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(57) Abstract: An electronic device (200) includes a display (202) and an
LC shutter (204), at least a portion of which is operatively positioned over
the display (202). The LC shutter (204) provides switching between a
ey transparent state and a diffusive state with high image integrity, and high
transmission in the transparent state. In one embodiment, the electronic de-
vice (200) further includes control logic (206) operatively coupled to the
# LC shutter (204) to provide control signals (212) to the LC shutter (204) to
4 effect the transparent state. The LC shutter (204) includes a first dichroic
polarizer (300), such as a broadband dichroic polarizer, a specular reflec-
tive polarizer (302), such as a broadband reflective polarizer, an LC cell
(304), and a diftusive reflective polarizer (306). The LC cell (304) is inter-

posed between the first dichroic polarizer (300) and the specular reflective
polarizer (302). The diftusive reflective polarizer (306) is interposed be-
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tween the LC cell (304) and the specular retlective polarizer (302). Related
methods are also set forth.
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ELECTRONIC DEVICE AND LC SHUTTER FOR POLARIZATION-SENSITIVE
SWITCHING BETWEEN TRANSPARENT AND DIFFUSIVE STATES

FIELD OF THE INVENTION

[0001] The present invention generally relates to electronic devices that
employ liquid crystal shutters.

BACKGROUND OF THE INVENTION

[0002] Image morphing capability is increasingly becoming an important
design consideration in electronic devices. In the optical and imaging arts,
“morphing” refers to the changing of one image to another. For example, electronic
devices frequently employ “morphing user interfaces,” i.e., interfaces that change in
appearance as a device’s use changes. Such an interface is simpler and more intuitive
to use since only the context-relevant functions are shown at any given time, with the
interface elements that are not related to the current context being inactive and hidden.
A simple example of a morphing user interface is a screen through which display
content is visible in one state, such as an “on” state, and not visible in another state,
such as an “off” state. In the “off” state, a user may see, for example, a reflection of
the ambient light incident on the screen.

[0003] Several known morphing techniques can achieve a change from a
transparent state to a specular reflective (i.e., mirror-like) state, such as a change from
the content typically seen on a cellular telephone display or touch-sensitive keypad
arca to a mirror-like image. U.S. Patent 6,574,044 (“the ’044 patent”) describes a
combination of a reflective polarizer and a colored dichroic polarizer to achieve
colored looks with a liquid crystal (“LC”) display. This construction can achieve
specular reflective colors, but not diffusive colors. One embodiment of the 044

patent also employs a diffusive adhesive to achieve diffusive colors, but this
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embodiment cannot achieve switching between a transparent state and a diffusive
state because as long as the diffusive adhesive is present, all incoming light is diffused
under all circumstances.

[0004] U.S. Patent 6,184,955 describes an LC device including a specular
reflective polarizer and a light scattering layer. Because the light scattering layer is
not polarization-sensitive, however, this construction does not enable switching
between a transparent state and a diffusive state.

[0005] U.S. Patent Publication 2004/0036821 describes an LC shutter
including at least two LC cells and at least three polarizers. The LC shutter may
include scattering layers and reflective layers. However, this construction only
describes the use of scattering layers to suppress interference effects in the LC shutter.
The scattering layers are not polarization-sensitive and thus do not enable switching
between a transparent and a diffusive state. This construction is also cumbersome
because it uses two LC cells in the LC shutter.

[0006] Other known morphing constructions use a specular or diffusive
reflective polarizer between the LC shutter and a light source, such as a display, for
“recycling” purposes. The LC shutter typically passes light polarized along one
direction and absorbs light polarized along a different direction. Such absorption of
“wrongly-polarized” light is wasteful.  Accordingly, the specular or diffusive
reflective polarizer reflects wrongly-polarized light emanating from the light source
and prevents it from being absorbed by the LC shutter. Another reflector placed on
the opposite side of the light source reflects the light back, with a different
polarization or polarizations, and provides another opportunity for the light to be

transmitted. Thus, if a diffusive reflective polarizer is used in such a construction, it
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only provides “recycling” capability and does not enable the LC shutter to switch
between a transparent state and a diffusive state.
[0007] Other constructions do provide for switching between a transparent
state and a diffusive state, but are not polarization-sensitive LC shutters and therefore
produce lower image integrity, along with lower transmission in the transparent state.
For example, U.S. Patents 6,760,157 and 6,590,705 describe optical films that provide
diffuse reflection. However, the film is not included within a construction having
other polarization-sensitive elements to optimize image integrity and the degree of
transmission in the transparent state. For example, the diffuse reflection may be
obtained by applying a voltage directly to the film itself to control the degree to which
it is transparent to or scattering to incoming light.
[0008] Accordingly, it is desirable to provide electronic devices having the
ability to switch between a transparent state and a diffusive state in a size- and cost-
efficient manner, and that are polarization-sensitive and provide high image integrity
and high transmission in a transparent state. Other desirable features and
characteristics of the present invention will become apparent from the subsequent
detailed description and the appended claims, taken in conjunction with the
accompanying drawings and this background of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The present invention will hereinafter be described in conjunction with
the following drawing figures, wherein like numerals denote like elements, and
[0010] FIG. 1 illustrates an example of a prior art electronic device having a
display and an LC shutter capable of switching between a transparent state and a

specular state;
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[0011] FIG. 2 is a block diagram of an electronic device illustrating a display,
an LC shutter, control logic, and an electroluminescent or reflecting eclement in
accordance with one embodiment;
[0012] FIG. 3 illustrates the clectronic device of FIG. 2 with a detailed view
of the LC shutter, in accordance with one embodiment;
[0013] FIG. 4 illustrates the in-plane anisotropic diffuser of the LC shutter of
FIG. 3, in accordance with an exemplary embodiment;
[0014] FIG. 5 illustrates the LC shutter of FIG. 3 with an additional
narrowband dichroic polarizer in accordance with another embodiment;
[0015] FIG. 6 illustrates the LC shutter of FIG. 3 with an additional
narrowband dichroic polarizer having a different placement from that of FIG. 4, in
accordance with still another embodiment;
[0016] FIG. 7 illustrates the display and a detailed view of the LC shutter of
the electronic device of FIG. 2, in accordance with an alternate embodiment;
[0017] FIG. 8 is a flowchart illustrating one example of a method of making
an LC shutter in accordance with one embodiment; and
[0018] FIG. 9 is a flowchart illustrating one example of a method of making
an LC shutter in accordance with an alternate embodiment.

