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Figure 2B
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Figure 3A
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Figure 3B
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DISPLAY APPARATUS AND METHODS FOR
MANUFACTURE THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 12/483,062 filed Jun. 11, 2009, which is
a continuation of U.S. patent application Ser. No. 12/045,518
filed Mar. 10, 2008 and a continuation-in-part of U.S. patent
application Ser. No. 11/906,383 filed Oct. 1, 2007. U.S.
patent application Ser. No. 12/045,518 is a continuation of
U.S. patent application Ser. No. 11/361,785, filed Feb. 23,
2006 and now U.S. Pat. No. 7,405,852. U.S. patent applica-
tion Ser. No. 11/906,383 is a continuation of U.S. patent
application Ser. No. 11/251,034, filed Oct. 14, 2005 and now
U.S. Pat. No. 7,304,785. The disclosures of all of the forego-
ing are incorporated herein by reference in their entirety.

FIELD OF THE INVENTION

[0002] In general, the invention relates to the field of imag-
ing displays, in particular, the invention relates to MEMS-
based displays and the manufacture thereof.

BACKGROUND OF THE INVENTION

[0003] 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 modu-
lators have been successful in projection display applications.
Backlit 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 displays. Specifi-
cally there is a need for mechanically actuated displays that
can be driven at high speeds and at low voltages for improved
image quality and reduced power consumption.

[0004] Inaddition, a significant manufacturing industry has
developed around the manufacturing of liquid crystal dis-
plays. Typical MEMS manufacturing techniques, however,
are often incompatible with the processes used by the liquid
crystal display industry in manufacturing the thin-film com-
ponents used to control liquid crystal displays. To take advan-
tage of the capital already invested in the display manufac-
turing industry, there is a need in the art, for methods of
manufacturing MEMS-based displays that are compatible
with of the processes used for liquid crystal display manufac-
turing.

SUMMARY OF THE INVENTION

[0005] In a further aspect, the invention relates to a method
of manufacturing a display. The method includes depositing a
layer of light blocking material on top of a substantially
transparent substrate. In one embodiment, the layer of light
blocking includes a light-absorbing material. A plurality of
light transmissive regions, such as apertures, are then formed
in the light blocking layer. An insulating later is deposited on
top of, and in some embodiments directly on top of, the light
blocking metal layer, followed by the formation of vias in the
insulating layer.

[0006] Themethod includes forming a plurality of thin-film
components on the insulating layer. The plurality of thin-film
components electrically connect to the light blocking layer at
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the plurality of via holes. Then a plurality of light-modulating
shutter assemblies are formed above, and in electrical com-
munication with, the plurality of thin film components such
that the thin-film components form a control matrix for con-
trolling the light modulation of the plurality of light-modu-
lating shutter assemblies.

[0007] In other embodiments, for example, embodiments
in which the light blocking layer includes a conductive metal,
electrical components are etched into the light blocking layer
in addition to the light transmissive regions. In one particular
embodiment, the electrical components of the light blocking
layer are electrically connected to the shutter assemblies such
that they are maintained at the same electric potential.
[0008] According to another aspect, the invention includes
a MEMS display that includes a multilayer control matrix.
The control matrix includes conductive components in at
least first and second layers of the control matrix. The display
also includes a MEMS light modulator and a conductive
oxide electrical connection that connects at least one electri-
cally conductive component in the first layer of the control
matrix to an electrically conductive component in the second
layer of the control matrix or to the MEMS light modulator.
[0009] According to a further aspect, the invention relates
to a MEMS-based shutter assembly for spatial light modula-
tion. The shutter assembly includes a substrate, a shutter
supported over the substrate, and an actuator for moving the
shutter to selectively modulate light. The shutter includes at
least two portions. A first portion, when the shutter is in a first
position, is oriented substantially horizontally with respect to
the substrate. The second portion, in the same position, is at
least partially transverse to the first portion.

[0010] In an additional aspect, the invention relates to a
MEMS-based spatial light modulator that includes a substrate
and a moveable element supported over the substrate. The
movable portion includes a compliant beam that exhibits an
unbalanced state of stress such that the beam adopts a desired
state of curvature.

[0011] According to yet another aspect, the invention
relates to a MEMS device that includes a first component that
defines a claim. The MEMS device also includes a beam
suspended over the first component. The beam includes at
least one layer of amorphous silicon, and a dimension of the
beam normal to the plane defined by the first component is
substantially greater than at least one dimension of the beam
within the defined plane.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The foregoing discussion will be understood more
readily from the following detailed description of the inven-
tion with reference to the following drawings:

[0013] FIG. 1A is an isometric view of display apparatus,
according to an illustrative embodiment of the invention;
[0014] FIG. 1B is diagram of an illustrative shutter assem-
bly suitable for incorporation into the display apparatus of
FIG. 1A.

[0015] FIG. 2A is a schematic diagram of a control matrix
suitable for controlling the shutter assemblies of the display
apparatus of FIG. 1, according to an illustrative embodiment
of the invention;

[0016] FIG. 2B is an isometric view of an array of pixels
incorporating the control matrix of FIG. 2A and the shutter
assembly of FIG. 1B, according to an illustrative embodiment
of the invention;
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[0017] FIGS. 3A-3B are isometric views of stages of con-
struction of the control matrix of FIG. 2B, according to an
illustrative embodiment of the invention;

[0018] FIGS. 4A-4B are cross sectional views of the con-
struction of FIG. 2B, according to an illustrative embodiment
of the invention;

[0019] FIG. 5A is a schematic diagram of a control matrix
suitable for controlling the shutter assemblies of the display
apparatus of FIG. 1, according to an illustrative embodiment
of the invention;

[0020] FIGS.5B and 5C are plan view layouts of the control
matrix from FIG. 5A, according to an illustrative embodiment
of the invention;

[0021] FIG. 6 is a cross sectional view of a transistor in the
control matrix shown in FIG. 5B, according to an illustrative
embodiment of the invention;

[0022] FIG.7 is a flow chart of a method of fabricating the
control matrix illustrated in FIG. 5B, according to an illustra-
tive embodiment of the invention;

[0023] FIGS. 8A-8H are cross sectional views of stages of
construction of the control matrix of FIG. 5C, according to an
illustrative embodiment of the invention;

[0024] FIGS. 9A-9C are cross sectional views of alternate
switch structures for use in the control matrix of FIG. 5B,
according to an illustrative embodiment of the invention;
[0025] FIGS. 10A-10F are cross sectional views of stages
of construction of the control matrix of FIG. 5C, according to
an illustrative embodiment of the invention;

[0026] FIG. 11 is a cross sectional detail of a composite
shutter assembly for use in the control matrix of FIG. 5C,
according to an illustrative embodiment of the invention;
[0027] FIGS. 12A-12D are cross sectional views of stages
of construction of the composite shutter assembly shown in
FIG. 11, according to an illustrative embodiment of the inven-
tion;

[0028] FIGS. 13A-13D are isometric views of stages of
construction of an alternate shutter assembly with narrow
sidewall beams, according to an illustrative embodiment of
the invention;

[0029] FIGS. 14A and 14B are cross sectional views of
alternate methods for the formation of narrow beams, accord-
ing to an illustrative embodiment of the invention;

[0030] FIG. 15 is an isometric view of a shutter assembly
with sidewall structures for improving strength, according to
an illustrative embodiment of the invention;

[0031] FIG.16 is across section view of a shutter assembly
wherein shutters and actuator beams are comprised of differ-
ent materials, according to an illustrative embodiment of the
invention;

[0032] FIG. 17 is a cross section view of an alternate thin
film structure for the shutter assembly, aperture, and associ-
ated control matrix, according to an illustrative embodiment
of the invention;

[0033] FIG. 18 is a cross section view of an alternate thin
film structure for the shutter assembly, aperture, and associ-
ated control matrix, according to an illustrative embodiment
of the invention;

[0034] FIGS. 19A and 19B are cross sectional views of
alternate via structures for use in a control matrix such as FIG.
5C, according to an illustrative embodiment of the invention;
[0035] FIG. 20 is a cross section view of an alternate thin
film structure including a shutter assembly and an assembly
spacer; according to an illustrative embodiment of the inven-
tion;
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[0036] FIG. 21 is an assembly drawing of a display built
into a MEMS-up configuration, according to an illustrative
embodiment of the invention;

[0037] FIG. 22 is an assembly drawing of a display built
into a MEMS-down configuration, according to an illustra-
tive embodiment of the invention;

DESCRIPTION OF CERTAIN ILLUSTRATIVE
EMBODIMENTS

[0038] To provide an overall understanding of the inven-
tion, certain illustrative embodiments will now be described,
including apparatus for displaying images and methods for
manufacturing the same. However, it will be understood by
one of ordinary skill in the art that the apparatus and methods
described herein may be adapted and modified as is appro-
priate for the application being addressed and that the appa-
ratus and methods described herein may be employed in other
suitable applications, and that such other additions and modi-
fications will not depart from the scope hereof.

[0039] FIG. 1A is an isometric view of a display apparatus
100, according to an illustrative embodiment of the invention.
The display apparatus 100 includes a plurality of light modu-
lators, in particular, a plurality of shutter assemblies 102a-
102d (generally “shutter assemblies 102”) arranged in rows
and columns. In the display apparatus 100, shutter assemblies
102a and 1024 are in the open state, allowing light to pass.
Shutter assemblies 1025 and 102¢ are in the closed state,
obstructing the passage of light. By selectively setting the
states of the shutter assemblies 102a-102d, the display appa-
ratus 100 can be utilized to form an image 104 for a projection
or backlit display, if illuminated by lamp 105. In another
implementation the apparatus 100 may form an image by
reflection of ambient light originating from the front of the
apparatus.

[0040] In the display apparatus 100, each shutter assembly
102 corresponds to a pixel 106 in the image 104. In other
implementations, the display apparatus 100 may utilize a
plurality of shutter assemblies to form a pixel 106 in the
image 104. For example, the display apparatus 100 may
include three or more color-specific shutter assemblies 102,
e.g., red, green and blue; red, green, blue and white; or cyan,
magenta and yellow, etc. By selectively opening one or more
of'the color-specific shutter assemblies 102 corresponding to
aparticular 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 shutter assem-
blies 102 per pixel 106 to provide grayscale in an image 104.
With respect to an image, a “pixel” corresponds to the small-
est picture element defined by the resolution of an image.
With respect to structural components of the display appara-
tus 100, the term “pixel” refers to the combined mechanical
and electrical components utilized to modulate the light that
forms a single pixel of an image.

[0041] Each shutter assembly 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 in each shutter assembly
102.

[0042] The display apparatus also includes a control matrix
connected to the substrate and to the shutter assemblies for
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controlling the movement of the shutters. The control matrix
includes a series of electrical interconnects (e.g., intercon-
nects 110, 112, and 114), including at least one write-enable
interconnect 110 (also referred to as a “scan-line intercon-
nect”) per row of pixels, one data interconnect 112 for each
column of pixels, and one common interconnect 114 provid-
ing 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 appropri-
ate 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 instruc-
tions. 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 shutter assemblies 102. The
application of these actuation voltages then results in the
electrostatic driven movement of the shutters 108.

[0043] FIG. 1B is diagram of an illustrative shutter assem-
bly 130 suitable for incorporation into the display apparatus
100 of FIG. 1A. The shutter assembly 130 includes a shutter
132 coupled to an actuator 134. The actuator 134 is formed
from two separate compliant electrode beam actuators 135
(the “actuators 135”), as described in U.S. patent application
Ser. No. 11/251,035, filed on Oct. 14, 2005. The shutter 132
couples on one side to the actuators 135. The actuators 135
move the shutter 132 transversely over a surface 133 in a
plane of motion which is substantially parallel to the surface
133. The opposite side of the shutter 132 couples to a spring
137 which provides a restoring force opposing the forces
exerted by the actuator 134.

[0044] Each actuator 135 includes a compliant load beam
136 connecting the shutter 132 to a load anchor 138. The load
anchors 138 along with the compliant load beams 136 serve
as mechanical supports, keeping the shutter 132 suspended
proximate to the surface 133. The surface includes one or
more aperture holes 141 for admitting the passage of light.
The load anchors 138 physically connect the compliant load
beams 136 and the shutter 132 to the surface 133 and electri-
cally connect the load beams 136 to a bias voltage, in some
instances, ground.

[0045] Ifthe substrate is opaque, such as silicon, then aper-
ture holes 141 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 first step of the
processing sequence involves depositing a light blocking
layer onto the substrate and etching the light blocking layer
into an array of holes 141. The aperture holes 141 can be
generally circular, elliptical, polygonal, serpentine, or irregu-
lar in shape.

[0046] Each actuator 135 also includes a compliant drive
beam 146 positioned adjacent to each load beam 136. The
drive beams 146 couple at one end to a drive beam anchor 148
shared between the drive beams 146. The other end of each
drive beam 146 is free to move. Each drive beam 146 is curved
such that it is closest to the load beam 136 near the free end of
the drive beam 146 and the anchored end of the load beam
136.
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[0047] In operation, a display apparatus incorporating the
shutter assembly 130 applies an electric potential to the drive
beams 146 via the drive beam anchor 148. A second electric
potential may be applied to the load beams 136. The resulting
potential difference between the drive beams 146 and the load
beams 136 pulls the free ends of the drive beams 146 towards
the anchored ends of the load beams 136, and pulls the shutter
ends of the load beams 136 toward the anchored ends of the
drive beams 146, thereby driving the shutter 132 transversely
towards the drive anchor 148. The compliant members 136
act as springs, such that when the voltage across the beams
136 and 146 potential is removed, the load beams 136 push
the shutter 132 back into its initial position, releasing the
stress stored in the load beams 136.

[0048] A shutter assembly, such as shutter assembly 130,
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, as described in U.S.
patent application Ser. Nos. 11/251,035 and 11/326,696, and
as illustrated in FIG. 5, incorporate a dual set of “open” and
“closed” actuators and a separate sets of “open” and “closed”
electrodes for moving the shutter into either an open or a
closed state.

[0049] U.S. patent application Ser. Nos. 11/251,035 and
11/326,696 have described a variety of methods by which an
array of shutters and apertures can be controlled via a control
matrix to produce images, in many cases moving images,
with appropriate gray scale. In some cases control is accom-
plished 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 switch-
ing 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.

[0050] FIG. 2A is a conceptual diagram of an active control
matrix 200 suitable for inclusion in the display apparatus 100
for addressing an array of pixels 240 (the “array 240”). Each
pixel 201 includes an elastic shutter assembly 202, such as the
shutter assembly 130 of FIG. 1B, controlled by an actuator
203. Each pixel also includes an aperture layer 250 that
includes aperture holes 254. Further electrical and mechani-
cal descriptions of shutter assemblies such as shutter assem-
bly 202, and variations thereon, can be found in U.S. patent
application Ser. Nos. 11/251,035 and 11/326,696.

[0051] The control matrix 200 is fabricated as a diffused or
thin-film-deposited electrical circuit on the surface of a sub-
strate 204 on which the shutter assemblies 202 are formed.
The control matrix 200 includes a scan-line interconnect 206
for each row of pixels 201 in the control matrix 200 and a
data-interconnect 208 for each column of pixels 201 in the
control matrix 200. Each scan-line interconnect 206 electri-
cally connects a write-enabling voltage source 207 to the
pixels 201 in a corresponding row of pixels 201. Each data
interconnect 208 electrically connects a data voltage source,
(“Vd source™) 209 to the pixels 201 in a corresponding col-
umn of pixels 201. In control matrix 200, the data voltage V ,
provides the majority of the energy necessary for actuation of
the shutter assemblies 202. Thus, the data voltage source 209
also serves as an actuation voltage source.

[0052] FIG. 2B is an isometric view of a portion of the array
of pixels 240 including the control matrix 200. Referring to
FIGS. 2A and 2B, for each pixel 201 or for each shutter
assembly in the array of pixels 240, the control matrix 200
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includes a transistor 210 and a capacitor 212. The gate of each
transistor 210 is electrically connected to the scan-line inter-
connect 206 of the row in the array 240 in which the pixel 201
is located. The source of each transistor 210 is electrically
connected to its corresponding data interconnect 208. The
actuators 203 of each shutter assembly include two elec-
trodes. The drain of each transistor 210 is electrically con-
nected in parallel to one electrode of the corresponding
capacitor 212 and to the one of the electrodes of the corre-
sponding actuator 203. The other electrode of the capacitor
212 and the other electrode of the actuator 203 in shutter
assembly 202 are connected to a common or ground potential.
[0053] In operation, to form an image, the control matrix
200 write-enables each row in the array 240 in sequence by
applying V. to each scan-line interconnect 206 in turn. For a
write-enabled row, the application of V,, to the gates of the
transistors 210 of the pixels 201 in the row allows the flow of
current through the data interconnects 208 through the tran-
sistors to apply a potential to the actuator 203 of the shutter
assembly 202. While the row is write-enabled, data voltages
V , are selectively applied to the data interconnects 208. In
implementations providing analog gray scale, the data volt-
age applied to each data interconnect 208 is varied in relation
to the desired brightness of the pixel 201 located at the inter-
section of the write-enabled scan-line interconnect 206 and
the data interconnect 208. In implementations providing digi-
tal control schemes, the data voltage is selected to be 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 V , to a data interconnect 208,
the actuator 203 in the corresponding shutter assembly 202
actuates, opening the shutter in that shutter assembly 202. The
voltage applied to the data interconnect 208 remains stored in
the capacitor 212 of the pixel 201 even after the control matrix
200 ceases toapply V,, to arow. It is not necessary, therefore,
to wait and hold the voltage V. on a row for times long
enough for the shutter assembly 202 to actuate; such actua-
tion can proceed after the write-enabling voltage has been
removed from the row. The voltage in the capacitors 212 in a
row remain substantially stored until an entire video frame is
written, and in some implementations until new data is writ-
ten to the row.

[0054] The pixels 201 of the array 240 are formed on a
substrate 204. The array includes an aperture layer 250, dis-
posed on the substrate, which includes a set of aperture holes
254 for each pixel 201 in the array 240. The aperture holes
254 are aligned with the shutter assemblies 202 in each pixel.
[0055] In alternative shutter assembly implementations,
the shutter assembly together with the actuator can be made
bi-stable. That is, the shutters can exist in at least two equi-
librium positions (e.g. open or closed) with little or no power
required to hold them in either position. More particularly, the
shutter assembly can be mechanically bi-stable. Once the
shutter of the shutter assembly is set in position, no electrical
energy or holding voltage is required to maintain that posi-
tion. The mechanical stresses on the physical elements of the
shutter assembly can hold the shutter in place.

[0056] The shutter assembly together with the actuator 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), hold the actuator closed and the shutter in position,
even if an opposing force is exerted on the shutter. The oppos-
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ing force may be exerted by a spring, or the opposing force
may be exerted by an opposing actuator, such as an “open” or
“closed” actuator.

Generalized Process Flow

[0057] FIGS. 3A and 3B illustrate a first portion of a gen-
eralized process flow for fabrication of the pixels 201 of the
array 240, according to an illustrative embodiment of the
invention. In a first step, as illustrated in FIG. 3A, an aperture
layer 250 is deposited and patterned onto a transparent sub-
strate 204. In the second step, illustrated in FIG. 3B, the
control matrix, including an array of thin film switches or
transistors 210, is fabricated on top of the aperture layer 250
along with capacitors 212 and interconnects, such as scan-
line interconnect 206 or data interconnect 208. The processes
employed to fabricate the transistors 210 shown in FIG. 3B
can be typical of those known in the art for manufacturing
active matrix arrays for use in liquid crystal displays. In the
final step, the result of which is shown as FIG. 2B, a micro-
electro-mechanical (or MEMS) shutter assembly is formed
on top of the array of thin film switches.

