2, wherein for each pixel, the

control matrix comprises a voltage inverter circuit.
5. The direct-view display apparatus of claim 4, wherein the voltage inverter
circuit éomprises one of an nMOS voltage inverter circuit, a pMOS voltage

inverter circuit, and a CMOS voltage inverter circuit.

6. The direct-view display apparatus of claim 4, wherein the voltage inverter

circuit comprises a level shifting inverter.
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7. The direct-view display apparatus of claim 4, wherein the voltage inverter

circuit comprises a transition sharpening inverter.

8. The direct-view display apparatus of claim 4, wherein the voltage inverter

circuit comprises a switching inverter.

9. The direct-view display apparatus of claim 2, wherein each pixel comprises a

flip-flop.

10. The direct-view display apparatus of claim 9, wherein the flip-flop

- electrically couples the first and second actuators to one another.

11. The direct-view display apparatus of claim 8, wherein the flip-flop stores

light modulator control instructions.

12. The direct-view display apparatus of claim 2, wherein each pixel comprises

a cross-coupled inverter.

13. The direct-view display apparatus of claim 12, wherein the cross-coupled

inverter electrically couples the first and second actuators to one another.

14. The direct-view display apparatus of claim 12, wherein the cross-coupled

inverter stores modulator control instructions.

15. The direct-view display apparatus of claim 12, wherein the cross-coupled

inverter comprises a level shifting inverter.

16. The direct-view display apparatus of claim 2, wherein the light modulators

comprise shutter assemblies.

17. The direct-view display apparatus of claim 16, wherein in a pixel, the first

and second actuators.of the modulator force a shutter relative to an aperture.
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18. The direct-view display apparatus of claim 17, wherein the aperture is

formed in a layer of material on the substrate.

19. The direct-view display apparatus of-claim 17, wherein the aperture is
formed in a layer of material depesited on a substrate that is different from the

substrate on which the array is formed.

20. The direct-view display apparatus of claim 2, comprising a voltage regulator
for substantially limiting variation in a voltage applied across the first and
second actuators during actuation that would otherwise be caused by movement

of portions of the first and second actuators.

21. The direct-view display apparatus of claim 20, wherein the voltage regulator
comprises a capacitor in a pixel in electrical communication with the one of the

first and second opposing actuators.

22. The direct-view display apparatus of claim 20, wherein the voltage regulator
comprises a display driver, including a DC voltage source, directly electrically
connected to at least one of the first and second opposing actuators via an

actuation voltage interconnect.

23. The direct-view display apparatus of claim 20, comprises a display driver,
including a DC voltage source, electrically connected to at least one of the first
and second opposing actuators via an actuation voltage interconnect, wherein the
application of the voltage output from the direct-view display driver to the pixel

is controlled by a switch at the pixel other than the data switch.

24. The direct-view display apparatus of claim 20, wherein the voltage vanation
is substantially limited if, during actuation, movement of portions of the
opposing actuators results in a voltage reduction of less than twenty percent of a

voltage level required to initiate actuation.
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25. The direct-view display apparatus of claim 20, wherein the voltage variation
is substantially limited if, during actuation, movement of portions of the
opposing actuators results in a voltage reduction of less than ten percent of a

voltage level required to initiate actuation.

26. The direct-view display apparatus of claim 20, wherein the voltage variation
is substantially limited if, during actuation, movement of portions of the
opposing actuators results in a voltage reduction of less than five percent of a

voltage level required to initiate actuation.

27. The direct-view display apparatus of claim 2, wherein the light modulator
comprises a light tap that selectively and locally frustrates total internal

reflection of a light guide, thereby extracting light to form an image.

28. The direct-view display of claim 1, comprising a global actuation
interconnect electrically connected to pixels in at least two rows and two
columns of the control matrix for causing substantially simultaneous actuation of

the pixels to which it is connected.

29. The direct-view display apparatus of claim 1, comprising a first voltage
actuation interconnect, distinct from the data voltage interconnect, in electrical
communication with the first actuator, for providing a voltage sufficient to

actuate the first actuator.

30. The direct-view display apparatus of claim 29, comprising, for a pixel, a
switch, other than the data switch, for regulating the application of the voltage

provided via the first actuation voltage interconnect.

