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(57) Abstract: This disclosure provides systems, methods and apparatus for controlling pixels of a display apparatus. An apparatus
including aplurality of pixels can be controlled by a control matrix. The control matrix includes for each pixel afirst transistor that
has afirst threshold voltage and a second transistor that has a second threshold voltage. A single data interconnect provides a com-
mon data voltage to the first and second transistors to control the states of corresponding first and second light modulators.



WO 2014/182809 PCT/US2014/037140

DISPLAY APPARATUSINCORPORATINGVARYING THRESHOLD VOLTAGE
TRANSISTORS

RELATED APPLICATIONS

[0001] The present Application for Patent claims priority to U.S. Utility Application No.
13/891,995, entitled "DISPLAY APPARATUS INCORPORATING VARYING
THRESHOLD VOLTAGE TRANSISTORS," filed May 10, 2013, and assigned to the

assignee hereof and hereby expressly incorporated by reference herein.

TECHNICAL FIELD

[0002] This disclosure relates to the field of displays, and in particular, to circuits for
controlling the states of light modulators incorporated into displays.

DESCRIPTION OF THE RELATED TECHNOLOGY

[0003] Various display architectures have been proposed that include two or more light

modulators for each display pixel. Circuitry for controlling such display architectures can
quickly begin to take up an unacceptable amount of area on a substrate as separate control
lines and other circuit components are often used to convey actuation instructions to each

actuator.

[0004] In addition, to reduce power consumption in display circuits, it is desirable to enable
certain switches to change states in response to relatively small voltage variations. At the
same time, such circuits include other switches which preferably require greater voltage

swings to change states to ensure reliable operation.

SUMMARY

[0005] The systems, methods and devices of the disclosure each have several innovative
aspects, no single one of which is solely responsible for the desirable attributes disclosed

herein.

[0006] One innovative aspect of the subject matter described in this disclosure can be
implemented in an apparatus that includes an array of pixels and a control matrix coupled to
the array of pixels. Each pixel includes aplurality of light modulators. The control matrix
includes for each pixel afirst transistor and a second transistor. The first transistor has afirst

threshold voltage governing actuation of afirst light modulator of the plurality light



WO 2014/182809 PCT/US2014/037140

modulators in the pixel. The second transistor has a second threshold voltage, which is
different than the first threshold voltage, and governs actuation of a second light modulator of
the plurality light modulators in the pixel. The control matrix also includes asingle data
interconnect for each pixel that provides acommon data voltage to corresponding gates of
both the first and second transistors. In some implementations, the first and second light
modulators include electromechanical systems (EMYS) shutters which are configured to move

relative to separate apertures formed in alight blocking layer.

[0007] In some implementations, the application of a datavoltage greater than the first
threshold voltage and less than the second threshold voltage causes the actuation or discharge
of the first light modulator but not the second light modulator. 1n some implementations, the
application of adatavoltage greater than the first and second threshold voltages causes the

actuation or discharge of both the first and second light modulators.

[0008] In some implementations, for agiven pixel, the first transistor isincluded in afirst
sub-pixel circuit and the second transistor is included in a substantially identical second sub-
pixel circuit. In some such implementations the control matrix also includes an actuation
interconnect coupled to the first and second sub-pixel circuits. In some implementations, at
least one of the data interconnect and the actuation interconnect passes between the first and

second sub-pixel circuits.

[0009] In some implementations, the first transistor includes a gate formed at afirst metal
layer of the control matrix and the second transistor includes a gate formed a a second metal
layer of the control matrix other than the first metal layer. In some implementations, at least
one of the first and second transistors includes a dual-gate metal oxide transistor, and the
difference between the first threshold voltage and the second threshold voltage is based on a
voltage applied to one of the gates of the dual gate metal oxide transistor. 1n some other
implementations, the length to width ratio of achannel included in the first transistor is
substantialy different than alength to width ratio of a channel included in the second

transistor.

[0010] In some implementations, the apparatus also includes adisplay, aprocessor, and a
memory device. The display includes the array of pixels. The processor can be configured to
communicate with the display and to process image data. The memory device can be

configured to communicate with the processor. In some implementations, the apparatus also
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includes adriver circuit configured to send at least one signal to the display and a controller
configured to send at least aportion of the image datato the driver circuit. In some
implementations, the apparatus also includes an image source module configured to send the
image datato the processor. The image source module can include a least one of areceiver,
transceiver, and transmitter. In some other implementations, the apparatus includes an input

device configured to receive input data and to communicate the input datato the processor.

[0011] Another innovative aspect of the subject matter described in this disclosure can be
implemented in an apparatus that includes an array of display elements and a control matrix
coupled to the display elements. The control matrix includes for each display element, afirst
transistor having afirst threshold voltage governing application of an actuation voltage to the
display element and a second transistor having a second threshold voltage, lower than the

first threshold voltage, governing discharge of the actuation voltage from the display element.

[0012] In some implementations, the control matrix includes an actuation voltage
interconnect coupled to the drain and the gate of the first transistor. 1n some other
implementations, the control matrix includes for each display element a data storage
capacitor configured to store a data voltage received via a data interconnect for controlling

the state of the second transistor.

[0013] In some implementations, the first transistor includes a gate formed at afirst metal
layer of the control matrix and the second transistor includes a gate formed a a second metal
layer of the control matrix other than the first metal layer. In some other implementations, a
least one of the first and second transistors includes a dual-gate metal oxide transistor. In
some such implementations, the difference between the first threshold voltage and the second
threshold voltage is based on avoltage applied to one of the gates of the dual gate metal
oxidetransistor. In some implementations, the length to width ratio of a channel included in
the first transistor is substantialy different than alength to width ratio of achannel included

in the second transistor.

[0014] Another innovative aspect of the subject matter described in this disclosure can be
implemented in amethod of controlling a display apparatus pixel. The method includes
receiving afirst data signal having afirst magnitude at apixel circuit of adisplay apparatus.
The pixel circuit includes afirst transistor having afirst threshold voltage governing the state

of afirst display element and a second transistor having a second threshold voltage governing
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the state of a second display element. In some implementations, the second threshold voltage
is about twice the first threshold voltage. The method includes, in response to the first
magnitude exceeding the first threshold voltage, but not the second threshold voltage,
changing a state of the first display element and maintaining a state of the second display
element. A second data signal having a second magnitude is received at the pixel circuit. In
response to the second magnitude exceeding the second threshold voltage, the method
includes changing the states of the first and second display elements. In some
implementations, receiving the first and second data signals includes receiving the first and

second data signals on a single data interconnect.

[0015] In some implementations, the method also includes receiving at the first pixel an
actuation voltage. In such implementations, the magnitude of the received datavoltage
selectively governs the application or discharge of the actuation voltage to the first and
second display elements.

[0016] Details of one or more implementations of the subject matter described in this
specification are set forth in the accompanying drawings and the description below.
Although the examples provided in this summary are primarily described in terms of MEMS-
based displays, the concepts provided herein may apply to other types of displays, such as
liquid crystal displays (LCD), organic light emitting diode (OLED) displays, electrophoretic
displays, and field emission displays, aswell asto other non-display MEMS devices, such as
MEMS microphones, sensors, and optical switches. Other features, aspects, and advantages
will become apparent from the description, the drawings, and the claims. Note that the

relative dimensions of the following figures may not be drawn to scale.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Figure 1A shows a schematic diagram of an example direct-view

microelectromechanical systems (MEMS) based display apparatus.
[0018] Figure I1B shows ablock diagram of an example host device.
[0019] Figure 2 shows an example MEMS shutter assembly.

[0020] Figure 3A shows a schematic diagram of an example control matrix.
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[0021] Figure 3B shows aschematic diagram of an example pixel circuit suitable for

incorporation into the control matrix shown in Figure 3A.
[0022] Figure 4A shows a schematic diagram of another example pixel circuit.

[0023] Figure 4B shows aschematic diagram of another example control matrix suitable for

incorporating the pixel circuits shown in Figure 4A.
[0024] Figure 5A shows a schematic diagram of another example pixel circuit.

[0025] Figure 5B shows an example control matrix formed from an array of the pixel circuits

shown in Figure 5A.
[0026] Figures 6A-6C show various views of example transistor architectures.

[0027] Figure 7 shows aflow diagram of an example method 700 of controlling apixel of a
display apparatus

[0028] Figures 8 and 9 show system block diagrams of an example display device that
includes aplurality of display elements.

[0029] Like reference numbers and designations in the various drawings indicate like

elements.

