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SWITCHABLE WINDOWS WITH MEMS SHUTTERS

PRIORITY CLAIM

[0001] This application claims priority to United States Patent Application No.
13/357,441 (Attorney Docket No. QUALP097/110927), entitled “SWITCHABLE
WINDOWS WITH MEMS SHUTTERS” and filed on January 24, 2012, which is

hereby incorporated by reference.
TECHNICAL FIELD
[0002] This disclosure relates to smart glass devices.

DESCRIPTION OF THE RELATED TECHNOLOGY

[0003] “Smart glass” devices (also referred to herein as switchable windows or
switchable devices) include materials and architectures that change their light
transmission properties when an external stimulus is applied (voltage, current, heat,
light, etc.). Electrically switchable smart glass devices include electrochromic
devices and suspended particle devices. Electrochromic devices are substantially
transparent when no voltage is applied and substantially opaque when voltage is
applied. Suspended particle devices include microscopic, light-absorbing, rod-shaped
particles (typically of a polyiodide) suspended in a fluid, which is held between two
electrically conductive panes and placed between two glass or plastic panels. Some
clectrically switchable smart glass devices include one or more layers with a
controlled stress gradient, which may be controlled to cover a defined aperture or to

curl away from the aperture, allowing light transmission through the aperture.

[0004] Electrically switchable smart glass devices can be used for light
control/shading, solar heating control in windows, privacy shades, and dimmable

mirrors, among other uses. Each application typically requires a different technology.
SUMMARY

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

attributes disclosed herein.

[0006] Some clectrically switchable devices disclosed herein provide a single

technology to address a variety of applications. Moreover, such implementations may
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potentially be provided at a lower cost than prior art switchable window systems.
Some implementations include an array of MEMS shutters incorporating opaque
and/or interference-based film stacks, to control light in a window. The shutter
structure may include one or more layers with a controlled stress gradient, which
makes a shutter arm curl out of plane and away from a defined aperture for light, thus
permitting light to be transmitted through a transparent substrate and past the MEMS
structure. To close the shutter, a voltage may be applied between an electrode in the
shutter arm and an electrode covering a region on the substrate, rolling the shutter arm
flat against the substrate electrode and placing the shutter arm over the aperture. The
shutter arm may be configured to transmit selected wavelengths of light. In some

implementations, the shutter arm may be configured to filter out infrared light.

[0007] One innovative aspect of the subject matter described in this disclosure can be
implemented in a switchable device that includes a substrate stack having a
substantially transparent substrate, an aperture and substrate clectrodes. The
switchable device also may include control circuitry configured for applying voltage
to the substantially transparent electrodes, a rollable shutter arm and an interference
filter configured to pass or filter out a range of light wavelengths. The rollable shutter
arm may be configured to at least partially cover the aperture when the control
circuitry is applying voltage to the substantially transparent electrodes and to curl up
to expose the aperture when the control circuitry is not applying the voltage to the
substrate electrodes. In some implementations, the switchable device may be

configured to be disposed on a building window.

[0008] The rollable shutter arm may be configured to partially cover the aperture
when a lower voltage is applied to the substrate electrodes and configured to cover the
aperture more completely when a higher voltage is applied to the substrate electrodes.
The substrate electrodes may be patterned into sections. Voltage may be applied
separately to each of the sections. The rollable shutter arm may be configured to be
moved between a range of positions, each position corresponding to a number of

sections to which voltage has been applied.

[0009] The substantially transparent substrate may be formed, at least in part, of
glass. In some implementations, the substantially transparent substrate may be

formed, at least in part, of a polymer.
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[0010] The substrate clectrodes may be formed, at least in part, of a substantially
transparent material. In some implementations, the substrate electrodes may be

formed, at least in part, of a conductive metal.

[0011] In some implementations, the interference filter may be disposed, at least in
part, on the shutter arm. The interference filter may be disposed, at least in part, on
the substrate stack. A first part of the interference filter may be disposed on the
substrate stack and a second part of the interference filter may be disposed on the
shutter arm. In some implementations, the interference filter may be configured to

filter out infrared wavelengths.

[0012] The shutter arm may include an absorber layer. Relatively less light may be
transmitted through the aperture when the shutter arm covers the aperture. In some
implementations, the shutter arm may be substantially opaque. However, in
alternative implementations, the shutter arm may include transparent regions. In
some implementations, the shutter arm may include translucent regions. The

translucent regions may include color filter material.

[0013] The substrate electrodes may be disposed in the aperture. Alternatively, or
additionally, the substrate electrodes may be disposed along edges of the aperture. In

some implementations, the substrate electrodes may be tapered.

[0014] Another innovative aspect of the subject matter described in this disclosure
can be implemented in a method that involves forming a substrate stack by depositing
substrate electrodes on a substantially transparent substrate and forming an aperture
area. The method may involve forming a rollable shutter arm attached to an area of
the substrate stack proximate the aperture. The method may involve configuring the
rollable shutter arm to cover the aperture when voltage is applied to the substrate
electrodes and to curl up to at least partially expose the aperture when the voltage is
not applied to the substrate clectrodes. The method may involve forming an
interference filter configured to pass or filter out a range of light wavelengths. The
method also may involve configuring control circuitry for applying the voltage to the
substrate electrodes. Forming the interference filter may involve forming at least a
portion of the interference filter on the rollable shutter arm and/or on the substrate

stack.
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[0015] Details of one or more implementations of the subject matter described in this
specification are set forth in the accompanying drawings and the description below.
Other features, aspects, and potential advantages will become apparent from the
description, the drawings, and the claims. Note that the relative dimensions of the

following figures may not be drawn to scale.
BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Figure 1A shows an example of a portion of an array of shutter-based

switchable devices.