31. The direct-view display apparatus of claim 29, wherein the data switch
comprises a discharge transistor for selectively discharging the voltage provided

via the first voltage actuation interconnect.
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32. The direct-view display apparatus of claim 29, comprising a common
voltage interconnect coupled to the light modulators of a plurality of pixels for

applying a common bias voltage to the light modulators.

33. The direct-view display apparatus of claim 29, comprising a second voltage
actuation interconnect, distinct from the data voltage interconnect and the first
voltage actuation interconnect, for providing a voltage sufficient to actuate the

second actuator.

34. The direct-view display apparatus of claim 33, wherein the data switch
controls the application of the voltage provided via the second actuation voltage

interconnect.

35. The direct-view display apparatus of claim 33, wherein the second voltage

actuation interconnect directly connects a display driver to the second actuator.

36. The direct-view display apparatus of claim 33, wherein the voltage provided
by the second actuation voltage interconnect is insufficient to actuate the second
actuator if a voltage greater than a maintenance voltage is applied to the first

actuator.

37. The direct-view display apparatus of claim 1, comprising a global actuation
interconnect coupled to discharge transistors included in a plurality of pixels for
selectively enabling the voltage provided to the respective pixels via the data
voltage interconnects corresponding to the pixels to control the discharge

transistors.
38. The direct-view display apparatus of claim 1, comprising a voltage actuation

interconnect electrically connected directly to one of the first and second

actuators of pixels in multiple rows and multiple columns of the array of pixels.
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39. A direct view display apparatus comprising:

a transparent substrate;

an array of pixels formed on the substrate including, for each pixel, a
MEMS-based light modulator including a light modulator comprising a
first electrostatic actuator for changing the state of the light modulator;
and '

a control matrix connected to the substrate including, for a pixel, a write-
enabling interconnect for enabling the pixel to respond to a data voltage
and a data voltage interconnect for applying the data voltage to a data
switch, thereby controlling the state of the light modulator of the pixel;

and a voltage regulator for substantially limiting variation in a voltage
applied across the actuator during actuation that would otherwise be

caused by movement of portions of the actuator.

40. The direct-view display apparatus of claim 39, wherein the voltage

regulator comprises a display driver including a DC voltage source.

41. The direct-view display apparatus of claim 40, comprising for a pixel, an
actuation voltage interconnect, distinct from the data voltage interconnect, for

connecting the first actuator to the direct-view display driver.

42. The direct-view display apparatus of claim 41, comprising, for a pixel, a
switch, other than the data switch, for controlling the application of the voltage

output by the direct-view display driver to the first actuator.

43. The direct-view display apparatus of claim 39, wherein each pixel includes a

voltage regulator.
44, The direct-view display apparatus of claim 43, wherein the voltage regulator

comprises a capacitor in electrical communication with the first electrostatic

actuator.
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45. The direct-view display apparatus of claim 39, wherein the voltage variation
is substantially limited if, during actuation, movement of portions of the first
actuator results in a voltage reduction of less than twenty percent of a voltage

level required to initiate actuation.

46. The direct-view display apparatus of claim 39, wherein the voltage variation
is substantially limited if, during actuation, movement of portions of the first
actuator results in a voltage reduction of less than ten percent of a voltage level

required to initiate actuation.

47. The direct-view display apparatus of claim 39; wherein the voltage variation
is substantially limited if, during actuation, movement of portions of the first
actuator results in a voltage reduction of less than five percent of a voltage level

required to initiate actuation.

48. The direct-view display apparatus of claim 39, comprising a voltage

inverter.

49. The direct-view display apparatus of claim 48, wherein the voltage inverter

comprises a CMOS circuit.

50. The direct-view display apparatus of claim 39, wherein each light modulator
comprises a second electrostatic actuator for applying a force opposing a force

applied by the first actuator.

51. The direct-view display apparatus of claim 50, comprising, for a pixel, a
flip-flop electrically coupling the first actuator and the second electrostatic

actuator.

52. The direct-view. display apparatus of claim 50, comprising, for a pixel, a
cross-coupled inverter electrically coupling the first actuator and the second

electrostatic actuator
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53. The direct-view display apparatus of claim 39, wherein the MEMS-based

light modulators comprise shutter-based light modulators.