[0058] In one simple implementation, the aperture layer
250 is electrically isolated by an intervening dielectric layer
from the control matrix. The aperture layer 250 can consist of
thin film materials that are process compatible with the active
matrix to be fabricated above it, but need not electrically
connect to that active matrix. The aperture holes 254 can be
generally circular, elliptical, polygonal, serpentine, or irregu-
lar in shape. In some implementations, the fabrication
sequence for the second step (the formation of control matrix)
need not include any switches, transistors, or capacitors but
produces instead a lattice of row and column interconnects,
separated by a dielectric layer. Such a control matrix is also
referred to as a passive matrix as known in the art, for
example, with respect to the fabrication of field emission
cathodoluminescent displays.

[0059] In other implementations of the display, as will be
described with respect to FIG. 17, a separate aperture layer
does not need to be fabricated as a first step in the sequence.
The aperture holes may be fabricated instead using the same
thin film materials and with the same processing steps used in
the fabrication of active matrices or passive matrices directly
onto glass substrates, as typically known in the art. Only the
mask designs or pixel layouts need to be changed to accom-
modate the formation of aperture holes.

[0060] In another implementation, as will be described
with respect to FIG. 18, the aperture layer is fabricated as a
last step in the processing sequence. The aperture layer is
rigidly attached to the substrate but generally suspended
above the shutter assembly, leaving room below for the free
translational motion of the shutter assembly.

The Aperture Layer

[0061] FIG. 4A illustrates one aperture layer structure 400
for the aperture layer 250 as might be produced in the first step
of the fabrication sequence (FIG. 3A). The aperture layer
structure 400 includes an aperture layer 401, deposited as a
single thin film onto a glass substrate 402. The aperture layer
401 has been etched to produce a series of aperture holes 403
in the aperture layer 401. A dielectric layer 404 has been
deposited over the top of the aperture layer 401 to isolate it
from circuitry to be fabricated on top of'it. The etched edge of
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the aperture layer 401 has been intentionally beveled to
reduce the probability of cracks in the overlying dielectric
layer 404.

[0062] The aperture layer 401 is designed to block the
passage of light from the backlight to the viewer. Appropriate
materials for use as a light blocking aperture layer include
metals, including without limitation Al, Cr, Au, Ag, Cu, Nij,
Ta, Ti, Nd, Nb, W, Mo and/or alloys thereof. If deposited to
thicknesses in excess of 30 nm such materials are effective at
blocking the transmission of light. Deposition can be accom-
plished by evaporation, sputtering, or chemical vapor depo-
sition.

[0063] In many implementations, it is preferable that the
aperture layer 401 have the ability to absorb light. Most metal
films absorb a certain fraction of light and reflect the rest. In
some applications it is desired to avoid the reflection of ambi-
ent light impinging upon the aperture layer 401 to improve the
contrast of the display. For such applications, the aperture
layer 401 may be referred to as a “black matrix.” Some metal
alloys which are effective at absorbing light, i.e. for use in a
black matrix, include, without limitation, MoCr, MoW,
MoTi, MoTa, TiW, and TiCr. Metal films formed from the
above alloys or simple metals, such as Ni and Cr with rough
surfaces can also be effective at absorbing light. Such films
can be produced by sputter deposition in high gas pressures
(sputtering atmospheres in excess of 20 mtorr). Rough metal
films can also be formed by the liquid spray or plasma spray
application of a dispersion of metal particles, following by a
thermal sintering step. A dielectric layer such as a dielectric
layer 404 is then added to prevent spalling or flaking of the
metal particles.

[0064] Semiconductor materials, such as amorphous or
polycrystalline Si, Ge, CdTe, InGaAs, colloidal graphite (car-
bon) and alloys such as SiGe are also effective at absorbing
light. These materials can be deposited in films having thick-
nesses in excess of 500 nm to prevent any transmission of
light through the thin film. Metal oxides or nitrides can also be
effective at absorbing light, including without limitation
CuO, NiO, Cr,0;, AgO, SnO, Zn0O, TiO, Ta,05, MoOj;, CrN,
TiN, or TaN. The absorption of these oxides or nitrides
improves if the oxides are prepared or deposited in non-
stoichiometric fashion—often by sputtering or evaporation—
especially if the deposition process results in a deficit of
oxygen in the lattice. As with semiconductors, the metal
oxides should be deposited to thicknesses in excess of 500 nm
to prevent transmission of light through the film.

[0065] A class of materials, called cermets, is also effective
at absorbing light. Cermets are typically composites of small
metal particles suspended in an oxide or nitride matrix.
Examples include Cr particles in a Cr,O, matrix or Cr par-
ticles in an SiO, matrix. Other metal particles suspended in
the matrix can be Ni, Ti, Au, Ag, Mo, Nb, and carbon. Other
matrix materials include TiO,, Ta,Os, Al,O;, and Si;N,,.
[0066] It is possible to create multi-layer absorbing struc-
tures using destructive interference of light between suitable
thin film materials. A typical implementation would involve a
partially reflecting layer of an oxide or nitride along with a
metal of suitable reflectivity. The oxide can be a metal oxide
e.g. CrO,, TiO,, Al,0; or SiO, or a nitride like Si;N, and the
metal can be suitable metals such as Cr, Mo, Al, Ta, Ti. In one
implementation, for absorption of light entering from the
substrate a thin layer, ranging from 10-500 nm of metal oxide
is deposited first on the surface of substrate 402 followed by
a 10-500 nm thick metal layer. In another implementation, for
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absorption of light entering from the direction opposite of the
substrate, the metal layer is deposited first followed by depo-
sition of the metal oxide. In both cases the absorptivity of
bi-layer stack can be optimized if the thickness of the oxide
layer is chosen to be substantially equal to one quarter of 0.55
microns divided by the refractive index of the oxide layer.
[0067] In another implementation, a metal layer is depos-
ited on a substrate followed by a suitable oxide layer of
calculated thickness. Then, a thin layer of metal is deposited
on top of the oxide such that the thin metal is only partially
reflecting (thicknesses less than 0.02 microns). Partial reflec-
tion from the metal layer will destructively interfere with the
reflection from substrate metal layer and thereby produce a
black matrix effect. Absorption will be maximized if the
thickness ofthe oxide layer is chosen to be substantially equal
to one quarter of 0.55 microns divided by the refractive index
of the oxide layer.

[0068] FIG. 4B is an illustrative embodiment of a second
aperture layer structure 450. The second aperture layer struc-
ture 450 includes aperture layer 452, which has one side
which is reflective, while the other side is light-absorbing. As
described in U.S. patent application Ser. No. 11/218,690,
filed on Sep. 2, 2005, if one surface of an aperture layer is
made of a reflective material, such as a metal, then the aper-
ture layer can act as a mirror surface which recycles non-
transmitted light back into an attached backlight for increased
optical efficiency. Such reflectance can be enhanced if the
metal is deposited in such as way as to produce a dense and
smooth thin film, as can be achieved via sputtering or by ion
assisted evaporation. Metal films with enhanced reflectivity
include Ag, Au, and aluminum.

[0069] The aperture layer 452 is formed from a composite
structure deposited on a substrate 453. The aperture layer 452
of FIG. 4B is designed to absorb light that impinges on the top
surface 454 of the aperture layer 452, while reflecting light
that is incident on the bottom 456 of the aperture layer 452,
i.e. after transmission through the substrate 453. The aperture
layer 452 includes 4 layers, a high refractive index layer 458,
a low refractive index layer 460, a metal reflecting layer 462,
and an absorbing layer 464. The aperture layer 452 is etched
to form an aperture hole 466, and overlaid with a dielectric
layer 468. Those skilled in the art will recognize that the
coupling of refractive layers 458 and 460 with different
refractive indices leads to a set of partially reflecting surfaces.
By controlling the spacing between at least two of these
partially reflecting surfaces it is possible to enhance the
reflectivity of the film stack by means of optical interference.
Multi-layer films can be designed to provide high reflectivity
across a broad band of wavelengths or to have high reflectivity
at a discrete number of individual wavelengths, for instance
wavelengths that are matched to those emitted from the back-
light.

[0070] Thin films which are candidates for the high refrac-
tive index layer 458 include, without limitation, TiO,, HfO,,
Ta,05, Nb,Os, Cr,05, Sc,05, Bi,05, In, 05, and Al,O5. Thin
films which are candidates for the low index refractive layer
460 include SiO,, Si;N,, MgF,, CaF,, and HfF,, and dia-
mond-like carbon. These films can be deposited by reactive
sputtering, reactive evaporation, ion-assisted evaporation,
ion-assisted ion beam sputtering, or by chemical vapor depo-
sition. FIG. 4B shows only a single pairing of a high index
refractive layer with a low index refractive layer. Those
skilled in the art will appreciate that the reflectivity can be
enhanced by depositing, in sequence, multiple pairs of these
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refractive layers. In many cases the reflectivity can be maxi-
mized for the visible spectrum if the thickness of each refrac-
tive layer (460 and 458) is chosen to be substantially equal to
one quarter of 0.55 microns divided by the refractive index of
the layer.

[0071] Any one of the two refractive layers 458 or 460 can
be eliminated from the aperture layer 456 while still enhanc-
ing to a substantial degree the reflectivity of the aperture layer
452 over that of a simple metal deposited on top of a trans-
parent substrate 453. Improvements can result as long as the
refractive layer that is interposed between the metal layer 462
and the transparent substrate 453 has a refractive index less
than that of the substrate 453.

[0072] The metal reflecting layer 462 in the aperture layer
452 will not only reflect incident light but also acts to block
the transmission of light. Any of the metal films, and/or semi-
conductor materials, listed above for use as a light blocking
aperture layer, may be utilized for the metal reflecting layer.
[0073] The absorbing layer 464 acts to prevent reflections
of light that arrive from the side opposite to that of the sub-
strate 453. Any of the absorbing materials listed above for use
with a black matrix may be employed as the top-most layer of
the aperture layer 452.

[0074] The etch processes needed to form the aperture
holes 466 can include RF or DC plasma etching, ion sputter-
ing, or wet chemical etching.

[0075] Inanother implementation ofthe aperture layer 452,
a 2-layer thin film stack can be formed. First a metal film with
enhanced reflectivity, such as Ag, Au, or Al, is deposited on a
surface. Then one of the absorbing black matrix materials,
listed above, is deposited on top of the metal.

[0076] There are implementations in which the order of the
layers in the composite aperture layer shown in FIG. 4B are
preferably reversed, with the absorbing layer lying next to the
substrate and the reflecting film stack pointing away from the
substrate. Such implementations will be described with
respect to FIG. 22.

[0077] A preferred embodiment for fabrication of compos-
ite aperture layer 452 proceeds as follows: First, for the high
refractive index layer 458, a 54 nm=3 nm thick layer of TiO,
is deposited by reactive sputter deposition of Ti in a partial
pressure of O,. Next, for the low refractive index layer 460, a
91 nm=5 nm film of SiO, is deposited by reactive sputter
deposition of SiO, in a partial pressure of O,. Next, for the
metal reflecting layer 462, a 100 nm=5 nm film of smooth Al
is deposited by sputter deposition in a high vacuum, non-
oxidizing ambient. Next, the three film 458, 460, and 462 are
patterned to form aperture holes 466. Typical photoresists are
applied as known in the art, then UV-exposed through pho-
tomask with the pattern of aperture holes 466. The photoresist
is then chemically developed into an etching mask. The etch-
ing of the 3-film stack is performed with an ion beam milling
system, with Ar ions, which removes each of the films in
sequence but does not remove all the photoresist. After the
etch of the thin films is complete the remaining photoresist is
removed with either an aqueous or solvent-based stripper
compound or through ozone and/or plasma ashing.

[0078] Next, as the first component of absorbing layer 464,
athin film of Si;N, with thickness 250 nm+10 nm is deposited
by plasma assisted chemical vapor deposition. Next, as the
second component of absorbing layer 464, a 500 nm+40 nm
thick layer of amorphous silicon is deposited by plasma
assisted chemical vapor deposition. These films are then pat-
terned with a similar photomask to form aperture holes 466
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using a photoresist expose and develop step similar to that
described above. The etching of Si;N, and the amorphous
silicon is then performed by means of reactive ion etching.
Finally a 50 nm#*4 nm film of Al,O; is deposited in blanket
fashion by atomic layer deposition.

The Control Matrix

[0079] Inanotherimplementation the aperture layer can be
utilized as one of the electrical components of the control
matrix, with its own electrical connections to the control
matrix in the upper layers. FIGS. 5A through 5C illustrate
such an integrated design.

[0080] FIG. 5A is a schematic diagram of another control
matrix 500 suitable for inclusion in the display apparatus 100
for addressing an array of pixels. Control matrix 500 controls
an array of pixels 502 that include dual-actuator shutter
assemblies 504 (i.e., shutter assemblies with both shutter-
open and shutter-close actuators). FIG. 5B is a plan view
layout of portions of two neighboring pixels 502 from an
array of pixels 502. The layout of FIG. 5B provides one
example of how the electrical components of control matrix
500 can be arranged within a pixel 502 for concurrent fabri-
cation of an array of pixels 502 on a substrate. FIG. 5C is
identical to FIG. 5B, and calls out additional features of the
pixels 502. A layout such as FIG. 5B/5C can be utilized to
produce photomasks for each of the functional layers of the
pixels 502. The components of control matrix 500 are built up
from a sequence of functional layers, and the photomasks are
used to print the arrayed pattern for each layer across the
substrate 505. The pixels in the array 502 are each substan-
tially square in shape with a pitch, or repeat distance between
pixels, in the range of 180 to 200 microns. FIG. 5C shows
cross sectional markers AA'-GG', used as reference for the
cross-sectional illustration of the sequential layers of various
electrical and mechanical components, to be described with
reference to FIGS. 6, 7, 8 and 10.

[0081] For purposes of illustration, only the conductor lay-
ers, semiconductor layers, and shutter layers are provided in
detail in FIG. 5B/5C. The locations of other patterned fea-
tures, such as vias cut into dielectric layers or holes patterned
into the aperture layer are indicated by symbol markings
and/or dotted lines.

[0082] Referring to FIGS. 5A and 5B, the control matrix
500 includes a scan-line interconnect 506 for each row of
pixels 502 in the control matrix 500. The control matrix 500
also includes two data interconnects: one data-open intercon-
nect 508a and one data-closed interconnect 50856, for each
column of pixels 502 in the control matrix 500. The control
matrix 500 further includes a pre-charge interconnect 510, a
global actuation interconnect 514, and a shutter common
interconnect 515. These interconnects 510, 514 and 515 are
shared among pixels 502 in multiple rows and multiple col-
umns in the array. In one implementation (the one described
in more detail below), the interconnects 510, 514 and 515 are
shared among all pixels 502 in the control matrix 500.
[0083] Each pixel 502 in the control matrix includes a shut-
ter-open charge transistor 516, a shutter-open discharge tran-
sistor 518, a shutter-open write-enable transistor 517, and a
data store capacitor 519. Each pixel 502 in the control matrix
500 also includes a shutter-close charge transistor 520, and a
shutter-close discharge transistor 522, a shutter-close write-
enable transistor 527, and a data store capacitor 529.

[0084] Each pixel 502 in the control matrix includes a vari-
ety of via structures, which are indicated by the symbol of a
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box with diagonals in FIG. 5B/5C. Control matrix 500
includes several M1-M2 vias 531 (i.e., a via connecting a first
metal layer M1 to a second metal layer M2), an Ap-M1 via
533 (i.e., a via connecting an aperture layer 547 to the first
metal layer M1), two drive anchors 535, four compliant drive
beams 537, four shutter anchors 539, four compliant load
beams 541, an aperture hole 543, and a shutter 545. The
aperture hole 543 is indicated by dotted line.

[0085] Portions of two neighboring pixels 502 are illus-
trated in FIGS. 5B and 5C. For each pixel 502 the shutter 545
closes over the aperture hole 543 by moving to the left. The
shutter open actuation electronics for each pixel, including
the transistors 516, 517, and 518, are positioned immediately
to the right of each shutter assembly 504, (the two pixels are
equivalent, but the shutter-open electronics are only included
in FIG. 5B/5C for the left-most shutter assembly 504). The
shutter close electronics for each pixel, including the transis-
tors 520, 522, and 527, are positioned immediately to the left
of'each shutter assembly (again, the pixels 502 are equivalent,
but the shutter-closed electronics are only illustrated for the
right-most shutter assembly 504).

[0086] Fora given pixel 502, the compliant load beams 541
mechanically connect the shutter 545 to the four shutter
anchors 539 and suspend the shutter 545 above the substrate
surface. The compliant drive beams 537, positioned adjacent
to the load beams 541, are mechanically connected to the
drive anchors 535. One set of drive beams 537 (located to the
right of the shutter 545) is mechanically connected to a drive
anchor and electrically connected, by means of both drive
anchor 535 and an M1-M2 via 531, to the drain of the shutter-
open charge transistor 516. By applying a voltage, greater
than a minimum actuation voltage, between the drive beams
537 and load beams 541 on the right side of the shutter 545,
the shutter 545 can be caused to move into the open posi-
tion—i.e. to move away from the aperture hole 543. Together,
the set of drive beams 537 and load beams 541 to the right of
the shutter forms a shutter open actuator. The other set of drive
beams 537 (located to the left of each shutter 545) is mechani-
cally connected to a drive anchor 535 and electrically con-
nected, by means of both the drive anchor 535 and an M1-M2
via 531, to the drain of the shutter-close charge transistor 520.
By causing a voltage, greater than a minimum actuation volt-
age, to appear between the drive beams 537 and load beams
541 on the left side of the shutter 545, the shutter 545 can be
caused to move into the closed position (as illustrated in FIG.
5B/5C)—i.e. to position over the top of aperture hole 543.
The set of drive beams 537 and load beams 541 located to the
left of the shutter 545 form a shutter close actuator.

[0087] Inoperation, the control matrix 500 is designed for
independent control of distinct electrical functions, namely a)
pre-charge of the actuators, b) pixel addressing and data stor-
age, and c¢) global actuation of the pixels.

[0088] At the beginning of each frame addressing cycle the
control matrix 500 applies a voltage to the pre-charge inter-
connect 510 which, because it is connected to both gate and
drain of the shutter-open and shutter-close charge transistors
516 and 520, acts to turn both of these transistors 516 and 520
on. The pre-charge interconnect 510 is pulsed to a voltage in
excess of the minimum required for actuation of the shutter
545, for instance to a voltage that exceeds 15 volts or in some
embodiments exceeds 30 volts. After the actuators of each of
the shutter-open and shutter-closed actuators have become
charged, the voltage on the pre-charge interconnect 510 is
returned to zero, and both of the shutter-open and shutter-
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close transistors 516 and 520 then return to their off states.
The charge provided to each of the shutter-open and shutter-
close actuators remains stored on each of the actuators since
the transistors that feed these actuators have been returned to
their off states.

[0089] Each row is then write-enabled in sequence, by plac-
ing a write-enable voltage V. _ onto the scan line interconnect
506. While a particular row of pixels 502 is write-enabled, the
control matrix 500 applies a data voltage to either the data-
open interconnect 508a or the data-closed interconnect 5085
corresponding to each column of pixels 502 in the control
matrix 500. The application of V, to the scan-line intercon-
nect 506 for the write-enabled row turns on both of the write-
enable transistors 517 and 527 of the pixels 502 in the corre-
sponding scan line. The voltages applied to the data
interconnects 5084 and 5085 are thereby allowed to be stored
on the data store capacitors 519 and 529 of the respective
pixels 502. Generally, to ensure proper actuation, a data volt-
age is allowed to be stored on only one storage capacitor 519
or 529 per shutter assembly 504.