[0017] Figure 1B shows an example of a top view of the array of shutter-based

switchable devices of Figure 1A.

[0018] Figure 1C shows an example of a cross-section through a two-layer stack

having a length L.

[0019] Figure 1D shows an example of a graph of the strain in the layers of the cross-

section depicted in Figure 1C.

[0020] Figure 1E shows an example of a graph of the stress in the layers of the cross-

section depicted in Figure 1C.

[0021] Figure 2A shows an example of a shutter-based switchable device with a

shutter arm in an open state.

[0022] Figure 2B shows an example of the shutter-based switchable device of Figure

2 A with the shutter arm in a closed state.

[0023] Figure 3 shows an example of a graph indicating the light transmitted through
the shutter-based switchable device of Figures 2A and 2B with the shutter arm in an

open state and with the shutter arm in a closed state.

[0024] Figure 4A shows an example of a graph indicating the light transmitted
through an alternative shutter-based switchable device with the shutter arm in an open

state and with the shutter arm in a closed state.

[0025] Figure 4B shows an example of a graph indicating the light transmitted
through another alternative shutter-based switchable device with the shutter arm of

Table 3 in an open state and in a closed state.
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[0026] Figure 4C shows an example of a graph indicating the light transmitted
through and reflected from the shutter-based switchable device of Figure 4B with the

shutter arm in a closed state.

[0027] Figure 5A shows an example of a shutter-based switchable device having a
substrate stack that includes an interference filter, with the shutter arm in an open

state and in a partially closed state.

[0028] Figure 5B shows an example of the shutter-based switchable device of Figure

5A with the shutter arm in a closed state.

[0029] Figure 6 shows an example of a graph indicating the light transmitted through
the shutter-based switchable device of Figures 5A and 5B with the shutter arm in an

open state and with the shutter arm in a closed state.

[0030] Figure 7 shows an example of a graph indicating the light reflected by the
shutter-based switchable device of Figures 5A and 5B with the shutter arm in an open

state and with the shutter arm in a closed state.

[0031] Figure 8 shows an example of a block diagram indicating components of a

switchable window system.

[0032] Figure 9 shows an example of a flow diagram that outlines a process of

fabricating shutter-based switchable devices.

[0033] Like reference numbers and designations in the various drawings indicate like

elements.
DETAILED DESCRIPTION

[0034] The following description is directed to certain implementations for the
purposes of describing the innovative aspects of this disclosure. However, a person
having ordinary skill in the art will readily recognize that the teachings herein can be
applied in a multitude of different ways. The described implementations may be
implemented in various devices or systems, including but not limited to
electromechanical systems (EMS), microelectromechanical systems (MEMS) and
non-MEMS applications. Thus, the teachings are not intended to be limited to the
implementations depicted solely in the Figures, but instead have wide applicability as

will be readily apparent to one having ordinary skill in the art.
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[0035] Some implementations describe herein include an array of MEMS shutters
incorporating opaque and/or interference-based film stacks, to control light in a
window. The shutter structure may include one or more layers with a controlled
stress gradient, which makes a shutter arm curl out of plane and away from a defined
aperture for light, thus permitting light to be transmitted through a transparent
substrate stack and past the MEMS structure. To close the shutter, a voltage may be
applied between an electrode in the shutter arm and one or more electrodes covering a
region on the substrate stack, rolling the shutter arm flat against the substrate
electrode and placing the shutter arm over the aperture. Although various
implementations that include substantially transparent substrate electrodes are
described herein, in some alternative implementations the substrate electrodes may be
formed, at least in part, of other conductive materials, ¢.g., a conductive metal such as

aluminum, an aluminum alloy, titanium, gold, silver, etc.

[0036] Particular implementations of the subject matter described in this disclosure
can be implemented to realize one or more of the following potential advantages.
Some electrically switchable devices disclosed herein provide a single technology to
address a variety of applications. Some implementations may have shutter arms
and/or substrates that include interferometric layers for selectively blocking (or
selectively transmitting) specific wavelengths of light. The wavelengths may
correspond to visible colors in some implementations, whereas in other
implementations the wavelengths may correspond to infrared light. For example, the
switchable device may be configured such that visible light is transmitted when

infrared light is blocked, or vice versa.

[0037] Such applications may include a shutter arm having an absorber layer
thickness that is selected to allow a desired amount of light to be transmitted through
the closed switchable device. In some such implementations, the thickness of the
absorber layer may be selected such that little or no observable light is transmitted
through the closed switchable device. Transmission through the closed switchable
device may be made specular, not diffuse, if so desired. Additionally, interference
filters can be included in the shutter arm or substrate, permitting modification to the
color or wavelength of light transmitted and reflected from the window. For instance
transmitted or reflected light can be filtered to permit switching of the color. Or

infrared wavelength can be selectively filtered for controlling radiant solar energy
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transmitted through a window. These changes can be implemented by changing the
layer sequence in the shutter arm or on the substrate, while maintaining the basic
physical shape of the shutter arm. Some implementations may potentially be

provided at a lower cost than that of prior art switchable window systems.

[0038] Figure 1A shows an example of a portion of an array of shutter-based
switchable devices. The switchable devices 100 are disposed on a substantially
transparent substrate 105, which may be formed of glass, a polymer and/or another
suitable substantially transparent material. In the example depicted in Figure 1A, the
shutter arm 107 of each of the switchable devices 100 is in an open or furled state.
Each of the shutter arms 107 has a radius R and is attached to the substantially
transparent substrate 105 at an anchor point 103. Each of the shutter arms 107
extends through an angle ¢ from the anchor area 103 to the end of the shutter arm

107.