DETAILED DESCRIPTION

[0030] The following description is directed to certain implementations for the purposes of
describing the innovative aspects of this disclosure. However, aperson having ordinary skill
in the art will readily recognize that the teachings herein can be applied in amultitude of
different ways. The described implementations may be implemented in any device,
apparatus, or system that can be configured to display an image, whether in motion (such as
video) or stationary (such as still images), and whether textual, graphical or pictorial. More
particularly, it is contemplated that the described implementations may be included in or
associated with avariety of electronic devices such as, but not limited to: mobile telephones,
multimedia Internet enabled cellular telephones, mobile television receivers, wireless devices,
smartphones, Bluetooth® devices, personal data assistants (PDAS), wireless electronic mail
receivers, hand-held or portable computers, netbooks, notebooks, smartbooks, tablets,

printers, copiers, scanners, facsimile devices, global positioning system (GPS)
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receivers/navigators, cameras, digital media players (such as MP3 players), camcorders,
game consoles, wrist watches, clocks, calculators, television monitors, flat panel displays,
electronic reading devices (such as e-readers), computer monitors, auto displays (including
odometer and speedometer displays, etc.), cockpit controls and/or displays, camera view
displays (such asthe display of arear view camera in avehicle), eectronic photographs,
electronic billboards or signs, projectors, architectural structures, microwaves, refrigerators,
stereo systems, cassette recorders or players, DVD players, CD players, VCRSs, radios,
portable memory chips, washers, dryers, washer/dryers, parking meters, packaging (such as
in electromechanical systems (EMS) applications including microelectromechanical systems
(MEMS) applications, aswell as non-EMS applications), aesthetic structures (such as display
of images on apiece of jewelry or clothing) and avariety of EMS devices. The teachings
herein also can beused in non-display applications such as, but not limited to, electronic
switching devices, radio frequency filters, sensors, accelerometers, gyroscopes, motion-
sensing devices, magnetometers, inertial components for consumer electronics, parts of
consumer electronics products, varactors, liquid crystal devices, electrophoretic devices,
drive schemes, manufacturing processes and electronic test equipment. Thus, the teachings
are not intended to be limited to the implementations depicted solely in the Figures, but
instead have wide applicability aswill bereadily apparent to one having ordinary skill in the

art.
[[NUTSHELL]]

[0031] In some implementations, display apparatus can be fabricated to include multiple
light modulators per display pixel. The states of each of the light modulators in a given pixel
can be controlled using a single common data interconnect and a common data signal by
providing transistors having different threshold voltages to control each of the respective light
modulators in the pixel. The common data signal is applied to the gates of such transistors,
and the number of light modulators in that pixel that actuate depends on the value of the data
voltage in comparison to the threshold voltages of the transistors associated with the

respective light modulators.

[0032] In some other implementations, acircuit for governing an individual light modulator
can include transistors having different threshold voltages. For example, atransistor

governing the application of arelatively higher actuation voltage can be configured to have a
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threshold voltage that is higher than atransistor controlled by arelatively lower, and more
frequently switched, datavoltage signal.

[[Advantages]]

[0033] Particular implementations of the subject matter described in this disclosure can be
implemented to realize one or more of the following potential advantages. By including
multiple light modulators in adisplay pixel, multiple grayscale states can be derived in a
single image sub-frame, reducing the number of image subframes needed to generate a given
grayscale value. Doing so can lead to lower power operation of adisplay because the
display's light source can operate a ahigher duty cycle, allowing for more energy efficient
illumination. It also reduces the number of data addressing cycles needed to form a given
image, further reducing power consumption. Moreover, the time saved by displaying fewer
image subframes can provides more time to employ various image artifact reduction

techniques.

[0034] By controlling the multiple light modulators in each pixel using acommon data
signal coupled to transistors having different threshold voltages, the number of interconnects
needed to control the light modulators can bereduced. This preserves valuable space on the
substrate for other circuitry, additional light modulators, or increased aperture ratios.

[0035] Controlling the application of an actuation voltage to one or more light modulators
with atransistor having ahigher threshold voltage than atransistor governed by adata signal
provides for more reliable, lower-power operation. More particularly, by using alower
threshold voltage transistor to respond to data voltages, lower voltage data signals can be
employed. As such signals can be switched several hundred times per image frame, reducing
this voltage swing can have asignificant impact on power savings. At the same time,
preserving a somewhat higher threshold voltage on the less frequently switched transistors

controlled by an actuation voltage ensures reliable switching of such transistors.

[0036] Figure 1A shows aschematic diagram of an example direct-view MEM S-based
display apparatus 100. The display apparatus 100 includes aplurality of light modulators
102a-102d (generally "light modulators 102") arranged in rows and columns. In the display
apparatus 100, the light modulators 102a and 102d are in the open state, allowing light to
pass. The 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
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apparatus 100 can be utilized to form an image 104 for abacklit display, if 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 alamp or

lamps positioned in the front of the display, i.e., by use of afront light.

[0037] In some implementations, each light modulator 102 corresponds to apixel 106 in the
image 104. In some other implementations, the display apparatus 100 may utilize a plurality
of light modulators to form apixel 106 inthe 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 aparticular pixel 106, the
display apparatus 100 can generate acolor 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
luminance level in an image 104. With respect to an image, a"pixel" corresponds to the
smallest picture element defined by the resolution of 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 asingle pixel of the

image.

[0038] The display apparatus 100 is a direct-view display inthat it may not include imaging
optics typically found in projection applications. In aprojection display, the image formed
on the surface of the display apparatus is projected onto ascreen or onto awall. The display
apparatus is substantially smaller than the projected image. In adirect view display, the user
sees the image by looking directly at the display apparatus, which contains the light
modulators and optionally abacklight or front light for enhancing brightness and/or contrast

seen on the display.

[0039] Direct-view displays may operate in either atransmissive or reflective mode. In a
transmissive display, the light modulators filter or selectively block light which originates
from alamp or lamps positioned behind the display. The light from the lamps is optionally
injected into alightguide or "backlight" so that each pixel can be uniformly illuminated.
Transmissive direct-view displays are often built onto transparent or glass substrates to
facilitate a sandwich assembly arrangement where one substrate, containing the light

modulators, is positioned directly ontop of the backlight.
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[0040] Each light modulator 102 can include a shutter 108 and an aperture 109. To
illuminate apixel 106 in the image 104, the shutter 108 is positioned such that it allows light
to pass through the aperture 109 towards aviewer. Tokeep apixel 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 areflective or light-absorbing material in
each light modulator 102.

[0041] The display apparatus also includes acontrol 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 (such asinterconnects 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 acommon voltage to all pixels, or a 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, vwe"), th€ 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 some other implementations, the data voltage pulses control switches, such
astransistors or other non-linear circuit elements that control the application of separate
actuation voltages, which aretypicaly 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.

[0042] Figure 1B shows ablock diagram of an example host device 120 (i.e., cell phone,
smart phone, PDA, MP3 player, tablet, e-reader, netbook, notebook, etc.). The host device
120 includes adisplay apparatus 128, ahost processor 122, environmental sensors 124, auser

input module 126, and apower source.

[0043] The display apparatus 128 includes aplurality of scan drivers 130 (also referred to as
"write enabling voltage sources'), aplurality of data drivers 132 (also referred to as "data
voltage sources'), acontroller 134, common drivers 138, lamps 140-146, lamp drivers 148

and an array 150 of display elements, such asthe light modulators 102 shown in Figure 1A.
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The scan drivers 130 apply write enabling voltages to scan-line interconnects 110. The data

drivers 132 apply data voltages to the data interconnects 112.

[0044] In some implementations of the display apparatus, the data drivers 132 are configured
to provide analog data voltages to the array 150 of display elements, especially where the
luminance level of the image 104 isto be derived in analog fashion. In analog operation, the
light modulators 102 are designed such that when arange of intermediate voltages is applied
through the data interconnects 112, there results arange of intermediate open states in the
shutters 108 and therefore arange of intermediate illumination states or luminance levels in
the image 104. In other cases, the data drivers 132 are configured to apply only areduced set
of 2, 3 or 4 digital voltage levels to the data interconnects 112. These voltage levels are
designed to set, in digital fashion, an open state, aclosed state, or other discrete state to each
of the shutters 108.

[0045] The scan drivers 130 and the data drivers 132 are connected to adigital controller
circuit 134 (also referred to asthe "controller 134"). The controller sends data to the data
drivers 132 in amostly serial fashion, organized in predetermined sequences grouped by rows
and by image frames. The data drivers 132 can include series to parallel data converters,

level shifting, and for some applications digital to analog voltage converters.