[0090] In control matrix 500 the global actuation intercon-
nect 514 is connected to the source of the both the shutter-
open discharge switch transistor 518 and the shutter-close
discharge transistor 522. Maintaining the global actuation
interconnect 514 at a potential significantly above that of the
shutter common interconnect 515 prevents the turn-on of any
of the discharge switch transistors 518 or 522, regardless of
what charge is stored on the capacitors 519 and 529. Global
actuation in control matrix 500 is achieved by bringing the
global actuation interconnect 514 to a potential that is equal to
or less than that of the shutter common interconnect 515,
making it possible for the discharge switch transistors 518 or
522 to turn-on in accordance to the whether a data voltage has
been stored on ether capacitor 519 or 520. When switched to
the on state, the shutter-open discharge switch transistor 518
or the shutter-close discharge transistor 522 will allow the
charge to drain away from one or the other of their respective
actuators. By turning on only the shutter-open discharge tran-
sistor 518, for example, the charge stored on drive beams 537
to the right of shutter 545 will drain out through the drive
anchor 535, the M1-M2 via 531, through transistor 518, and
out through the global actuation interconnect 514. As a result,
a voltage exceeding the minimum actuation voltage will
remain only between the shutter and the drive beams to the
left of the shutter, and the shutter will be caused to move to the
left and into the closed position.

[0091] Applying partial voltages to the data store capaci-
tors 519 and 521 allows partial turn-on of the discharge
switch transistors 518 and 522 during the time that the global
actuation interconnect 514 is brought to its actuation poten-
tial. In this fashion, an analog voltage can be created on the
shutter assembly 504, providing for analog gray scale.
[0092] The layout shown in FIG. 5B/5C includes portions
of two neighboring pixels, between which some of the inter-
connects are singly assigned and some of the interconnects
are shared in common. Each of these pixels contains one
data-open interconnect 5084 and one data-closed intercon-
nect 5085, connecting all of the pixels 502 vertically along a
single column of control matrix 500. The two neighboring
pixels 502 in FIG. 5B/5C also share a common scan-line
interconnect 506, which connects all pixels 502 horizontally
along a single row of control matrix 500. The two neighboring
pixels, however, share the pre-charge interconnect 510 and
the global actuation interconnect 514 between them. These
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two interconnects, oriented along the column direction, are
placed between each of the two pixels 502 with electrical
connections, through M1-M2 vias 531, feeding voltage sig-
nals to both pixels on the right and on the left. At the periphery
of the display (not shown) the pre-charge interconnect lines
510 and the global actuation interconnect lines 514 from
multiple columns are further connected, respectively, to other
pre-charge interconnect lines and other global actuation inter-
connect lines.

[0093] The control matrix 500 includes a shutter common
interconnect 515, which in the layout of FIG. 5B/5C is estab-
lished by a separate conducting layer, referred to as the aper-
ture layer 547. The aperture layer 547, as was illustrated in
FIGS. 3A and 3B, is fabricated as a distinct layer that under-
lies all other layers of the control matrix 500. In the preferred
embodiment, the aperture layer 547 is fabricated from con-
ductive materials. The patterned outline of the aperture layer
is not illustrated in FIG. 5B/5C except for the location of the
aperture hole 543. In control matrix 500, the aperture layer is
used to make common electrical connection between all shut-
ters 545 in all rows and all columns by means of the shutter
anchors 539.

Alternate Layouts

[0094] It should be appreciated that FIG. 5B/5C is just one
example of a layout appropriate to the construction of control
matrix 500. Many other equivalent layouts are possible. For
instance the common interconnects 510 and 514 have been
routed along the column direction in FIG. SB/5C, but other
embodiments are possible in which these interconnects are
routed along the row direction. In FIG. 5B/5C the common
interconnects 510 and 514 are established and/or patterned at
the same metal level as the source and drain connections to the
transistors, such as transistor 518. Other embodiments are
possible, however, where these common interconnects 510
and 514 are established at the gate level of the thin film
transistors, and still other embodiments are possible where
these interconnects can be patterned as independent electrical
connectors located in the underlying conductive aperture
layer 547.

[0095] In the layout of control matrix 500 shown in FIG.
5B/5C, the shutter assemblies 504 are aligned such that the
shutters 545 move in a direction parallel to the scan line
interconnect 506. Other embodiments are possible in which
the shutters 545 move parallel to the data interconnects 508a
and 5085. Embodiments are also possible in which the elec-
trical components such as transistor 518 or capacitor 519 are
disposed not just to the left or right but also above or below the
shutter assemblies 504. In FIG. 5B/5C the electrical compo-
nents occupy different areas within the pixel 502. Other
embodiments are possible, however, where components such
as transistor 518 or capacitor 519 are built on other thin film
layers which underlie the shutter assembly 504.

[0096] A number of different thin film switches, known in
the art, can be utilized for the operation of control matrix 500.
FIG. 6 illustrates one of several suitable switch structures in
cross section. The structure illustrated in FIG. 6 includes the
cross section of a transistor, such as shutter open discharge
transistor 518. The structure of transistor 518 is similar to that
used in the art for active matrix liquid crystal displays. The
structure 600 of FIG. 6 also includes an electrode intercon-
nect 601, such as are commonly used to connect to pixel
capacitors in a liquid crystal display or as are commonly used
connect to driver circuits on the periphery of a display. Tran-
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sistor 518 represents, in particular, a structure that is known in
the art as the inverted staggered back-channel-etched thin
film transistor. Descriptions of the formation and function of
this particular transistor as well as others can be found in the
literature, such as in Active Matrix Liquid Crystal Displays by
Willem den Boer (Elsevier, Amsterdam, 2005).

[0097] The transistor 518 is built from a distinct set of thin
films or layers, the fabrication process for which will be
described in more detail with respect to FIGS. 7-10. In par-
ticular the transistor 518 is disposed on top of an aperture
layer 602. On top of the aperture layer is placed a first dielec-
tric layer 604. The elements of the transistor 518 include a
first conductor layer 606, a second dielectric layer 608, a first
semiconductor layer 610, a second conductor layer 612, a
third dielectric layer 614, and a third conductor layer 616. The
first conductor layer is also referred to in the art as a gate metal
layer and transistor 518 is referred to as a bottom-gate tran-
sistor. The second conductor layer is also referred to in the art
as a connector to the source and drain of the transistor 518.
The third conductor layer is also referred to in the art as an
electrode or contact metal.

[0098] The semiconducting layer 610 is commonly formed
from amorphous or polycrystalline silicon. The amorphous
silicon can be deposited by either plasma enhanced chemical
vapor deposition (PECVD) or by hot wire deposition from a
precursor gas such as SiH,. Other semiconducting materials
that can be used at layer 610 include diamond-like carbon, Si,
Ge, GaAs, CdTe or alloys thereof. Other techniques for for-
mation of the semiconducting layer include low pressure
chemical vapor deposition and sputtering.

[0099] The top surface of semiconducting layer 610 is
doped with an impurity to increase the conductivity of the
amorphous silicon and to provide for an ohmic contact
between the amorphous silicon and the second conductor
layer 612. Conductivity-enhancing dopants typically used
with either amorphous or polycrystalline silicon include
phosphorus, arsenic, boron, or aluminum. These dopants can
be included as part of a deposition step, i.e. by mixing dopant
precursors with SiH, in the PECVD chamber, or added later
by means for diffusion from a dopant gas or by ion implan-
tation.

[0100] Thin film switches, such as representative transistor
518 shown in FIG. 6, are fabricated from a sequence of
deposition, masking, and etch steps. The number of masks
and/or deposition steps required for the formation of thin film
switches, such as transistor 518, can vary between 3 and 10.
Atthe same time, the deposition, patterning, and etching steps
used to form the thin film switches are also used to form thin
film components such as array interconnects between pixels,
capacitors, or to form electrode contacts to driver chips on the
periphery of the display. Similar and/or additional processing
steps can be adapted to form thin film components useful in
the MEMS shutter display, e.g. to form electrical connections
between thin film switches and the aperture layer, such as
aperture layer 602, or to form electrical connections between
the switches, array interconnects, and the shutter assembly,
such as shutter assembly 202 or shutter assembly 504.

Fabrication Procedure 700

[0101] FIG. 7 illustrates one example of a manufacturing
process or procedure 700 for construction of a control matrix
and associated shutter assembly. The procedure 700 of FIG. 7
includes steps for the formation of an aperture layer, such as
aperture layer 250 or aperture layer 602. The procedure 700
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also includes steps for the formation of a switch or transistor,
such as transistor 210 or transistor 518. The procedure 700
also includes steps for the fabrication of a shutter assembly,
such as shutter assembly 202 or shutter assembly 504. Pro-
cedure 700 of FIG. 7 is described below with respect to the
formation of an inverted, staggered, back-channel etched
transistor such as transistor 518. Modifications or alternatives
to procedure 700, as may be appropriate for simplification of
the process or for the formation of alternative thin film
switches and control matrices will be discussed later with
respect to FIG. 9.

[0102] The procedure 700 begins at step 705 with the for-
mation of an aperture layer 602 on a substrate. The aperture
layer formation 705 includes the cleaning of the substrate,
which can be glass or plastic, followed by the deposition and
etch of the aperture layer 602. Several implementations of
step 705 have already been described with respect to FIGS.
4A and 4B. In some cases the aperture layer can be a com-
posite aperture layer such as aperture layer 452.

[0103] The procedure 700 continues at step 710 with the
deposition and etch of the first dielectric layer, such as dielec-
tric layer 604. Suitable dielectric materials include, without
limitation, SiO,, Siz;N,, AlL,O;, TiO,, HfO,, and Ta,Os,
which can be deposited either by sputtering, evaporation, or
chemical vapor deposition to thicknesses on the order of 0.1
to 2.0 microns. Typical photoresists are applied as known in
the art, then UV-exposed through photomask patterns, such as
are illustrated in layouts such as FI1G. 5, and finally developed
into an etching mask. After the etch of the dielectric layer 604
is complete the remaining photoresist is removed with either
an aqueous or solvent-based stripper compound or through
ozone and/or plasma ashing. Etch processes that can be used
to pattern the first dielectric layer 604 include RF or DC
plasma etching, sputter etching, or wet chemical etching.
[0104] The procedure 700 continues at step 715 with the
deposition and etch of the first conductor layer, such as con-
ductor layer 606. Suitable conductor materials include, with-
out limitation, Al, Cu, Ag, Ni, Cr, Mo, W, Ti, Ta, Nd, Nb and
alloys or combinations thereof. Some typical alloys used in
the art include TiW, MoW, MoCr, AINd, AlTa, and AlCr.
Bilayer metals are also useful for application as the first
conductive layer 606. Some bilayer metals that are useful
include Cr on Al, Ta on Al, Ta on Ag, Ti on Al, or Mo on Al.
Trilayer metal configurations are also known in the art,
including Cr/Al/Cr or Cr/Al/Ti or Ti/Al/Ti, Cr/Al/Ta, or
Cr/Ag/Ta. These metals or combinations of metals can be
applied by DC or RF sputtering, evaporation, or in some cases
by chemical vapor deposition. Suitable thicknesses can be in
the range of 0.1 to 1.0 microns. For patterning of the first
conducting layer 606, typical photoresists are applied as
known in the art and exposed through photomask patterns
such as are illustrated in layouts such as FIG. 5. After the etch
of'the conducting layer is complete the remaining photoresist
is removed with either an aqueous or solvent-based stripper
compound or through ozone and/or plasma ashing. Etch pro-
cesses that can be used to pattern the first conductor layer
include RF or DC plasma etching, sputter etching, reactive
ion milling, and/or wet chemical etching.

[0105] The procedure 700 continues at step 720 with the
deposition and etch of the second dielectric layer, such as
dielectric layer 608. Suitable dielectric materials include,
without limitation, SiO,, Si;N,, Al,O;, TiO,, HfO,, and
Ta,O,, which can be deposited either by sputtering, evapora-
tion, or chemical vapor deposition to thicknesses on the order
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of 0.1 to 2.0 microns. Patterning is achieved by means of
typical photoresists as known in the art and exposed through
photomask patterns such as are illustrated in layouts like FI1G.
5. After the etch of the dielectric is complete the remaining
photoresist is removed with either an aqueous or solvent-
based stripper compound or through ozone and/or plasma
ashing. Etch processes that can be used to pattern the second
dielectric layer 608 include RF or DC plasma etching, sputter
etching, or wet chemical etching.

[0106] The procedure 700 continues at step 725 with the
deposition and etch of the first semiconductor layer, such as
semiconductor layer 610. Amorphous silicon is a typical
semiconductor material applied at this step, deposited with a
PECVD process at deposition temperatures in the range of
25010 350 C. Polycrystalline silicon is an alternate semicon-
ductor material for thin film transistors, but as will be shown
in FIG. 9, the polycrystalline layer is typically applied at a
step preceding, or situated below the first conductor layer
606. For the inverted, staggered, back channel etch transistor
518, a dual layer of amorphous silicon is deposited. For the
first part of layer 610, amorphous silicon is deposited without
any dopants to thicknesses in the range of 0.1 to 0.2 microns.
The second part of layer 610 includes the deposition of
heavily n-doped amorphous silicon, typically through the
inclusion of PH3 gas in the PECVD chamber. The second or
upper part of layer 610 is thinner, typically in the range 0f 0.02
to 0.05 microns. Patterning of the amorphous silicon transis-
tor islands is then achieved by means of typical photoresists
as known in the art and exposed through photomask patterns
such as are illustrated in layouts such as FIG. 5. After the etch
of'the semiconductor is complete the remaining photoresist is
removed with either an aqueous or solvent-based stripper
compound or through plasma ashing. Etch processes that can
be used to pattern semiconductor islands include RF or DC
plasma etching, sputter etching, reactive ion milling, or wet
chemical etching.

[0107] The procedure 700 continues at step 730 with the
deposition and etch of the second conductor layer, such as
conductor layer 612. Suitable conductor materials include,
without limitation, Al, Cu, Ag, Au, Ni, Cr, Mo, W, Ti, Ta, Nd,
Nb and alloys or combinations thereof. Some typical alloys
used in the art include TiW, MoW, MoCr, AINd, AlTa, and
AlCr. Bilayer metals are also useful for application as the first
conductive layer. Some bilayer metals that are useful include
Cron Al, Ta on Al, Ta on Ag, Ti on Al, or Mo on Al. Trilayer
metal configurations are also known in the art, including
Cr/AVCr, or Ct/Al/Ti, or TV AVTi, or Cr/Al/Ta, or Cr/Ag/Ta.
These metals or combinations of metals can be applied by DC
or RF sputtering, evaporation, or in some cases by chemical
vapor deposition. Suitable thicknesses can be in the range of
0.1 to 1.0 microns. For patterning of the second conducting
layer 612, typical photoresists are applied as known in the art
and exposed through photomask patterns such as are illus-
trated in layouts like FIG. 5. After the etch of the second
conducting layer 612 is complete the remaining photoresist is
removed with either an aqueous or solvent-based stripper
compound or through plasma ashing. Etch processes that can
be used to pattern the second conductor layer 612 include RF
or DC plasma etching, sputter etching, reactive ion milling,
and/or wet chemical etching.

[0108] The procedure 700 continues at step 735 with the
deposition and etch of the third dielectric layer, such as
dielectric layer 614. Suitable dielectric materials include
Si0,, Si;N,, AL, O;, TiO,, HfO,, and Ta,05, which can be
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deposited either by sputtering, evaporation, or chemical
vapor deposition to thicknesses on the order of 0.2 to 2.0
microns. Patterning is achieved by means of typical photore-
sists as known in the art and exposed through photomask
patterns such as are illustrated in layouts such as FI1G. 5. After
the etch of the dielectric is complete the remaining photore-
sist is removed with either an aqueous or solvent-based strip-
per compound or through plasma ashing. Etch processes that
can be used to pattern the third dielectric layer 614 include RF
or DC plasma etching, sputter etching, or wet chemical etch-
ing.

[0109] The procedure 700 continues at step 740 with the
deposition and etch of the third conductor layer, such as
conductor layer 616. Suitable conductor materials include,
without limitation, Al, Cu, Ag, Au, Ni, Cr, Mo, W, Ti, Ta, Nd,
Nb and alloys or combinations thereof. For the third conduc-
tor layer 616, which can serve as a contact or electrode layer,
other conductive materials are applicable such as indium-tin-
oxide (ITO), indium zinc oxide (IZO), Al-doped tin oxide,
fluorine-doped tin oxide, silver alloys and/or gold alloys.
Other alloys, bi-layers, and/or tri-layers as listed foruse as the
second conductor layer 612 are also applicable. These metals
or combinations of metals can be applied by DC or RF sput-
tering, evaporation, or in some cases by chemical vapor depo-
sition. Suitable thicknesses can be in the range 0of 0.1 to 1.0
microns. For patterning of the third conducting layer 616,
typical photoresists are applied as known in the art and
exposed through photomask patterns such as are illustrated in
layouts such as FIG. 5. After the etch of the third conductor
layer 616 is complete the remaining photoresist is removed
with either an aqueous or solvent-based stripper compound or
through plasma ashing. Etch processes that can be used to
pattern the third conductor layer 616 include RF or DC
plasma etching, sputter etching, and/or wet chemical etching.

[0110] The procedure 700 continues at step 745 with the
deposition and patterning of the sacrificial layer, such as
sacrificial layer 805 illustrated below in FIG. 8F. Suitable
sacrificial layers 805 include polymers such as polyimide,
dielectrics such as SiO,, or soft metals such as copper or
aluminum. In some cases the sacrificial material is patterned
by adding a layer of photoresist as known in the art, which is
then exposed through a photomask and developed to form an
etching mask. Etch processes available for the sacrificial
materials include RF or DC plasma etching or wet chemical
etching. In some cases sacrificial materials are available
which are themselves photo-definable, meaning their patterns
can be established by direct exposureto UV radiation through
a photomask followed by immersion in a bath or spray of
developer chemicals. In either case the pattern which is
formed in the sacrificial layer 805 will act as a mold for the
subsequent formation of the shutter layer 807. The sacrificial
layer 805 is not removed until step 760 of procedure 700.
Further details on available sacrificial materials are described
with reference to FIG. 12.

[0111] The procedure 700 continues at step 750 with the
deposition and patterning of the shutter layer, such as shutter
layer 807 illustrated in FIG. 8G. Suitable shutter materials
used by themselves include, without limitation, metals such
as Al, Cu, Ni, Cr, Mo, Ti, Ta, Nb, Nd, or alloys thereof;
dielectric materials such as Al,O;, Si0,, Ta,O,, or Si;N,,; or
semiconducting materials such as diamond-like carbon, Si,
Ge, GaAs, CdTe or alloys thereof. Further discussion of the
material properties preferred for the shutter layer 807 can be
found with reference to FIG. 11. Layered combinations of
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shutter layer materials can also be employed as further
described under FIG. 11. Shutter layers 807 can be deposited
to thicknesses in the range of 0.1 microns to 5 microns. The
deposition techniques that can be utilized for thicker shutter
materials include DC or RF sputtering, chemical vapor depo-
sition, and/or evaporation. In some cases the shutter material
can be deposited from solution by electroless plating or elec-
troplated after deposition of a conducting seed layer onto the
exposed surfaces of the sacrificial layer 805.