[0039] Figure 1B shows an example of a top view of the array of shutter-based
switchable devices of Figure 1A. Four of the switchable devices 100 are shown in
Figure 1B, each of which is depicted with the shutter arm 107 in an unfurled or closed
state. Each of the shutter arms 107 has a length L and a width /. In this example, the
arca of the aperture 109 corresponds with the area of the switchable device 100 that is
not occupied by the shutter arm 107 when furled. For a shutter of this type, the
aperture 109 has an area of W * (L - R), where L= ¢ R. The total area occupied by
cach of the switchable devices 100 is W * (L + R). As noted below, some arrays may

have substantially more switchable devices 100 than are shown in Figure 1B.

[0040] In some implementations, the materials used to form the shutter arms 107 have
an engineered stress gradient greater than zero. In some implementations, the stress
gradient can be up to approximately 1000 MPa/um. In some implementations, the
shutter arms 107 may be formed of a single material, whereas in other
implementations the shutter arms 107 may be formed of two or more layers of
different materials. Examples of some such materials are described below. One or
more of the layers of the shutter arms 107 can be dielectrics, but a conductive layer
will permit electrostatic actuation of the shutter arms 107. The shutter arm material
may be formed as a bimorph or a multimorph with an engineered stress in each layer,

resulting in the desired stress gradient in the shutter arms 107. This stress gradient



10

15

20

WO 2013/112246 PCT/US2012/070385

may cause a desired radius of curvature, causing the shutter arms 107 to furl and

move away from the apertures 109 when unbiased.

[0041] In some implementations wherein the shutter arms 107 are formed of a single
material, the radius of curvature of the shutter arms 107 may be governed by the

[0042] In Equation 1, ¢ is the film thickness, E is the biaxial Young’s modulus and 4o

is the stress gradient.

[0043] If the shutter arms 107 are formed of two or more layers of different material,
the radius of curvature of the shutter arms 107 may be governed by the following
equation:

n n

R= D [Eli—Cln—2] | ) Doy —2)]

i=1 i=1
(Equation 2)

, where 1 indicates the layer in the stack of n layers, E; is the Young’s modulus of the
i layer, 1,; is the inertia moment of the i layer, C; and D; are constants defined
below, zy s the z-coordinate of the neutral plane and z; is the z-coordinate of the i

layer in the stack.

[0044] Figure 1C shows an example of a cross-section through a two-layer stack
having a length L. The thickness of the first layer is shown as #; and the thickness of
the second layer is shown as #,. Z; is the z-coordinate of the first layer in the stack
and Z; is the z-coordinate of the second layer in the stack. Zy is the z-coordinate of

the neutral plane.

[0045] The parameters C and D may be defined as follows:

n i-1
i-1 ZEiAi t1+22tk+ti

C-=—{t1+22tk+t— i=2 k=2 }
n

E1Aq + Z E;A;
i=2
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(Equation 3)
n
Z[(& — &) EiA]
i=2
D; = EiAi{e, — & — n }
By + ) (EiA)
i=2
(Equation 4)

[0046] A4; is the i layer cross sectional area and & is the strain in the i/ layer. Figure
ID shows an example of a graph of the strain in the layers of the cross-section
depicted in Figure 1C. The inflection point of the strain & shown in Figure 1D
corresponds with the z-coordinate of the neutral plane Zy shown in Figure 1C. Figure
1E shows an example of a graph of the stress in the layers of the cross-section
depicted in Figure 1C. In this example, there is a stress discontinuity at the boundary

between layer 1 and layer 2.

[0047] Figure 2A shows an example of a shutter-based switchable device with a
shutter arm in an open state. In this state, most of the incident light 101 incident on
the substantially transparent substrate 105 passes through the substantially transparent
electrode layer 210 (an indium tin oxide (ITO) layer in this example but other
Transparent Conductive Oxides (TCO’s) also may be used, e.g., tin oxide (SnO),
aluminum zinc oxide (AZO), fluorinated zinc oxide (ZnOF), etc.) and through the
substantially transparent diclectric layer 215 to emerge as the transmitted light 220.
The substantially transparent substrate 105, the substantially transparent electrode
layer 210 and the substantially transparent dielectric layer 215 collectively form one
example of a substrate stack 225. The shutter arm 107 is attached to the substrate
stack 225 at the anchor areca 103. Except for the incident light 101a that emerges
under the shutter arm 107 (which is furled in this example), most of the incident light

101 will pass through the switchable device 100 in this implementation.

[0048] In some implementations, the shutter arm 107 has a radius in the range of 200
um to 300 um when furled. In this example, the shutter arm 107 has a radius of
approximately 270 um when furled and an arm length of approximately 1700 um.
Accordingly, the total area occupied by each of the switchable devices 100 is W *

9
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(1700 um + 270 um), or slightly less than W * 2 mm. Assuming that W is slightly
less than 2 mm, each of the switchable devices 100 would occupy slightly less than 4
mm?”. Even accounting for the intervening spaces between adjacent instances of the
switchable devices 100, a one square meter array of the switchable devices 100 would
include approximately 250,000 of the switchable devices 100. In alternative
implementations, the length, width and/or radius of the shutter arms 107 may be

larger or smaller than those of the previous examples.

