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DISPLAY WITH INTEGRATED 
PHOTOVOLTACS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. applica 
tion Ser. No. 12/254,782, filed on Oct. 20, 2008, titled “DIS 
PLAY WITH INTEGRATED PHOTOVOLTAIC DEVICE 
which claims priority under 35 U.S.C. S 119(e) to U.S. Pro 
visional Application Ser. No. 60/999,566 filed on Oct. 19, 
2007, titled “COLORED PHOTOVOLTAICS USING 
INTERFEROMETRIC DISPLAY DEVICES AND PHOTO 
VOLTAIC INTEGRATED INTERFEROMETRIC DIS 
PLAYS. The disclosures of each of these applications are 
hereby expressly incorporated by reference in their entirety. 
0002 This application is also related to U.S. patent appli 
cation Ser. No. 1 1/966,850, filed on Dec. 28, 2007, titled 
PHOTOVOLTAIC DEVICES WITH INTEGRATED 
COLOR INTERFEROMETRIC FILM STACKS (Atty. 
Docket No. QMRC,020A), now U.S. Pat. No. 8,058,549; to 
U.S. patent application Ser. No. 12/254,766, filed Oct. 20, 
2008, titled “DISPLAY WITHINTEGRATED PHOTOVOL 
TAIC DEVICE (Atty. Docket No. QCO.234A2), now U.S. 
Pat. No. 8,130,440, and to U.S. patent application Ser. No. 
12/842,845, filed Jul. 23, 2010, titled “DISPLAY WITH 
INTEGRATED PHOTOVOLTAIC DEVICE (Atty. Docket 
No. QCO.234A2C1). 

BACKGROUND 

0003 1. Field of the Invention 
0004. The invention relates generally to display devices 
for actively displaying images. 
0005 2. Description of the Related Technology 
0006 Active displays may be made up of pixels that are 
fully or partly reflective, transmissive, or emissive. Hence a 
display may generate images with pixels that operate by fully 
or partially reflecting incident ambient light, pixels that are 
light-emissive or transmissive pixels where light is generated 
from within the display and projected upon the transmissive 
pixels. Reflective display technologies may include, but are 
not limited to, liquid crystal, MEMS (such as interferometric 
modulator), electrophoretic (such as e-ink or e-paper), and 
other display technologies using reflected ambient light to 
generate an image. Emissive displays include displays with a 
backlight to illuminate the active transmissive pixels, such as 
a liquid crystal displays (LCD) or thin film transistor liquid 
crystal displays (TFT LCD), or displays where the active 
pixels themselves generate or emit light Such as vacuum 
fluorescent, light emitting diode (LED), organic light emit 
ting diode (OLED), or surface-conduction electron-emitter 
displays. 
0007 Displays can include MEMS devices, such as an 
interferometric modulator. As used herein, the term interfero 
metric modulator or interferometric light modulator refers to 
a device that selectively absorbs and/or reflects light using the 
principles of optical interference. In some arrangements, an 
interferometric modulator may comprise a pair of conductive 
plates, one or both of which may be transparent and/or reflec 
tive in whole or part and capable of relative motion upon 
application of an appropriate electrical signal. For example, 
one plate may comprise a stationary layer deposited on a 
Substrate and the other plate may comprise a metallic mem 
brane separated from the stationary layer by an air gap. As 

Aug. 2, 2012 

described herein in more detail, the position of one plate in 
relation to another can change the optical interference of light 
incident on the interferometric modulator. Such devices have 
a wide range of applications, and it would be beneficial in the 
art to utilize and/or modify the characteristics of these types 
of devices so that their features can be exploited in improving 
existing products and creating new products that have not yet 
been developed. 