[0112] The procedure 700 continues at step 755 with the
removal of the sacrificial layer 805. This step, also referred to
as the release step, is intended to free the shutter layer from
the mold onto which it was deposited and enable elements
formed in the shutter layer 807 to move freely, or at least move
as constrained by its actuators and anchors or supports to the
substrate. Polymer sacrificial layers 805 can be removed in an
oxygen plasma, or in some cases by thermal pyrolysis. Cer-
tain inorganic sacrificial layers 805 (such as SiO,, Si, Cu, or
Al) can be removed by wet chemical etching and/or vapor
phase etching.

[0113] The procedure 700 continues at step 760 with the
addition of a dielectric coating layer, such as dielectric coat-
ing 813 illustrated in FIG. 8H. Dielectric coatings 813 can be
applied in conformal fashion, such that all bottom, tops, and
side surfaces of the shutters and beams are uniformly coated.
Such thin films can be grown by thermal oxidation and/or by
conformal chemical vapor deposition of an insulator such as
Al,0;, Cr,0;, TiO,, HIO,, V,05, Nb,O;, Ta,0s, SiO,, or
Si; N, or by depositing similar materials by means of atomic
layer deposition. The dielectric coating layer 813 can be
applied with thicknesses in the range of 10 nm to 1 micron. In
some cases sputtering and evaporation can be used to deposit
the dielectric coating 813 onto sidewalls.

[0114] The procedure 700 concludes at step 765 with the
cleaning of contact pads. Since the dielectric coating 813
deposited at step 760 coats all surfaces uniformly, it is useful
to remove the dielectric coating 813 over contact pads at the
periphery of the display, where electrical connections need to
be made to driver chips or source voltages. In one embodi-
ment, a sputter etch using an inert gas such as Ar is sufficient
to remove the dielectric coating 813 from all exposed sur-
faces. The sputter etch is preferably applied after the active
area of the display has been protected or sealed with a cover
sheet (such as a separate piece of glass). The cover sheet
prevents the sputter etch from removing dielectric material
from any of the shutter assemblies in the pixel area.

[0115] In another embodiment, which avoids the sputter
etch at step 765, it is possible to pre-treat all contact areas on
the periphery of the display so that the dielectric coating 813
applied at step 760 does not adhere to the contact areas and
cannot therefore impede an ohmic contact. Such a non-adher-
ing pre-treatment can be achieved by the spray or liquid-
dispensed application of certain compounds around the
periphery of the display which alter the chemical reactivity of
the contact surface. Exemplary surface treatments include the
family of trichlorosilanes of chemical composition CH;
(CH,),SiCl; where x is a number greater than 7 and less than
30, pertluoro-octyltrichlorosilane (FOTS) and dimethyldi-
chlorosilane (DMDCS). Alternative surface treatments
include the group of alkanethiols of chemical composition
CH;(CH,),SH, where x is a number greater than 7 and less
than 30. Such pre-treatments can be effective at blocking the
deposition of certain dielectric materials if the deposition is
carried out at low temperatures, usually less than 200 degrees
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C. Such low temperature dielectric depositions can be
achieved with the use of atomic layer chemical vapor depo-
sition. The cleaning of the contact pads at step 765 can then be
as simple as a heat treatment, exposure to UV radiation, or
exposure to ozone to remove organic materials from the bond
pads.

[0116] In another embodiment which avoids the sputter
etch at step 765, it is possible to cover or passivate the contact
areas on the periphery of the display with a sacrificial material
before deposition of the dielectric material at step 760 of
procedure 700. Examples of sacrificial materials which can
be applied include photoresist, silicone sealing materials, or
polydimethylsiloxane (PDMS). These are materials that can
withstand the temperatures required for the dielectric depo-
sition at step 760, in the range of 100 to 300 C. A nozzle
dispense tool can be used to deposit a relatively thick layer of
these materials selectively in the region of the contact pads.
[0117] Inthe latter embodiment, where the contact area has
been previously coated with a sacrificial material before the
dielectric deposition, step 765 of procedure 700 entails a
removal of the sacrificial material as well as any overlying
dielectric material. In some cases the removal of the sacrifi-
cial material can be accomplished through a combination of
mechanical abrasion, wet chemical or solvent dissolution,
and/or oxygen plasma. In cases where the sacrificial material
was deposited as a coherent and thick (>20 micron) film of
sealant or elastomeric material, the sacrificial material may
simply be pulled away with forceps or tweezers. The contact
pads can then be further cleaned with either a detergent or a
mild acid wash.

[0118] It should be appreciated that procedure 700 illus-
trates one sequence of processes appropriate to the formation
of'a control matrix, such as control matrix 500, but many other
process sequences are possible. In some cases the ordering of
the steps can be altered. FIG. 9, for instance, illustrate a
structure for a top-gate polycrystalline silicon thin film tran-
sistor in which the semiconducting layer 610 is deposited
after the first dielectric layer 604 and before the first conduct-
ing layer 606.

[0119] There are also embodiments of the control matrix in
which certain steps of procedure 700 are eliminated. FIG. 17,
for instance illustrates a control matrix in which the aperture
layer 602 and the first dielectric layer 604 have been elimi-
nated, with their functions taken up by other layers in the
control matrix. In other embodiments the third conductor
layer 616 can be eliminated.

[0120] There are also embodiments in which all of layers of
procedure 700 are included, but certain photomasking steps
and/or etching steps are eliminated. If no electrical connec-
tion between the control matrix and the aperture layer 602 is
required, for instance, then the patterning and etching of the
first dielectric layer 604 can be eliminated. Procedure 700
includes photomasking and etching steps for each of the
dielectric layers 604, 608, and 614. Generally these etching
steps are included for the formation of electrical connections
or vias between the conductor layers. Similar electrical con-
nections can be made without requiring a via etching step
after the deposition of each dielectric. In some cases, for
instance, a masking and etching step established at step 735,
for instance, can also serve to etch through underlying dielec-
tric layers to reveal electrical connections at lower conductor
layers, even to the aperture layer 602, without the aid of
previous dielectric masking steps. Some examples of these
via combinations are described in relation to FIG. 19.
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[0121] FIGS. 8A through 8H demonstrate, by means of
cross-sectional drawings, how the step by step procedure of
FIG. 7 can be used to build a control matrix and associated
shutter assembly. The construction of four independent struc-
tures is illustrated in FIGS. 8A through 8H. The four struc-
tures are illustrated as if they are adjacent to each other on the
substrate 801, but this is for illustrative purposes so that a
common height reference might be given. Cross section
markers such as A-A' and B-B' are given so that the reader can
identify suitable relative orientations of structures within a
pixel by comparing markers in FIGS. 8A through 8H to the
same markers in FIG. 5B/5C. FIGS. 8 A through 8H demon-
strate how to build a transistor such as transistor 518 or
transistor 210 with an associated capacitor 519. The transistor
labeled as transistor 518 in FIGS. 8 A-8H may, in fact, repre-
sent the cross section of any of the transistors 516, 517, 520,
522, or 527 shown in FIG. 5B/5C. Also shown in FIGS. 8A
through 8H is how to fabricate a representative MEMS shutter
assembly such as shutter assembly 504 (which is similar to
shutter assembly 202) with associated aperture hole 543 (or
aperture hole 254). Also illustrated is the fabrication of a
representative drive anchor such as drive anchor 535, which is
similar to drive anchor 148.

[0122] FIG. 8A shows the structure of transistor 518,
capacitor 519, drive anchor 535 and shutter assembly 504
after application of steps 705 and 710 of procedure 700. The
structures in FIG. 8A include an aperture layer 602 and a first
dielectric layer 604. Neither of these layers is patterned
underneath the transistor or capacitor. A photopattern is, how-
ever, applied to the aperture layer 602 in the region of shutter
assembly 504. An opening is made in the aperture layer at the
point of the aperture hole 543. Openings are also made in the
aperture layer 602 to electrically isolate regions of the aper-
ture layer 602 that will underlie the drive beams 537 (shown
in FIG. 8E). After the first dielectric layer 604 is deposited
over the aperture layer 602, it is allowed to remain in blanket
fashion over the top of the aperture layer 602.

[0123] FIG. 8B shows the structure of transistor 518,
capacitor 519, drive anchor 535 and shutter assembly 504
after application of steps 715 and 720 of procedure 700. FIG.
8B includes pre-existing layers 602 and 604. At step 715 the
first conductor layer 606 is deposited and patterned. At the
transistor 518 the first conductor layer 606 is patterned to
form the gate metal. At the capacitor 519 the first conductor
layer 606 is patterned to form the upper electrode of the
capacitor. The lower electrode of capacitor 519 is formed by
the aperture layer 602. For the drive anchor 535 the first
conductor layer is allowed to remain intact, as it will form part
of'the electrical connection to the drive anchor. In the region
of the shutter assembly 504 the first conductor layer 606 is
completely etched away. At step 720 the second dielectric 608
is allowed to remain intact over all of the structures in FIG.
8B.

[0124] The patterned edges of the gate metal at transistor
518 and the upper electrode of capacitor 519 have been bev-
eled. Beveled edges can be useful for ensuring a conformal
coating for deposition of subsequent dielectric layers and to
avoid dielectric cracks which can form due to stress concen-
trations. Cracks in dielectric layers can lead to electrical
leakage between conductor layers.

[0125] The photomasks employed at step 715 can also be
used to pattern the first conductor layer 606 into any of a
number of interconnect lines, such as the scan-line intercon-
nect 506 shown in FIG. 5B/5C.



US 2011/0267668 Al

[0126] FIG. 8C shows the structure of transistor 518,
capacitor 519, drive anchor 535 and shutter assembly 504
after application of step 725 of procedure 700. FIG. 8C
includes pre-existing layers 602, 604, 606, and 608. At step
725 the semiconductor layer 610 is deposited and patterned.
For the inverted, staggered, back-channel etch transistor 518
the deposition of the semiconductor often proceeds in two
steps. First a lightly doped amorphous silicon layer is depos-
ited followed by the deposition of a doped amorphous silicon
layer. The two layers which comprise semiconductor layer
610 are then patterned together to form the “silicon island”.
The edges of the silicon island are often beveled. The semi-
conductor layer 610 is removed, via the photopattern and etch
steps, from all of the other structures shown in FIG. 8C.

[0127] FIG. 8D shows the structure of transistor 518,
capacitor 519, drive anchor 535 and shutter assembly 504
after application of step 730 of procedure 700. FIG. 8D
includes pre-existing layers 602, 604, 606, 608, and 610. At
step 730 the second conductor layer 612 is deposited and
patterned to establish the source 8044 and drain 8045 regions
of transistor 518. For the inverted, staggered, back-channel
etch transistor illustrated in FIG. 8, the opening or gap formed
between features of the metal layer 612 on top of transistor
518 determines the critical dimensions (length and width) of
the conducting channel through the semiconducting layer
610. The etch used to separate conducting layer 612 into
source and drain regions 804a and 8045 is also continued into
the silicon island until it consumes the upper regions or the
doped amorphous silicon component of semiconductor layer
610. The only amorphous silicon which remains in the chan-
nel region of transistor 518 is the undoped or lightly doped
condition. The second conductor layer 612 is removed via the
photopattern and etch steps from all of the other structures
shown in FIG. 8D. The underlying dielectric layer 608 forms
a convenient etch stop for the patterning or removal of parts of
second conductor layer 612.

[0128] The photomasks employed at step 730 can also be
used to pattern the second conductor layer 612 into any of a
number of interconnect lines, such as data-open interconnect
508a or pre-charge interconnect 510 shown in FIG. 5B/5C.

[0129] FIG. 8E shows the structure of transistor 518,
capacitor 519, drive anchor 535 and shutter assembly 504
after application of step 735 and 740 of procedure 700. FIG.
8E includes pre-existing layers 602, 604, 606, 608, 610, and
612. At step 735 the third dielectric layer 614 is deposited and
patterned. The dielectric layer 614 generally serves the pur-
pose of passivating or protecting the transistor 518 and
capacitor 519 from subsequent processing and from the pack-
aging environment of the display. The dielectric etching step
which is employed at step 735, however, has also been used to
remove all of the dielectric materials that had been covering
the first conductor layer 606 in the region of the drive anchor
535, and that had covered the aperture layer 602 in the region
of the shutter assembly 504. Assuming that similar materials
are employed at all preceding dielectric deposition steps, the
etch chemicals used in the patterning of the third dielectric
layer 614 can etch allunderlying dielectric layers and can stop
with good selectivity either on the glass substrate 801 or on
either of the metal-containing layers 602 or 606. At step 740
of procedure 700 the third conductor layer is deposited and
removed from all of the structures shown in FIG. 8. Option-
ally the third conductor layer 616 is allowed to remain in the
region of the drive anchor 535 to assist with formation of an
ohmic contact to the drive anchor.
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[0130] FIG. 8F shows the structure of transistor 518,
capacitor 519, drive anchor 535 and shutter assembly 504
after application of step 745 of procedure 700. FIG. 8E
includes pre-existing layers 602, 604, 606, 608, 610, 612 and
614. At step 745 the sacrificial layer 805 is deposited and
patterned. In this illustrated example, patterns in the sacrifi-
cial layer are only required in the vicinity of the anchors, such
as drive anchor 535 where attachment of the shutter assembly
will be made to the substrate.

[0131] FIG. 8G shows the structure of transistor 518,
capacitor 519, drive anchor 535 and shutter assembly 504
after application of step 750 of procedure 700. FIG. 8G
includes pre-existing layers 602, 604, 606, 608, 610, 612, 614
and 805. At step 750 the shutter layer 807 is deposited and
patterned. The shutter material will generally lie flat, covering
the surface of the sacrificial material, and it will also coat the
sides and the bottom of the holes patterned in the sacrificial
layer at step 745, as illustrated at the drive anchor 535. The
pattern that is etched into shutter layer 807 will define the
shutter 545, which in FIG. 8G is in a position to block the
aperture hole 543. The pattern etched into the shutter layer
807 can also define the actuator beams of the shutter assem-
bly, such as compliant load beams 541 or the compliant drive
beams 537. The material of the shutter layer 807 is removed
from the vicinity of the transistors, such as transistor 518 and
the capacitors, such as capacitor 519.

[0132] FIG. 8H shows the final structure of the transistor
518, capacitor 519, drive anchor 535 and shutter assembly
504 after application of step 765 of procedure 700. The struc-
tures in FIG. 8H include the aperture layer 602, the first
dielectric layer 604, the first conductor layer 606, the second
dielectric layer 608, the first semiconductor layer 610, the
second conductor layer 612, the third dielectric layer 614, and
the shutter layer 807. The structures shown in FIG. 8G are
achieved after removal of the sacrificial layer 805 in step 755
of'procedure 700. The shutter assembly illustrated in FIG. 8G
includes a patterned aperture hole 543, a shutter 545, and two
sets of compliant actuator beams 537 and 541. As was illus-
trated in plan view figures such as FIG. 2, FIG. 3, and FIG.
5B/5C, the compliant load beams 541 mechanically connect
the shutter 545 to a shutter anchor, such as shutter anchor 539
or shutter anchor 138. The structures shown in FIG. 8H are
achieved after removal of the sacrificial layer in step 755 of
procedure 700. Also shown are the dielectric coatings 813
that are deposited on all surfaces of the shutter assembly at
step 760 of procedure 700.

[0133] It should be appreciated that variations of the struc-
tures 518, 519, 535, and 504 are possible. The capacitor 519
is illustrated in FIG. 8H as using electrodes from the aperture
layer 602 and the first conductor layer 606. Similar capacitors
can be established using procedure 700 by using other metal
layers as electrodes. For example, the capacitor 519 could be
formed using the first conductor layer 606 and the second
conductor layer 612, or the third conductor layer electrodes.
[0134] FIG. 8H shows a drive anchor 535 in which electri-
cal connection is made between the shutter layer 807 and the
first conductor layer 606. In other embodiments a drive
anchor can be utilized in which the electrical and mechanical
connection is established at either higher or lower levels. For
instance, using procedure 700, the drive anchor could be
established as a direct connection to the aperture layer 602 or
to the third conductor layer 616.

[0135] FIGS. 6 through 8 have illustrated the structure of
control matrix 500 using the example of the inverted, stag-
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gered, back-channel etched thin film transistor (TFT). Many
alternative thin film switch structures, however, are known in
the art and can be adapted to the benefit of a MEMS-based
shutter display. Several of alternative switches are illustrated
in FIG. 9 and described in texts such as in Active Matrix
Liguid Crystal Displays by Willem den Boer (Elsevier,
Amsterdam, 2005).

[0136] FIG. 9A illustrates the inverted, staggered, etch-
stopper or trilayer TFT 901. FIG. 9B illustrates a top-gate
TFT 903, commonly used with polycrystalline silicon as
opposed to amorphous silicon. FIG. 9C illustrates a metal-
insulator-metal (MIM) structure, often referred to as the thin
film diode 905. Each of the structures 901, 903, and 905
contain certain layers with similar functions and similar
deposition/patterning processes as compared to those found
in transistor 518 (FIG. 6). These include an aperture layer
902, a first dielectric layer 904, a first conductor layer 906, a
second dielectric layer 908, a second conductor layer 912, a
third dielectric layer 914, and a third conductor layer 916.

[0137] In comparison to the transistor 518 and the process
flow 700, the process for the etch-stopper TFT 901 adds two
extra layers and one extra photomask. The etch stopper TFT
includes two separately deposited (instead of one) semicon-
ducting layers: an intrinsic amorphous silicon layer 918 and a
doped amorphous silicon layer 920. The etch stopper TFT
901 also adds an additional etch-stopper dielectric layer 922,
which is deposited immediately following the intrinsic amor-
phous silicon layer 918. Continuing the process for the etch
stopper TFT, the etch-stopper dielectric layer 922 is typically
patterned into an island over the top of the TFT. Next the
doped amorphous silicon layer 920 is deposited and both
semiconductor layers 918 and 920 are then patterned into a
silicon island. Next the second conductor layer 912 is depos-
ited. The process for patterning/etching the second conductor
layer 912 into source and drain regions includes an etch
process for the underlying doped amorphous silicon layer
920. This etch process will be naturally stopped when the
etchant reaches the etch stopper dielectric layer 922, thereby
giving this process considerably more latitude for variations
(without serious transistor degradation) as compared to the
source/drain patterning of step 730 of procedure 700. The
materials used for the first and second conductor layers 906
and 912 are similar between transistor 901 and transistor 518,
however, and the switching properties of the transistors are
similar. Via structures, which will be described below in FIG.
10, are also substantially unatfected by the use of the structure
of either transistor 518 or transistor 901.

[0138] FIG. 9B shows the structure of a common top-gate
low-temperature polycrystalline thin film transistor (LTPS-
TFT) 903. In comparison to transistor 518 (FIG. 6) and pro-
cedure 700, the LTPS-TFT changes the order and sequence of
the semiconductor layers and the first conductor layer. FIG.
9B includes a polycrystalline silicon layer 924 that is depos-
ited immediately after the first dielectric layer 904. The sili-
con layer 924 is typically deposited as an amorphous silicon
layer and then converted to polycrystalline silicon by means
of excimer laser annealing before patterning into a silicon
island. The patterning of the polycrystalline silicon layer is
then followed by the deposition in blanket fashion of an extra
layer, the gate insulating layer 926. Next the first conductor
layer 906 is deposited and patterned to form the gate metal.
Next the source and drain areas of the silicon island are doped
with either boron or phosphorus by either ion implantation,
plasma-immersion, or ion shower doping techniques. (A self-
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aligned doping of the source and drain is made possible by the
shielding of the gate metal.) Next the second dielectric layer
908 is deposited and patterned into a set of via openings,
similar to the M1-M2 via 531 which is described below with
respect to FIG. 10. Next the second conducting layer 912 is
deposited and patterned to form the connections to source and
drain. The process is completed with layers 914 and 916 in a
sequence similar to that described in procedure 700.