[0049] In this implementation, the shutter arm 107 includes an absorber layer 230,
which is a molybdenum-chromium (MoCr) layer in this example. The absorber layer
230 1s disposed between the layer 235 and the layer 240. Here, the layers 235 and
240 are substantially transparent across the visible spectrum. In this example, the
layer 235 is formed of approximately.35 um of SiON having a mean stress of -95
MPa. The layer 240 is formed of approximately .15 pm of SiO; having a mean stress
of approximately 30 MPa. Accordingly, there is a differential stress gradient between
the layer 235 and the layer 240 that makes the shutter arm 107 bend out of plane and
“roll up.” By applying a voltage between the MoCr layer, absorber layer 230, which
functions as an electrode, and the substantially transparent electrode layer 210, the

shutter arm can be closed, rolled flat, parallel to the substrate.

[0050] In this example, the absorber layer 230 is approximately 16 nm thick and does
not substantially affect the mechanical behavior of the shutter arm 107. Alternative
implementations may include different numbers of layers, layers of different
thicknesses and/or layers formed of other materials. For example, the absorber layer
230 may be formed of titanium, molybdenum, chromium, or tantalum. Layer 240 can
be formed of other dielectrics with different dielectric materials. For example SiON,

TiO2, or SiN can be used.

[0051] Figure 2B shows an example of the shutter-based switchable device of Figure
2A with the shutter arm in a closed state. When a control system applies a sufficient
voltage to the substantially transparent electrode layer 210, the shutter arm 107
unfurls and closes the aperture 109. The thickness of the absorber layer 230 may be
varied to allow varying amounts of light to be transmitted through the closed
switchable device. Accordingly, relatively less of the incident light 101 may be
transmitted through the switchable device 100 when the shutter arm 107 is closed than

when the shutter arm 107 is open. In some implementations, the thickness of the

10
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absorber layer 230 may be selected such that little or none of the transmitted light 220
is transmitted through the switchable device 100 in the visible range when the shutter

arm 107 is closed.

Layer Material d[ nm]
#1 substrate 70000
#2 ITO 50
#3 SiO2 200
#4 SiO2 350
#5 MoCr 16
#6 SION 150
#H7 air 0

Table 1

[0052] Table 1 provides an example of the layers of the shutter arm 107 and the
substrate stack 225 in one implementation. In this example, the layers 1-3 of Table 1
correspond to the substantially transparent substrate 105, the substantially transparent
electrode layer 210 and the substantially transparent dielectric layer 215 of the
substrate stack 225. The layers 4-6 of Table 1 correspond to the layer 240, the
absorber layer 230 and the layer 235, respectively, of the shutter arm 107.

[0053] Figure 3 shows an example of a graph indicating the light transmitted through
the shutter-based switchable device of Figures 2A and 2B with the shutter arm in an
open state and with the shutter arm in a closed state. The curve 305 indicates the
transmissivity of the switchable device 100 with the shutter arm 107 in an open state.
In this state, over 80% of the incident light 101 in the visible range is transmitted
through the switchable device 100 as substantially white light. The curve 310
indicates the transmissivity of the switchable device 100 with the shutter arm 107 in a
closed state. In this state, only about 16% of the incident light 101 in the visible range
is transmitted through the switchable device 100. In this example, the transmitted

light 220 has a pale green color.

[0054] In alternative implementations, the optical properties of the shutter arm 107
may be modified. For example, holes may be made in the shutter arm 107 to allow
some light through when the aperture is closed. Alternatively, or additionally, the top
side of the shutter arm (opposite the side facing the substantially transparent electrode

layer 210), may be coated with color filter material or reflective material to give a

11
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desired appearance for the switchable device 100 with the shutter arm 107 in a closed

state.

[0055] Alternative implementations of the switchable device 100 may include a set of
layers or “stack” that form an interference filter. As such, the interference filter is
also referred to as an interference filter stack below. The interference filter may be
configured to pass or block one or more predetermined wavelength ranges. An

example of one such stack is provided in Table 2, below:

Layer Material d (nm)
#1 Substrate 700
#2 ITO 50
#3 Si02 200
#5 T2 55
#6 Si02 99
#7 TiQ2 110
#8 Si02 99
#9 T2 55
#11 MoCr 5

Table 2

[0056] The stack for the interference filter of Table 2 is the layers 5-9 of Table 2,
shown in yellow. In this example, the layers 4 through 11 form the shutter arm 107.
Because the interference filter stack is included as part of the shutter arm 107 in this
implementation, both the optical and mechanical properties of the interference filter
stack are evaluated so that the shutter arm 107 not only provides the desired optical
effects but also has desirable mechanical characteristics. For example, the mechanical
properties of the interference filter stack may be evaluated to determine that the
shutter arm 107 has an acceptable radius in the range of about 50-400 um, when in the
open state, does not require an unacceptably large actuation voltage, such as an
actuation voltage greater than about 130V. For example, the mechanical properties of
all layers of the shutter arm 107, including the interference filter stack, may be
evaluated with reference to Equations 2—4, above, to evaluate the radius of curvature
of shutter arms 107 that includes these layers. In the example shown in Table 2, the
interference filter layers are symmetrical and therefore “stress neutral.” Although not
essential, making the interference filter layers stress neutral simplifies the design of

the shutter arm 107.

12
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[0057] In alternative implementations, the interference filter stack may include other
materials. For example, the interference filter stack may include one or more
magnesium fluoride, silicon nitride, and/or tantalum oxide layers. If other materials
are used, the thickness of individual layers and/or the overall thickness of the
interference filter stack may be different from the examples shown herein. However,
such other implementations would generally include a similar sequence of higher

refractive index and lower refractive index materials.