SUMMARY 

0008. In one embodiment a display device displays an 
image toward a front side, with a back side opposite the front 
side. The display device includes a display and a photovoltaic 
cell. The display includes an array region, the array region 
including active pixel areas and inactive areas. The photovol 
taic cell includes a photovoltaic material. The photovoltaic 
material is formed over one of the front side and the back side 
of the array region. The photovoltaic material is patterned. 
0009. In another embodiment, a method of manufacturing 
a display device is provided. The display device configured to 
display an image toward a front side, with a back side oppo 
site the front side. The method includes providing a display 
comprising an array region. The array region comprises 
active pixel areas and inactive areas. The method also 
includes disposing a patterned photovoltaic material over one 
of the front side and the back side of the array region. 
0010. In yet another embodiment, a method of collecting 
light for conversion to electricity is provided. The method 
includes receiving lightinapatterned photovoltaic material at 
one of a front side and a back side of an array region of a 
display. The method also includes converting the light into 
electricity. 
0011. In an alternative embodiment, a display device dis 
plays an image toward a front side, with a back side opposite 
the front side. The display device includes a means for dis 
playing a mutable pixelated image and a means for converting 
light into electricity. The converting means is patterned and 
positioned over one of a frontanda back side of the displaying 
CaS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 Example embodiments disclosed herein are illus 
trated in the accompanying schematic drawings, which are 
for illustrative purposes only. The following figures are not 
necessarily drawn to scale. 
0013 FIG. 1 is an isometric view depicting a portion of 
one embodiment of an interferometric modulator display in 
which a movable reflective layer of a first interferometric 
modulator is in a relaxed position and a movable reflective 
layer of a second interferometric modulator is in an actuated 
position. 
0014 FIG. 2 is a system block diagram illustrating one 
embodiment of an electronic device incorporating a 3x3 
interferometric modulator display. 
0015 FIG. 3 is a diagram of movable mirror position 
Versus applied Voltage for one exemplary embodiment of an 
interferometric modulator of FIG. 1. 

0016 FIG. 4 is an illustration of a set of row and column 
Voltages that may be used to drive an interferometric modu 
lator display. 
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0017 FIGS. 5A and 5B illustrate one exemplary timing 
diagram for row and column signals that may be used to write 
a frame of display data to the 3x3 interferometric modulator 
display of FIG. 2. 
0018 FIGS. 6A and 6B are system block diagrams illus 
trating an embodiment of a visual display device comprising 
a plurality of interferometric modulators. 
0019 FIG. 7A is a cross section of the device of FIG. 1. 
0020 FIG. 7B is a cross section of an alternative embodi 
ment of an interferometric modulator. 
0021 FIG. 7C is a cross section of another alternative 
embodiment of an interferometric modulator. 
0022 FIG. 7D is a cross section of yet another alternative 
embodiment of an interferometric modulator. 
0023 FIG.7E is a cross section of an additional alternative 
embodiment of an interferometric modulator. 
0024 FIG. 7F is a bottom plan view of an array of inter 
ferometric modulators. 
0025 FIG. 8 schematically illustrates a photovoltaic cell 
comprising a p-n junction. 
0026 FIG.9A is a block diagram that schematically illus 

trates a photovoltaic cell comprising a deposited thin film 
photovoltaic active material. 
0027 FIG.9B is a block diagram that schematically illus 

trates a photovoltaic cell comprising an interferometrically 
enhanced photovoltaic stack. 
0028 FIG. 10 illustrates a display with an array of active 
pixels and inactive areas between pixels. 
0029 FIG. 11 is a schematic cross-section of a display 
with an array of active pixels and inactive areas for purposes 
of illustrating possible sources of extraneous light in inactive 
aaS. 

0030 FIG. 12 is a schematic cross-section of a display 
with an array of active pixels and inactive areas, with a pat 
terned PV black mask formed in front of the active pixels. 
0031 FIG. 13 is a schematic cross-section of a display 
with an array of active pixels and inactive areas, with a pat 
terned PV black mask formed behind the active pixels. 
0032 FIG. 14 is a schematic isometric view of an inter 
ferometric array with a patterned PV black mask formed 
behind the array. 
0033 FIG.15A is a schematic cross section of an embodi 
ment of an interferometric modulator with an integrated, front 
side PV black mask. 
0034 FIG. 15B is a schematic cross section of another 
embodiment of an interferometric modulator with an inte 
grated back side PV black mask. 
0035 FIG. 16 is a schematic cross section illustrating 

initial steps in an embodiment of a method for making a PV 
black mask. 
0036 FIGS. 17A and 17B are schematic cross sections 
illustrating embodiments for patterning a photovoltaic mate 
rial to form a PV black mask and methods of interconnecting 
isolated features of the patterned PV black mask. 