[0139] The polycrystalline silicon material in layer 924 has
significantly higher carrier mobility than what is available for
amorphous silicon transistors, such as transistor 518. As a
result, it is possible to drive similar currents and similar
switching speeds with LTPS transistors while using signifi-
cantly less area than that which is required for amorphous
silicon transistors. The use of high mobility, small area LTPS
transistors, therefore, makes it possible to build MEMS-
based shutter displays with smaller pixels, tighter pitch and
therefore higher resolution formats within a substrate of fixed
size.

[0140] When adapting an LTPS transistor, such as transis-
tor 903, to the MEMS-based shutter display, other useful
modifications can be made to photopatterns and process
flows. For instance, in order to form the Ap-M1 via 533, as
illustrated in FIG. 10A-10F for use with an LTPS transistors
like transistor 903, it is suitable to remove the polycrystalline
silicon layer 924 in the region of the via 533. Also, in forming
via 533, the same photopattern and etch that would normally
open the via through the first dielectric layer 604 (step 710,
illustrated in FIG. 10B) can be delayed until after the depo-
sition of the gate dielectric layer 926.

[0141] Another common variation of the thin film transis-
tor, known in the art but not illustrated in FIG. 9, is the
staggered top-gate amorphous silicon transistor. In this fur-
ther variation of the inverted staggered transistor 518 (FIG.
6), the roles of the two conductor layers are reversed. The first
conductor layer 606 is employed to form the source and drain
contacts to a semiconductor layer 610 that is deposited imme-
diately above it. The second conductor layer 612 is used to
form the gate structure. In order to adapt the MEMS-based
shutter display to the amorphous top-gate transistor the scan-
line interconnect 506 may preferably be patterned into the
second conductor layer 612 instead of into the first conductor
layer 606. Conversely, other interconnect lines, such as data-
open interconnect 508a or pre-charge interconnect 510 may
preferably be patterned into the first conducting layer 606.
The use of the amorphous top-gate transistor may save some
space within a pixel by eliminating the need of some vias such
as the M1-M2 via 531 for connecting the drain of certain
transistors to the drive anchors 535.

[0142] FIG. 9C shows the structure of a MIM thin film
diode 905. In comparison to transistor 518 (FIG. 6) the diode
905 does not include any semiconductor layer. Instead a par-
ticular choice of materials is used for the second dielectric
material 908. The materials chosen for second dielectric
material 908 include Si,N,, Ta,Oj, or diamond-like carbon,
materials which are known for their performance as either
leaky dielectrics or dielectrics that have the ability to trap
charge. Techniques employed for the deposition of these
materials include plasma-assisted chemical vapor deposition
(PECVD), hot wire deposition, or sputtering followed by
electrochemical anodization.

[0143] Inoperation the MIM diode 905 behaves as a varis-
tor, which can assist with improving the selectivity, address-
ing, and/or contrast achievable in large pixel arrays as com-
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pared to the use of a passive matrix. The processes used to
form the via structures (see FIG. 10 below) can be adapted
with little change for use with the MIM diode 905. It may be
less expensive to produce a control matrix using the MIM
diode 905 as a switch structure since these switches can be
produced with one less deposition step, one less photomask,
and have easier to achieve patterning dimensions when com-
pared to the amorphous silicon transistor 518.

[0144] The thin film switches 901, 903, and 905 are just
three examples of many possible variations on the structure of
a thin film switch. It will be appreciated from the examples
listed above and by those skilled in the art that other variations
are possible. Similar structures can be built that include either
a greater or fewer number of layers than those illustrated
above or listed in procedure 700 or that include variations to
the order of steps described within procedure 700.

[0145] FIG. 10A presents a cross sectional view of several
of the via structures that can be employed as elements of
control matrix 500, especially to assist with the interconnec-
tion between transistors or between transistors and the
anchors of the shutter assembly. FIG. 10A includes four dis-
tinct types of via structures. FIG. 10A includes the M1-M2
via 531, which is a via for connecting the first conductor layer
606 to the second conductor layer 612. FIG. 10A includes the
Ap-M1 via 533, which is a via that connects the aperture layer
602 to the first conductor layer 606. FIG. 10A also illustrates
the shutter anchor 539, which provides the mechanical and
electrical support or connection between the shutter 545 and
the control matrix 500. The structures in FIG. 10A are illus-
trated as if they are adjacent to each other on the substrate
1001, but this is for illustrative purposes only so that a com-
mon height reference might be given. Cross section markers
such as E-E' or F-F' are given so that the reader can identity
the positional relationships of these structures within the
pixel by comparing markers in FIGS. 10 A through 10F to the
same markers in FIG. SB/5C.

[0146] FIG. 10A also illustrates a cross section through a
bond pad 1003. The bond pad 1003 facilitates the electrical
connection between first conductor layer 606 and driver chips
or voltage sources which might be mounted around the
periphery of the display. The bond pad is not shown in FIG.
5B/5C.

[0147] Each of the via structures shown in FIG. 10A
includes several metal and dielectric layers in common. Each
of these via structures includes an aperture layer 602, a first
dielectric layer 604, a first conductor layer 606, a second
dielectric layer 608, a second conductor layer 612, a third
dielectric layer 614, a third conductor layer 616, and a shutter
layer 807.

[0148] The procedure 700 described in FIG. 7 can be used
to build each of the via structures described in FIG. 10A. A
step-by-step description of the manufacturing process is illus-
trated with respect to the via structures in FIGS. 10B-10F.
FIGS. 10B-10F also illustrate typical design guidelines that
are incorporated in photomasks applied at the various steps of
procedure.

[0149] FIG.10B shows the structure ofthe M1-M2 via 531,
the Ap-M1 via 533, the shutter anchor 539, and the bond pad
1003 after application of steps 705 and 710 of procedure 700.
The via structures in FIG. 10A receive blanket depositions of
the aperture layer 602 followed by a blanket deposition of the
first dielectric layer 604. The via structures in FIG. 10A do not
require any patterning at step 705 for the aperture layer 602.
Only one of the via structures, namely the Ap-M1 via 533,
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requires any patterning at the first dielectric step—step 710.
Inthe case of Ap-M1 533, a via opening is etched through first
dielectric layer 604 so that subsequent electrical contact can
be made to the aperture layer 602 through the Ap-M1 via. The
width of the via hole is typically 2 to 30 microns. The via
holes are typically square although rectangular vias are also
possible. The thickness of the first dielectric layer is typically
in the range 0f 0.1 to 2.0 microns.

[0150] FIG. 10C shows the structure ofthe M1-M2 via 531,
the Ap-M1 via 533, the shutter anchor 539, and the bond pad
1003 after application of step 715 of procedure 700. FIG. 10C
includes pre-existing layers 602, 604. When deposited, the
first conductor layer 606 completely fills the via that was
opened in the first dielectric layer of the Ap-M1 via 533.
Preferred design guidelines indicate that patterned metal
depositions should overfill the via holes provided in previous
steps by at least 2 microns. FIG. 10C also shows that, at
shutter anchor 539, the first conductor layer 606 is completely
etched away after deposition to reveal the first dielectric layer
604. All patterned edges of the first conductor layer 606 are
beveled. Most etch chemistries available for metals in the first
conductor layer 606 have a good selectivity to the underlying
first dielectric layer 604, so that the metal etch does not
appreciably attack the underlying dielectric layer. Preferred
design guidelines avoid situations in which the etch of one
metal layer is required to stop an underlying metal layer.
[0151] FIG. 10D shows the structure of the M1-M2 via 531,
the Ap-M1 via 533, the shutter anchor 539, and the bond pad
1003 after application of application of steps 720, 725, and
730 of the procedure 700. FIG. 10D includes pre-existing
layers 602, 604, and 606. Step 720 is used to deposit the
second dielectric layer 608, with patterning to openup a via in
the M1-M2 structure 531. Blanket (i.e. unpatterned) dielec-
tric is allowed to remain over all of the other via structures.
The semiconductor layer 610 is not included in any of the via
structures in FIG. 10A. At step 725, the first semiconductor
610 is etched away from each of the structures in F1IG. 10D. In
step 730, the second conductor layer is allowed to completely
fill the M1-M2 via 531 that was provided by etching through
the second dielectric material 608. The second conductor
layer 612 is completely removed from the surfaces of the
other vias, with the metal etch stopping on all underlying
dielectric layers.

[0152] FIG. 10E shows the structure of the M1-M2 via 531,
the Ap-M1 via 533, the shutter anchor 539, and the bond pad
1003 after application of application of steps 735 and 740 of
the procedure 700. FIG. 10E includes pre-existing layers 602,
604, 606, 608, and 612. The purpose of step 735 is to use the
third dielectric layer 614 to passivate and protect the surface
of all transistors and interconnect materials, as is shown at the
M1-M2 via 531 and at the Ap-M1 via 533. The third conduc-
tor layer 616 is not included and therefore completely
removed from M1-M2 via 531 and from the Ap-M1 via 533 at
step 740 of the process. Both the third dielectric layer 614 and
the third conductor layer 616 are removed in the region of the
shutter anchor 539.

[0153] FIG. 10E illustrates the completion of bond pad
1003. The purpose of bond pad 1003 is to provide a via
through the third dielectric layer 614 for purpose of making
electrical contact to underlying conductor layers at the
periphery of the display. The bond pad 1003 shows an elec-
trical via or contact between the third conductor layer 616 and
the first conductor layer 606. The via etching step that takes
place within step 735 is unusual in that it is designed to etch
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through both the third dielectric layer 614 and the second
dielectric layer 608, and to end on any underlying metal. In
the region of shutter anchor 539, the etch employed for dielec-
tric layers 614 and 608 will etch part way into, but not all of
the way into the first dielectric layer 604. Step 740 provides a
for the filling of the bond pad 1003 with the third conductor
layer 616, which is patterned to cover and passivate the bond
pads on the periphery of the display.

[0154] FIG. 10F shows the structure of the M1-M2 via 531,
the Ap-M1 via 533, the shutter anchor 539, and the bond pad
1003 after application of steps 745 and 750 of procedure 700.
FIG. 10E includes pre-existing layers 602, 604, 606, 608,
612, 614, and 616. The sacrificial layer 805 of step 745 is
allowed to cover or passivate all structures except at the
shutter anchor 539, which forms the mechanical attachment
for the shutter and load beams. Details of this sacrificial layer
will be presented layer with respect to FIG. 12. Step 750
includes the deposition and patterning of the shutter material,
which will be detailed with respect to FIG. 12.

[0155] Thefinal step in the formation of these via structures
is described as step 755 of procedure 700—the removal of the
sacrificial layer. After step 755 is complete the final structure
of all vias is complete, as is illustrated in FIG. 10A.

[0156] It should be appreciated that other variations are
possible. Comparing FIG. 10A to FIG. 8H, one sees that the
shutter anchor and the drive anchor have been established at
different metal layers: The drive anchor 535 connects directly
to the first conductor layer 606, while the shutter anchor 539
connects directly to the aperture layer. Embodiments are also
possible in which the shutter anchor and the drive anchor
attach to the same metal layer, such as the first conductor layer
606, which can reduce any mechanical height differences in
the shutter assembly 504.

[0157] Not shown in FIGS. 8A-8H or in FIG. 10A-10E are
the formation of interconnect lines such as scan line intercon-
nect 506, or data line interconnect 508a, or pre-charge inter-
connect 510. It should be appreciated that these interconnects
can feasibly be created within procedure 700 by creating the
appropriate photopattern in any of the conductor layers of
control matrix 500, such as the aperture layer 602, first con-
ductor layer 606, second conductor layer 608, third conductor
layer 616, or in the shutter layer 807.

[0158] FIG. 11 shows a cross sectional detail of a compos-
ite shutter assembly 1100, including shutter 1101, a compli-
ant beam 1102, and anchor structure 1104 built-up on sub-
strate 1103 and aperture layer 1106 according to one
implementation of the MEMS-based shutter display. The ele-
ments of the composite shutter assembly include a first
mechanical layer 1105, a conductor layer 1107, a second
mechanical layer 1109, and an encapsulating dielectric 1111.
At least one of the mechanical layers 1105 or 1109 will be
deposited to thicknesses in excess of 0.15 microns, as one or
both of the mechanical layers will comprise the principle load
bearing and mechanical actuation member for the shutter
assembly. Candidate materials for the mechanical layers
1105 and 1109 include, without limitation, metals such as Al,
Cu, Ni, Cr, Mo, Ti, Ta, Nb, Nd, or alloys thereof; dielectric
materials such as Al,O;, Si0,, Ta,O;, or Si;N,; or semicon-
ducting materials such as diamond-like carbon, Si, Ge, GaAs,
CdTe or alloys thereof. At least one of the layers, such as
conductor layer 1107, should be electrically conducting so as
to carry charge on to and off of the actuation elements. Can-
didate materials include, without limitation, Al, Cu, Ni, Cr,
Mo, Ti, Ta, Nb, Nd, or alloys thereof or semiconducting
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materials such as diamond-like carbon, Si, Ge, GaAs, CdTe or
alloys thereof, especially when the semiconductors are doped
with impurities such as phosphorus, arsenic, boron, or alumi-
num. FIG. 11 shows a sandwich configuration for the com-
posite in which the mechanical layers 1105 and 1109 with
similar thicknesses and mechanical properties are deposited
on either side of the conductor layer 1107. Such a sandwich
structure helps to ensure that stresses that remain after depo-
sition and/or stresses that are imposed by temperature varia-
tions will not act cause bending or warping of the shutter
assembly 1100.

[0159] At least one of the materials in the thin film stack of
the shutter 1101 should be a light blocker, i.e. opaque in the
visible spectrum. [f metals are used either in mechanical layer
1105 or for the conductor layer 1107 in the shutter, they will
be effective at blocking more than 95% of the incident light.
Semiconducting materials may also be opaque toward visible
light, particularly if they are provided at thicknesses in excess
of 0.5 microns.

[0160] Itis preferable that atleast one of the materials in the
shutter 1101 also be a light absorber, so that incident light is
substantially absorbed instead of merely reflected. (many
metals will block light primarily by means of reflection
instead of absorption). Some metal alloys, useful for layers
1105,1107, or 1109 are particularly effective at absorbing the
light. These include without limitation, MoCr, MoW, MoTi,
MoTa, TiW, and TiCr alloys which, in some cases, absorb
more than 30% of the incident light. Semiconductor materi-
als, such as amorphous or polycrystalline Si, Ge, CdTe,
InGaAs, colloidal graphite (carbon) and alloys such as SiGe
are also effective at absorption of light.

[0161] In some implementations the order of the layers in
composite shutter assembly 1100 can be inverted, such that
the outside of the sandwich is comprised of a conducting layer
while the inside of the sandwich is comprised of a mechanical
layer.

[0162] If further reductions in the amount of transmitted
light through the shutter 1101 and/or increases in the amount
of light absorption are desired, then additional absorptive
coatings can be added to the either to the top surface, the
bottom surface, or to both surfaces of composite shutter 1101
(not shown). Some deposited metal coatings which are effec-
tive at light absorption include, without limitation Ni, Cr, Ti,
Zr and alloys such as MoCr, MoW, MoTi, MoTa, TiW, and
TiCr. Rough metal coatings enhance absorptivity. Such rough
surfaces can be produced by sputter deposition in high gas
pressures (sputtering atmospheres in excess of 20 mtorr).

[0163] Semiconductor coating materials for shutter assem-
bly 1100, such as amorphous or polycrystalline Si, Ge, CdTe,
InGaAs, colloidal graphite (carbon) and alloys such as SiGe
are also effective at absorption of light. Coatings made from
metal oxides or nitrides can also be effective at absorbing
light, including without limitation CuO, NiO, Cr,0;, AgO,
SnO, ZnO, Ti0, Ta,O5, MoO;, CrN, TiN, or TaN. The absorp-
tion of these oxides or nitrides improves if the oxides are
prepared or deposited in non-stoichiometric fashion—often
by sputtering or evaporation—especially if the deposition
process results in a deficit of oxygen or nitrogen in the lattice.
[0164] The class of cermet materials is also effective as an
absorptive coating for shutter assembly 1100. Cermets are
typically composites of small metal particles suspended in an
oxide or nitride matrix. Examples include Cr particles in a
Cr,0; matrix or Cr particles in an SiO, matrix. Other metal
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particles suspended in the matrix can be Ni, Ti, Au, Ag, Mo,
Nb, and carbon. Other matrix materials include TiO,, Ta,Os,
Al,Oj5, and Si;N,,.

[0165] For the purposes of coating shutter assembly 1100
in a light absorbing material, polymer coatings or resins that
include light absorbing dyes can also be employed.

[0166] It is also possible to create shutter coatings from
multi-layer absorbing structures by using destructive interfer-
ence of light between suitable thin film materials. A typical
implementation would involve a partially reflecting layer of
an oxide or nitride along with a metal of suitable reflectivity.
The oxide can be ametal oxide e.g. CrO,, TiO,, Al,O; or SiO,
oranitride like Si;N, and the metal can be suitable metals like
Cr, Mo, Al, Ta, Ti. In one implementation, the metal layer is
deposited first followed by deposition of the metal oxide or
nitride. In both cases the absorptivity of bi-layer can be opti-
mized if the thickness of the oxide or nitride layer is chosen to
be substantially equal to one quarter of 0.55 microns divided
by the refractive index of the oxide layer.

[0167] For some applications it is desired that one surface
of'the shutter 1101 be absorptive while the opposite surface be
a reflector. If any one of the mechanical layers 1105 or 1109
in FIG. 11 are comprised of a smooth metal, then substantial
reflectivity will result. In other applications it may be desir-
able to add a reflective coating specifically to either the top or
the bottom of the shutter. Good reflective coatings include
smooth depositions of Al, Au, Ag, Cr, Ni, or Nb, in many
cases further coated with an oxide or dielectric.

[0168] Shutter assembly 1100 includes an encapsulating
dielectric layer 1111. Dielectric coatings can be applied in
conformal fashion, such that all bottom, tops, and side sur-
faces of the shutters and beams are uniformly coated. Such
thin films can be grown by thermal oxidation and/or by con-
formal chemical vapor deposition of an insulator such as
Al,0;, Cr,0;, TiO,, HIO,, V,05, Nb,O;, Ta,0s, SiO,, or
Si;N,, or by depositing similar materials by means of atomic
layer deposition. The dielectric coating layer can be applied
with thicknesses in the range of 10 nm to 1 micron. In some
cases sputtering and evaporation can be used to deposit the
dielectric coating onto sidewalls.

[0169] FIGS.12A-12D show the process for building shut-
ter assembly 1100, including shutter 1101, a compliant beam
1102, and anchor structure 1104 on top of a substrate 1103
and aperture layer 1106, starting after the point where row and
column metallizations, and optionally TFTs have already
been fabricated on a glass substrate, for instance starting from
step 745 of procedure 700.