[0058] In alternative implementations, the substrate stack 225 may include at least
some layers of an interference filter stack. In some such implementations, all layers
of the interference filter stack may be made part of the substrate stack 225, whereas in
other implementations, both the substrate stack 225 and the shutter arm 107 may

include some layers of the interference filter stack.

[0059] Figure 4A shows an example of a graph indicating the light transmitted
through an alternative shutter-based switchable device with the shutter arm in an open
state and with the shutter arm in a closed state. In this example, the shutter arm 107
includes the layers 4 through 11 of Table 2. Accordingly, the shutter arm 107

includes the interference filter stack of layers 5 through 9.

[0060] The curve 405 indicates the transmissivity of the switchable device 100 with
the shutter arm 107 in an open state. In this state, over 80% of the incident light 101
in the visible range is transmitted through the switchable device 100 as substantially
white light. The curve 410 indicates the transmissivity of the switchable device 100
with the shutter arm 107 in a closed state. In this state, the interference filter of the
shutter arm 107 causes over 30% of the incident light 101 that is in the wavelength
range from approximately 560 nm to 620 nm to be transmitted through the switchable
device 100, while suppressing the transmission of light in adjacent wavelength ranges.
Accordingly, the interference filter causes the transmitted light 220 to have a yellow-

gold color.

[0061] However, the thicknesses, materials, etc., of the interference filters referenced
in Table 2 and Figure 4A are only examples. In alternative implementations, the
interference filter may be configured to transmit or block incident light 101 of other
wavelength ranges. In some such implementations, the interference filter may be

configured to filter out infrared light. If such an interference filter is disposed in the

13



10

15

20

25

WO 2013/112246 PCT/US2012/070385

shutter arm 107, the switchable device 100 can pass infrared light when the shutter
arms 107 are in an open state and can filter out infrared light when the shutter arms
107 are in a closed state. An example of such an optical stack is shown in the

following table.

Material

#6 SiN 60

Table 3

[0062] In the example depicted in Table 3, the layers of the shutter include the layers
#4-#9. When the shutter is open, light in the visible (400nm-780nm) wavelengths is
transmitted. When the shutter is closed, light in the visible range is still transmitted,
but light in the infrared range (700nm-2500nm) is substantially reduced. The
transmission and reflection spectra for this shutter in the open and closed position are

shown in Figures 4B and 4C.

[0063] Figure 4B shows an example of a graph indicating the light transmitted
through another alternative shutter-based switchable device with the shutter arm of
Table 3 in an open state and with the shutter arm in a closed state. The curve 415
indicates light transmitted through the switchable device when the shutter of Table 3
is open, whereas the curve 420 indicates light transmitted through the switchable
device when the shutter is closed. By comparing the curve 415 with the curve 420, it
may be observed that the switchable device transmits a substantial amount of light in
the visible range even when the shutter is closed. However, the transmission of light

in the infrared range is substantially reduced when the shutter is closed.

[0064] Figure 4C shows an example of a graph indicating the light transmitted
through and reflected from the shutter-based switchable device of Figure 4B with the
shutter arm in a closed state. The curve 425 indicates light reflected from the
switchable device when the shutter of Table 3 is closed, whereas the curve 420
indicates light transmitted through the switchable device when the shutter is closed.

By comparing the curve 425 with the curve 420, it may be observed that the
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reflectivity of the shutter is substantially higher in the infrared range, causing the

amount of transmitted light in the infrared range to decrease substantially.

[0065] Some switchable devices include an interference filter formed on the substrate,
so that colored light is transmitted when the shutter arm 107 is open. One example is
shown in Figures SA and 5B. Figure 5A shows an example of a shutter-based
switchable device having a substrate stack that includes an interference filter, with the
shutter arm in an open state and in a partially closed state. Figure 5B shows an
example of the shutter-based switchable device of Figure 5SA with the shutter arm in a

closed state.

[0066] In the example shown in Figure 5A, the substantially transparent electrode
layer 210 has been patterned into the sections 210a, 210b, 210c and 210d. In this
implementation, the substrate electrodes of the switchable device 100 are configured
to apply voltage to each of the sections 210a, 210b, 210c and 210d separately. In
Figure 5A, the shutter arm 107 is shown in two positions. The first position of the
shutter arm 107 is an open state, depicted in solid lines, in which an actuation voltage
is not being applied to any of the sections 210a, 210b, 210c and 210d. The second
position of the shutter arm 107 is a partially closed state, wherein an actuation voltage
Vi has been applied to the section 210a and an actuation voltage V, has been applied
to the section 210b. If an actuation voltage V3 is also applied to the section 210c, the
shutter arm will be more fully closed. If an actuation voltage V4 is also applied to the

section 210d, the shutter arm will close completely, as shown in Figure 5B.

[0067] In this example, the interference filter 505 has been disposed on the
substantially transparent dielectric layer 215 of the substrate stack 225. Although the
interference filter 505 is depicted as a solid and uniform layer in Figures 5A and 5B
for ease of viewing, the interference filter 505 includes the layers 4 through 8 of Table

4, below.
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Bottom electeode
and insulater

| nterferencs filter

Shutterarm layers
& slactrade

Table 4

[0068] Layers 1 through 8 of Table 4 correspond with the substrate stack 225 shown
in Figures 5A and 5B. Layer 1 corresponds with the substantially transparent
substrate 105, layer 2 corresponds with the substantially transparent electrode layer
210 and layer 3 corresponds with the substantially transparent dielectric layer 215.
Layers 4 through 8 form the same interference filter stack 505 that is shown in Table

2.