DETAILED DESCRIPTION OF THE INVENTION
[0019] Briefly, an electronic device includes a display and an LC shutter. At
least a portion of the LC shutter is operatively positioned over the display. In one
example, the LC shutter provides switching between a diffusive state and a
transparent state with high image integrity, and with high transmission in the

transparent state. The diffusive state can be controlled to be a diffusive white state or
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a diffusive colored state, such as through the selective placement of a narrowband
dichroic polarizer or narrowband reflective polarizer within the LC shutter to
introduce color. In one embodiment, the electronic device further includes control
logic operatively coupled to the LC shutter and operative to provide control signals to
the LC shutter to effect the transparent state. When the control logic does not provide
control signals to the LC shutter, the LC shutter operates in the diffusive state. The
LC shutter includes a first dichroic polarizer, such as a broadband dichroic polarizer, a
specular reflective polarizer, such as a broadband specular reflective polarizer, an LC
cell, and an in-plane anisotropic diffuser, such as an in-plane anisotropic diffuser film.
An in-plane anisotropic diffuser hereinafter means a diffuser in which at least 50
percent of light polarized in one direction is selectively diffusively transmitted (the
remainder of such light being selectively diffusively reflected), while essentially all of
the light polarized in the other direction is specularly transmitted. By way of
example, the in-plane anisotropic diffuser may selectively diffusively transmit 60
percent of the light polarized in one direction, or any suitable percentage of such light.
The LC cell is interposed between the first dichroic polarizer and the specular
reflective polarizer. The in-plane anisotropic diffuser is interposed between the LC
cell and the specular reflective polarizer.

[0020] In another embodiment, the LC shutter further includes a second
dichroic polarizer that is a narrowband dichroic polarizer. In one embodiment, the
second dichroic polarizer is interposed between the in-plane anisotropic diffuser and
the specular reflective polarizer. In another embodiment, the second dichroic

polarizer is interposed between the LC cell and the in-plane anisotropic diffuser.
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[0021] In another embodiment, the LC shutter still further includes an
additional dichroic polarizer, such as a broadband dichroic polarizer. The LC cell, the
in-plane anisotropic diffuser, the specular reflective polarizer, and, if present, the
second dichroic polarizer, are interposed between the first dichroic polarizer and the
additional dichroic polarizer.

[0022] In an alternate embodiment, a diffusive reflective polarizer can be used
in place of a combination of in-plane anisotropic diffuser and broadband specular
reflective polarizer. Thus, the LC cell is placed between the first dichroic polarizer
and the diffusive reflective polarizer. A diffusive reflective polarizer hereinafter
means a polarizer in which essentially all of the light polarized in one direction is
selectively diffusively reflected while essentially all of the light polarized in the other
direction is selectively specularly transmitted. In another embodiment, a second
dichroic polarizer that is a narrowband dichroic polarizer is interposed between the
LC cell and the diffusive reflective polarizer.

[0023] Among other advantages, an LC shutter and a device including an LC
shutter provide appealing visual effects such as switching between a transparent state
and a diffusive state to change, for example, the color or visual appearance of, in one
example, an exterior surface of a handheld device or other suitable device. As such,
the LC shutter can switch between bright diffusive colors or bright diffusive white
and a highly transparent state. As such, as applied to a device, the device can appear
to be morphing from one color to a transparent state to provide different looks thereby
enhancing user appeal.

[0024] FIG. 1 illustrates an example of a prior art electronic device 10 having

a display 12 and an LC shutter 14 capable of switching between a transparent state, as
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illustrated by the light depicted on the right portion of FIG. 1, and a specular state, as
illustrated by the light depicted on the left portion of FIG. 1. The electronic device
may further include an electroluminescent or reflecting element 16, such as a keypad
portion. The LC shutter 14 includes a first dichroic polarizer 18, a second dichroic
polarizer 20, an LC cell 22, and a specular reflective polarizer 24.

[0025] The first dichroic polarizer 18 includes a first axis 26 and a second axis
28. The second dichroic polarizer 20 includes a first axis 30 and a second axis 32.
The specular reflective polarizer 24 includes a first axis 34 and a second axis 36. The
LC cell 22 includes a first substrate 38, a second substrate 40, and liquid crystal
material 42. The LC cell 22 is interposed between the first dichroic polarizer 18 and
the specular reflective polarizer 24. The LC cell 22 and specular reflective polarizer
24 are interposed between the first dichroic polarizer 18 and the second dichroic
polarizer 20.

[0026] In operation, ambient light 44 is incident upon the first dichroic
polarizer 18 when it reaches the LC shutter 14. The first dichroic polarizer 18 is
generally a broadband dichroic polarizer. As is known in the art, a broadband
polarizer is responsive to a continuous, wide range of electromagnetic frequencies,
typically including all frequencies or colors within the range of visible light. As is
further known in the art, a dichroic polarizer is substantially transparent to light
polarized along a first axis of the dichroic polarizer, also known as a transmission axis
or a transmissive axis, and substantially absorbs light polarized along a second axis of
the dichroic polarizer that is different from the first axis. Accordingly, the first

dichroic polarizer 18 transmits first polarized light 46 to the LC cell 22 that is
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substantially polarized along the first axis 26 of the first dichroic polarizer 18 and that
is the same color as the ambient light 44.

[0027] As is known in the art, a voltage may be applied to the LC cell 22. If a
voltage is applied to the LC cell 22, the liquid crystal material 42, and hence the LC
cell 22, will pass the first polarized light 46 without rotating its polarization, thereby
producing post-LC light 48. However, if a voltage is not applied to the LC cell 22,
the liquid crystal material 42, and hence the LC cell 22, will pass the first polarized
light 46 with a rotation, or “twist,” of its polarization to produce the post-LC light 48.
[0028] Accordingly, when a voltage is applied to the LC cell 22, post-LC light
48 that exits the LC cell 22 is substantially polarized in the same direction as the first
axis 26 of the first dichroic polarizer 18. On the other hand, when no voltage is
applied to the LC cell 22, the post-LC light 48 is substantially polarized in a different
direction because of the polarization rotation effect of the LC cell 22.