DETAILED DESCRIPTION OF CERTAIN 
EMBODIMENTS 

0037 Although certain embodiments and examples are 
discussed herein, it is understood that the inventive subject 
matter extends beyond the specifically disclosed embodi 
ments to other alternative embodiments and/or uses of the 
invention and obvious modifications and equivalents thereof. 
It is intended that the scope of the inventions disclosed herein 
should not be limited by the particular disclosed embodi 
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ments. Thus, for example, in any method or process disclosed 
herein, the acts or operations making up the method/process 
may be performed in any suitable sequence and are not nec 
essarily limited to any particular disclosed sequence. Various 
aspects and advantages of the embodiments have been 
described where appropriate. It is to be understood that not 
necessarily all Such aspects or advantages may be achieved in 
accordance with any particular embodiment. Thus, for 
example, it should be recognized that the various embodi 
ments may be carried out in a manner that achieves or opti 
mizes one advantage or group of advantages as taught herein 
without necessarily achieving other aspects or advantages as 
may be taught or Suggested herein. The following detailed 
description is directed to certain specific embodiments of the 
invention. However, the invention can be embodied in a mul 
titude of different ways. The embodiments described herein 
may be implemented in a wide range of display devices. 
0038. In this description, reference is made to the draw 
ings wherein like parts are designated with like numerals 
throughout. The embodiments may be implemented in any 
device that is configured to display an image, whether in 
motion (e.g., video) or stationary (e.g., still image), and 
whether textual or pictorial. More particularly, it is contem 
plated that the embodiments may be implemented in or asso 
ciated with a variety of electronic devices such as, but not 
limited to, mobile telephones, wireless devices, personal data 
assistants (PDAs), hand-held or portable computers, GPS 
receivers/navigators, cameras, MP3 players, camcorders, 
game consoles, wrist watches, clocks, calculators, television 
monitors, flat panel displays, computer monitors, auto dis 
plays (e.g., odometer display, etc.), cockpit controls and/or 
displays, display of camera views (e.g., display of a rear view 
camera in a vehicle), electronic photographs, electronic bill 
boards or signs, projectors, architectural structures, packag 
ing, and aesthetic structures (e.g., display of images on a piece 
of jewelry). 
0039) Photovoltaic (PV) material is integrated with active 
displays such as emissive, transmissive, and reflective or par 
tially reflective (transflective) displays. The PV material is 
patterned to collect light in inactive areas of the display. Such 
as gaps, spaces, holes, spacers, pillars, posts, rails, or other 
Support structures formed from a transparent or translucent 
material such as air, silicon dioxide, or other material. The PV 
material may be formed in front of or behind the display. The 
PV material may be formed in a pattern corresponding to at 
least Some of the inactive areas of the display. 
0040. Initially, FIGS. 1-7F illustrate some basic principles 
of interferometric modulator (IMOD) displays. FIGS. 8-9 
illustrate some basic principles of PV cells and devices. FIGS. 
10-17B illustrate embodiments in which displays are inte 
grated with patterned photovoltaic (PV) material that serves 
to mask inactive areas of IMOD or other types of displays. 
0041. One interferometric modulator display embodiment 
comprising an interferometric MEMS display element is 
illustrated in FIG.1. In these devices, the pixels are in either 
a bright or dark state. In the bright (“relaxed' or “open’) state, 
the display element reflects a large portion of incident visible 
light to a user. When in the dark (“actuated or “closed) state, 
the display element reflects little incident visible light to the 
user. Depending on the embodiment, the light reflectance 
properties of the “on” and “off” states may be reversed. 
MEMS pixels can be configured to reflect predominantly at 
selected colors, allowing for a color display in addition to 
black and white. 
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0042 FIG. 1 is an isometric view depicting two adjacent 
pixels in a series of pixels of a visual display, wherein each 
pixel comprises a MEMS interferometric modulator. In some 
embodiments, an interferometric modulator display com 
prises a row/column array of these interferometric modula 
tors. Each interferometric modulator includes a pair of reflec 
tive layers positioned at a variable and controllable distance 
from each other to form a resonant optical gap with at least 
one variable dimension. In one embodiment, one of the 
reflective layers may be moved between two positions. In the 
first position, referred to herein as the relaxed position, the 
movable reflective layer is positioned at a relatively large 
distance from a fixed partially reflective layer. In the second 
position, referred to herein as the actuated position, the mov 
able reflective layer is positioned more closely adjacent to the 
partially reflective layer. Incident light that reflects from the 
two layers interferes constructively or destructively depend 
ing on the position of the movable reflective layer, producing 
either an overall reflective or non-reflective state for each 
pixel. 
0043. The depicted portion of the pixel array in FIG. 1 
includes two adjacent interferometric modulators 12a and 
12b. In the interferometric modulator 12a on the left, a mov 
able reflective layer 14a is illustrated in a relaxed position at 
a predetermined distance from an optical stack 16a, which 
includes a partially reflective layer. In the interferometric 
modulator 12b on the right, the movable reflective layer 14b 
is illustrated in an actuated position adjacent to the optical 
stack 16b. 