[0069] Layers 9 through 11 of Table 4 correspond with the shutter arm 107 shown in
Figures 5A and 5B: layer 9 corresponds to the layer 240, layer 10 corresponds to the
absorber layer 230 and layer 11 corresponds to the layer 235 of the shutter arm 107.
Accordingly, layers 9—11 of Table 4 correspond to layers 4—6 of Table 1.

[0070] Figure 6 shows an example of a graph indicating the light transmitted through
the shutter-based switchable device of Figures 5A and 5B with the shutter arm in an
open state and with the shutter arm in a closed state. When the shutter arm 107 is
open, the interference filter 505 causes a transmissivity peak at approximately 585
nm, wherein over 85% of the incident light 101 is transmitted through the substrate
stack 225 (see curve 605). Accordingly, the interference filter 505 causes the
transmitted light 220 to have a yellow-gold color. When the shutter arm 107 is
closed, the window is relatively darker because of the effect of the absorber layer 230
in the shutter arm 107 (see curve 610). In this example, the transmitted light 220 has

a dim yellow-gold color.

[0071] Figure 7 shows an example of a graph indicating the light reflected by the

shutter-based switchable device of Figures SA and 5B with the shutter arm in an open
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state and with the shutter arm in a closed state. When the shutter arm 107 is open, the
interference filter 505 causes a blue-green color to be reflected from the switchable
device 100. When the shutter arm 107 is closed, the interference filter 505 causes a
bluish-white color to be reflected from the switchable device 100 when the device is

in the closed state.

[0072] Figure 8 shows an example of a block diagram indicating components of a
shutter-based switchable window system. In this example, the switchable window
system 800 includes a control system 805 for controlling the electrode array 810. The
control system 805 may include a general purpose single- or multi-chip processor, a
digital signal processor (DSP), an application specific integrated circuit (ASIC), a
field programmable gate array (FPGA) or other programmable logic device, discrete
gate or transistor logic, discrete hardware components, or any combination thereof

designed to perform the functions described herein.

[0073] The clectrode array 810 may include an electrode layer of a substrate stack,
such as the substantially transparent electrode layer 210 of the substrate stack 225
described above with reference to Figures 2A, 2B, 5A and 5B. The clectrode array
810 may also include routing electrodes for conveying electrical signals from the
control system 805 to electrodes of the substantially transparent electrode layer 210.
For example, the control system 805 may convey electrical signals to electrodes of the
substantially transparent electrode layer 210 to produce a sufficient voltage to close
the shutter arm 107 and cover the aperture 109. When the control system 805 is not
applying sufficient voltage, the shutter arm 107 may roll up and uncover the aperture
109. In some implementations, the control system 805 may be configured to apply
intermediate voltage levels for positioning the shutter arm 107 in a range of positions
between fully open and fully closed. In some implementations, the electrode array
810 may be configured to allow the control system 805 to address separate groups of

electrodes in the electrode array 810.

[0074] In this example, the switchable window system 800 includes a sensor system
815 having one or more sensors. The sensor system 815 may be configured for
supplying sensor data to the control system 805. The sensor data may, for example,
include ambient light sensor data and/or temperature sensor data. The control system
805 may be configured to control the electrode array 810 based, at least on part, on

the sensor data provided by the sensor system 815.
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[0075] For example, in some implementations the shutter arm 107 may include an
interference filter 505 that is configured to block infrared light. The sensor system
815 may include one or more thermal sensors that are configured to provide
temperature data and/or one or more ambient light sensors. The control system 805
may be configured to control the electrode array according to temperature data
received from the sensor system 815, e.g., by closing some or all of the shutter arms

107 when the temperature data indicate the temperature has reached a threshold value.

[0076] The user input system 820 may include a touch screen, touch pad, a
microphone, a key pad and/or any other suitable type of user interface. The user input
system 820 may be configured to provide user input data to the control system 805.
For example, the user input data may include a threshold temperature value as
described above. The user input data may also indicate time data, e.g., time data

indicating when the switchable device should be in an open state or a closed state.

[0077] The power supply 825 may be any convenient type of power supply. For
example, the power supply 825 may include an AC power supply or a DC power
supply, e.g., of a battery system.

[0078] Figure 9 shows an example of a flow diagram that outlines a process of
fabricating shutter-based switchable devices. The process 900 begins with block 905,
wherein a substrate stack with electrodes is formed. The substrate stack may be
similar to one of the substrate stacks 225 described above. The substrate stack may be
formed on a glass substrate, on a polymer substrate or on another suitable type of
substantially transparent substrate. In some implementations, the substrate stack may
be formed on a large-area glass substrate, such as a Gen 5 (1100 mm by 1300 mm)
glass substrate or a Gen 6 (1500 mm by 1850 mm) glass substrates. The electrodes

may be formed of substantially transparent material, such as ITO.

[0079] Block 910 involves a process of forming a plurality of rollable shutter arms,
such as the shutter arms 107 described above. The rollable shutter arms are attached
to an arca of the substrate stack proximate an aperture, such as the aperture 109
described above. Accordingly, some such rollable shutter arms may be formed of

layers such as those described above with reference to Tables 1-3.

[0080] Block 915 involves configuring the rollable shutter arms to cover an aperture

when a actuation voltage is applied to the electrodes in the substrate stack. This
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process may involve including a conductive layer to allow actuation of the shutter
arms. Block 915 also involves configuring the rollable shutter arms to curl up and
expose the aperture when the actuation voltage is not applied to the electrodes of the
substrate stack. This process may involve creating a desired stress gradient between
the layers of the rollable shutter arm, e.g., as described above. Block 915 may involve
depositing sacrificial material under all portions of the shutter arms except the anchor

arca 103 (see Figure 2A), then releasing the sacrificial material.