[0029] The ambient light 44 is then transmitted to the specular reflective
polarizer 24. The specular reflective polarizer 24 is typically a broadband specular
reflective polarizer. As is known in the art, a broadband reflective polarizer, like a
broadband dichroic polarizer, is responsive to a continuous, wide range of
electromagnetic frequencies typically including all frequencies or colors within the
range of visible light and is substantially transparent to light polarized along a first
axis. However, unlike a broadband dichroic polarizer, a broadband reflective
polarizer substantially reflects, instead of absorbs, light polarized along a second axis
that is different from its first axis. Moreover, a broadband specular reflective
polarizer substantially specularly reflects this light. That is, the reflection of this light

produces a metallic or mirror-like appearance, as opposed to a situation in which light
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is dispersed upon reflection, also known as a diffusive reflection, such as the case of a
shadow produced by the reflection of a person’s face from a piece of white paper.
[0030] Accordingly, in the event that any components of post-LC light 48 are,
at the time they enter the specular reflective polarizer 24, polarized along the first axis
30 of the specular reflective polarizer 24, the specular reflective polarizer 24 transmits
post-specular reflective polarizer light 50 to the second dichroic polarizer 20 that is
substantially polarized along the first axis 30 of the specular reflective polarizer 24,
and that is the same color as the post-LC light 48.

[0031] In the event that any components of post-LC light 48 are, at the time
they enter the specular reflective polarizer 24, polarized along the second axis 32 of
the specular reflective polarizer 24, the specular reflective polarizer 24 specularly
reflects those components.

[0032] The second dichroic polarizer 20 is generally a broadband dichroic
polarizer. The second dichroic polarizer 20 is used to enhance the polarization effect
of the LC shutter 14 during operation in the transparent state in view of the non-ideal
responses of the above components of the LC shutter 14.

[0033] As will be recognized by one of ordinary skill in the art, when a
voltage is applied to the LC cell 22, light coming from the display 12 and, if the
electroluminescent or reflecting element 16 is present, light coming from the
electroluminescent or reflecting element 16, may be transmitted through the LC
shutter 14 in the opposite order of transmission as that described above because each
of the components of the LC shutter 14 has the same response to light incident from
either direction. As further recognized by one of ordinary skill in the art, the extent to

which ambient light 44 may be transmitted through the LC shutter 14, and thus the
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extent to which light coming from the display 12 and light coming from the
electroluminescent or reflecting element 16 may be transmitted through the LC
shutter 14, will depend both upon the orientation of the first axes 26, 30, and 34 and
second axes 28, 32, and 36 of each of the first dichroic polarizer 18, second dichroic
polarizer 20, and specular reflective polarizer 24, respectively, and upon whether a
voltage is applied to the LC cell 22 and if not, what angle of polarization rotation is
introduced by the LC cell 22.

[0034] For example, in a situation where the first axes 26, 30, and 34 and
second axes 28, 32, and 36 are all aligned with respect to one another, where the first
axes 26, 30, and 34 are perpendicular to the second axes 28, 32, and 36, and where the
LC cell 22 rotates the polarization of light by 90° in the absence of applied voltage,
the prior art system of FIG. 1 switches between a transparent state and a specular state
by way of switching between the presence or absence of applied voltage to the LC
cell 22. In the presence of an applied voltage to the LC cell 22, any components of
ambient light 44 which are polarized along the second axes 28, 32, and 36 of the
polarizers 18, 20, and 24 of the LC shutter 14 are substantially transmitted through the
LC shutter 14, as described above.

[0035] If no voltage is applied to the LC cell 22, any components of ambient
light 44 which are polarized along the second axis 28 of the first dichroic polarizer 18
are substantially absorbed, but any components of ambient light 44 which are
polarized along the first axis 26 of the first dichroic polarizer 18 are substantially
transmitted through the first dichroic polarizer 18 to produce an output of first
polarized light 46. The first polarized light 46 then has its polarization rotated 90° by

the LC cell 22 and outputted from the LC cell 22 as post-LC light 48. After
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transmission through the LC cell 22, the post-LC light 48 is substantially polarized
along the second axis 36 of the specular reflective polarizer 24. Accordingly, the
post-LC light 48 is substantially specularly reflected by the specular reflective
polarizer 24, and not transmitted to the display 12.

[0036] Similarly, any components of light coming from the display 12 which
are polarized along the first axis 26 of the second dichroic polarizer 20 are
substantially transmitted therethrough, while any components of light coming from
the display 12 which are polarized along the second axis 28 of the second dichroic
polarizer 20 are substantially absorbed. Because the components polarized along the
first axis 26 of the second dichroic polarizer 20 have their polarization rotated 90°
when they reach the LC cell 22, they are then substantially absorbed by the first
dichroic polarizer 18, and thus substantially no light from the display 12 is transmitted
through the LC shutter 14.

[0037] Accordingly, the prior art system can achieve switching between a
transparent state and a specular reflective state, but is unable to achieve switching
between a transparent state and a diffusive state.

[0038] FIG. 2 is a block diagram of an electronic device 200, illustrating a
display 202, an LC shutter 204, and control logic 206 in accordance with one
embodiment of the present invention. The electronic device 200 may further include
an electroluminescent or reflecting element 208. The electronic device 200 may be,
for example, a cellular telephone, personal digital assistant (“PDA”), laptop computer,
desktop computer, television, printer, or any suitable handheld, portable, or fixed
electronic device. The display 202 may be, for example, a cathode ray tube display,

liquid crystal display (“LCD”), thin film transistor liquid crystal display, or any
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suitable device for displaying content to a user. The control logic 206 may be, for
example, a digital signal processor, microcontroller, central processing unit, baseband
processor, co-processor, or any suitable processing device. In addition, it may be
discrete logic, or any suitable combination of hardware, software or firmware or any
suitable structure. The electroluminescent or reflecting element 208 may be, for
example, a keypad portion of the electronic device 200 that is operative to emit light
or reflect light. For convenience, the electroluminescent or reflecting element 208
will be referred to hereinafter as a keypad portion, it being understood that the
electroluminescent or reflecting element may be any suitable light source or reflecting
source as described above.