[0046] The display apparatus optionally includes a set of common drivers 138, also referred
to as common voltage sources. In some implementations, the common drivers 138 provide a
DC common potential to all display elements within the array 150 of display elements, for
instance by supplying voltage to a series of common interconnects 114. In some other
implementations, the common drivers 138, following commands from the controller 134,
issue voltage pulses or signals tothe array 150 of display elements, for instance global
actuation pulses which are capable of driving and/or initiating simultaneous actuation of all

display elements in multiple rows and columns of the array 150.

[0047] All of the drivers (such as scan drivers 130, data drivers 132 and common drivers
138) for different display functions are time-synchronized by the controller 134. Timing
commands from the controller coordinate the illumination of red, green and blue and white
lamps (140, 142, 144 and 146 respectively) via lamp drivers 148, the write-enabling and
sequencing of specific rows within the array 150 of display elements, the output of voltages

10
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from the data drivers 132, and the output of voltages that provide for display element

actuation. In some implementations, the lamps are light emitting diodes (LEDS).

[0048] The controller 134 determines the sequencing or addressing scheme by which each of
the shutters 108 can bere-set to the illumination levels appropriate to anew image 104. 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 (Hz). In
some implementations the setting of an image frame to the array 150 is synchronized with the
illumination of the lamps 140, 142, 144 and 146 such that alternate image frames are
illuminated with an aternating series of colors, such asred, green, and blue. The image
frames for each respective color isreferred to as acolor subframe. Inthis method, referred to
asthe field sequential color method, if the color subframes 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 abroad and continuous range of colors. In aternate
implementations, four or more lamps with primary colors can be employed in display

apparatus 100, employing primaries other than red, green, and blue.

[0049] In some implementations, where the display apparatus 100 is designed for the digital
switching of shutters 108 between open and closed states, the controller 134 forms an image
by the method of time division grayscale, as previously described. In some other
implementations, the display apparatus 100 can provide grayscale through the use of multiple
shutters 108 per pixel.

[0050] In some implementations, the data for an image state 104 is loaded by the controller
134 to the display element array 150 by a sequential addressing of individual rows, aso
referred to as scan lines. For each row or scan line in the sequence, the scan driver 130
applies awrite-enable voltage to the write enable interconnect 110 for that row of the array
150, and subsequently the data driver 132 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 inthe array 150. In some implementations, the sequence of selected rows
for data loading is linear, proceeding from top to bottom in the array 150. In some other
implementations, the sequence of selected rows is pseudo-randomized, in order to minimize
visual artifacts. And in some other implementations the sequencing is organized by blocks,
where, for ablock, the data for only acertain fraction of the image state 104 is loaded to the

array 150, for instance by addressing only every Sthrow of the array 150 in sequence.

11
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[0051] In some implementations, the process for loading image datato the array 150 is
separated in time from the process of actuating the display elements inthe array 150. Inthese
implementations, the display element array 150 may include data memory elements for each
display element inthe array 150 and the control matrix may include a global actuation
interconnect for carrying trigger signals, from common driver 138, to initiate simultaneous

actuation of shutters 108 according to data stored in the memory elements.

[0052] In alternative implementations, the array 150 of display €lements and the control
matrix that controls the display elements may be arranged in configurations other than
rectangular rows and columns. For example, the display elements 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 display elements that share a scan-line interconnect.

[0053] The host processor 122 generaly controls the operations of the host. For example,
the host processor 122 may be a general or special purpose processor for controlling a
portable eectronic device. With respect to the display apparatus 128, included within the
host device 120, the host processor 122 outputs image data aswell as additional data about
the host. Such information may include data from environmental sensors, such as ambient
light or temperature; information about the host, including, for example, an operating mode
of the host or the amount of power remaining in the host's power source; information about
the content of the image data; information about the type of image data; and/or instructions
for display apparatus for use in selecting an imaging mode.

[0054] The user input module 126 conveys the personal preferences of the user to the
controller 134, either directly, or viathe host processor 122. In some implementations, the
user input module 126 is controlled by software in which the user programs personal
preferences such as "deeper color,” "better contrast,” "lower power," "increased brightness,"

"sports," "live action," or "animation." In some other implementations, these preferences are
input to the host using hardware, such as aswitch or dial. The plurality of data inputs to the
controller 134 direct the controller to provide data to the various drivers 130, 132, 138 and

148 which correspond to optimal imaging characteristics.

[0055] An environmental sensor module 124 also can be included as part of the host device
120. The environmental sensor module 124 receives data about the ambient environment,

such astemperature and or ambient lighting conditions. The sensor module 124 can be

12
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programmed to distinguish whether the device is operating in an indoor or office environment
versus an outdoor environment in bright daylight versus an outdoor environment a nighttime.
The sensor module 124 communicates this information to the display controller 134, so that
the controller 134 can optimize the viewing conditions in response to the ambient

environment.

[0056] Figure 2 shows a perspective view of an example shutter-based light modulator 200.
The shutter-based light modulator 200 is suitable for incorporation into the direct-view
MEMS-based display apparatus 100 of Figure 1A. The light modulator 200 includes a
shutter 202 coupled to an actuator 204. The actuator 204 can be formed from two separate
compliant electrode beam actuators 205 (the "actuators 205"). The shutter 202 couples on
one side to the actuators 205. The actuators 205 move the shutter 202 transversely over a
surface 203 in aplane of motion which is substantially parallel to the surface 203. The
opposite side of the shutter 202 couples to a spring 207 which provides arestoring force
opposing the forces exerted by the actuator 204.

[0057] 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
surface 203 includes one or more aperture holes 211 for admitting the passage of light. 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.

[0058] If the substrate is opagque, such as silicon, then aperture holes 211 are formed in the
substrate by etching an array of holes through the substrate 204. If the substrate 204 is
transparent, such as glass or plastic, then the aperture holes 211 are formed in alayer of light-
blocking material deposited on the substrate 203. The aperture holes 211 can be generaly
circular, eliptical, polygonal, serpentine, or irregular in shape.

[0059] Each actuator 205 also includes a compliant drive beam 216 positioned adjacent to
each load beam 206. The drive beams 216 couple a one end to a drive 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.
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[0060] In operation, adisplay 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 between
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 toward the drive anchor 218. The compliant members 206 act as springs, such
that when the voltage across the beams 206 and 216 potentia is removed, the load beams 206
push the shutter 202 back into its initial position, releasing the stress stored in the load beams
206.

[0061] A light modulator, such asthe light modulator 200, incorporates a passive restoring
force, such as a spring, for returning a shutter to its rest position after voltages have been
removed. Other shutter assemblies can incorporate a dual set of "open" and "closed"
actuators and a separate set of "open" and "closed" electrodes for moving the shutter into

either an open or aclosed state.

[0062] Figure 3A shows aschematic diagram of an example control matrix 300. Asused
herein, acontrol matrix refers to the set of circuitry incorporated into a display used to
address and drive the pixels 302 of the display. In general, the control matrix 300 includes
components that are shared by multiple pixels 302 and components that are dedicated to each
pixel 302. The collection of components dedicated to apixel isreferred to herein as apixel
circuit. Figure 3B shows a schematic diagram of an example pixel circuit 350 suitable for
incorporation into the control matrix 300 shown in Figure 3A. In some implementations, the
control matrix can be fabricated to include various types of thin-film transistors (TFTs),
including amorphous-silicon (a-Si), low-temperature poly-silicon (LTPS), indium gallium

zinc oxide (IGZO) (or other conductive oxide) TFTs.

[0063] More particularly, the control matrix 300 includes scan-line interconnects 304, data
interconnects 306, an actuation interconnect 308, a global update interconnect 310, global
discharge interconnects 312, and areference voltage interconnect 314. In some
implementations, each scan line interconnect 304 is shared by all the pixels 302 of agiven
row and each data interconnect is shared by every pixel 302 in a given column of the display.
The global update interconnect 310, the global discharge interconnect 312, and the reference

voltage interconnect 314 are coupled to pixels 302 in multiple rows and multiple columns of

14



WO 2014/182809 PCT/US2014/037140

the display. In some implementations, the global update interconnect 310, the global
discharge interconnect 312, and the reference voltage interconnect 314 are coupled to al of

the pixels 302 in the display.

[0064] In some implementations, to reduce the capacitances of various interconnects, the
control matrix 300 can bebroken down in two regions, for example, display quadrants. In
such implementations, each scan line interconnect 304 may be coupled to all pixels 302 in a
row in its corresponding region. Similarly, each data interconnect 306 may couple to all of
the pixels in agiven column in the region. The operation and function of each of the above

interconnects is described below in relation to the discussion of the pixel circuit 350.