[0081] Block 920 involves forming an interference filter configured to pass or filter
out a range of light wavelengths. The light wavelengths may or may not be in the
visible range. Accordingly, the interference filter may be configured to filter out light
in the infrared range, the visible range or the ultraviolet range. In some
implementations, block 920 may involve forming at least part of the interference filter
in the substrate stack. Other implementations may involve forming the entire
interference filter in the rollable shutter arms. Alternatively, the interference filter can
be put on the substrate before forming the rollable shutter arm. In another
implementation, part of the interference filter can be put on the substrate, and then the

remaining part of the interference filter can be formed on the rollable shutter arm.

[0082] Block 925 may involve further processing and packaging. For example, block
925 may involve configuring a control system to control the rollable shutter arms.
Block 925 may involve configuring a sensor system, a user input system and/or a
power supply to the control system. Block 925 may involve separating substrate
panels into multiple switchable devices 100 or joining substrate panels to form a
larger switchable device 100. Block 925 may involve packaging the switchable

devices and/or components thereof for shipment or storage.
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[0084] Other Examples

[0085] Alternative implementations may include different substrates and/or substrate
stacks. For example, the switchable devices 100 may include a flexible substrate.
The substrate may be coated with color filter material to generate a desired color
when the shutter arm 107 is open. A reflective or transmissive interferometric
modulator stack may be used to create a switchable mirror with desired color

characteristics, e.g., a colored mirror when the shutter arm 107 is open.

[0086] Some alternative implementations may include different shutter arm
structures. In the above examples, the shutter arms 107 have been made optically
opaque, configured for low optical transmission or designed to transmit a particular
color. Other implementations include transparent regions formed in the shutter arm
107. In some implementations, the transparent regions of the shutter arm 107 may
include a light diffusing material so that the window can be switched from transparent
to diffuse. Alternatively, color filter material may be included in translucent regions
of the shutter arm 107, so the window can be switched from transparent to translucent

with a given color or colors.

[0087] Other alternative implementations may include different electrode
configurations. While the examples above show a substantially transparent electrode
covering the light aperture, electrodes may be provided on the substrate surface along
the edges of the aperture. Some such electrodes may be tapered. Such electrode
configurations may allow increased control over the shutter arm 107, permitting it to
be partially rolled down and cover part of the light aperture. In some
implementations, such as the implementation described above with reference to
Figure 5A, patterned electrodes can be used to allow incremental closure of the light

aperture.

[0088] The various illustrative logics, logical blocks, modules, circuits and algorithm
steps described in connection with the implementations disclosed herein may be
implemented as electronic hardware, computer software, or combinations of both.
The interchangeability of hardware and software has been described generally, in
terms of functionality, and illustrated in the various illustrative components, blocks,

modules, circuits and steps described above. Whether such functionality is
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implemented in hardware or software depends upon the particular application and

design constraints imposed on the overall system.

[0089] The hardware and data processing apparatus used to implement the various
illustrative logics, logical blocks, modules and circuits described in connection with
the aspects disclosed herein may be implemented or performed with a general purpose
single- or multi-chip processor, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field programmable gate array (FPGA) or other
programmable logic device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform the functions described
herein. A general purpose processor may be a microprocessor, or, any conventional
processor, controller, microcontroller, or state machine. A processor also may be
implemented as a combination of computing devices, such as a combination of a DSP
and a microprocessor, a plurality of microprocessors, one or more microprocessors in
conjunction with a DSP core, or any other such configuration. In some
implementations, particular steps and methods may be performed by circuitry that is

specific to a given function.

[0090] In one or more aspects, the functions described may be implemented in
hardware, digital electronic circuitry, computer software, firmware, including the
structures disclosed in this specification and their structural equivalents thereof, or in
any combination thereof. Implementations of the subject matter described in this
specification also can be implemented as one or more computer programs, i.¢., one or
more modules of computer program instructions, encoded on a computer storage

media for execution by, or to control the operation of, data processing apparatus.

[0091] If implemented in software, the functions may be stored on or transmitted over
as one or more instructions or code on a computer-readable medium. The steps of a
method or algorithm disclosed herein may be implemented in a processor-executable
software module which may reside on a computer-readable medium. Computer-
readable media includes both computer storage media and communication media
including any medium that can be enabled to transfer a computer program from one
place to another. A storage media may be any available media that may be accessed
by a computer. By way of example, and not limitation, such computer-readable
media may include RAM, ROM, EEPROM, CD-ROM or other optical disk storage,

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

may be incorporated into a computer program product.

[0092] The word “exemplary” is used exclusively herein to mean “serving as an
example, instance, or illustration.” Any implementation described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over
other possibilities or implementations. Additionally, a person having ordinary skill in
the art will readily appreciate, the terms “upper” and “lower” are sometimes used for
case of describing the figures, and indicate relative positions corresponding to the
orientation of the figure on a properly oriented page, and may not reflect the proper

orientation of an IMOD as implemented.

[0093] Certain features that are described in this specification in the context of
separate implementations also can be implemented in combination in a single
implementation. Conversely, various features that are described in the context of a
single implementation also can be implemented in multiple implementations
separately or in any suitable subcombination. Moreover, although features may be
described above as acting in certain combinations and even initially claimed as such,
one or more features from a claimed combination can in some cases be excised from
the combination, and the claimed combination may be directed to a subcombination

or variation of a subcombination.