[0039] At least a portion of the LC shutter 204 is operatively positioned over
the display 202. In a preferred embodiment, if the keypad portion 208 is included, at
least a portion of the LC shutter 204 is further operatively positioned over the keypad
portion 208. The control logic 206 is operatively coupled to the LC shutter 204 and
operative to cause the LC shutter 204 to switch between a transparent state, as
illustrated by the light depicted on the right portion of the figure, and a diffusive state,
as illustrated by the light depicted on the left portion of the figure. For purposes of
this disclosure, a transparent state is to be interpreted as a state in which the LC
shutter 204 is substantially transparent with respect to incoming light, taking into
account polarization imperfections of the LC shutter 204 as known in the art.
Similarly, a diffusive state is to be interpreted as a state in which the LC shutter 204 is
substantially diffusive with respect to incoming light, taking into account the

polarization imperfections of the LC shutter 204.
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[0040] When the LC shutter 204 is in the transparent state, ambient light 210
is substantially transmitted through the LC shutter 204. The ambient light 210 may
be, for example, natural light, artificial light, or any suitable light in the environment
of the LC shutter 204. Additionally, light from the display 202 and, if the keypad
portion 208 is present, light from the keypad portion 208, is substantially transmitted
through the LC shutter 204. When the LC shutter 204 is in the diffusive state,
ambient light 210 is diffusely reflected by the LC shutter 204 and in some
embodiments is also colored by the LC shutter 204, as described in detail below.
Additionally, any light from the display 202 and the keypad portion 208 is
substantially not transmitted through the LC shutter 204.

[0041] In a preferred embodiment, and as described in further detail below
with respect to FIG. 3, the control logic 206 is operative to provide control signals
212, in the form of applied voltages, to the LC shutter 204 to effect the transparent
state. When the control logic 206 does not provide any control signals 212 to the LC
shutter 204, the LC shutter 204 operates in the diffusive state.

[0042] Referring now to FIG. 3, the electronic device 200 of FIG. 2 is shown
with a detailed view of the LC shutter 204. As discussed above, the electronic device
200 may further include a keypad portion 208 and is shown as such in FIG. 3. In one
embodiment, the electronic device 200 still further includes one or more various
subsystems, such as a radio-telephone subsystem operatively coupled to the display
202, a video playback subsystem, an audio playback subsystem, or any suitable
subsystem.

[0043] The LC shutter 204 includes a first dichroic polarizer 300, a specular

reflective polarizer 302, an LC cell 304, and a in-plane anisotropic diffuser 306. In
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further embodiments, and as described in detail below, the LC shutter 204 includes
one or both of a second dichroic polarizer (not shown in FIG. 3) and an additional
dichroic polarizer 308, as discussed in detail below.

[0044] The first dichroic polarizer 300 includes a first (i.e., transmissive) axis
310 and a second (i.c., absorptive) axis 312. The first dichroic polarizer 300 may be
made from, for example, an iodine complex, dichroic dyes, or any other suitable
material. As discussed above, a dichroic polarizer is substantially transparent to light
polarized along a first axis and substantially absorbs light polarized along a second
axis that is different from the first axis. For purposes of this disclosure, an axis refers
to any line in space of any orientation and is not limited to a line which defines, for
example, a coordinate axis. In one embodiment, the first dichroic polarizer 300 is a
broadband dichroic polarizer, such as that manufactured by Nitto Denko Corporation
or Sumitomo Chemical Co., Ltd.

[0045] The specular reflective polarizer 302 includes a first (i.e., transmissive)
axis 314 and a second (i.e., reflective) axis 316. The specular reflective polarizer 302
may be made from, for example, a polymer multi-layer material or any suitable
material. For example, the specular reflective polarizer 302 may be the DBEF (Dual
Brightness Enhancement Film) manufactured by 3M. In several embodiments, the
specular reflective polarizer 302 is a broadband specular reflective polarizer.

[0046] The LC cell 304 is interposed between the first dichroic polarizer 300
and the specular reflective polarizer 302 and includes, for example, a first substrate
318 such as a top substrate, a second substrate 320 such as a bottom substrate, and
liquid crystal material 322 interposed between the first substrate 318 and the second

substrate 320. The first substrate 318 and second substrate 320 may be made from,
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for example, glass, polycarbonate, or cyclic polyolephine or any suitable polymer that
is substantially transparent and of low birefringence. In the case of an applied voltage
to the LC cell 304, such as through control signals 212, the liquid crystal material 322
passes incident light without rotating its polarization. However, when a voltage is not
applied to the LC cell 304, the liquid crystal material 322 is operative to rotate the
polarization of incident light while passing that incident light.

[0047] The in-plane anisotropic diffuser 306 is interposed between the LC cell
304 and the specular reflective polarizer 302. The in-plane anisotropic diffuser 306
includes a first axis 324 and a second axis 326. The in-plane anisotropic diffuser 306
may be, for example, an in-plane anisotropic diffuser film or any other suitable type
of in-plane anisotropic diffuser.

[0048] FIG. 4 illustrates an exemplary embodiment of the in-plane anisotropic
diffuser 306 as a stretched PDLC (Polymer-Dispersed Liquid Crystal) film. The in-
plane anisotropic diffuser 306 may also be made from any of several other
constructions, such as a PNLC (Polymer Network Liquid Crystal) film on a rubbed
polyimide surface or any other suitable construction.

[0049] In a preferred embodiment, the in-plane anisotropic diffuser 306
includes a matrix 400 and at least one domain 402 dispersed within the matrix 400.
The in-plane anisotropic diffuser 306 is such that there is a refractive index match
between the matrix 400 and the at least one domain 402 along a first axis 324 of the
in-plane anisotropic diffuser 306, and a refractive index mismatch between the matrix
400 and the at least one domain 402 along a second axis 326 of the in-plane
anisotropic diffuser 306 which is different from the first axis 324. In a preferred

embodiment, the first axis and the second axis are substantially in the plane of the in-
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plane anisotropic diffuser 306. Further in a preferred embodiment and as illustrated in
FIG. 4, the first axis 324 and the second axis 326 are perpendicular to one another, but
as recognized by one having ordinary skill in the art, the first axis 324 and second axis
326 may be at any suitable orientations.