54. The direct-view display apparatus of claim 39, comprising a second
electrostatic actuator, opposing the first actuator, for controlling the state of the
MEMS-based light modulators.

55. The direct-view display apparatus of claim 54, comprising, for a pixel, a
first actuation voltage interconnect for providing a voltage to the first actuator

sufficient to actuate the first actuator.

56. The direct-view display apparatus of claim 55, wherein the first actuation
voltage interconnect provides a substantially constant voltage throughout the

setting of an image and through the setting of subsequent images.

57. The direct-view display apparatus of claim 55, wherein, throughout
operation of the direct-view display, the first actuation voltage interconnect

provides a substantially constant voltage.

58. The direct-view display apparatus of claim 55, wherein first actuation

voltage interconnect for a pixel is shared by a plurality of pixels.

59. The direct-view display apparatus of claim 55, comprising, for a pixel, a
second voltage actuation interconnect, distinct from the data voltage interconnect
and the first voltage actuation interconnect, for providing a voltage sufficient to

actuate the second actuator.

60. The direct-view display apparatus of claim 59, wherein the voltage provided
by the second actuation voltage interconnect is insufficient to actuate the second
actuator if a voltage greater than a maintenance voltage is applied to the first

actuator.
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61. The direct-view display apparatus of claim 59, comprising, for a pixel, a
switch, other than the data switch, for regulating the application of the voltage

- provided via the first actuation voltage interconnect.

62. The direct-view display apparatus of claim 59, wherein the data voltage
interconnect for the pixel controls the actuation of both the first and second

actuators.

63. The direct-view display apparatus of claim 59, comprising a common
voltage interconnect coupled to the light modulators of a plurality of pixels for

applying a common bias voltage to the light modulators.

64. The direct-view display apparatus of claim 59, wherein the data switch
comprises a discharge transistor for selectively discharging the voltage provided

via the first voltage actuation interconnect.

65. The direct-view display apparatus of claim 64, comprising a global actuation
interconnect coupled to the discharge transistors of a plurality of pixels for
selectively enabling the voltage provided to the respective pixels via the data
voltage interconnects corresponding to the pixels to control the discharge

transistor.

66. The direct-view display apparatus of claim 39, comprising a voltage
actuation interconnect electrically connected directly to the first electrostatic

actuators of pixels in multiple rows and multiple columns of the array of pixels.

67. A display apparatus comprising:
a transparent substrate;
an array of pixels including for each pixel, a MEMS-based light modulator

formed on the glass substrate;
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a control matrix formed on the glass substrate for addressing the MEMS-
based light modulators of the array, wherein for each pixel, the control matrix

includes a CMOS circuit.

68. The direct-view display apparatus of claim 67, wherein the CMOS circuit

comprises a voltage inverter.

69. The direct-view display apparatus of claim 65, wherein the CMOS circuit

comprises a level shifting inverter8

70. The direct-view display apparatus of claim 67, wherein the CMOS circuit

comprises a flip-flop.

71. The direct-view display apparatus of claim 70, wherein the flip-flop controls

the application of an actuation voltage to the light modulator.

72. The direct-view display apparatus of claim 70, wherein the flip-flop

electrically couples opposing actuators of the light modulator.

73. The direct-view display apparatus of claim 67, wherein the MEMS-based

light modulator comprises a shutter-based light modulator.

74. The direct-view display apparatus of claim 67, wherein the MEMS-based

light modulator comprises a light tap-based light modulator.

75. The direct-view display apparatus of claim 67, wherein the MEMS-based

light modulator comprises an electrowetting-based light modulator.

76. A direct-view display apparatus comprising:
a transparent substrate,
an array of pixels organized into rows and columns, wherein the rows are

divided into at least two sets of rows, each respective row in a set of rows
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being associated with a corresponding row in the other sets of rows,
collectively forming groups of rows, the array including for each pixel,
light modulator formed on the substrate and including a first actuator for
controlling the state of the light modulator; and

a control matrix connected to the substrate including:
for each group of associated rows, an electrical connection shared among
the pixels of the associated rows, thereby enabling the group of
associated rows to be actuated to an addressed state at substantially the

same time.