[0065] Referring to Figures 3A and 3B, the pixel circuit 350 is configured for controlling

two light modulators 320a and 320b per pixel. The pixel circuit 350 includes awrite-
enabling transistor 322, a data storage capacitor 324, aglobal update transistor 326, two
global discharge transistors 328, and two actuation transistors: afirst actuation transistor 330a
and a second actuation transistor 330b. Figure 3B also shows the scan-line interconnect 304,
data interconnect 306, actuation interconnect 308, global update interconnect 310, global
discharge interconnect 312, and the reference voltage interconnect 314 shown in Figure 3A to

illustrate how these shared interconnects couple to the components of the pixel circuit 350.

[0066] The pixel circuit 350 is configured to receive and respond to a data voltage applied to
the data interconnect 306 and stored on the data storage capacitor 324. The data voltage
stored on the data capacitor 324 can be one of three possible voltages, such as 0V, Vx, and
Yy, with Vx being lessthan Yy. In some implementations, Yy may be greater than or equal
to about twice the value of Vx. For example, Vx may bevoltage in the range of about 1.5V
to about 3V and Yy may be avoltage from about 3V to about 6V. Inresponse to a data
voltage of about OV, neither light modulator 320a or 320b actuates. In response to a data
voltage of about Vx, the light modulator 320a actuates, but the other light modulator 320b
does not. In response a datavoltage of about Yy, both light modulators 320a and 320b

actuate.

[0067] In more detail, the scan-interconnect 304, the write-enabling transistor 322, the data
storage capacitor 324 and the data interconnect 306 are together configured to store a data
voltage on the pixel circuit 350. The scan-line interconnect 304 couples to the gate of the

write-enabling transistor 322. The drain of the write-enabling transistor 322 couples to the
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data interconnect 306, and the source of the write-enabling transistor 322 couples to the data
storage capacitor 324. In operation, adisplay loads data into its pixels one row & atime. To
do so, a scan driver (such asthe scan driver 130 shown in Figure 1B) raises the voltage on the
scan-line interconnect 304 corresponding to agiven row to awrite-enabling voltage V.,
which exceeds the threshold voltage of the write-enabling transistor 322. This turns ON the
write-enabling transistors 322 of all pixels 302 in agiven row. While the write-enabling
transistor 322 is ON, adatavoltage is applied to each data interconnect 306. At agiven pixel
circuit 350, the data voltage on the data interconnect 306 coupled to the pixel circuit 350
causes acurrent to flow through the write-enabling transistor 322 until the data storage
capacitor 324 is brought up to about the datavoltage. The voltage on the scan-line
interconnect 304 isthen brought low again, isolating the charge, and thus substantially

maintaining the voltage, on the data storage capacitor 324.

[0068] The global update transistor 326 and the actuation transistors 330a and 330b are
configured to respond to the data voltage stored on the data storage capacitor 324. More
particularly, the gate of the global update transistor 326 is coupled to the global update
interconnect 310, with its drain coupled to the gates of the actuation transistors 330a and
330Db, and its source coupled to data storage capacitor 324. The sources of the actuation
transistors 330a and 330b are coupled to the actuation interconnect 308. Their respective
drains are coupled to the light modulators 320a and 320b. The actuation transistors 330a and
330b are configured to have different threshold voltages. For example, similar to as
described above, the first actuation transistor 330a can be configured to have athreshold
voltage of about Vx, while the second actuation transistor 330b can be configured to have a
threshold voltage of about Vy. Accordingly, as described above, depending on the voltage
stored on the data capacitor 324, one, none, or both of the actuation transistors 330a and 330b
will turn ON.

[0069] The global discharge transistors 328 are configured to drain an actuation voltage that
may have been applied to the light modulators 320a and 320b. Accordingly, the source of
each of the global discharge transistors 328 is coupled to a corresponding light modulator
320a or 320b, their drains are coupled to the reference voltage interconnect 314, and their
gates are coupled to the global discharge interconnect 312. Upon application of an
appropriate voltage to the global discharge interconnect 312, the global discharge transistors
328 areturned ON. This causes current to flow through the global discharge transistors 328
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until the voltages on the light modulators 320a and 320b are brought to the voltage of the
reference voltage interconnect 314, for example, ground or a negative voltage. In some
implementations, the reference voltage may beaslow as  -20V or potentially even lower.
Upon the reduction of the voltages across the light modulators 320a and/or 320D, the light
modulators are able to return, if necessary, totheir inactive, or unactuated state, for example,

by passive return springs 319a and 319b.

[0070] Inresponse to either the first or second actuation transistors 330a or 330b turning
ON, their corresponding light modulators 320a and/or 320b will be exposed to the actuation
voltage applied to the actuation interconnect 308. The application of the actuation voltage
causes the light modulator(s) to change state into an active state. In some implementations,
the active state can be abright state. For example, for displays incorporating shutter-based
light modulators, the actuation voltage can move a shutter into a position in which it no
longer obstructs the passage of light through an aperture. For displays incorporating
reflective light modulators, the application of the actuation voltage can place the light
modulator into areflective state. 1n some other implementations, the active state can be a

dark (for example, light obstructing or light absorbing) state.

[0071] Upon application of avoltage to the global update transistor 326, the data voltage is
transferred to the gates of both of the actuation transistors 330a and 330b. The actuation
transistors 330a and 330b are configured to have different threshold voltages. Specificaly,
the actuation transistor 330a is configured to have athreshold voltage of about Vx, and the
actuation transistor 330b is configured to have athreshold voltage of about Vy. Asaresult, if
the voltage stored on the data storage capacitor 324 is 0, both actuation transistors 330a and
330b remain OFF. If the datavoltage stored on the data storage capacitor 324 is greater than
or equal to about Vx but less than about Vy, the actuation transistor 330a switches ON, but
the actuation transistor 330b remains OFF. If the data voltage stored on the data storage
capacitor 324 is greater than or equal to about Vy, both actuation transistors 330a and 330b
turn ON.

[0072] A constant actuation voltage is applied to the actuation interconnect 308, which is
coupled to the sources of the actuation transistors 330a and 330b. Thus, if either or both of
the actuation transistors 330a or 330b are turned ON, an actuator included a light modulator
302a or 302b coupled to the corresponding actuation transistor(s) 330a or 330a and 330b
actuates, placing the light modulator(s) 302a or 302a and 302b into the active state. The
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light modulator(s) then remain in that state until the global discharge transistors 310 are
turned ON, discharging any voltage stored on the light modulators 302a and 302b, and
returning the light modulator(s) to the inactive state.

[0073] In some other implementations, the pixel circuit 350 can be modified to allow for the
incorporation of polarity reversals into the addressing process. For example, in some
implementations, the drains of the global discharge transistors 328 are coupled to ground. In
such implementations, the voltage applied to the reference voltage interconnect 314 isvaried
between ground and the actuation voltage, frame-by-frame, or a& some other interval. In
addition, when the modified pixel circuit is operating with the reference voltage set to the
actuation voltage, the data voltage associated with each light modulator states is inverted with
respect to the data voltages used when the reference voltage is set to ground. For example, in
some implementations, when the reference voltage is set to ground, a high data voltage
results in alight modulator achieving afirst state and a low voltage results in the light
modulator achieving a second state. When the reference voltage is set to the actuation
voltage, the high voltage results in the light modulator achieving the second state and the low
voltage results in the light modulator achieving the first state. Such apolarity reversal

scheme helps reduce charge building up on the actuators included in the pixel.

[0074] Figure 4A shows aschematic diagram of another example pixel circuit 500. The
pixel circuit 500 includes a scan line interconnect 502, a data interconnect 505, awrite-
enabling transistor 504, a data storage capacitor 506, acharge transistor 508, and actuation
voltage interconnect 510, a discharge transistor 512, a common shutter interconnect 513 and

aglobal actuation interconnect 514.

[0075] Inbrief overview, the pixel circuit 500 is addressed by avoltage being applied to the
scan-line interconnect 502 and a data voltage being applied to the data interconnect 505. The
data voltage passes through the write-enabling transistor 504 and is stored on the data storage
capacitor 506. To actuate alight modulator 516 coupled to the pixel circuit 500, an actuation
voltage is applied to the actuation voltage interconnect 510, which turns on the charge
transistor 508, storing an actuation voltage on the light modulator 516. When avoltage on
the global actuation interconnect 514 is dropped, the discharge transistor 512 is able to
respond to the data voltage stored on the data storage capacitor 506, thereby selectively
discharging the voltage stored on the light modulator 516, and allowing the light modulator

516 to change states. The common shutter interconnect 513 merely servesto provide a
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reference voltage for the data storage capacitor 506 and an actuator incorporated into the light
modulator 516.