[0094] Similarly, while operations are depicted in the drawings in a particular order, a
person having ordinary skill in the art will readily recognize that such operations need
not be performed in the particular order shown or in sequential order, or that all
illustrated operations be performed, to achieve desirable results. Further, the
drawings may schematically depict one more example processes in the form of a flow

diagram. However, other operations that are not depicted can be incorporated in the
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example processes that are schematically illustrated. For example, one or more
additional operations can be performed before, after, simultancously, or between any
of the illustrated operations. In certain circumstances, multitasking and parallel
processing may be advantageous. Moreover, the separation of various system
components in the implementations described above should not be understood as
requiring such separation in all implementations, and it should be understood that the
described program components and systems can generally be integrated together in a
single software product or packaged into multiple software products. Additionally,
other implementations are within the scope of the following claims. In some cases,
the actions recited in the claims can be performed in a different order and still achieve

desirable results.
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CLAIMS
What is claimed is:
1. A switchable device, comprising:

a substrate stack including a substantially transparent substrate, an aperture

and substrate electrodes;

control circuitry configured for applying voltage to the substantially

transparent electrodes;

a rollable shutter arm configured to at least partially cover the aperture when
the control circuitry is applying voltage to the substantially transparent electrodes and
to curl up to expose the aperture when the control circuitry is not applying the voltage

to the substrate electrodes; and

an interference filter configured to pass or filter out a range of light

wavelengths.

2. The switchable device of claim 1, wherein the rollable shutter arm is
configured to partially cover the aperture when a lower voltage is applied to the
substrate electrodes and configured to cover the aperture more completely when a

higher voltage is applied to the substrate electrodes.

3. The switchable device of claim 1 or claim 2, wherein the substrate electrodes
are patterned into sections and wherein voltage may be applied separately to each of

the sections.

4, The switchable device of claim 3, wherein the rollable shutter arm is
configured to be moved between a range of positions, each position corresponding to

a number of sections to which voltage has been applied.

5. The switchable device of any one of claims 1-4, wherein the substantially

transparent substrate is formed, at least in part, of glass.

6. The switchable device of any one of claims 1-5, wherein the substantially

transparent substrate is formed, at least in part, of a polymer.

7. The switchable device of any one of claims 1-6, wherein the substrate

electrodes are formed, at least in part, of a substantially transparent material.
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8. The switchable device of any one of claims 1-7, wherein the substrate

electrodes are formed, at least in part, of a conductive metal.

9. The switchable device of any one of claims 1-8, wherein the switchable

device is configured to be disposed on a building window.

10.  The switchable device of any one of claims 1-9, wherein the interference filter

is disposed on the shutter arm.

11. The switchable device of any one of claims 1-10, wherein the interference

filter is disposed on the substrate stack.

12.  The switchable device of any one of claims 1-11, wherein the shutter arm
includes an absorber layer and wherein relatively less light is transmitted through the

aperture when the shutter arm covers the aperture.

13.  The switchable device of any one of claims 1-12, wherein the interference

filter is configured to filter out infrared wavelengths.

14. The switchable device of any one of claims 1-13, wherein the shutter arm is
substantially opaque.
15.  The switchable device of any one of claims 1-14, wherein the shutter arm

includes transparent regions.

16.  The switchable device of any one of claims 1-15, wherein the shutter arm
includes translucent regions and wherein the translucent regions include color filter

material.

17.  The switchable device of any one of claims 1-16, wherein the substrate

electrodes are disposed in the aperture.

18.  The switchable device of any one of claims 1-17, wherein the substrate

electrodes are disposed along edges of the aperture.

19.  The switchable device of any one of claims 1-18, wherein the substrate

electrodes are tapered.

20.  The switchable device of any one of claims 1-19, wherein a first part of the
interference filter is disposed on the substrate stack and a second part of the

interference filter is disposed on the shutter arm.
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21. A switchable device, comprising:

substrate means including a substantially transparent substrate, an aperture and

substrate electrodes;
control means for applying voltage to the substantially transparent electrodes;

shutter arm means for at least partially covering the aperture when the control
means is applying voltage to the substrate electrodes and for uncovering the aperture

when the control means is not applying the voltage to the substrate electrodes; and

interference filter means for passing or filtering out a range of light

wavelengths.

22.  The switchable device of claim 21, wherein at least part of the interference

filter means is disposed on the shutter arm means.

23.  The switchable device of claim 21 or claim 22, wherein at least part of the

interference filter means is disposed on the substrate means.

24. The switchable device of any one of claims 21-23, wherein the shutter arm
means includes an absorber layer and wherein relatively less light is transmitted

through the aperture when the shutter arm means covers the aperture.

25.  The switchable device of any one of claims 21-24, wherein the interference

filter means is configured to filter out infrared wavelengths.
26. A method, comprising:

forming a substrate stack by depositing substrate electrodes on a substantially

transparent substrate and forming an aperture area;

forming a rollable shutter arm attached to an area of the substrate stack

proximate the aperture;

configuring the rollable shutter arm to cover the aperture when voltage is
applied to the substrate electrodes and to curl up to at least partially expose the

aperture when the voltage is not applied to the substrate electrodes; and

forming an interference filter configured to pass or filter out a range of light

wavelengths.
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27.  The method of claim 26, further including configuring control circuitry for
applying the voltage to the substrate electrodes.

28.  The method of claim 26 or claim 27, wherein forming the interference filter

involves forming at least a portion of the interference filter on the rollable shutter arm.

29.  The method of any one of claims 26-28, wherein forming the interference
filter involves forming at least a portion of the interference filter on the substrate

stack.
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