0044) The optical stacks 16a and 16b (collectively referred 
to as optical Stack 16), as referenced herein, typically com 
prise several fused layers, which can include an electrode 
layer, such as indium tin oxide (ITO), a partially reflective 
layer, Such as chromium, and a transparent dielectric. The 
optical stack 16 is thus electrically conductive, partially trans 
parent and partially reflective, and may be fabricated, for 
example, by depositing one or more of the above layers onto 
a transparent substrate 20. The partially reflective layer can be 
formed from a variety of materials that are partially reflective 
Such as various metals, semiconductors, and dielectrics. The 
partially reflective layer can be formed of one or more layers 
of materials, and each of the layers can be formed of a single 
material or a combination of materials. 

0045. In some embodiments, the layers of the optical stack 
16 are patterned into parallel strips, and may form row elec 
trodes in a display device as described further below. The 
movable reflective layers 14a. 14b (also known as “mirrors” 
or “reflectors') may be formed as a series of parallel strips of 
a deposited metal layer or layers (orthogonal to the row elec 
trodes of 16a, 16b) to form columns deposited on top of posts 
18 and an intervening sacrificial material deposited between 
the posts 18. When the sacrificial material is etched away, the 
movable reflective layers 14a. 14b are separated from the 
optical stacks 16a, 16b by a defined gap 19. A highly conduc 
tive and reflective material Such as aluminum may be used for 
the reflective layers 14, and these strips may form column 
electrodes in a display device. Note that FIG.1 may not be to 
scale. In some embodiments, the spacing between posts 18 
may be on the order of 10-100um, while the gap 19 may be on 
the order of <1000 Angstroms. The partially reflective layer 
may also be referred to as an optical absorber. Hence an active 
interferometric modulator may be said to comprise, in some 
embodiments, an absorber and a reflector, separated by a 
variable optical cavity or gap. 
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0046) With no applied voltage, the gap 19 remains 
between the movable reflective layer 14a and optical stack 
16a, with the movable reflective layer 14a in a mechanically 
relaxed state, as illustrated by the pixel 12a in FIG. 1. How 
ever, when a potential (Voltage) difference is applied to a 
selected row and column, the capacitor formed at the inter 
section of the row and column electrodes at the corresponding 
pixel becomes charged, and electrostatic forces pull the elec 
trodes together. If the Voltage is high enough, the movable 
reflective layer 14 is deformed and is forced against the opti 
cal stack 16. A dielectric layer (not illustrated in this figure) 
within the optical stack 16 may prevent shorting and control 
the separation distance between layers 14 and 16, as illus 
trated by actuated pixel 12b on the right in FIG. 1. The 
behavior is the same regardless of the polarity of the applied 
potential difference. 
0047 FIGS. 2 through 5 illustrate one exemplary process 
and system for using an array of interferometric modulators 
in a display application. 
0048 FIG. 2 is a system block diagram illustrating one 
embodiment of an electronic device that may incorporate 
interferometric modulators. The electronic device includes a 
processor 21 which may be any general purpose single- or 
multi-chip microprocessor such as an ARMR), Pentium(R), 
8051, MIPS(R), Power PCR, or ALPHAR, or any special 
purpose microprocessor Such as a digital signal processor, 
microcontroller, or a programmable gate array. As is conven 
tional in the art, the processor 21 may be configured to 
execute one or more software modules. In addition to execut 
ing an operating system, the processor may be configured to 
execute one or more software applications, including a web 
browser, a telephone application, an email program, or any 
other software application. 
0049. In one embodiment, the processor 21 is also config 
ured to communicate with an array driver 22. In one embodi 
ment, the array driver 22 includes a row driver circuit 24 and 
a column driver circuit 26 that provide signals to a display 