[0076] Figure 4B shows a schematic diagram of another example control matrix 550 suitable
for incorporating the pixel circuit 500 shown in Figure 4A. The control matrix 550 is
coupled to array of pixels 501, each of which includes alight modulator 503. The state of
each pixel 501 is governed by apixel circuit having the architecture shown in Figure 4A.

The pixels 501 controlled by the control matrix 550 are arranged in rows and columns. The
pixels 501 in agiven row share a scan-line interconnect 502 and pixels 501 in a given column
share a data interconnect 505. Pixels 501 in multiple rows and multiple columns may share a
single actuation voltage interconnect 510, the common shutter interconnect 513, and asingle

global actuation interconnect 514.

[0077] Referring to both Figures 4A and 4B, in operation, the control matrix 550 is
addressed one row a atime. Assuch, for atypical display that includes hundreds of rows of
pixels 501, the voltage on the data interconnect 505 may need be switched hundreds of times
per image frame (or many times that number for displays that present multiple subframes per
image frame to implement atime division grayscale image formation process). To reduce
power consumption, it is desirable to require arelatively small voltage swing on the data
interconnect 505 to control the discharge transistor 512. Thus, it is desirable for the
discharge transistor 512 to have arelatively low threshold voltage, making it responsive to

smaller voltage swings.

[0078] In contrast, the actuation voltage may be applied via the actuation voltage
interconnect 510 simultaneously to all light modulators 516, and thus may only need to be
switched a most once per image frame (or subframe). In addition, as the charge transistor
508 istriggered by the voltage on the actuation voltage interconnect 510, which is
substantially higher than the data voltage used to address the pixel, it is feasible for the
charge transistor 508 to have ahigher threshold voltage, providing increased reliability in
switching, while only incrementally increasing the power consumption of the display.
Accordingly, in some implementations, the charge transistor 508 may have athreshold

voltage of about 5V whereas the data voltage may have athreshold voltage of about 3V .
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[0079] The pixel circuit 500 can beused as abuilding block to form amulti-sub-pixel pixel
circuit similar to the pixel circuit 350 shown in Figure 3B. An example of such a multi-sub-

pixel pixel circuit is shown in Figure 5A.

[0080] Figure 5A shows aschematic diagram of another example pixel circuit 600. Figure
5B shows an example control matrix 650 formed from an array of the pixel circuits 600
shown in Figure 5A. The pixel circuit 600 include four sub-pixels 602a-602d (each
generally a"sub-pixel 602"). Assuch, each pixel circuit 600 can cause the pixel it controls to
switch to one of five different states in any given image frame (or subframe). That is, the

pixel can either have 0, 1, 2, 3, 4 shutters open in any given image frame (or subframe).

[0081] Each sub-pixel 602 includes a sub-pixel circuit substantially similar to the pixel
circuit 500 shown in Figure 4A. Each of the sub-pixel circuits couplesto a shared data
interconnect 505 and shared scan-line interconnect 502. As shown in Figure 5B, the data
interconnect 505 passes through the middle of each pixel circuit 500 in acolumn of a display,
and thus is shared by al pixels and sub-pixels 602 in the column. The shared scan-line
interconnect 502 likewise passes through the center of each pixel circuit 500 in arow of a

display, and thus is shared by all pixels and sub-pixels 602 in a given row of adisplay.

[0082] <till referring to Figures 5A and 5B, the pixel circuit 600 also includes an actuation
voltage interconnect 510, a global update interconnect 514, and a shutter common
interconnect 513. Each of these interconnects can be shared by sub-pixels 602 in pixels in
multiple rows and multiple columns, or , in some implementations, all pixels, of the display.
Asshown inthe pixel circuit 600 and in the control matrix 650, the actuation voltage
interconnect 510 passes through the center of each pixel along a given row. With this
configuration, all of the sub-pixel circuits in the pixel circuit 600 couple to the same actuation
voltage interconnect 510. In contrast, the global update interconnect 514 and the shutter
common interconnect 513 stretch across the display between pixels, parallel to the scan-line
interconnects 502. As such, these interconnects 513 and 514 couple to sub-pixels 602 in

adjacent rows.

[0083] Asindicated above, each sub-pixel circuit is substantially similar to the pixel circuit
500 shown in Figure 4A. That is, the sub-pixel circuits includes respective write-enabling
transistors 604a-604d, data storage capacitor 606a-606d, charge transistors 608a-608d,
discharge transistors 612a-612d, and light modulators 616a-616d. These components are
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interconnected and connected to the scan-line interconnect 502, the data interconnect 505, the
actuation voltage interconnect 510, the global update interconnect 514, and the common
shutter interconnect 513 in asimilar fashion as shown with respect to the corresponding
components in the pixel circuit 500 of Figure 4A. In some other implementations, the sub-
pixel circuits of agiven pixel may share acommon write enabling transistor 604 and a

common data storage capacitor 606.

[0084] The components, other than the discharge transistors 612a-612d, are substantially
identical in each sub-pixel The discharge transistors 612a-612d vary with respect to their
threshold voltages. Each discharge transistor 612a-612d, however, can have adifferent
threshold voltage such that a single data voltage can selectively control how many of the light
modulators coupled to the pixel circuit 600 will change states for any given image frame (or
subframe). To illustrate the operation of the pixel circuit 600, an example is described below
in detail. Note that the values of the threshold voltages of various transistors provided below

may be different in other implementations.

[0085] Inthe current example, the discharge transistor 612a in afirst sub-pixel 602ahas a
threshold voltage of about 1.5V; the discharge transistor 612b in a second sub-pixel 602b has
athreshold voltage of about 3.0V; the discharge transistor 612c in athird sub-pixel 602c has
athreshold voltage of about 4.5V; and the discharge transistor 612d in the fourth sub-pixel
602d has athreshold voltage of about 6.0V. In such aconfiguration, a data voltage stored on
the data storage capacitors 606a-606d of about 3.0V will (after application of a global
actuation voltage to the global actuation interconnect 514) turn the discharge transistors 612a
and 612b in the first and second sub-pixels 602a and 602b ON, thereby releasing the voltage
stored on the light modulators 616a and 616b. As aresult, the light modulators 616a and
616b will return to their unactuated states. The light modulators 616¢ and 616d will retain
the voltages stored on them, and remain in an actuated state. Similarly, if avoltage of about
4.5V were stored on the data storage capacitors 606a-606d, the discharge transistors 612a-
612c in sub-pixels 602a-602c would turn ON, allowing the light modulators 616a-616¢ to
de-actuate. Storing avoltage on the data storage capacitors 606a-606d greater than or equal
to 6.0V would cause al of the light modulators 616a-616d to de-actuate.

[0086] While the above example assumes anomina 1.5V difference between discharge
transistor 612a-612d threshold voltages, aperson of ordinary skill in the art would appreciate

that the threshold voltages could belarger or smaller depending on various factors, such as
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the precision of the data drivers and the reliability of the thin-film fabrication processes used
to fabricate the various transistors in the pixel circuit. Similarly, aperson of ordinary skill
would appreciate that similar pixel circuits could be created having fewer than four or more
than four sub-pixels, depending on, for example, the minimum feature size limitations of the
fabrication process used to manufacture adisplay including the pixel circuits and the desired
resolution of the display.

[0087] In addition, aperson of ordinary skill in the art would appreciate that the sub-pixel
circuits shown in Figure 5A arejust examples of awide variety of sub-pixel circuits that can
incorporate transistors having varying threshold voltages. In some other implementations,
sub-pixel circuits can include additional circuitry for controlling a second actuator
incorporated into each light modulator 516 or 616 for moving the shutter in a second
direction.

[0088] In some such implementations, each sub-pixel circuit can be substantialy identical to
that shown in Figure 5A, except for the addition of a second, unswitched (other than a a
voltage source) actuation interconnect, which is shared by the sub-pixels in pixels in multiple
rows and multiple columns of adisplay. In such implementations, a second actuation voltage
can be applied to the unswitched actuation interconnect after the voltage is lowered on the
global update interconnect 514, which, as described above alows the selective discharge of
an initial actuation voltage stored on the light modulators 616 based on the data voltage
stored on their respective data storage capacitors 606. The second actuation voltage, when
applied to the second actuator, actively moves all light modulators from which the initia

actuation voltage was discharged into a second state.