[0170] FIG. 12A is a cross sectional view of a first step in
the process of forming the shutter assembly 1100 according
to an illustrative embodiment of the invention. As shown in
FIG. 12A, a sacrificial layer 1113 is deposited and patterned.
Polyimide is a preferred sacrificial material. Other candidate
sacrificial material include polymer materials such as polya-
mide, fluoropolymer, benzocyclobutene, polyphenylqui-
noxylene, parylene, or polynorbornene. These materials are
chosen for their ability to planarize rough surfaces, maintain
mechanical integrity at processing temperatures in excess of
250 C, and their ease of etch and/or thermal decomposition
during removal. Alternate sacrificial layers can be found
among the photoresists: polyvinyl acetate, polyvinyl ethyl-
ene, and phenolic or novolac resins, although their use will
typically be limited to temperatures below 350 C. An alter-
nate sacrificial layer is SiO,, which can be removed prefer-
entially as long as other electronic or structural layers are
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resistant to the hydrofluoric acid solutions used for its
removal (Si;N, is so resistant). Another alternate sacrificial
layer is silicon, which can be removed preferentially as long
as other electronic and structural layers are resistant to the
fluorine plasmas or XeF, used for its removal (most metals
and/or Si;N, are so resistant). Yet another alternate sacrificial
layer is aluminum, which can be removed preferentially as
long as other electronic or structural layers are resistant to
strong base (concentrated NaOH) solutions (Cr, Ni, Mo, Ta,
and Si are so resistant). Still another alternate sacrificial layer
is copper, which can be removed preferentially as long as
other electronic or structural layers are resistant to nitric or
sulfuric acid solutions (Cr, Ni, and Si are so resistant).
[0171] Nextthe sacrificial layer 1113 is patterned to expose
holes or vias at the anchor regions 1104. The preferred poly-
imide material and other polymer resins can be formulated to
include photoactive agents—enabling regions exposed
through a UV photomask to be preferentially removed in a
developer solution. Other sacrificial layers 1113 can be pat-
terned by coating the sacrificial layer in an additional layer of
photoresist, photopatterning the photoresist, and finally using
the photoresist as an etching mask. Other sacrificial layers can
be patterned by coating the sacrificial layer with a hard mask,
which can be a thin layer of SiO, or metal such as chromium.
A photopattern is then transferred to the hard mask by means
of photoresist and wet chemical etching. The pattern devel-
oped in the hard mask can be very resistant to dry chemical,
anisotropic, or plasma etching—techniques which can be
used to impart very deep and narrow anchor holes into the
sacrificial layer.

[0172] After the anchor 1104 or via regions have been
opened in the sacrificial layer, the exposed and underlying
conducting surface 1114 can be etched, either chemically or
via the sputtering effects of a plasma, to remove any surface
oxide layers. Such a contact etching step can improve the
ohmic contact between the underlying conductor and the
shutter material.

[0173] After patterning of the sacrificial layer, any photo-
resist layers or hard masks can be removed through use of
either solvent cleans or acid etching.

[0174] Next, in the process for building shutter assembly
1100, as shown in FIG. 12B, the shutter materials are depos-
ited. The shutter assembly 1100 is composed of multiple thin
films 1105, 1107, and 1109. In a preferred embodiment the
first mechanical layer 1105 is an amorphous silicon layer,
deposited first, followed by a conductor layer 1107 comprised
of aluminum, followed by a second layer 1109 of amorphous
silicon. The deposition temperature used for the shutter mate-
rials 1105, 1107, and 1109 is below that at which physical
degradation occurs for the sacrificial layer. For instance, poly-
imide is known to decompose at temperatures above 400 C.
The shutter materials 1105, 1107 and 1109 can be deposited
at temperatures below 400 C, thus allowing usage of polyim-
ide as a sacrificial material. Hydrogenated amorphous silicon
is auseful mechanical material for layers 1105 and 1109 since
it can be grown to thicknesses in the range of 0.15 to 3
microns, in a relatively stress-free state, by means of plasma-
assisted chemical vapor deposition (PECVD) from silane gas
at temperatures in the range of 250 to 350 C. Phosphene gas
(PH3) is used as a dopant so that the amorphous silicon can be
grown with resistivities below 1 ohm-cm. In alternate
embodiments, a similar PECVD technique can be used for the
deposition of Si;N,, silicon-rich Si;N,, or SiO, materials as
the mechanical layer 1105 or for the deposition of diamond-
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like carbon, Ge, SiGe, CdTe, or other semiconducting mate-
rials for mechanical layer 1105. An advantage ofthe PECVD
deposition technique is that the deposition can be quite con-
formal, that is, it can coat a variety of inclined surfaces or the
inside surfaces of narrow via holes. Even if the anchor or via
holes which are cut into the sacrificial material present nearly
vertical sidewalls, the PECVD technique can provide a con-
tinuous coating between the bottom and top horizontal sur-
faces of the anchor.

[0175] Inaddition to the PECVD technique, alternate tech-
niques available for the growth of shutter layers 1105 or 1109
include RF or DC sputtering, metal-organic chemical vapor
deposition, evaporation, electroplating or electroless plating.

[0176] Fortheconducting layer 1107, a metal thin film such
as Al is preferred, although alternates such as Cu, Ni, Mo, or
Ta can be chosen. The inclusion of such a conducting material
serves two purposes. It reduces the overall sheet resistance of
the shutter material and it helps to block the passage of visible
light through the shutter material. (Amorphous silicon, if
grown to thicknesses of less than 2 microns can transmit
visible light to some degree.) The conducting material can be
deposited either by sputtering or, in a more conformal fash-
ion, by chemical vapor deposition techniques, electroplating,
or electroless plating.

[0177] The process for building the shutter assembly 1100
continues in FIG. 12C. The shutter layers 1105, 1107, and
1109 are photomasked and etched while the sacrificial layer
1113 is still on the wafer. First a photoresist material is
applied, then exposed through a photomask, and then devel-
oped to form an etch mask. Amorphous silicon, silicon
nitride, and silicon oxide can then be etched in fluorine-based
plasma chemistries. SiO, mechanical layers can be etched
using HF wet chemicals; and any metals in the conductor
layers can be etched with either wet chemicals or chlorine-
based plasma chemistries.

[0178] The pattern shapes applied through the photomask
at FIG. 12C influence the mechanical properties, such as
stiffness, compliance, and the voltage response in the actua-
tors and shutters of the shutter assembly 1100. The shutter
assembly 1100 includes a compliant beam 1102, shown in
cross section. Compliant beam 1102 is shaped such that the
width is less than the total height or thickness of the shutter
material. It is preferable to maintain a beam dimensional ratio
of at least 1.4:1, with the beams 1102 being taller or thicker
than they are wide

[0179] The process for building the shutter assembly 1100
continues as depicted in FIG. 12D. The sacrificial layer 1113
is removed, which frees-up all moving parts from the sub-
strate 1103, except at the anchor points. Polyimide sacrificial
materials are preferably removed in an oxygen plasma. Other
polymer materials used for sacrificial layer 1113 can also be
removed in an oxygen plasma, or in some cases by thermal
pyrolysis. Some sacrificial layers 1113 (such as SiO,) can be
removed by wet chemical etching or by vapor phase etching.
[0180] Inafinal process, not shown in FIG. 12D but shown
in FIG. 11, a dielectric coating 1111 is deposited on all
exposed surfaces of the shutter. Dielectric coatings 1111 can
be applied in conformal fashion, such that all bottom, tops,
and side surfaces of the shutters 1101 and beams 1102 are
uniformly coated using chemical vapor deposition. Al,O; is a
preferred dielectric coating for layer 1111, which is deposited
by atomic layer deposition to thicknesses in the range of 10 to
30 nanometers.
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[0181] Finally, anti-stiction coatings can be applied to the
surfaces of all shutters 1101 and beams 1102. These coatings
prevent the unwanted stickiness or adhesion between two
independent beams of an actuator. Applicable coatings
include carbon films (both graphite and diamond-like) as well
as fluoropolymers, and/or low vapor pressure lubricants.
These coatings can be applied by either exposure to a molecu-
lar vapor or by decomposition of a precursor compounds by
means of chemical vapor deposition. Anti-stiction coatings
can also be created by the chemical alteration of shutter
surfaces, as in the fluoridation, silanization, siloxidation, or
hydrogenation of insulating surfaces.

[0182] U.S. patent application Ser. No. 11/251,035
describes a number of useful designs for shutter assemblies
and actuators. One class of suitable actuators for use in
MEMS-based shutter displays include compliant actuator
beams for controlling shutter motion that is transverse to or
in-the-plane of the display substrate. The voltage necessary
for the actuation of such shutter assemblies decreases as the
actuator beams become more compliant. The control of actu-
ated motion also improves if the beams are shaped such that
in-plane motion is preferred or promoted with respect to
out-of-plane motion. In a preferred design the compliant
actuator beams have a rectangular cross section, such as beam
1102 of FIG. 12C, such that the beams are taller or thicker
than they are wide.

[0183] The stiffness of a long rectangular beam with
respect to curvature in a plane scales with the thinnest dimen-
sion of that beam in that plane to the third power. It is of
interest, therefore, to reduce the width of the compliant beams
as far as possible to reduce the actuation voltages for in-plane
motion. Using the patterning techniques of FIGS. 11 and 12,
however, the width of the beams is limited to the resolution of
available (and economical) photolithography equipment.
Although lithography equipment is available for defining pat-
terns in photoresist with features as narrow as 15 nanometers,
such equipment is expensive and the areas which can be
patterned from a single exposure are limited. For economical
photolithography over large panels of glass the resolution
limit is more typically 1 micron or 2 microns.

[0184] FIGS. 13A-13D are isometric views of a shutter
assembly 1300 in various stages of construction. Together,
they demonstrate a processing method by which very narrow
beams can be produced at dimensions well below the conven-
tional lithography limits for large glass panels. In particular,
FIGS. 13A-13D demonstrate a process by which the compli-
ant beams of a shutter assembly 1300 are formed as sidewall
features on a mold made of sacrificial material. FIGS. 13A-
13D also demonstrate how a three-dimensional mold can be
utilized to produce a shutter assembly 1300 with more com-
plex three-dimensional (i.e. non-flat) shapes.

[0185] The process of forming a shutter assembly 1300
with sidewall beams begins, as shown in FIG. 13A, with the
deposition and patterning of a first sacrificial material 1301.
The pattern defined in the first sacrificial material creates
openings or vias 1302 within which anchors for the shutter
will eventually be formed. The deposition and patterning of
the first sacrificial material 1301 is similar in concept, and
uses similar materials, as those described for the deposition
and patterning described in relation to FIG. 7, FIG. 8, and
FIG. 12.

[0186] The process of forming sidewall beams continues

with the deposition and patterning of a second sacrificial
material 1305. FIG. 13B shows the shape of a mold 1303 that
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is created after patterning of the second sacrificial material
1305. The mold 1303 also includes the first sacrificial mate-
rial 1301 with its previously defined vias 1302. The mold
1303 in FIG. 13B includes two distinct horizontal levels: The
bottom horizontal level 1308 of mold 1303 is established by
the top surface of the first sacrificial layer 1301 and is acces-
sible inthose areas where the second sacrificial layer 1305 has
been etched away. The top horizontal level 1310 of the mold
1303 is established by the top surface of the second sacrificial
layer 1305. The mold 1303 illustrated in FIG. 13B also
includes substantially vertical sidewalls 1309.

[0187] The process of forming sidewall beams continues
with the deposition and patterning of the shutter material onto
all of the exposed surfaces of the sacrificial mold 1303, as
depicted in FIG. 13C. The shutter material is deposited to
have a thickness of less than about 2 microns. In some imple-
mentations, the shutter material is deposited to have a thick-
ness of less than about 1.5 microns. In other implementations,
the shutter mater is deposited to have a thickness of less than
about 1.0 microns, and as thin as about 0.15 microns. After
deposition, the shutter material (which may be a composite
shutter as described with respect to FIG. 11) is patterned, as
shown in FIG. 13C. The pattern developed into the photore-
sist is designed such that shutter material remains in the
region of shutter 1312 as well as at the anchors 1314.

[0188] Particular equipment and chemistries are also cho-
sen for the etching process used at the step shown in FIG. 13C,
known in the art as an anisotropic etch. The anisotropic etch
of the shutter material is carried out in a plasma atmosphere
with a voltage bias applied to the substrate, or to an electrode
in proximity to the substrate. The biased substrate (with elec-
tric field perpendicular to the surface of the substrate) leads to
acceleration of ions toward the substrate at an angle nearly
perpendicular to the substrate. Such accelerated ions, coupled
with the etching chemicals, lead to etch rates that are much
faster in a direction that is normal to the plane of the substrate
as compared to directions parallel to the substrate. Undercut-
etching of shutter material in the regions protected by photo-
resist is thereby substantially eliminated. Along sidewall sur-
faces 1309 of mold 1303, which are substantially parallel to
the track of the accelerated ions, the shutter material is also
substantially protected from the anisotropic etch. Such pro-
tected sidewall shutter material will later form compliant
beams 1316 for supporting the shutter 1312. Along other
(non-photoresist-protected) horizontal surfaces of the mold,
such as top horizontal surface 1310 or bottom horizontal
surface 1308, the shutter material has been completely
removed by the etch.

[0189] The anisotropic etch used to form sidewall beams
1316 can be achieved in either an RF or DC plasma etching
device as long as provision for electrical bias of the substrate,
or of an electrode in close proximity of the substrate, is
supplied. For the case of RF plasma etching, an equivalent
self-bias can be obtained by disconnecting the substrate
holder from the grounding plates of the excitation circuit,
thereby allowing the substrate potential to float in the plasma.
In one implementation it is possible to provide an etching gas
such as CHF;, C,Fg, or CHCl, in which both carbon and
hydrogen and/or carbon and fluorine are constituents in the
etch gas. When coupled with a directional plasma, achieved
again through voltage biasing of the substrate, the liberated C,
H, and/or F atoms can migrate to the sidewalls 1309 where
they build up a passive or protective quasi-polymer coating.
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This quasi-polymer coating further protects the sidewall
beams 1316 from etching or chemical attack.

[0190] The process of forming sidewall beams is com-
pleted with the removal of the remainder of the second sac-
rificial layer 1305 and the first sacrificial layer 1301, the result
being shown in FIG. 13D. The material deposited on the
sidewalls 1309 of the mold 1303 remain as the compliant
beams 1316. The compliant beams 1316 mechanically con-
nect the anchors 1314 to the shutter 1312. The anchors con-
nect to an aperture layer 1325. The compliant beams 1316 are
tall and narrow. The width of the sidewall beams 1316, as
formed from the surface of the mold 1303, is similar to the
thickness of the shutter material as deposited. In some cases
the beam width at 1316 will be the same as the thickness of the
horizontal shutter material at 1312, in other cases the beam
width will be only about V% the thickness of the shutter mate-
rial. The height of the sidewall beams 1316 is determined by
the thickness of the second sacrificial material 1305, or in
other words, by the depth of the mold 1303 as created during
the patterning step described in relation to FIG. 13B. As long
as the thickness of the deposited shutter material is chosen to
be less than 2 microns (for many applications the thickness
range of 0.2 to 2.0 micron is suitable), the method illustrated
in FIGS. 13A-13D is well suited for the production of very
narrow beams. Conventional photolithography would limit
the patterned features shown in FIGS. 13A, 13B, and 13C to
much larger dimensions, for instance allowing minimum
resolved features no smaller than 2 microns or 5 microns.
[0191] FIG. 13D depicts an isometric view of a shutter
assembly 1300, formed from the above-described process,
yielding compliant beams with cross sections of high aspect
ratio. As long as the thickness of the second sacrificial layer is,
for example, greater than 4 times larger than the thickness of
the shutter material, the resulting ratio of beam height to beam
width will be produced to a similar ratio, i.e. greater than 4.
[0192] An optional step, not illustrated above but included
as part of the process leading to FIG. 13C, involves isotropic
etching of sidewall beams 1316 to separate or decouple
beams formed along the sidewalls of mold 1303. For instance,
the shutter material at point 1324 has been removed from the
sidewall through use of an in isotropic etch. An isotropic etch
is one whose etch rate is the same in all directions, so that
sidewall material in regions such as point 1324 is no longer
protected. The isotropic etch can be accomplished in the
typical plasma etch equipment as long as a bias voltage is not
applied to the substrate. Isotropic etch can also be achieved
using wet chemical or vapor phase etching techniques. The
separation of beams at point 1324 is achieved through a
distinct sequence of photoresist dispense, patterning, and
etch. The photoresist pattern in this case is designed to protect
the sidewall beams 1316 from the isotropic etch chemistry but
expose the sidewall beams at point 1324.

[0193] In order to protect the shutter material deposited on
sidewalls 1309 of the mold 1303 and to produce sidewall
beams 1316 of substantially uniform cross section, some
particular process guidelines can be followed. For instance, in
FIG. 13B, the sidewalls 1309 can be made as vertical as
possible. Slopes at the sidewalls 1309 and/or exposed sur-
faces become susceptible to the anisotropic etch. Vertical
sidewalls 1309 can be produced if the patterning step at FIG.
13B, the patterning of the second sacrificial material 1305, is
also carried out in anisotropic fashion. The use of an addi-
tional photoresist coating or a hard mask in conjunction with
patterning of the second sacrificial layer 1305 (see the dis-
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cussion withrespectto FIG. 12A) makes it possible to employ
aggressive plasmas and/or high substrate bias in the anisotro-
pic etch of the second sacrificial material 1305 without fear of
excessive wear of the photoresist. Vertical sidewalls 1309 can
also be produced in photoimageable sacrificial materials as
long as care is taken to control the depth of focus during the
UV exposure and excessive shrinkage is avoided during final
cure of the resist.

[0194] Another process guideline that can be helpful during
sidewall beam processing is the conformality of the shutter
material deposition. The surfaces of the mold 1303 are pref-
erably covered with similar thicknesses of shutter material,
regardless or the orientation of those surfaces, either vertical
or horizontal. Such conformality can be achieved when
depositing with a chemical vapor deposition technique
(CVD). In particular, the following conformal techniques can
be employed: plasma enhanced chemical vapor deposition
(PECVD), low pressure chemical vapor deposition
(LPCVD), and atomic or self-limited layer deposition (ALD).
In the above CVD techniques the growth rate of the thin film
can be limited by reaction rates on a surface as opposed to
exposing the surface to a directional flux of source atoms. In
such conformal deposition techniques, the thickness of mate-
rial grown on vertical surfaces is preferably at least 50% of the
thickness of material grown on horizontal surfaces. Alterna-
tively, shutter materials can be conformally deposited from
solution by electroless plating or electroplated, as long as a
metal seed layer is provided that uniformly coats all surfaces
before plating.

[0195] The shutter assembly 1300 shown in FIG. 13D has
flat elements that are disposed parallel to the substrate sur-
face, e.g., the shutter 1312, as well as elements that are dis-
posed perpendicular to the substrate surface, e.g., the com-
pliant beams 1316. It is also possible to produce shutter
assemblies that have a three-dimensional, folded, or corru-
gated aspect using the technique of conformal deposition and
anisotropic etch. In this fashion, even though the shutter 1312
was built from a deposition of only 0.5 microns thickness, the
structure can be made very stiff and light through proper
design of a corrugated box and/or with three dimensional
joined surfaces.

[0196] Another useful variation on the process for forming
shutter assembly 1300 involves the formation of beams with
unbalanced stresses. The compliant beams 1316, for instance,
can be formed from a laminate of two different materials. The
stress state in the laminate can result in a spontaneous bending
of'the beams. The shutter assembly 1300, for instance, can be
comprised of separate load beams and drive beams, such as
load beam 136 and drive beam 146 in FIG. 1B. After removal
of sacrificial mold materials, such as first and second sacrifi-
cial layers 1301 and 1305, the separate compliant beams with
unbalanced stresses can bend towards each other until they
touch. Such contact between load beams and drive beams can
reduce the voltage required for actuation.

[0197] The formation of laminated beams can lead advan-
tageously to unbalanced stresses. For instance, if one surface
of the laminated beam is under tensile stress while the other
surface is under compressive stress, then the beam will curve
in a direction that reduces the stress—with the compressive
surface appearing on the outside of the curve. The unbalanced
stresses can originate in some cases from growth stresses,
usually stresses that are caused by the lattice mismatches
between two different materials or from the columnar growth
of grains. In other cases the unbalanced stresses originate
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from differences in thermal expansion coefficient between
two materials—such that after the materials are cooled from
their growth temperature a non-symmetric stress distribution
is induced in the laminate.