[0050] The matrix 400 includes a polymer, such as Polymethylemethacrylate,
and the at least one domain 402 includes a liquid crystal material. Preferably, the
refractive index mismatch between the matrix 400 and the at least one domain 402
along the second axis 326 is greater than 0.05. For example, in a stretched PDLC
film, the stretch aligns the at least one domain 402 so as to achieve the refractive
index mismatch. In a PNLC film, the rubbed polyimide aligns the at least one domain
402 so as to achieve the refractive index mismatch.

[0051] Referring back to FIG. 3, the first dichroic polarizer 300 outputs first
polarized light 328, the LC cell 304 outputs post-LC light 330, the in-plane
anisotropic diffuser outputs post-in-plane anisotropic diffuser light 332, and the
specular reflective polarizer outputs post-specular reflective polarizer light 334. The
first dichroic polarizer 300, specular reflective polarizer 302, and LC cell 304 operate
in the same manner as that described above with respect to FIG. 1.

[0052] The in-plane anisotropic diffuser 306 is transparent to incoming light
polarized along the first axis 324, and scattering to, i.e., introduces a diffusive
appearance to, incoming light polarized along the second axis 326. For purposes of
this disclosure, “transparent to” and “scattering to” are to be interpreted as being
substantially transparent to and substantially scattering to incoming light,
respectively, taking into account imperfections of the in-plane anisotropic diffuser

306.

16



10

15

20

WO 2009/100050 PCT/US2009/032929

[0053] The majority of the components of post-LC light 330 which reach the
in-plane anisotropic diffuser 306 and which are polarized along the second axis 326,
in addition to being scattered, are transmitted. Namely, the in-plane anisotropic
diffuser 306 scatters and reflect approximately 50% or less of the ambient light 210
that is incident upon it and polarized along the second axis. The remainder of the
post-LC light 330 that is polarized along the second axis 326is scattered and
transmitted.

[0054] In a preferred embodiment, the first axes 310, 314, and 324 and second
axes 312, 316, and 326 of each of the first dichroic polarizer 300, specular reflective
polarizer 302, and in-plane anisotropic diffuser 306, respectively, are oriented as
follows: the first axes 310, 314, and 324 are all aligned with one another, the second
axes 312, 316, and 326 are all aligned with one another, and each of the first axes 310,
314, and 324 are substantially perpendicular to each of the second axes 312, 316, and
326. However, it is to be understood that any suitable arrangement of axes is
contemplated. Moreover, in a preferred embodiment, the LC cell 304 rotates the
polarization of light incident upon it by 90°, but it is to be understood that any suitable
angle of rotation is contemplated.

[0055] Accordingly, in operation in accordance with the preferred
embodiment, the LC shutter 204 is polarization-sensitive and switches effectively
between a transparent state and a diffusive state with high image integrity, and with
high transmission in the transparent state, by way of switching between the presence
or absence of applied voltage to the LC cell 304. In the presence of applied voltage to
the LC cell 304, any components of ambient light 210 which are polarized along the

second axes 312 and 316 of the polarizers 300 and 302 and the second axis 326 of the
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in-plane anisotropic diffuser 306 of the LC shutter 204 are substantially absorbed.
With no rotation of polarization by the LC cell 304, any components of ambient light
210 which are polarized along the first axes 310 and 314 of the polarizers 300 and 302
and the first axis 324 of the in-plane anisotropic diffuser 306 of the LC shutter 204 are
substantially transmitted through the LC shutter 204. Furthermore, as discussed
above with respect to FIG. 1, light coming from the display 202 and, if the keypad
portion 208 is present, light coming from the keypad portion 208, may be transmitted
through the LC shutter 204 in the opposite order of transmission as that described
above because each of the components of the LC shutter 204 has the same response to
light incident from either direction.

[0056] If no voltage is applied to the LC cell 304, any components of ambient
light 210 which are polarized along the second axis 312 of the first dichroic polarizer
300 are substantially absorbed, but any components of ambient light 210 which are
polarized along the first axis 310 of the first dichroic polarizer 300 are substantially
transmitted through the first dichroic polarizer 300 as first polarized light 328, and
then have their polarization rotated by the LC cell 304, producing post-LC light 330.
[0057] The post-LC light 330 is substantially polarized along the second axis
326 of the in-plane anisotropic diffuser 306. Therefore, in accordance with the
discussion above regarding the response of the in-plane anisotropic diffuser 306 to
light incident along its second axis 326, the in-plane anisotropic diffuser 306 partially
scatters and reflects, and partially scatters and transmits, the post-LC light 330. The
components of post-LC light 330 that are partially scattered and transmitted by the in-
plane anisotropic diffuser 306, because they are polarized along the second axis 316

of the specular reflective polarizer 302, are substantially reflected by the specular
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reflective polarizer 302. The specular reflection of such components appears diffuse
because the incident components are diffuse (as a result of being scattered by the in-
plane anisotropic diffuser 306) before they reach the specular reflective polarizer 302.
[0058] Accordingly, when no voltage is applied to the LC cell 304, ambient
light 210 is not transmitted to the display 202, but is instead diffusively reflected by
the LC shutter 204. Similarly, any components of light coming from the display 202
which are polarized along the first axis 314 of the specular reflective polarizer 302 are
substantially transmitted therethrough, while any components of light coming from
the display 202 which are polarized along the second axis 316 of the specular
reflective polarizer 302 are substantially reflected therefrom.  Because the
components polarized along the first axis 314 of the specular reflective polarizer 302
have their polarization rotated 90° when they reach the LC cell 304, they are then
substantially absorbed by the first dichroic polarizer 300, and thus not transmitted
through the LC shutter 204.

[0059] The LC shutter 204 of the present invention is therefore operative to
achieve switching between a transparent state and a diffusive state. Because of the
polarization effect of the LC shutter 204 that is introduced by the first dichroic
polarizer 300 and the specular reflective polarizer 302, the LC shutter 204 of the
present invention is able to achieve this switching with high image integrity and with
high transmission in the transparent state.