[0089] In some other implementations, the sub-pixel circuits can include more complex
latches or other cross-coupled circuitry for controlling the state of each light modulator 616.
In such implementations, similar to the sub-pixel circuits shown in Figure 5A, the state of the
latch or cross-coupled circuitry in each sub-pixel circuit of agiven pixel can be governed by

transistor having adifferent threshold voltage.

[0090] Referring specifically to Figure 5B, the control matrix 650 shows four pixels 601 of a
display apparatus. Asaperson of ordinary skill would readily appreciate, an actual display
apparatus would include hundreds to millions of pixels 601. As set forth above, each pixel
601 includes the pixel circuit 600 shown in Figure 5A. Accordingly, each pixel includes four
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sub-pixels 602a-602d. Data interconnects 505 pass through the middle of pixels 601 in each
column of pixels 601. Two sub-pixels 602 of each pixel 601 are located on either side of
each data interconnect. Similarly, scan-line interconnects 502 and actuation interconnects
510 pass through the middle of pixels 601 in each row of pixels 601, with sub-pixels 601 of

each pixel on either side of each scan-line interconnect 502.

[0091] Figures 6A-6C show various views of example transistor architectures. In particular,
the transistor architectures shown in Figures 6A-6C are suited for providing different
threshold voltages for different transistors in a given pixel circuit. The threshold voltages of
the transistors shown in Figure 6A vary based on the length to width ratio of the channels
incorporated into the transistor. The threshold voltages of the transistors shown in Figure 6B
vary based on the distance provided between the respective gates and channels of the
transistors shown in the Figure. The transistor shown in Figure 6C is a dual-gate transistor.
The threshold voltage of the dual-gate transistor depends on the bias voltage applied to one of

its two gates.

[0092] Referring back to Figure 6A, Figure 6A shows two transistors 700a and 700b having
substantially different channel dimensions. Specifically, each transistor includes a channel
702, asource 704, adrain 706, and a gate (not shown). The threshold voltage of atransistor
isbased in part on the length to width ratio of its channel. In general, transistors having a
lower length to width ratio tend to have higher threshold voltages, whereas transistors having
ahigher length to width ratio tend to have lower threshold voltages. For example, the
channel 702 of the transistor 700a has a substantially greater length to width (L1:W1) ratio
than the length towidth (L2:W2) ratio of the channel 702 of the transistor 700b.
Accordingly, all other things being equal, the threshold voltage of the transistor 700a would
be lower than the threshold voltage of the transistor 700b. In this fashion, apixel circuit can
provide different threshold voltage transistors by forming its transistors to have channels

having different relative dimensions.

[0093] Figure 6B shows another example technique for providing transistors with different
threshold voltages. Another factor in the threshold voltage of atransistor isthe distance
between its gate and its channel. Figure 6B shows five transistors 710a-710 (each generally
a"transistor 710"). Each transistor 710 includes agate 712, achannel 714, a source 716, and
adrain 718. The distances between the gates 712 and channels 714 of the transistors 710a,
710b, and 710c, are different resulting in transistors having different threshold voltages.
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More particularly, the transistor 710ais abottom gate transistor, with a gate 712 separated
from its channel 714 by afirst distance, d,, corresponding to the thickness of an intervening

dielectric layer (not shown).

[0094] Thetransistors 710b and 710c aretop gate transistors. In the transistor 710b, the gate
712 is formed from the same layer of metal asthe source 716 and the drain 718 of the
transistor 710b, referred to asthe M2 or second metal layer. The gate 712 of the transistor
710b is separated from the channel 714 by a distance, d2, corresponding to the thickness of a
second dielectric layer (not shown). Intransistors formed with metal oxide channels, the
thickness of the dielectric between the channel 714 and the layer of metal that forms the
source 716 and drain 718 of the transistor istypically greater than the thickness of the
dielectric layer below the channel 714. That is, d2would typically be greater than di. Asa
result, all other things being equal, the threshold voltage of the transistor 710awould be less
than the threshold voltage of the transistor 710b.

[0095] Thetransistor 710c introduces an even greater distance, d;, between its gate 712 and
its channel 714. Specifically, the transistor 710c includes a gate 712 formed in ameta layer
deposited above the metal layer including the source 716 and drain 718, i.e., above the
second metal layer. Thisthird metal layer, referred to as the M 3 layer, is separated from the
second metal layer M2 by yet another layer of dielectric material (not shown). Thus, the
distance ds;, in some implementations, is equal the sum of the thicknesses of the two
intervening layers of dielectric material and the thickness of the second metal layer.
Accordingly, the transistor 710c has athreshold voltage that is greater than the threshold
voltage of the transistor 710b.

[0096] The transistors 710d and 710e are aternative implementations of the transistors 710b
and 710c. Thetransistors 710d and 710e each include additional gate material 720 in the first
metal layer, referred to asthe M| layer. The additional gate material 720 is located below the
channel 714, in positions below the source 716 and drain 718 of the transistors 710d and
710e, substantially spanning a least the distance between where the source 716 or drain 718
contacts the channel 714 and the edge of the source 716 or drain 718 closest to the gate 712.
This additional gate material 720 is electrically tied to the gate 712 and counters any
shielding effect the source 716 or drain 718 may have on the channel with respect to a
voltage applied to the gate 712.
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[0097] In some implementations, the transistors 710a-710e include conductive oxide (such

as indium gallium zinc oxide (1GZ0O)) or low-temperature polysilicon (LTPS) channels.

[0098] Figure 6C shows a dual-gate transistor 750 which may be used to provide varying
threshold voltages in apixel circuit. The dual-gate transistor 750 includes two independently
controlled gates 752 and 754, |located above and below its channel 756. By adjusting the
voltages applied to one of the gates 752 or 754, the voltage needed to be applied to the other
of the gates 752 or 754 to turn on the transistor 250 can beraised or lowered. For example,
applying apositive voltage to the one the gates 752 or 754 reduces the voltage needed to be
applied to the other of the gates 752 or 754 to turn ON the transistor 750. Applying a
negative voltage to the gates 752 or 754 increases the voltage needed to be applied to the
other of the gates 752 or 754 to turn ON the transistor 750.

[0099] In some implementations, the channel 756 of the transistor 750 can be formed from
an metal oxide, such as1GZO.

[0100] Figure 7 shows aflow diagram of an example method 700 of controlling apixel of a
display apparatus. The method can be used, for example, to control apixel, such asthe pixel
302 shown in Figure 3A or the pixel 601 shown in Figure 5B, having pixel circuits similar to
the pixel circuit 350 shown in Figure 3B or the pixel circuit 600 shown in Figure 5A. The
method 700 includes receiving afirst data signal having afirst magnitude a apixel circuit of
adisplay apparatus (stage 702). In some implementations, the pixel circuit includes a first
transistor having afirst threshold voltage governing the state of afirst display element and a
second transistor having a second threshold voltage governing the state of a second display
element. In response to the first magnitude exceeding the first threshold voltage, but not the
second threshold voltage, the method 700 includes changing a state of the first display
element and maintaining a state of the second display element (stage 704). The method
further includes receiving a second data signal having a second magnitude & the pixel circuit
(stage 706). In response to the second magnitude exceeding the second threshold voltage, the
method 700 includes changing the states of the first and second display elements (stage 708).
In some implementations, the second threshold voltage is about twice the first threshold
voltage. Asdescribed above in relation to the operation of the pixel circuits 350 and 600, the
data signal and the first and second transistors, in some implementations, can govern the state
of the first and second display elements by selectively applying or discharging an actuation

voltage to or from the first and second display elements.
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[0101] Figures 8 and 9 show system block diagrams of an example display device 40 that

includes aplurality of display elements. The display device 40 can be, for example, asmart
phone, acellular or mobile telephone. However, the same components of the display device
40 or dlight variations thereof are aso illustrative of various types of display devices such as

televisions, computers, tablets, e-readers, hand-held devices and portable media devices.

[0102] The display device 40 includes ahousing 41, adisplay 30, an antenna 43, a speaker
45, an input device 48 and amicrophone 46. The housing 4 1 can be formed from any of a
variety of manufacturing processes, including injection molding, and vacuum forming. In
addition, the housing 41 may be made from any of avariety of materias, including, but not
limited to: plastic, metal, glass, rubber and ceramic, or acombination thereof. The housing
41 can include removable portions (not shown) that may be interchanged with other

removable portions of different color, or containing different logos, pictures, or symbols.