[0198] Inoneembodimentofalaminated beam with unbal-
anced stress, the shutter material can be formed from amor-
phous silicon, or from a composite of amorphous silicon and
aluminum as described with reference to FIG. 11. Before the
sacrificial materials are removed from shutter assembly 1300,
however, an additional coating of dielectric material, such as
Si0, or Si;N,,, is deposited on the exposed surfaces of beams
1316. The beam surface that is still in contact with mold
material 1305 will not be coated with the dielectric—there-
fore the stress state of the laminate will be unbalanced. If the
dielectric material is deposited in a state of tensile stress, or if
the shutter material at its interface with the dielectric material
in a state of tensile stress, then after removal of the sacrificial
material 1316 the sidewall beams will bend and come into
contact with each other. The use of a dielectric material in the
laminate helps to ensure mechanical contact between actuator
beams, without the formation of an electrical contact or short
circuit.

[0199] In addition to the method described above for side-
wall beams, other methods exist for producing compliant
beams, in shutter assemblies where widths go substantially
below 2 microns or substantially below the practical photo-
lithographic limit. In one such technique, instead if deposit-
ing the shutter material in conformal fashion on the top 1310
and vertical sides 1309 of a mold 1303, it is possible to
employ the sidewall process for only a thin metal seed layer.
After anisotropic etch of the seed layer, it is possible to use the
metal seed layer as a basis for electroplating a thicker shutter
material. Conformal deposition of the shutter material over
all surfaces is not required in this case, only an electrically
continuous deposition of the seed layer on the sidewalls 1309
of'the mold 1303 followed by anisotropic etching.

[0200] Another method for forming narrow compliant
beams is illustrated in FIG. 14A, which utilizes a third sacri-
ficial layer 1402. In the first step of this method, a second
sacrificial mold material 1404 is deposited onto a layer 1401.
Layer 1401 can be part of a conductor layer or it can be a first
sacrificial layer. Next, a relatively wide trench 1403 (perhaps
3 to 5 microns in width) is patterned into a second sacrificial
mold material 1404. Next, the third sacrificial material 1402
is deposited on top of the second sacrificial material 1404.
The third sacrificial material is deposited in conformal fash-
ion so that it covers both vertical and horizontal surfaces with
similar thicknesses, which has the effect of narrowing the
width of the trench. In the illustrated example, if the third
sacrificial material is deposited on the sidewalls with thick-
ness in the range of 1 to 1.5 microns, then the width of the
remaining trench will be 2 microns or less. Fourth, a shutter
material 1406 is deposited into the remaining trench formed
by the third sacrificial material 1402. Finally, both second and
third sacrificial materials 1402 and 1404 are removed by
means of either wet etch or plasma etch, leaving a narrow
suspended beam behind.

[0201] There are several methods that can be used to form
the third sacrificial layer 1402. If SiO, is used as the sacrificial
layer 1402, the SiO, can be deposited by means of plasma
enhanced or low pressure chemical vapor deposition. Alter-
nately di-para-xylylene, also known as parylene or parylene
C can be deposited by molecular evaporation as a third and
conformal sacrificial layer 1402. And finally, the sacrificial
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layer 1402 can be deposited from solution by electroless
plating or electroplated. In the plating process a metal seed
layer is first deposited by evaporation or sputtering onto the
exposed surfaces of the mold. Then a thicker sacrificial metal
coating (such as Ni or Cu) is grown by electrodeposition.
[0202] Another method for narrow beam formation is illus-
trated in FIG. 14B. In this case a narrow mold in the shape of
a trench is etched into a sacrificial material. The width of the
trench, as etched, is narrower than the width of the trench
printed on the photomask, a narrowing which is achieved by
shape changes in an overlying photoresist layer which occur
between the expose and develop steps of resist processing. In
the process, a first sacrificial layer 1408 is deposited onto a
layer 1407 and cured and then a relatively thick (2 micron)
photoresist 1410 is deposited on top of the sacrificial layer
1408. A trench 1411 is defined in the photoresist 1410. Next,
as part of a baking or curing step, the photoresist is heated to
temperatures in excess of 130 Centigrade where it begins to
relax or flow. The steep sidewalls of the photopattern as
originally developed in the resist then tend to collapse, mov-
ing the edges of the photoresist toward each other, and form-
ing a gap with the narrower dimension 1412. In the next step
this narrow pattern 1412 in the photoresist is transferred to the
sacrificial material 1408, creating a trench 1414 by means of
an etch step and the photoresist is removed. Fifth, the narrow
trench 1414 in the sacrificial material is filled with shutter
material and, finally, the sacrificial material is removed to
expose a narrow suspended beam.

[0203] Another method for forming narrow compliant
beams involves a thinning technique based on oxidation of the
beam material. In this method, first, a beam of substantial
width (e.g., 3-5 microns) is photopatterned according to the
direct recipe described with respect to FIGS. 11 and 12.
Second the sacrificial material is removed to expose a rela-
tively wide beam. Second, if the beam material is composed
of an oxidizable material, such as Si, Cu, Ni, Ti, or Ta, the
beam is then oxidized so that more than half of its volume
becomes occupied by the silicon or metal oxide instead of the
silicon or metal. And finally the oxide material is etched away
exposing a metal beam that is substantially narrower than the
original beam. Several methods are available for such oxida-
tion: thermal oxidation in a furnace, reaction with high pH
solutions, and/or anodic oxidation as can be performed in an
electrochemical bath.

[0204] Another method for forming narrow compliant
beams involves a controlled isotropic etch of the beam mate-
rial. Inthis method, first, a beam of substantial width (e.g., 3-5
microns) is photopatterned according to the direct recipe
described with respect to FIGS. 11 and 12. In this method,
however, the etch of the beam takes place in two steps. Firstan
anisotropic etch is applied to etch the shutter material down to
the bottom of the layer, clearing the field on either side of the
beam. Then, second, an additional isotropic etch is applied
which has the effect of narrowing the beam. Care must be
taken to provide an uniform isotropic etch rate since this etch
is stopped only by removal from the etching medium after a
preset time interval. Non-uniform etch rates would lead to
non-uniform beam widths across the diagonal of a display
apparatus.

[0205] Another method for forming narrow compliant
beams follows from the thinning techniques listed methods
above, but uses the thinning technique to form a narrow hard
mask instead of the beam itself. Hard masks can be composed
of'metals, oxides, or polymers. Hard masks can be oxidized or
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etched to form beams and beam widths that are considerably
narrower than the conventional photolithographic limit. If the
hard mask is formed on top of the shutter material, the hard
mask canthen protect a narrow beam of the shutter material as
the shutter material is subsequently etched with an anistotro-
pic etch.

[0206] FIG. 15 illustrates an alternative shutter assembly
1500. Shutter assembly 1500 is an example of a structure
wherein the method of sidewall beams is exploited for the
benefit of improving strength to thickness ratios. Shutter
assembly 1500 includes an aperture layer 1501, a shutter
anchor 1503, compliant beams 1505, and a shutter 1507,
which are built onto a substrate 1509. By comparison to
shutter assembly 1300 shown in FIG. 13D, the shutter 1507 is
not flat, but rather incorporates further sidewall structures
1511.

[0207] These sidewall structures 1511 may be formed in a
process very similar to the process for forming compliant
beams 1505 as described with reference to FIGS. 13A-13D.
This process includes the deposition of a first sacrificial layer
and a second sacrificial layer, including the patterning of both
sacrificial materials so as to form a mold with both bottom
surfaces and wall surfaces. Next the shutter material is depos-
ited onto the bottom and walls of the mold and thereafter
patterned by means of an anisotropic etch. After the sacrificial
materials are removed, a shutter assembly such as shutter
assembly 1500 can result.

[0208] The sidewall structures 1511 are formed from the
same material as shutter 1507 and connected to shutter along
substantial portions of the periphery of the shutter 1507. The
shutter 1507 therefore possesses a three-dimensional aspect
such that its effective thickness, with respect to bending out of
the plane of substrate 1509, is considerably thicker than the
thickness of the deposited shutter material. That is, the shutter
1507 comprises both horizontal surfaces and vertical sidewall
surfaces, and the effective thickness with respect to bending is
considerably thicker than a thickness measured simply
through a horizontal section of the shutter.

[0209] FIG. 16 illustrates, in cross section, an alternative
shutter assembly 1600. Shutter assembly 1600 is another
example of a shutter assembly with very narrow beams 1601,
in which the compliant beams can be formed with critical
dimensions considerably below the conventional photo-
graphic limit. In addition to compliant beams 1601, the shut-
ter assembly 1600 includes a shutter anchor 1603 and a shut-
ter 1605 fabricated onto a substrate 1607. FIG. 16 is also an
example of a shutter assembly in which the shutter 1605
includes sidewalls 1608 to improve its stiffness with respect
to bending out of the plane of the substrate. FIG. 16 is also an
example of a shutter assembly in which the shutter 1605 is
composed of material which is different from the material
used to fabricate the compliant beams 1601.

[0210] A method for formation of a shutter assembly 1600
proceeds as follows. A first sacrificial layer is deposited and
patterned onto a substrate. Next a shutter layer material 1609
is deposited and patterned on top of the first sacrificial mate-
rial. This process is similar to that described with respect to
steps 745 and 750 of procedure 700, and discussed at length
with respect to FIGS. 11 and 12A-12D. Next a second sacri-
ficial layer is deposited and patterned on top of shutter layer
material 1609. The second sacrificial material is patterned to
form a mold with both bottom surfaces and sidewall surfaces.
For illustrative purposes, the position of the horizontal sur-
faces of an exemplary mold is represented by the dotted line
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1610 in FIG. 16. In many areas, after patterning of the second
sacrificial material, the bottom of the sacrificial mold will
expose and be comprised of the shutter layer material 1609.
Next, a beam material 1611 is deposited onto the bottom and
sidewalls of the mold. In many areas, particularly at the foot
of the sidewalls, the beam material will make contact to and
become bonded to the shutter layer material 1609. Next, an
anisotropic etch is applied, which can have the capability of
etching either or both of the beam material 1611 or the shutter
layer material 1609, particularly where these materials are
exposed along either the top or bottom surfaces of the mold.
Next both first and second sacrificial materials are removed
by means of an etching step, to reveal a released structure
such as shutter assembly 1600. And finally, a dielectric coat-
ing can be applied, such as dielectric coating 1111 shown in
FIG. 11.

[0211] The shutter assembly 1600 includes advantages
with respect to other shutter assemblies 1100 or 1300. Shutter
assembly 1600 allows for the use of different materials for
shutter 1605 and compliant beams 1601 respectively. For
instance, the shutter 1605 can be composed of a material that
is opaque and/or absorptive towards visible light, while the
compliant beams 1601 can be formed from a material that is
elastic and yet resistant to fracture. For example the shutter
1605 could be formed from a metallic material while the
beams 1601 could be formed from amorphous or polycrys-
talline silicon or from silicon dioxide or from silicon nitride.
Or, for example, the shutter 1605 could be formed from a
layered material, such as was described with respect to aper-
ture materials in FIG. 4, while the beams 1601 could be
formed from either metallic materials (for instance electro-
plated) or from deposited Si, SiO, or SiN,. Some materials,
such as conductive overlayers or metal adhesion layers, might
be employed as components in either or both of beam material
1611 and shutter layer material 1609.

[0212] FIG. 17 shows a cross section of structures from
another control matrix 1700 suitable for inclusion in the dis-
play apparatus 100 for addressing an array of pixels. The
control matrix 1700 includes an inverted staggered back-
channel etched thin film transistor 1701, which is similar to
transistor 518, built on substrate 1702. The control matrix
also includes a shutter 1703, compliant beams 1705, a drive
anchor 1707 and a shutter anchor 1708. The control matrix
also includes an aperture hole 1709. The control matrix
includes the following layers: a first conductor layer 1711, a
first dielectric layer 1713, a first semiconductor layer 1715, a
second conductor layer 1717, a second dielectric layer 1719,
and a third conductor layer 1721, and a shutter layer 1723 In
contrast to previously described control matrices 200 and 500
the control matrix 1700 does not include a separate aperture
layer, such as aperture layer 250 or aperture layer 602. The
control matrix 1700 can therefore be fabricated less expen-
sively than control matrices 200 or 500.

[0213] In control matrix 1700 the function of defining the
aperture hole 1709 is accomplished via patterns formed in the
second conductor layer 1717. The second conductor layer
1717 is allowed to remain, in blanket fashion, under most of
the shutter assembly except in the region of the aperture hole.
The second conductor layer can be formed from a number of
metals which also act as reflectors. Light reflected from the
second conductor metal, for instance at regions 1725 and
1727, can return to the backlight and thereby improve the
efficiency of the backlight.
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[0214] In control matrix 1700, the electrical connection
between thin film transistor 1701 and the drive anchor 1707 is
established by the second conductor layer 1717. The electri-
cal connection between the first conductor layer 1711 and the
shutter anchor 1708 is made by means of a strap formed with
the third conductor layer 1721. For the embodiment shown in
FIG. 17, n0 M1-M2 via such as via 531, is necessary, nor is an
Ap-M1 via necessary, such as via 533.

[0215] Inanother possible embodiment of a shutter assem-
bly—again without the use of a separate aperture layer—a
shutter anchor such as shutter anchor 1707 can be built on top
of'and electrically connected to the first conductor layer 1711.
In that case the first conductor layer is also used as a reflective
layer for recycling light back into the backlight. In this
embodiment it would be useful to supply an M1-M2 via,
similar to via 531 illustrated in FIG. 10A, for electrically
connecting the drain of a transistor to the shutter anchor.
[0216] In another variation on control matrix 1700a sepa-
rate dielectric layer, preferably with a refractive index greater
than that of the underlying substrate, can be interposed
between the first conductor layer 1711 and the substrate. Such
an intervening dielectric layer can enhance the optical reflec-
tivity for light that impinges on the control matrix 1700 from
underneath or through the substrate.

[0217] In another variation of control matrix 1700, a sepa-
rate aperture layer can be interposed between the control
matrix 1700 and the substrate and electrically isolated from
the control matrix 1700 by a separate dielectric layer. The
separate aperture layer can be formed from materials as
described with respect to FIG. 4, and patterned to define an
aperture hole, such as aperture hole 1709. The separate aper-
ture layer can be built from materials which are chosen for
maximum recycling of light back into the backlight. In this
embodiment, however, no vias or other electrical connections
are supplied between the control matrix 1700 and the aperture
layer. In order to avoid capacitive coupling between a moving
shutter 1703 and a separate aperture layer, it can be advanta-
geous to provide electrical shielding between the moving
shutter 1703 and the aperture layer. Such shielding can be
accomplished by means of patterns etched into layers of the
control matrix, such as the first conductor layer 1711 or the
second conductor layer 1717. These layers can be electrically
connected so that they carry the same electrical potential as
the moving shutter. The metal regions 1725 and 1727 of
control matrix 1700, which include the shutter anchor 1707,
are positioned to act either as reflectors of light back into the
backlight or as electrical shields between the control matrix
1700 and a separate aperture layer (separate aperture layer not
shown).

[0218] FIG. 18 shows a cross section of structures from
another control matrix 1800 suitable for inclusion in the dis-
play apparatus 100 for addressing an array of pixels. The
control matrix 1800 includes an inverted staggered back-
channel etched thin film transistor 1801, which is similar to
transistor 518, built on substrate 1802. The control matrix
also includes a shutter 1803, compliant beams 1805, a shutter
anchor 1807, and a suspended aperture layer 1808. The con-
trol matrix also includes an aperture hole 1809. The control
matrix includes the following layers: a first conductor layer
1811, a first dielectric layer 1813, a first semiconductor layer
1815, a second conductor layer 1817, a second dielectric
layer 1819, and a third conductor layer 1821, and a shutter
layer 1823. In contrast to previously described control matri-
ces 200 and 500, in control matrix 1800 the aperture layer
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1808 is fabricated after and placed above both the transistor
1801 and the shutter 1803 instead of underneath them.

[0219] The suspended aperture 1808 can be fabricated by
means of process steps analogous to steps 745, 750, and 755
used to fabricate the shutter assembly. In particular a process-
ing step such as step 750 can be used to deposit and pattern a
shutter layer 1823. Next a second sacrificial layer (not shown
in FIG. 18) would be deposited on top of the shutter layer
1823 and patterned to form a via, such as aperture anchor
1825. Next the aperture material would be deposited and
patterned on top of the second sacrificial layer. Materials
chosen for the aperture layer 1808 can be similar to those
chosen for layer 401 or layers 452 discussed with respect to
FIGS. 4A and 4B respectively. For the embodiment of control
matrix 1800, however, the order of the optical layers in layers
in the composite 452 may be reversed such that the absorbing
layer, such as layer 464, would be deposited first, followed by
the metal reflecting layer 462 and then the two refractive
layers 460 and 458. After patterning of the aperture layer
1808, both sacrificial layers would be removed to reveal a
suspended structure such as is illustrated in FIG. 18.

[0220] It is often of interest to increase the resolution of a
display within a fixed display package, or of interest to
increase the number of pixels per inch used in formation of
the display. It is therefore of interest to reduce the areas
required for building the control matrix. In many cases, pixel
area can be reduced by combining two or three of the features
illustrated in FIG. 8H or in FIG. 10A into a single structure
with reduced area. FIG. 19A illustrates such a combined
structure in the stacked via 1900, built on substrate 1901,
which simultaneously makes electrical contact between an
aperture layer 1902, the first conductor layer 1906, and the
shutter layer 1915. The stacked via 1900 is essentially a
combination of the Ap-M1 via 533 along with the shutter
anchor 539 (see FIG. 10A) into a single structure. The stacked
via 1900 also includes a first dielectric layer 1904, a second
dielectric layer 1908, a third dielectric layer 1914 and shutter
layer 1915. The process for formation of the stacked via 1900
is as follows. First the same process steps and the same
masking steps are employed as for the Ap-M1 via 533, as
described with respect to FIG. 10B through FIG. 10D. At step
735 of procedure 700, however, a mask pattern is applied such
that via openings are created directly above the stacked via
1900. Both the third dielectric layer 1914 and the second
dielectric layer 1908 are etched down to the first conductor
layer at this step. The opening of the via at step 735 should be
larger than the via that was opened in the first dielectric layer
at step 710. Next the third conductor layer is deposited and
removed in the region of the stacked via 1900. Next the steps
for formation of the shutter assembly are followed, including
steps 745 through 760 of procedure 700. At step 745a via or
anchor hole is aligned to the previous via openings in the
region of stacked via 1900 such that the shutter material 1915
can reach down and make electrical contact to the first con-
ductor layer 1906.