array or panel 30. The cross section of the array illustrated in 
FIG. 1 is shown by the lines 1-1 in FIG. 2. Note that although 
FIG. 2 illustrates a 3x3 array of interferometric modulators 
for the sake of clarity, the display array 30 may contain a very 
large number of interferometric modulators, and may have a 
different number of interferometric modulators in rows than 
in columns (e.g., 300 pixels per row by 190 pixels per col 
umn). 
0050 FIG. 3 is a diagram of movable mirror position 
Versus applied Voltage for one exemplary embodiment of an 
interferometric modulator of FIG. 1. For MEMS interfero 
metric modulators, the row/column actuation protocol may 
take advantage of a hysteresis property of these devices as 
illustrated in FIG. 3. An interferometric modulator may 
require, for example, a 10 volt potential difference to cause a 
movable layer to deform from the relaxed state to the actuated 
state. However, when the voltage is reduced from that value, 
the movable layer maintains its state as the Voltage drops back 
below 10 volts. In the exemplary embodiment of FIG. 3, the 
movable layer does not relax completely until the voltage 
drops below 2 volts. There is thus a range of voltage, about 3 
to 7 V in the example illustrated in FIG. 3, where there exists 
a window of applied voltage within which the device is stable 
in either the relaxed or actuated state. This is referred to herein 
as the “hysteresis window' or “stability window. For a dis 
play array having the hysteresis characteristics of FIG. 3, the 
row/column actuation protocol can be designed Such that 
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during row strobing, pixels in the strobed row that are to be 
actuated are exposed to a voltage difference of about 10 volts, 
and pixels that are to be relaxed are exposed to a Voltage 
difference of close to Zero volts. After the strobe, the pixels 
are exposed to a steady state or bias Voltage difference of 
about 5 volts such that they remain in whatever state the row 
strobe put them in. After being written, each pixel sees a 
potential difference within the “stability window' of 3-7 volts 
in this example. This feature makes the pixel design illus 
trated in FIG. 1 stable under the same applied voltage condi 
tions in either an actuated or relaxed pre-existing state. Since 
each pixel of the interferometric modulator, whether in the 
actuated or relaxed State, is essentially a capacitor formed by 
the fixed and moving reflective layers, this stable state can be 
held at a voltage within the hysteresis window with almost no 
power dissipation. Essentially no current flows into the pixel 
if the applied potential is fixed. 
0051. As described further below, in typical applications, 
a frame of an image may be created by sending a set of data 
signals (each having a certain Voltage level) across the set of 
column electrodes in accordance with the desired set of actu 
ated pixels in the first row. A row pulse is then applied to a first 
row electrode, actuating the pixels corresponding to the set of 
data signals. The set of data signals is then changed to corre 
spond to the desired set of actuated pixels in a second row. A 
pulse is then applied to the second row electrode, actuating 
the appropriate pixels in the second row in accordance with 
the data signals. The first row of pixels are unaffected by the 
second row pulse, and remain in the state they were set to 
during the first row pulse. This may be repeated for the entire 
series of rows in a sequential fashion to produce the frame. 
Generally, the frames are refreshed and/or updated with new 
image data by continually repeating this process at Some 
desired number of frames per second. A wide variety of 
protocols for driving row and column electrodes of pixel 
arrays to produce image frames may be used. 
0052 FIGS. 4 and 5 illustrate one possible actuation pro 
tocol for creating a display frame on the 3x3 array of FIG. 2. 
FIG. 4 illustrates a possible set of column and row voltage 
levels that may be used for pixels exhibiting the hysteresis 
curves of FIG. 3. In the FIG. 4 embodiment, actuating a pixel 
involves setting the appropriate column to -V., and the 