[0103] The display 30 may be any of avariety of displays, including abi-stable or analog
display, as described herein. The display 30 also can be configured to include aflat-panel
display, such as plasma, electroluminescent (EL) displays, OLED, super twisted nematic
(STN) display, LCD, or thin-film transistor (TFT) LCD, or anon-flat-panel display, such as a
cathode ray tube (CRT) or other tube device. In addition, the display 30 can include a
mechanical light modulator-based display, as described herein.

[0104] The components of the display device 40 are schematically illustrated in Figure 8.
The display device 40 includes ahousing 4 1 and can include additional components at least
partially enclosed therein. For example, the display device 40 includes anetwork interface
27 that includes an antenna 43 which can be coupled to atransceiver 47. The network
interface 27 may be a source for image data that could be displayed on the display device 40.
Accordingly, the network interface 27 is one example of an image source module, but the
processor 21 and the input device 48 also may serve as an image source module. The
transceiver 47 is connected to aprocessor 21, which is connected to conditioning hardware
52. The conditioning hardware 52 may be configured to condition asignal (such as filter or
otherwise manipulate asignal). The conditioning hardware 52 can be connected to a speaker
45 and amicrophone 46. The processor 21 also can be connected to an input device 48 and a
driver controller 29. The driver controller 29 can be coupled to a frame buffer 28, and to an
array driver 22, which in turn can be coupled to adisplay array 30. One or more elements in

the display device 40, including elements not specifically depicted in Figure 8, can be
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configured to function as amemory device and be configured to communicate with the
processor 21. In some implementations, apower supply 50 can provide power to

substantially all components in the particular display device 40 design.

[0105] The network interface 27 includes the antenna 43 and the transceiver 47 so that the
display device 40 can communicate with one or more devices over anetwork. The network
interface 27 also may have some processing capabilities to relieve, for example, data
processing requirements of the processor 21. The antenna 43 can transmit and receive
signals. In some implementations, the antenna 43 transmits and receives RF signals
according tothe IEEE 16. 11 standard, including IEEE 16. 11(a), (b), or (g), or the IEEE

802. 11 standard, including |EEE 802. 11a, b, g, n, and further implementations thereof. In
some other implementations, the antenna 43 transmits and receives RF signals according to
the Bluetooth® standard. In the case of acellular telephone, the antenna 43 can be designed
to receive code division multiple access (CDMA), frequency division multiple access
(FDMA), time division multiple access (TDMA), Global System for Mobile communications
(GSM), GSM/Genera Packet Radio Service (GPRS), Enhanced Data GSM Environment
(EDGE), Terrestrial Trunked Radio (TETRA), Wideband-CDMA (W-CDMA), Evolution
Data Optimized (EV-DO), IXEV-DO, EV-DO Rev A, EV-DO Rev B, High Speed Packet
Access (HSPA), High Speed Downlink Packet Access (HSDPA), High Speed Uplink Packet
Access (HSUPA), Evolved High Speed Packet Access (HSPA+), Long Term Evolution
(LTE), AMPS, or other known signals that are used to communicate within awireless
network, such as a system utilizing 3G, 4G or 5G technology. The transceiver 47 can pre-
process the signals received from the antenna 43 so that they may be received by and further
manipulated by the processor 21. The transceiver 47 also can process signals received from
the processor 21 so that they may be transmitted from the display device 40 via the antenna
43.

[0106] In some implementations, the transceiver 47 can be replaced by areceiver. In
addition, in some implementations, the network interface 27 can be replaced by an image
source, which can store or generate image datato be sent to the processor 21. The processor
21 can control the overall operation of the display device 40. The processor 2 1receives data,
such as compressed image data from the network interface 27 or an image source, and
processes the data into raw image data or into aformat that can bereadily processed into raw

image data. The processor 21 can send the processed datato the driver controller 29 or to the
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frame buffer 28 for storage. Raw datatypicaly refers to the information that identifies the
image characteristics at each location within an image. For example, such image

characteristics can include color, saturation and gray-scale level.

[0107] The processor 21 can include amicrocontroller, CPU, or logic unit to control
operation of the display device 40. The conditioning hardware 52 may include amplifiers and
filters for transmitting signals to the speaker 45, and for receiving signals from the
microphone 46. The conditioning hardware 52 may be discrete components within the

display device 40, or may be incorporated within the processor 21 or other components.

[0108] The driver controller 29 can take the raw image data generated by the processor 21
either directly from the processor 2 1 or from the frame buffer 28 and can re-format the raw
image data appropriately for high speed transmission to the array driver 22. In some
implementations, the driver controller 29 can re-format the raw image data into a data flow
having araster-like format, such that it has atime order suitable for scanning across the
display array 30. Then the driver controller 29 sends the formatted information to the array
driver 22. Although adriver controller 29, such as an LCD controller, is often associated
with the system processor 21 as a stand-alone Integrated Circuit (IC), such controllers may be
implemented in many ways. For example, controllers may be embedded in the processor 21
as hardware, embedded in the processor 21 as software, or fully integrated in hardware with
the array driver 22.

[0109] The array driver 22 can receive the formatted information from the driver controller
29 and can re-format the video datainto aparallel set of waveforms that are applied many
times per second to the hundreds, and sometimes thousands (or more), of leads coming from
the display's x-y matrix of display elements. In some implementations, the array driver 22
and the display array 30 are apart of adisplay module. In some implementations, the driver

controller 29, the array driver 22, and the display array 30 are apart of the display module.

[0110] In some implementations, the driver controller 29, the array driver 22, and the display
array 30 are appropriate for any of the types of displays described herein. For example, the
driver controller 29 can be aconventional display controller or abi-stable display controller
(such as amechanical light modulator display element controller). Additionaly, the array
driver 22 can be aconventional driver or abi-stable display driver (such as amechanical light

modulator display element controller). Moreover, the display array 30 can be a conventional
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display array or abi-stable display array (such as adisplay including an array of mechanical
light modulator display elements). In some implementations, the driver controller 29 can be
integrated with the array driver 22. Such an implementation can be useful in highly
integrated systems, for example, mobile phones, portable-electronic devices, watches or

small-area displays.

[0111] In some implementations, the input device 48 can be configured to allow, for
example, auser to control the operation of the display device 40. The input device 48 can
include akeypad, such asaQWERTY keyboard or atelephone keypad, abutton, a switch, a
rocker, atouch-sensitive screen, atouch-sensitive screen integrated with the display array 30,
or apressure- or heat-sensitive membrane. The microphone 46 can be configured as an input
device for the display device 40. In some implementations, voice commands through the

microphone 46 can be used for controlling operations of the display device 40.

[0112] The power supply 50 can include avariety of energy storage devices. For example,
the power supply 50 can be arechargeable battery, such as a nickel-cadmium battery or a
lithium-ion battery. In implementations using arechargeable battery, the rechargeable
battery may be chargeable using power coming from, for example, awall socket or a
photovoltaic device or array. Alternatively, the rechargeable battery can bewirelessly
chargeable. The power supply 50 also can be arenewable energy source, acapacitor, or a
solar cell, including aplastic solar cell or solar-cell paint. The power supply 50 also can be

configured to receive power from awall outlet.

[0113] In some implementations, control programmability resides in the driver controller 29
which can be located in several places in the electronic display system. In some other
implementations, control programmability resides in the array driver 22. The above-
described optimization may be implemented in any number of hardware and/or software

components and in various configurations.

[0114] Asused herein, aphrase referring to "at least one of alist of items refers to any
combination of those items, including single members. Asan example, "at least one of: a, b,

or ¢" isintended to cover: a, b, c, a-b, a-c, b-c, and a-b-c.

[0115] The various illustrative logics, logical blocks, modules, circuits and agorithm
processes described in connection with the implementations disclosed herein may be

implemented as electronic hardware, computer software, or combinations of both. The
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interchangeability of hardware and software has been described generaly, in terms of
functionality, and illustrated in the various illustrative components, blocks, modules, circuits
and processes described above. Whether such functionality is implemented in hardware or
software depends upon the particular application and design constraints imposed on the

overal system.

[0116] The hardware and data processing apparatus used to implement the various
illustrative logics, logical blocks, modules and circuits described in connection with the
aspects disclosed herein may be implemented or performed with a genera purpose single- or
multi-chip processor, adigital signal processor (DSP), an application specific integrated
circuit (ASIC), afield programmable gate array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware components, or any combination thereof
designed to perform the functions described herein. A general purpose processor may be a
microprocessor, or, any conventional processor, controller, microcontroller, or state machine.
A processor aso may be implemented as a combination of computing devices, such as a
combination of a DSP and a microprocessor, aplurality of microprocessors, one or more
microprocessors in conjunction with aDSP core, or any other such configuration. In some
implementations, particular processes and methods may be performed by circuitry that is

specific to a given function.