[0060] Further embodiments of the LC shutter 204 are illustrated in FIGs. 5-7.
For example, referring to FIG. 5, a second dichroic polarizer 500 may be interposed
between the in-plane anisotropic diffuser 306 and the specular reflective polarizer

302. The second dichroic polarizer 500 includes a first (i.e., transmissive) axis 502
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and a second (i.c., absorptive) axis 504. In a preferred embodiment, the second
dichroic polarizer 500 is a narrowband dichroic polarizer, with its first axis 502
aligned with the first axes 310 and 314 of the polarizers 300 and 302 and the first axis
324 of the in-plane anisotropic diffuser 306. Moreover, in a preferred embodiment,
the second axis 504 of the second dichroic polarizer 500 is aligned with the second
axis 312 and 316 of the polarizers 300 and 302 and the second axis 326 of the in-
plane anisotropic diffuser 306. As known in the art, a narrowband dichroic polarizer
polarizes light in a limited range in the visible wavelength of light. Light polarized
along the transmissive axis of a narrowband dichroic polarizer is transmitted
therethrough with no change in its color. On the other hand, if light is polarized along
the absorptive axis of a narrowband dichroic polarizer, its color will be altered
because part, but not all, of the visible light spectrum is absorbed. The remainder of
the light is transmitted as colored light. The second dichroic polarizer 500 may be,
for example, a narrowband dichroic polarizer manufactured by Polatechno Co., Ltd.
or any suitable narrowband dichroic polarizer.

[0061] Accordingly, the LC shutter 204 operates as described above with
respect to FIG. 3, except that if no voltage is applied to the LC cell 304, post-in-plane
anisotropic diffuser light 332 is substantially polarized along the second axes 312 and
316 of the polarizers 300 and 302 and the second axis 326 of the in-plane anisotropic
diffuser 306 and consequently, in a preferred embodiment, is also polarized along the
absorption axis of the second dichroic polarizer 500. Therefore, post-in-plane
anisotropic diffuser light 332 is colored by the second dichroic polarizer 500,
producing colored light 506 which is then incident upon the specular reflective

polarizer 302. Colored light 506, because it is polarized along the second axis 316 of
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the specular reflective polarizer 302, is then reflected by the specular reflective
polarizer 302, producing a diffusive colored state of the LC shutter 204.

[0062] Referring now to FIG. 6, yet another embodiment of the present
invention includes the second dichroic polarizer 500 interposed between the LC cell
304 and the in-plane anisotropic diffuser 306. If no voltage is applied to the LC cell
304, post-LC light 330 is substantially polarized along the second axes 312 and 316 of
the polarizers 300 and 302 and the second axis 326 of the in-plane anisotropic diffuser
306, and consequently, in a preferred embodiment, is also substantially polarized
along the second axis 504 of the second dichroic polarizer 500. The post-LC light
330 is then colored by the second dichroic polarizer 500, producing colored light 506
which is then incident upon the in-plane anisotropic diffuser 306. The in-plane
anisotropic diffuser 306 then partially scatters and reflects, and partially scatters and
transmits, the colored light 506. Post-in-plane anisotropic diffuser light 332, i.e., light
that is scattered and transmitted by the in-plane anisotropic diffuser 306 and incident
upon the specular reflective polarizer 302, is then substantially reflected by the
specular reflective polarizer 302.

[0063] As compared to the configuration of FIG. 5, the configuration of FIG.
6 provides a greater degree of coloring when the LC shutter 204 operates in the
diffusive state (i.e., with no applied voltage) because all post-LC light 330 that is
incident upon the in-plane anisotropic diffuser 306 is colored. In the configuration of
FIG. 5, only the components of post-LC light 330 that are partially scattered and
transmitted by the in-plane anisotropic diffuser 306 reach the second dichroic
polarizer 500. Components of post-LC light 330 that are partially scattered and

reflected by the in-plane anisotropic diffuser 306 never reach the second dichroic
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polarizer 500, are never colored, and consequently are reflected by the in-plane
anisotropic diffuser 306 as diffused white light.

[0064] Referring back to FIG. 3, the present invention further contemplates an
additional embodiment in which the LC shutter 204 provides coloring without the
need for the second dichroic polarizer 500. In this embodiment, the specular
reflective polarizer 302 is a narrowband specular reflective polarizer. Accordingly,
the specular reflective polarizer 302 provides the coloring that is provided by the
second dichroic polarizer 500 in, for example, FIG. 5.

[0065] As shown in FIG. 3 and as applicable to any of the above
embodiments, the LC shutter 204 of the present invention may further include an
additional dichroic polarizer 308. The additional dichroic polarizer 308 is a
broadband dichroic polarizer, and the LC cell 304, in-plane anisotropic diffuser 306,
specular reflective polarizer 302, and, if present, second dichroic polarizer 500, are
interposed between the first dichroic polarizer 300 and the additional dichroic
polarizer 308. The additional dichroic polarizer 308 has a first axis 336 and a second
axis 338, which in a preferred embodiment are aligned, respectively, with the first
axes 310 and 314 and the second axes 312 and 316 of the polarizers 300 and 302, and
the first axis 324 and the second axis 326 of the in-plane anisotropic diffuser 306 of
the LC shutter 204. The additional dichroic polarizer 308 enhances the polarization
effect of the LC shutter 204 and is beneficial in view of the non-ideal responses of
cach of the above components of the LC shutter 204.

[0066] Referring now to FIG. 7, the present invention also contemplates an
alternate embodiment of the LC shutter 204 from those described with respect to

FIGs. 3-6. In this embodiment, the LC shutter 204 includes the first dichroic polarizer
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300, the LC cell 304, and a diffusive reflective polarizer 307, but does not include the
specular reflective polarizer 302. The LC shutter 204 may further include the second
dichroic polarizer 500 and/or the additional dichroic polarizer 308. In a preferred
embodiment, the first dichroic polarizer is a broadband dichroic polarizer, the second
dichroic polarizer, if present, is a narrowband dichroic polarizer, and the additional
dichroic polarizer, if present, is a broadband dichroic polarizer.

[0067] In this embodiment, the diffusive reflective polarizer 307 has higher
reflectivity than the in-plane anisotropic diffuser 306 used in the embodiments shown
and described with respect to FIGs. 3, 5 and 6. The diffusive reflective polarizer may
be, for example, the DRPF (Diffuse Reflective Polarizing Film) manufactured by 3M.
The DRPF is made from two immiscible polymers. In contrast to the stretched PDLC,
the texture is a continuous domain made from a first polymer of a first kind, such as
polyethylene naphthalate, and a second polymer of a second kind, such as
polymethylmethacrylate. Again, it is preferable that the refractive index mismatch
between the first polymer and the second polymer along the second axis 326 be
greater than 0.05.