77. The direct-view display apparatus of claim 76, wherein the control matrix
comprises, for each column, a single write enable switch and single data store

capacitor per set of rows.

78. The direct-view display of claim 76, wherein the electrical connections
shared among the pixels of a particular group of associated rows enables the
particular group of associated rows to be actuated at a different times than

another group of associated rows.

79. The direct-view display apparatus of claim 76, compnsing, for each group
of associated rows, a second, distinct, electrical connection shared among the
pixels of the associated rows for providing an actuation voltage to the light

modulators in the pixels to reset the pixels to an initial state.

80. The direct-view display apparatus of claim 76, comprising a charge
interconnect electrically connected to pixels in multiple columns and multiple
sets of rows for providing an actuation voltage to the actuators in the pixels to

drive the light modulators in the pixels into an addressed state.

81. The direct-view display apparatus of claim 76, wherein the light modulator

comprises a MEMS-based light modulator.
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82. The direct-view display apparatus of claim 81, wherein the MEMS-based

light modulator comprises a shutter-based light modulator.

83. The direct-view display apparatus of claim 81, wherein the MEMS-based
light modulator comprises a light tap-based light modulator.

84. The direct-view display apparatus of claim 81, wherein the MEMS-based light

85.

86.

87.

88.

89.

90.

91.

modulator comprises an electrowetting-based light modulator.

A display apparatus comprising:

a transparent substrate,

an array of pixels including a plurality of MEMS light modulators
each corresponding to a pixel in the array, and

a control matrix formed on the transparent substrate and having, for
each pixel in the array, a set of switches connecting an energy source to a
MEMS light modulator of the respective pixel, the set of switches
comprising a first switch and a second switch directly connected in series.
The display apparatus of claim 85, wherein the first switch comprises a first
transistor and the second switch comprises a second transistor.
The display apparatus of claim 86, wherein the first and second transistors
share a common gate voltage.
The display apparatus of claim 86, wherein a gate of the first transistor is
substantially at a first voltage, a gate of the second transistor is substantially
at a second voltage, and the first and second voltages are different for at least .
one moment in time.
The display apparatus of claim 88, wherein the second voltage is
substantially equal to half of the first voltage while the first and second .
transistors are each in an off state.
The display apparatus of claim 88, comprising a cascode interconnect for
supplying the second voltage to the gate of the second transistor.
The display apparatus of claim 88, wherein the energy source is connected to
an actuation voltage interconnect for supplying an actuation voltage to the

MEMS light modulator of the respective pixel.
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92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

The display apparatus of claim 91, wherein the second voltage is
substantially equal to half of the actuation voltage while the first and second
transistors are each in an off state.
The display apparatus of claim 91, wherein the actuation voltage
interconnect is a global common interconnect for supplying the actuation
voltage to multiple pixels in the array.
The display apparatus of claim 85, wherein the respective pixel comprises a
first actuator for driving the MEMS light modulator of the respective pixel
into a first state.
The display apparatus of claim 94, comprising a second actuator for driving
the MEMS light modulator of the respective pixel into a second state.
The display apparatus of claim 95, comprising an actuation voltage
interconnect for supplying an actuation voltage to the second actuator.
The display apparatus of claim 95, wherein the second actuator is connected
to the energy source via at least one switch.
A display apparatus comprising:

a transparent substrate,

an array of pixels including a plurality of MEMS light modulators
each corresponding to a pixel in the array, and

a control matrix formed on the transparent substrate and having, for
each pixel in the array, a first switch and a second switch directly connected
in series and through which current flows from a MEMS light modulator of
the respective pixel to a current drain interconnect.
The display apparatus of claim 98, wherein the first switch comprises a first
transistor and the second switch comprises a second transistor.
The display apparatus of claim 99, wherein the first and second transistors
share a common gate voltage.
The display apparatus of claim 99, wherein a gate of the first transistor is
substantially at a first voltage, a gate of the second transistor is substantially
at a second voltage, and the first and second voltages are different for at least

one moment in time.
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102.

103.

104.

105.

106.

107.

108.

109.

110.