[0221] Other combinations of via elements are possible in
the control matrix, as should be obvious from the examples
given above. For instance a combination of the M1-M2 via
531 (shown in FIG. 10A) can be made with the drive anchor
535 (shown in FIG. 8H) to form another stacked via which
simultaneously connects the shutter layer 807 to the first
conductor layer 606 as well as to the second conductor layer
612. Similarly the M1-M2 via 531 can be combined with the
Ap-M1 via 533 (both in FIG. 10A) to create a simultaneous
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connection between the aperture layer 602, the first conductor
layer 606 and the second conductor layer 612,

[0222] Inmany cases it is of interest to save cost by elimi-
nating masking steps from procedure 700. Each masking step
involves the deposition of photoresist, a photopatterning step,
and etching step, and the removal of resist. FIG. 19B illus-
trates how some via connections can be made by means of a
strap-connection 1950. The strap connection 1950 includes a
typical thin film transistor, such as transistor 518, and a shut-
ter anchor, such as anchor 539, which are electrically con-
nected by the strap 1952. The transistor 518 and the anchor
539 include all of the layers illustrated for these structures in
FIG. 6 and in FIG. 10A. The electrical strap 1952 is com-
prised of the third conductor material 1953, which is similar
to the third conductor material 616 shown in FIG. 6. The
process for formation of the electrical strap 1952 proceeds as
follows: The same process for formation of transistor 518 and
for shutter anchor 539 is followed all the way through step
730, except that the photomask normally employed at step
710 is eliminated. At step 745a via is patterned through the
third dielectric layer 1954 and etched all the way down until
boththe second conductor layer 1956 is exposed as well as the
aperture layer 1958. Next the third conductor layer 1953 is
deposited and patterned such that an electrical connection is
established between the second conductor layer 1956 and the
aperture layer 1958. Then the normal process of shutter for-
mation is followed for steps 745 through 760. The via for the
shutter anchor is opened to the aperture layer 1958 at the same
point where the strap 1952 makes contact.

[0223] There are several other possibilities where an elec-
trical strap can substitute for many of the via structures illus-
trated in FIG. 10A. In each case the use of an electrical strap
can save the use of a masking step. For instance an electrical
strap, formed from the third conductor layer 616, can also be
used to substitute for the M1-M2 via 531 shown in FIG. 10A.
The strap in this case is used to electrically connect the first
conductor layer 606 to the third conductor layer 612. An
electrical strap can also be used to substitute for the Ap-M1
via 533 shown in FIG. 10A. The strap in this case can be
formed from either the second conductor layer 612 or from
the third conductor layer 616. In this case the strap will form
an electrical connection between the first conductor layer 606
and the aperture layer 602.

[0224] Insome cases, even the shutter layer 807 can replace
the third conductor layer 616 and be used as an electrical
strap. In some cases the shutter layer 807 can act as a replace-
ment interconnect line by substituting for second conductor
layer 612. In some of these cases the shutter layer 807, which
is patterned in combination with the sacrificial layer 805, can
form a strap which is also an air bridge. As an air bridge the
shutter layer 807 with associated anchors, can substitute for
an M1-M2 via, such as via 531. The air bridge can be used to
connect two electrical components of the control matrix. For
example in FIG. 5B/5C the air bridge can connect the global
actuation interconnect 514 and the source of transistor 518.
Instead of routing these electrical signals through the first
conductor layer 606 by means of M1-M2 vias 531, the signal
can be routed instead through the shutter layer 807 using
shutter anchors to form an air bridge. By eliminating the need
for an M1-M2 via, a reduction in the number of photomasks
and a reduction in the fabrication cost can be achieved.

Display Assembly

[0225] FIG. 20 shows a cross section of another control
matrix 2000 suitable for inclusion in the display apparatus
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100 for addressing an array of pixels. The control matrix 2000
includes a shutter assembly 2001 as well as an assembly
spacer 2003, built on substrate 2004. The control matrix
includes the following layers: a first conductor layer 2005, a
first dielectric layer 2007, a second conductor layer 2009, a
shutter layer 2011, as well as assembly spacer 2003. Control
matrix 2000 can be operated as a passive matrix array, with no
thin film transistor in the pixel.

[0226] In operation, shutter assemblies such as shutter
assembly 130, 202, 504, 1312, 2001 are advantageously pro-
tected from the environment by means of a cover plate. The
space between the cover plate (not shown) and the substrate
2004 can be filled with a vacuum, with air, or with a lubricat-
ing fluid. The spacing between the substrate 2004 and the
cover plate is maintained by the use of mechanical spacers,
such as spacer 2003. The spacer 2003 is suitably 4 to 40
microns in height and 5 to 20 microns in width.

[0227] The assembly spacer 2003 is preferably formed
from a polymer material. The fabrication sequence for the
spacer can proceed as follows. The steps in procedure 700 can
be followed through the formation of the control matrix, i.e.
through step 740. At step 745 the sacrificial layer is deposited
and patterned. In preparation for the formation of assembly
spacers, a via is patterned into the sacrificial layer at the place
where the spacer would be attached to the underlying sub-
strate. At step 750 the shutter layer 2011 is deposited and
patterned, as described with respect to either FIGS. 12A-12D
or FIGS. 13A-13D. Next the material for the assembly spacer
2003 is deposited and patterned over the top of the shutter
layer 2011. The material for the assembly spacer will make
contact to the substrate through a via made for this purpose in
the sacrificial layer. Finally, the sacrificial layer, deposited at
step 745, is removed.

[0228] The preferred polymers for constructing the assem-
bly spacer 2003 are polymers that are resistant to the release
process used to remove the sacrificial layer, such as sacrificial
layers 805, 1113, or 1305. If oxygen plasma removal is
employed for removal of sacrificial layers, then suitable poly-
mers for the assembly spacer 2003 would be poly(imide-
siloxane) copolymers (PISX), polyhedral oligosilsequioxane
(POSS)-siloxane copolymers, Phenylphosphine oxide-con-
taining poly(arylene ether benzoxazole)s, poly(arylene ether
benzothiazole)s, poly(arylene ether 1,3,4-oxadiazole)s and
poly(arylene ether benzimidazole)s. These polymer materials
can be patterned by coating with a photoresist and/or a metal
which is subsequently patterned lithographically into an etch-
ing mask. Etching of the spacer polymers can then be accom-
plished in a plasma etch where the plasma contains mixtures
of chlorine, fluourine, and oxygen. In some cases photo-
active variations of the selected polymers can be prepared, for
which the etching mask is not necessary.

[0229] In an alternative embodiment, the assembly spacer
2003 can be comprised of a metal which is electroplated or
electroless plated into a mold made from a sacrificial mate-
rial.

[0230] FIG. 21 shows a cross sectional image of a display
assembly 2100. The display assembly 2100 includes a back-
light 2101, a diffuser 2103, a brightness enhancing film 2105,
a MEMS substrate 2107, and a cover plate, 2109. The MEMS
substrate 2107 includes an aperture layer 2111, a control
matrix (not shown), and an array of shutter assemblies 2113.
The MEMS substrate 2107 has two sides, referred to as the
MEMS-side 2115 and the backside 2117. The configuration
of display assembly 2100 is referred to as a MEMS-up con-
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figuration. The MEMS-up configuration implies that the
MEMS-side 2115 of the MEMS substrate is disposed oppo-
site to the backlight. In the MEMS-up configuration the
MEMS-side 2115 of the MEMS substrate 2107 faces the
viewer, while the backside 2117 of the MEMS substrate faces
that backlight 2101. The aperture layer 2111 of display
assembly 2100 is also referred to as a reflecting aperture. A
reflecting aperture is defined as an aperture in which at least
one of the surfaces ofthe aperture layer is a reflecting surface.
Examples of the construction of such reflecting surfaces were
given with reference to FIG. 4.

[0231] The cover plate 2109 of display assembly 2100
includes a black matrix 2119. The black matrix is designed to
absorb ambient light, reflections from which might otherwise
degrade the contrast of the display. Display assembly 2100
includes assembly spacers 2121 which serve to maintain the
spacing between MEMS substrate 2107 and the cover plate
2109. The backlight 2101 of display assembly 2100 includes
lamps 2123.

[0232] Indisplay assembly 2100, referred to as the MEMS-
up configuration, the reflecting aperture 2111 layer is con-
structed so that the reflecting surface of the aperture faces the
substrate 2107, and therefore also the backlight. In this con-
figuration, as described in U.S. patent application Ser. No.
11/218,690, light entering from the backlight which does not
exit through an open aperture will be reflected back into the
backlight, where it becomes available for recycling. The aper-
ture layer 401 of FIG. 4A and the composite aperture layer
452 of FIG. 4B are examples of reflecting apertures 2111,
appropriate for use in display assembly 2100. Aperture layer
401 can be composed of reflective materials such as silver or
aluminum. Aperture 452 has one reflecting surface, disposed
to reflect light that impinges through substrate 453. If the
substrate 402 or substrate 453 is assembled in the MEMS-up
configuration, such as MEMS substrate 2107 of display
assembly 2100, then light impinging from backlight onto
apertures 401 or 452 can be recycled back into the backlight.
[0233] The control matrix 1700 provides another example
of a reflecting aperture layer, appropriate for use in display
assembly 2100. The metal regions 1725 and 1727 of control
matrix 1700 are disposed to reflect light back into the sub-
strate 1702. Recycling of light would occur if substrate 1702
is assembled in the MEMS-up configuration, such as MEMS
substrate 2107 of display assembly 2100.

[0234] The suspended aperture layer 1808 of control matrix
1800 provides another example of a reflecting aperture layer,
appropriate for use in display assembly 2100. If provided
with a reflecting surface that faces the substrate 1802, then the
suspended aperture layer 1808 will reflect light back into the
substrate 1802. Recycling of light would then occur if sub-
strate 1802 is assembled in the MEMS-up configuration, such
as MEMS substrate 2107 of display assembly 2100.

[0235] When assembling a display in the MEMS-up con-
figuration, and employing a reflective aperture, it is also help-
ful if the surface of the aperture disposed toward the viewer is
made of absorbing materials. The layer 464, for instance, of
composite aperture 452 is designed to absorb light that
impinges from a direction 454 opposite to the substrate 453.
In the MEMS-up configuration of display assembly 2100
such light, from directions opposite to the backlight, is
referred to as ambient light. By providing an absorbing mate-
rial on that surface of composite aperture layer 452 or aper-
ture 2111, which faces the ambient, the contrast of the display
can be improved.
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[0236] FIG. 22 shows a cross sectional image of a display
assembly 2200. The display assembly 2200 includes a back-
light 2201, a diffuser 2203, a brightness enhancing film 2205,
an aperture plate 2207, and a MEMS substrate 2209. The
MEMS substrate 2209 includes an aperture layer 2211, a
control matrix (not shown), and an array of shutter assemblies
2213. In display assembly 2200 the aperture plate 2207 is
disposed between the MEMS substrate 2209 and the back-
light 2201. The MEMS substrate 2209 has two sides, referred
to as the MEMS-side 2215 and the backside 2217. The con-
figuration of display assembly 2200 is referred to as a MEMS-
down configuration. The MEMS-down configuration implies
that the MEMS-side 2215 of the MEMS substrate 2209 is
directed toward the backlight (and opposite the viewer).
[0237] The backlight 2201 of display assembly 2200
includes lamps 2223.

[0238] The aperture plate 2207 includes an aperture layer
2219, also referred to as a reflecting aperture. Light entering
from the backlight which does not exit through an open aper-
ture will be reflected by reflecting aperture 2219 back into the
backlight, where it becomes available for recycling. The aper-
ture layer 401 of FIG. 4A and the composite aperture layer
452 of FIG. 4B are examples of reflecting apertures 2219,
appropriate for use in display assembly 2200. Because
reflecting aperture 2219 is fabricated however on aperture
plate 2207, which is separate from MEMS substrate 2209, a
wider range of materials becomes available for fabrication of
reflecting aperture 2219. Thick reflecting films, like the
Vikuiti (trademark) Enhanced Specular Reflector film from
3M Corporation, can serve as the reflecting aperture 2219
after lamination onto the aperture plate 2207.

[0239] In one embodiment of display assembly 2200,
referred to as the MEMS-down configuration, the aperture
layer 2211 is designed as a composite aperture in which one
side is designed to reflect while the other side is designed to
absorb impinging light. In a preferred embodiment, the aper-
ture layer 2211 of display assembly 2200 is designed as an
absorbing aperture. An absorbing aperture is defined as an
aperture in which both surfaces are designed to absorb
impinging light. In either embodiment of the MEMS-down
configuration, the aperture layer 2211 is constructed such that
the absorbing surface of aperture 2211 faces the MEMS sub-
strate 2209; the absorbing surface of aperture 2211 therefore
also faces away from the backlight 2201 and towards the
viewer. In this configuration, ambient light will be substan-
tially absorbed by aperture layer 2211.

[0240] In operation of display assembly 2200, the aperture
plate 2207 is fabricated with reflective aperture 2219 dis-
posed so as to return reflected light to the backlight for recy-
cling. The aperture layer 2211, which is built onto the MEMS
substrate 2209 and is disposed between the shutter assemblies
2213 and the substrate 2209, performs a different function.
The aperture layer 2211 blocks oft-angle light from nomi-
nally closed shutters from escaping to the viewer, and the
aperture layer 2211 is designed to absorb ambient light—in
each case improving the contrast of the display.

[0241] The aperture layer 401 of FIG. 4A is an example of
an absorbing aperture 2211, appropriate for use in display
assembly 2200. When employing aperture layer 401 for aper-
ture 2211 in display assembly 2200, absorbing materials are
chosen for the layer 401 (as described with respect to FIG.
4A) in order to improve the contrast of the display.

[0242] A composite aperture layer, similar to composite
aperture 452 of FIG. 4B, can also be used as an aperture layer
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2211. However, when deployed as aperture layer 2211 in the
MEMS-down configuration of display assembly 2200, the
order of layers for composite aperture layer 452 is preferably
reversed. In such a reversed order the absorbing layer 464
would be placed directly against the substrate 453, followed
by the metal reflecting layer 462 and the two refractive layers
460 and 458.

[0243] The control matrix 1700 can also be deployed in a
MEMS down configuration. When employing control matrix
1700 in display assembly 2200, absorbing materials are cho-
sen for the layer 1717 in order to improve the contrast of the
display.

[0244] And finally the control matrix 1800 of FIG. 18 can
be deployed in a MEMS-down configuration, such as in dis-
play assembly 2200. When employing control matrix 1800 in
a MEMS-down configuration, however, it may be preferable
to eliminate the aperture plate 2207 altogether. Control matrix
1800 includes a suspended aperture layer 1808. The sus-
pended aperture layer 1808 has two surfaces, one facing the
substrate 1802 and one facing opposite to the substrate. If
deployed in a MEMS-down configuration it is preferable that
the surface of suspended aperture layer 1808 which faces the
substrate 1802 be made of an absorbing material, while the
surface of suspended aperture 1808 which faces opposite to
the substrate be made of a reflective material or a reflective
combination of materials.

[0245] The invention may be embodied in other specific
forms without departing from the spirit or essential charac-
teristics thereof. The forgoing embodiments are therefore to
be considered in all respects illustrative, rather than limiting
of the invention.

1. A MEMS-based assembly for a spatial light modulator
comprising:

a substrate;

a light-modulating portion supported over the substrate,

wherein the light-modulating portion comprises:

a first portion, which, in all light-modulating portion
positions, is oriented substantially horizontally with
respect to the substrate; and

at least one second portion, which in all light-modulat-
ing portion positions, is at least partially transverse to
first portion; and

an actuator for moving the light-modulating portion to

selectively modulate light.

2. The MEMS-based assembly of claim 1, wherein the at
least second portion provides the light-modulating portion
with an effective thickness with respect to bending normal to
the first portion that is greater than the thickness of the first
portion.

3. The MEMS-based assembly of claim 1, wherein a front
surface of the substrate defines a plane, and the at least second
portion provides the light-modulating portion with an effec-
tive thickness with respect to bending out of the defined plane
that is greater than the thickness of the first portion.

4. The MEMS-based assembly of claim 1, wherein the at
least one second portion extends along substantial portions of
the periphery of the light-modulating portion.

5. The MEMS-based assembly of claim 1, wherein the at
least one second portion extends from the interior of the
light-modulating portion.

6. The MEMS-based assembly of claim 1, wherein the at
least one second portion comprises a sidewall structure.
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7. The MEMS-based assembly of claim 6, wherein the
sidewall structure comprises a first material and the first por-
tion comprises a second, different material.

8. The MEMS-based assembly of claim 6, wherein the
sidewall structure comprises a first material and the first por-
tion comprises the same first material.

9. The MEMS-based assembly of claim 6, wherein the first
and second portions of the light-modulating portion provide
the light-modulating portion a three-dimensional aspect.

10. The MEMS-based assembly of claim 9, wherein the
three-dimensional aspect comprises a corrugation.

11. The MEMS-based assembly of claim 1, wherein one of
the first and second portions is less than 2 microns in thick-
ness.

12. The MEMS-based assembly of claim 1, wherein one of
the first and second portions comprises an electrically con-
ducting material.

13. The MEMS-based assembly of claim 12, wherein the
electrically conducting material comprises one of a metal or a
semiconducting material.

14. The MEMS-based assembly of claim 12, wherein the
electrically conducting material comprises one of Al, Cu, Ag,
Ni, Cr, Mo, W, Ti, Ta, Nb, Nd, Si, and Zr, or any combination
thereof.

15. The MEMS-based assembly of claim 1, wherein one of
the first and second portions comprises a composite material.

16. The MEMS-based assembly of claim 1, wherein one of
the first and second portions comprises a multi-layer material.

17. The MEMS-based assembly of claim 16, wherein the
multi-layer material comprises one of Al,O;, Cr,O;, TiO,,
HfO,, V,0;, Nb,0s, Ta,0s, Si0,, and Si;N,,.

18. The MEMS-based assembly of claim 16, wherein the
multilayer material comprises a dielectric and the thickness
of the dielectric at least partially inhibits light reflection by
destructive interference.

19. The MEMS-based assembly of claim 1, wherein one of
the first and second portions comprises one of Titanium,
Molydenum, Aluminum and Silicon or any combination
thereof.

20. The MEMS-based assembly of claim 1, wherein one of
the first and second portions comprises a light blocking mate-
rial.

21. The MEMS-based assembly of claim 1, wherein one of
the first and second portions comprises a light retlective mate-
rial.

22. The MEMS-based assembly of claim 1, wherein one of
the first and second portions comprises a light absorbing
material.
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23. The MEMS-based assembly of claim 22, wherein the
light absorbing material comprises one of MoCr, MoW,
MoTi, MoTa, TiW, and TiCr

24. The MEMS-based assembly of claim 22, wherein the
light absorbing material comprises a cermet, the cermet
including a mixtures, wherein the mixture is one of
Cr—Cr,0;, Cr—Si0, and Ti—TiN.

25. The MEMS-based assembly of claim 22, wherein the
light absorbing material comprises a semiconducting mate-
rial, the semiconducting material including amorphous sili-
con or silicon-germanium alloys.

26. The MEMS-based assembly of claim 22, wherein the
light absorbing material comprises one of Ti and TiN.

27. The MEMS-based assembly of claim 1, wherein one of
the first and second portions comprises an encapsulating
dielectric.

28. The MEMS-based assembly of claim 1, wherein at least
one second portion, in all light-modulating portion positions,
is substantially normal the first portion.

29. The MEMS-based assembly of claim 1, wherein the
light-modulating portion is a shutter.

30. The MEMS-based assembly of claim 1, wherein the
light-modulating portion is backlit.

31. A method of operating a MEMS-based assembly for a
spatial light modulator, the MEMS-based assembly compris-
ing a light-modulating portion supported over a substrate,
wherein the light-modulating portion comprises a first por-
tion and at least one second portion, the method comprising:

moving the light-modulating portion to a position for

which light is not substantially transmitted, and for
which the at least one second portion is at least partially
transverse to the first portion.

32. A display comprising:

a substrate;

a light-modulating portion supported over the substrate,

wherein the light-modulating portion comprises

a first portion, which, in all light-modulating portion
positions, is oriented substantially horizontally with
respect to the substrate, and

at least one second portion, which in all light-modulat-
ing portion positions, is at least partially transverse to
first portion;

an actuator for moving the light-modulating portion to

selectively modulate light; and

at least one light source generating the light.

33. The display of claim 32, wherein the display is backlit
with the at least one light source.
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