[0068] The diffusive reflective polarizer 307 includes a first axis 325 and a
second axis 327. Unlike the in-plane anisotropic diffuser 306, the diffusive reflective
polarizer 307 is backward scattering to, i.c., causes a diffusive reflection of,
essentially all light polarized along the second axis 327, while transmitting essentially
all light polarized along the first axis 325. Because of the increased reflectivity of the
diffusive reflective polarizer 307, when the LC shutter 204 operates in the diffusive
state, the diffusive reflective polarizer 307 scatters and reflects, as opposed to scatters

and transmits, a greater amount of light incident upon it, thus allowing the LC shutter
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204 to operate without the specular reflective polarizer 302 placed after the diffusive
reflective polarizer 307.

[0069] The present invention still further contemplates an LC shutter made
according to a method. FIG. 8 is a flowchart illustrating one example of a method of
making an LC shutter, such as the LC shutter 204. As shown in block 800, the
method includes attaching a first side of an LC cell, such as the LC cell 304, to a first
side of a first dichroic polarizer, such as the first dichroic polarizer 300.

[0070] As shown in block 802, the method further includes attaching a second
side of the LC cell 304 to a first side of an in-plane anisotropic diffuser, such as the
in-plane anisotropic diffuser 306 described above with respect to, for example, the
embodiments of FIGs. 3, 5 and 6.

[0071] As shown in block 804, the method still further includes attaching a
second side of the in-plane anisotropic diffuser 306 to a first side of a specular
reflective polarizer, such as the specular reflective polarizer 302. The specular
reflective polarizer 302 may be a broadband specular reflective polarizer or, in one
embodiment, may be a narrowband specular reflective polarizer for coloring light and
enabling a diffusive colored state, as discussed above with respect to, for example,
FIG. 3.

[0072] The method may still further include attaching the second side of the
specular reflective polarizer 302 to a first side of an additional dichroic polarizer, such
as the additional dichroic polarizer 308, as shown in block 806. The polarization
effect of the LC shutter 204 may therefore be increased in view of the non-ideal

responses of each of the above components of the LC shutter 204.
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[0073] In one embodiment, block 802 includes block 808; namely, placing a
second dichroic polarizer, such as the second dichroic polarizer 500, between the LC
cell 304 and the in-plane anisotropic diffuser 306 for coloring light and enabling a
diffusive colored state, as discussed above with respect to, for example, FIG. 6.

[0074] In one embodiment, block 804 includes block 810; namely, placing a
second dichroic polarizer, such as the second dichroic polarizer 500, between the in-
plane anisotropic diffuser 306 and the specular reflective polarizer 302 for coloring
light and enabling a diffusive colored state as discussed above with respect to, for
example, FIG. 5.

[0075] The method may be performed using any suitable manner of
attachment including, for example, the use of PSAs (pressure sensitive adhesives),
index-matching fluid, or any suitable chemical, mechanical, or other manner of
optically coupling two elements together with substantially no air between them. The
attachment is generally performed by one or more machines, but as recognized by one
having ordinary skill in the art, may also be performed by a human or by a
combination of a human and one or more machines.

[0076] With reference to the discussion of the embodiments of FIGs. 3, 5 and
6, the LC shutter provides switching between a transparent state and a diffusive state
with high image integrity and high transmission in the transparent state. It will be
appreciated that the above method need not be performed in the order described.
Rather, the present disclosure contemplates any sensible variation of arrangement. By
way of example, the method could be performed in reverse order, starting from block

806, if block 806 is included, and otherwise starting from block 804.
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[0077] FIG. 9 illustrates another method in accordance with the alternate
embodiment of the LC shutter 204 described with respect to FIG. 7. As shown in
block 900, the method includes attaching a first side of an LC cell, such as the LC cell
304, to a first side of a first dichroic polarizer, such as the first dichroic polarizer 300.
[0078] As shown in block 902, the method includes attaching a second side of
the LC cell 304 to a first side of a second dichroic polarizer, such as the second
dichroic polarizer 500, for coloring light and enabling a diffusive colored state as
described above with respect to, for example, FIG. 7.

[0079] As shown in block 904, the method still further includes attaching a
second side of the second dichroic polarizer 500 to a first side of a diffusive reflective
polarizer, such as the diffusive reflective polarizer 307, as described above with
respect to, for example, FIG. 7.

[0080] The method may still further include block 906; namely, attaching the
second side of the diffusive reflective polarizer 307 to a first side of an additional
dichroic polarizer, such as the additional dichroic polarizer 708. The polarization
effect of the LC shutter 204 may therefore be increased in view of the non-ideal
responses of each of the above components of the LC shutter 204.

[0081] The method may be performed using any suitable manner of
attachment as described above with respect to FIG. 8. Similarly, the method may be
performed in any sensible order, as also described above with respect to FIG. 8.

[0082] Among other advantages, an LC shutter and a device including an LC
shutter provide appealing visual effects such as switching between a transparent state
and a diffusive state to change, for example, the color or visual appearance of, in one

example, an exterior surface of a handheld device or other suitable device. As such,
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the LC shutter can switch between bright diffusive colors or bright diffusive white
and a highly transparent state. As such, as applied to a device, the device can appear
to be morphing from one color to a transparent state to provide different looks thereby
enhancing user appeal.

[0083] While at least one exemplary embodiment has been presented in the
foregoing detailed description of the invention, it should be appreciated that a vast
number of variations exist. It should also be appreciated that the exemplary
embodiment or exemplary embodiments are only examples, and are not intended to
limit the scope, applicability, or configuration of the invention in any way. Rather,
the foregoing detailed description will provide those skilled in the art with a
convenient road map for implementing an exemplary embodiment of the invention, it
being understood that various changes may be made in the function and arrangement
of elements described in an exemplary embodiment without departing from the scope

of the invention as set forth in the appended claims.
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WHAT IS CLAIMED IS:

1. An LC shutter comprising:

a first dichroic polarizer;

a specular reflective polarizer;

an LC cell interposed between the first dichroic polarizer and the specular
reflective polarizer; and

an in-plane anisotropic diffuser interposed between the LC cell and the

specular reflective polarizer.