The display apparatus of claim 101, wherein the first voltage is substantially
equal to half of an actuation voltage supplied to the MEMS light modulator
of the respective pixel while the first and second transistors are each in an off
state.
The display apparatus of claim 101; comprising a data voltage interconnect
for supplying a data voltage to the respective pixel, wherein the data voltage
is applied to the gate of the second transistor.
The display apparatus of claim 101, comprising a cascode interconnect for
supplying the first voltage to the gate of the first transistor.
The display apparatus of claim 98, wherein the respective pixel comprises a
first actuator for driving the MEMS light modulator of the respective pixel
into a first state and the control matrix comprises a first actuation voltage
interconnect for supplying a first actuation voltage to the first actuator.
The display apparatus of claim 105, wherein the first actuation voltage
interconnect is a global common interconnect for supplying the actuation
voltage to multiple pixels in the array.
The display apparatus of claim 105, comprising a second actuator for driving
the MEMS light modulator of the respective pixel into a second state.
The display apparatus of claim 107, comprising a second actuation voltage
interconnect for supplying a second actuation voltage to the second actuator.
The display apparatus of claim 107, wherein the second actuator is connected
to the first actuation voltage interconnect via at least one switch.
A display apparatus, comprising;

a transparent substrate,

-an array of pixels including a plurality of light modulators each
corresponding to a pixel in the array, and

a control matrix formed on the transparent substrate and having, for
each pixel in the array,

a charging cascode connecting an energy source to a light
modulator of the respective pixel, and
a discharging cascode through which current flows from the

light modulator of the respective pixel to a current drain interconnect,
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111.

112.

113.

114.

115.

116.

117.

118.

119.

wherein the charging and discharging cascodes are connected to a common
interconnect.
The display apparatus of claim 110, wherein the charging cascode comprises
a first switch and a second switch directly connected in series and the
discharging cascode comprises a third switch and a fourth switch directly
connected in series.
The display apparatus of claim 111, wherein

the first switéh comprises a first transistor connecting the energy
source and the second switch,

the second switch comprises a second transistor connecting the first
switch and the light modulator of the respective pixel,

the third switch comprises a third transistor connecting the light
modaulator of the respective pixel and the fourth switch, and

the fourth switch comprises a fourth transistor connecting the third
switch and the current drain interconnect.
The display apparatus of claim 112, wherein a gate of the second transistor
énd a gate of the third transistor are connected to the common interconnect.
The display apparatus of claim 112, wherein the first and second transistors
are of a transistor type different from that of the third and fourth transistors.
The display apparatus of claim 114, wherein the first, second, third, and
fourth transistors are one of NMOS type or PMOS type.
The display apparatus of claim 110, wherein the control matrix comprises a
CMOS control matrix.
The display apparatus of claim 110, wherein the energy source is connected
to an actuation voltage interconnect for supplying an actuation voltage to the
light modulator of the respective pixel.
The display apparatus of claim 117, wherein the common interconnect is at a
voltage that is substantially half of the actuation voltage.
The display apparatus of claim 117, wherein the actuation voltage
interconnect is a global common interconnect for supplying the actuation

voltage to multiple pixels in the array.
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120.

121.

122.

123.

124.

The display apparatus of claim 110, wherein the plurality of light modulators
comprises a plurality of MEMS light modulators each corresponding to a '
pixel in the array.

The display apparatus of claim 120, wherein the respective pixel comprises a
first actuator for driving a MEMS light modulator of the respective pixel into
a first state.

The display apparatus of claim 121, comprising a second actuator for driving
the MEMS light modulator of the respective pixel into a second state.

The display apparatus of claim 122, comprising a second actuation voltage
interconnect for supplying a second actuation voltage to the second actuator.
The display apparatus of claim 122, wherein the second actuator is connected

to the first actuation voltage interconnect via at least one switch.
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FIG. 5C
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FIG. 11
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STORE CAPACITOR IS BETWEEN COMMON DRIVE SET GLOBAL
CHARGED, OTHERWISE INTERCONNECT AND ACTUATION
SHUTTERS REMAIN < SHUTTER COMMON < INTERCONNECT
CLOSED INTERCONNECT TO V(AT) TO GROUND
STEP 2493 STEP 2492

STEP 2494
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Figure 14
Case A - Charge Actuated

Capacitance
------ Voltage
''''''''' = Actuator Charge
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