[0117] In one or more aspects, the functions described may be implemented in hardware,
digital electronic circuitry, computer software, firmware, including the structures disclosed in
this specification and their structural equivalents thereof, or in any combination thereof.
Implementations of the subject matter described in this specification also can be implemented
as one or more computer programs, i.e., one or more modules of computer program
instructions, encoded on a computer storage media for execution by, or to control the

operation of, data processing apparatus.

[0118] If implemented in software, the functions may be stored on or transmitted over as one
or more instructions or code on a computer-readable medium. The processes of amethod or
algorithm disclosed herein may be implemented in a processor-executable software module
which may reside on a computer-readable medium. Computer-readable media includes both
computer storage media and communication media including any medium that can be
enabled to transfer a computer program from one place to another. A storage media may be

any available media that may be accessed by acomputer. By way of example, and not

30



WO 2014/182809 PCT/US2014/037140

limitation, such computer-readable media may include RAM, ROM, EEPROM, CD-ROM or
other optical disk storage, magnetic disk storage or other magnetic storage devices, or any
other medium that may be used to store desired program code in the form of instructions or
data structures and that may be accessed by acomputer. Also, any connection can be
properly termed a computer-readable medium. Disk and disc, as used herein, includes
compact disc (CD), laser disc, optical disc, digital versatile disc (DVD), floppy disk, and blu-
ray disc where disks usually reproduce data magnetically, while discs reproduce data
opticaly with lasers. Combinations of the above should also be included within the scope of
computer-readable media. Additionally, the operations of a method or algorithm may reside
as one or any combination or set of codes and instructions on a machine readable medium
and computer-readable medium, which may be incorporated into acomputer program

product.

[0119] Various modifications to the implementations described in this disclosure may be
readily apparent to those skilled in the art, and the generic principles defined herein may be
applied to other implementations without departing from the spirit or scope of this disclosure.
Thus, the claims are not intended to be limited to the implementations shown herein, but are
to be accorded the widest scope consistent with this disclosure, the principles and the novel

features disclosed herein.

[0120] Additionally, aperson having ordinary skill inthe art will readily appreciate, the
terms "upper” and "lower" are sometimes used for ease of describing the figures, and indicate
relative positions corresponding to the orientation of the figure on aproperly oriented page,

and may not reflect the proper orientation of any device as implemented.

[0121] Certain features that are described in this specification in the context of separate
implementations also can be implemented in combination in a single implementation.
Conversely, various features that are described in the context of a single implementation also
can be implemented in multiple implementations separately or in any suitable
subcombination. Moreover, athough features may be described above as acting in certain
combinations and even initialy claimed as such, one or more features from aclaimed
combination can in some cases be excised from the combination, and the claimed

combination may be directed to a subcombination or variation of a subcombination.
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[0122] Similarly, while operations are depicted in the drawings in aparticular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that al illustrated operations be performed, to achieve
desirable results. Further, the drawings may schematically depict one more example
processes in the form of aflow diagram. However, other operations that are not depicted can
be incorporated in the example processes that are schematically illustrated. For example, one
or more additional operations can be performed before, after, smultaneously, or between any
of the illustrated operations. In certain circumstances, multitasking and parallel processing
may be advantageous. Moreover, the separation of various system components in the
implementations described above should not be understood as requiring such separation in al
implementations, and it should be understood that the described program components and
systems can generally be integrated together in a single software product or packaged into
multiple software products. Additionally, other implementations are within the scope of the
following claims. In some cases, the actions recited in the claims can be performed in a

different order and still achieve desirable results.
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CLAIMS

What is clamed is;

1.

N

An apparatus, comprising:
an array of pixels, wherein each pixel includes aplurality of light modulators;
acontrol matrix coupled to the array of pixels, wherein the control matrix includes
for each pixel:

afirst transistor having afirst threshold voltage governing actuation of afirst
light modulator of the plurality light modulators in the pixel;

a second transistor having a second threshold voltage, different than the first
threshold voltage, governing actuation of a second light modulator of
the plurality light modulators in the pixel; and

asingle data interconnect providing a common data voltage to
corresponding gates of both the first and second transistors.

The apparatus of claim 1, wherein the application of a data voltage greater than the
first threshold voltage and less than the second threshold voltage causes the actuation
or discharge of the first light modulator but not the second light modulator.

The apparatus of claim 2, wherein the application of a data voltage greater than the
first and second threshold voltages causes the actuation or discharge of both the first
and second light modul ators.

The apparatus of claim 1, wherein the first and second light modulators include
electromechanical systems (EMS) shutters which are configured to move relative to
separate apertures formed in alight blocking layer.

The apparatus of claim 1, wherein for a given pixel, the first transistor isincluded in a
first sub-pixel circuit and the second transistor is included in a substantially identical
second sub-pixel circuit.

The apparatus of claim 5, wherein the control matrix includes an actuation
interconnect coupled to the first and second sub-pixel circuits.

The apparatus of claim 6, wherein & |east one of the data interconnect and the
actuation interconnect passes between the first and second sub-pixel circuits.

The apparatus of claim 1, wherein the first transistor includes agate formed at afirst

metal layer of the control matrix and the second transistor includes a gate formed at a

second metal layer of the control matrix other than the first metal layer.
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9. The apparatus of claim 1, wherein at least one of the first and second transistors
includes adual-gate metal oxide transistor, and wherein the difference between the
first threshold voltage and the second threshold voltage is based on avoltage applied
to one of the gates of the dual gate metal oxide transistor.

10. The apparatus of claim 1, wherein the length to width ratio of achannel included in
the first transistor is substantially different than alength to width ratio of a channel
included in the second transistor.

11. The apparatus of claim 1, further comprising:

adisplay including the array of pixels;

aprocessor that is configured to communicate with the display, the processor being
configured to process image data; and

amemory devicethat is configured to communicate with the processor.

12.  The apparatus of claim 11, the display further including:

adriver circuit configured to send at least one signal to the display; and

acontroller configured to send at least aportion of the image datato the driver
circuit.

13.  The apparatus of claim 11, the display further including:

an image source module configured to send the image data to the processor,
wherein the image source module comprises &t least one of areceiver,
transceiver, and transmitter.

14.  The apparatus of claim 11, the display further including:

an input device configured to receive input data and to communicate the input
data to the processor.

15.  An apparatus, comprising:

an array of display elements;
acontrol matrix coupled to the array of display elements, wherein the control matrix
includes for each display element:
afirst transistor having afirst threshold voltage governing application of an
actuation voltage to the display element; and
a second transistor having a second threshold voltage, lower than the first
threshold voltage, governing discharge of the actuation voltage from
the display element.
16. The apparatus of claim 15, wherein the control matrix includes an actuation voltage

interconnect coupled to the drain and the gate of the first transistor.
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17.

18.

19.

20.

21.

22.

23.

24.

The apparatus of claim 15, wherein the control matrix includes for each display
element a data storage capacitor configured to store a data voltage received via adata
interconnect for controlling the state of the second transistor.
The apparatus of claim 15, wherein the first transistor includes a gate formed at afirst
metal layer of the control matrix and the second transistor includes a gate formed a a
second metal layer of the control matrix other than the first metal layer.
The apparatus of claim 15, wherein at least one of the first and second transistors
includes adual-gate metal oxide transistor, and wherein the difference between the
first threshold voltage and the second threshold voltage is based on avoltage applied
to one of the gates of the dual gate metal oxide transistor.
The apparatus of claim 15, wherein the length to width ratio of achannel included in
the first transistor is substantially different than alength to width ratio of a channel
included in the second transistor.
A method of controlling a display apparatus pixel, comprising:
receiving afirst data signal having afirst magnitude at apixel circuit of adisplay
apparatus, wherein the pixel circuit includes afirst transistor having afirst
threshold voltage governing the state of afirst display element and a second
transistor having a second threshold voltage governing the state of a second
display element;
in response to the first magnitude exceeding the first threshold voltage, but not the
second threshold voltage, changing a state of the first display element and
maintaining a state of the second display element;
receiving a second data signal having a second magnitude at the pixel circuit; and
in response to the second magnitude exceeding the second threshold voltage,
changing the states of the first and second display elements.
The method of claim 21, wherein the second threshold voltage is about twice the first
threshold voltage.
The method of claim 21, wherein receiving the first and second data signals includes
receiving the first and second data signals on a single data interconnect.
The method of claim 21, further comprising receiving a the first pixel an actuation
voltage, wherein the magnitude of the received datavoltage selectively governs the
application or discharge of the actuation voltage to the first and second display

elements
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