2. The LC shutter of claim 1, further comprising a second dichroic
polarizer that is a narrowband dichroic polarizer interposed between the in-plane
anisotropic diffuser and the specular reflective polarizer, and wherein the first
dichroic polarizer is a broadband dichroic polarizer and the specular reflective

polarizer is a broadband specular reflective polarizer.

3. The LC shutter of claim 1, further comprising a second dichroic

polarizer that is a narrowband dichroic polarizer interposed between the LC cell and

the in-plane anisotropic diffuser, and wherein the first dichroic polarizer is a
broadband dichroic polarizer and the specular reflective polarizer is a broadband

specular reflective polarizer.

4. The LC shutter of claim 1, wherein the first dichroic polarizer is a
broadband dichroic polarizer and the specular reflective polarizer is a broadband

specular reflective polarizer.
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5. The LC shutter of claim 4, further comprising a second dichroic
polarizer that is a broadband dichroic polarizer, and wherein the LC cell, the in-plane
anisotropic diffuser, and the specular reflective polarizer are interposed between the

5  first dichroic polarizer and the second dichroic polarizer.

6. The LC shutter of claim 2, further comprising a third dichroic polarizer
that is a broadband dichroic polarizer, and wherein the LC cell, the in-plane
anisotropic diffuser, the second dichroic polarizer, and the specular reflective

10 polarizer are interposed between the first dichroic polarizer and the third dichroic

polarizer.

7. The LC shutter of claim 3, further comprising a third dichroic polarizer
that is a broadband dichroic polarizer, and wherein the LC cell, the second dichroic
15  polarizer, the in-plane anisotropic diffuser, and the specular reflective polarizer are

interposed between the first dichroic polarizer and the third dichroic polarizer.

8. The LC shutter of claim 1, wherein the first dichroic polarizer is a

broadband dichroic polarizer and the specular reflective polarizer is a narrowband

20  specular reflective polarizer.

9. The LC shutter of claim 8, further comprising a second dichroic

polarizer that is a broadband dichroic polarizer, and wherein the LC cell, the in-plane
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anisotropic diffuser, and the specular reflective polarizer are interposed between the

first dichroic polarizer and the second dichroic polarizer.

10. The LC shutter of claim 1, wherein the in-plane anisotropic diffuser
5  comprises:

a matrix; and

at least one domain dispersed within the matrix;

wherein the in-plane anisotropic diffuser is such that there is a refractive index
match between the matrix and the at least one domain along a first axis of the in-plane

10  anisotropic diffuser, and a refractive index mismatch between the matrix and the at

least one domain along a second axis of the in-plane anisotropic diffuser, and wherein
the first axis and the second axis are substantially in a plane of the in-plane

anisotropic diffuser.

15 11.  An electronic device comprising:
a display operative to emit light; and
at least a portion of an LC shutter operatively positioned over the display, and
wherein the LC shutter further comprises:
a first dichroic polarizer;
20 a specular reflective polarizer;
an LC cell interposed between the first dichroic polarizer and the
specular reflective polarizer; and
an in-plane anisotropic diffuser interposed between the LC cell and the

specular reflective polarizer.
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12. The electronic device of claim 11, wherein at least a portion of the LC

shutter is further operatively positioned over a keypad operative to emit light.

13. The electronic device of claim 11, further comprising a radio-telephone

subsystem operatively coupled to the display.

14. The electronic device of claim 11, further comprising a second
dichroic polarizer that is a narrowband dichroic polarizer interposed between the in-
plane anisotropic diffuser and the specular reflective polarizer, and wherein the first
dichroic polarizer is a broadband dichroic polarizer and the specular reflective

polarizer is a broadband specular reflective polarizer.

15.  The electronic device of claim 11, further comprising a second
dichroic polarizer that is a narrowband dichroic polarizer interposed between the LC
cell and the in-plane anisotropic diffuser, and wherein the first dichroic polarizer is a
broadband dichroic polarizer and the specular reflective polarizer is a broadband

specular reflective polarizer.

16. The electronic device of claim 11, wherein:

the first dichroic polarizer is a broadband dichroic polarizer and the specular
reflective polarizer is a broadband specular reflective polarizer,

the LC shutter further comprises a second dichroic polarizer that is a

broadband dichroic polarizer, and
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the LC cell, the in-plane anisotropic diffuser, and the specular reflective
polarizer are interposed between the first dichroic polarizer and the second dichroic

polarizer.

17. The electronic device of claim 14, wherein the LC shutter further
comprises a third dichroic polarizer that is a broadband dichroic polarizer, and
wherein the LC cell, the in-plane anisotropic diffuser, the second dichroic polarizer,
and the specular reflective polarizer are interposed between the first dichroic polarizer

and the third dichroic polarizer.

18. The electronic device of claim 15, wherein the LC shutter further
comprises a third dichroic polarizer that is a broadband dichroic polarizer, and
wherein the LC cell, the second dichroic polarizer, the in-plane anisotropic diffuser,
and the specular reflective polarizer are interposed between the first dichroic polarizer

and the third dichroic polarizer.

19.  The electronic device of claim 11, wherein the first dichroic polarizer
is a broadband dichroic polarizer and the specular reflective polarizer is a narrowband

specular reflective polarizer.

20. The electronic device of claim 19, wherein the LC shutter further

comprises a second dichroic polarizer that is a broadband dichroic polarizer, and

wherein the LC cell, the in-plane anisotropic diffuser, and the specular reflective
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polarizer are interposed between the first dichroic polarizer and the second dichroic

polarizer.
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900

ATTACH FIRST SIDE OF LC CELL TO FIRST
SIDE OF FIRST DICHROIC POLARIZER

l 902

ATTACH SECOND SIDE OF LC CELL TO
FIRST SIDE OF SECOND POLARIZER

l 904
ATTACH SECOND SIDE OF SECOND
DICHROIC POLARIZER TO FIRST SIDE OF
DIFFUSIVE REFLECTIVE POLARIZER

Y 906

[ T N A I T TR ST A =1 1 = 1

1 ATTACH SECOND SIDE OF DIFFUSIVE 1
| REFLECTIVE POLARIZER TO FIRST SIDE OF
| ADDITIONAL DICHROIC POLARIZER |
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