appropriate row to +AV, which may correspond to -5 volts 
and +5 Volts respectively Relaxing the pixel is accomplished 
by setting the appropriate column to +V, and the appro 
priate row to the same +AV, producing a Zero Volt potential 
difference across the pixel. In those rows where the row 
voltage is held at Zero volts, the pixels are stable in whatever 
state they were originally in, regardless of whether the col 
umn is at +V, or -V. AS is also illustrated in FIG. 4. 
Voltages of opposite polarity than those described above can 
be used, e.g., actuating a pixel can involve setting the appro 
priate column to +V, and the appropriate row to -AV. In 
this embodiment, releasing the pixel is accomplished by set 
ting the appropriate column to -V, and the appropriate 
row to the same-AV, producing a zero volt potential differ 
ence across the pixel. 
0053 FIG. 5B is a timing diagram showing a series of row 
and column signals applied to the 3x3 array of FIG. 2 which 
will result in the display arrangement illustrated in FIG.5A, 
where actuated pixels are non-reflective. Prior to writing the 
frame illustrated in FIG.5A, the pixels can be in any state, and 
in this example, all the rows are initially at 0 volts, and all the 
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columns are at +5 Volts. With these applied voltages, all pixels 
are stable in their existing actuated or relaxed states. 
0054) In the FIG.5A frame, pixels (1,1), (1,2), (2.2), (3.2) 
and (3.3) are actuated. To accomplish this, during a "line 
time’ for row 1, columns 1 and 2 are set to -5 volts, and 
column 3 is set to +5 Volts. This does not change the state of 
any pixels, because all the pixels remain in the 3-7 volt sta 
bility window. Row 1 is then strobed with a pulse that goes 
from 0, up to 5 volts, and back to zero. This actuates the (1,1) 
and (1.2) pixels and relaxes the (1.3) pixel. No other pixels in 
the array are affected. To set row 2 as desired, column 2 is set 
to -5 volts, and columns 1 and 3 are set to +5 Volts. The same 
strobe applied to row 2 will then actuate pixel (2.2) and relax 
pixels (2,1) and (2.3). Again, no other pixels of the array are 
affected. Row 3 is similarly set by setting columns 2 and 3 to 
-5 volts, and column 1 to +5 Volts. The row 3 strobe sets the 
row 3 pixels as shown in FIG. 5A. After writing the frame, the 
row potentials are Zero, and the column potentials can remain 
at either +5 or -5 volts, and the display is then stable in the 
arrangement of FIG. 5A. The same procedure can be 
employed for arrays of dozens or hundreds of rows and col 
umns. The timing, sequence, and levels of Voltages used to 
perform row and column actuation can be varied widely 
within the general principles outlined above, and the above 
example is exemplary only, and any actuation Voltage method 
can be used with the systems and methods described herein. 
0055 FIGS. 6A and 6B are system block diagrams illus 
trating an embodiment of a display device 40. The display 
device 40 can be, for example, a cellular or mobile telephone. 
However, the same components of display device 40 or slight 
variations thereof are also illustrative of various types of 
display devices such as televisions and portable media play 
CS 

0056. The display device 40 includes a housing 41, a dis 
play 30, an antenna 43, a speaker 45, an input device 48, and 
a microphone 46. The housing 41 is generally formed from 
any of a variety of manufacturing processes, including injec 
tion molding, and vacuum forming. In addition, the housing 
41 may be made from any of a variety of materials, including 
but not limited to plastic, metal, glass, rubber, and ceramic, or 
a combination thereof. In one embodiment the housing 41 
includes removable portions (not shown) that may be inter 
changed with other removable portions of different color, or 
containing different logos, pictures, or symbols. 
0057 The display 30 of exemplary display device 40 may 
be any of a variety of displays, including a bi-stable display, as 
described herein. In other embodiments, the display 30 
includes a flat-panel display, such as plasma, EL, OLED, STN 
LCD, or TFT LCD as described above, or a non-flat-panel 
display, such as a CRT or other tube device. However, for 
purposes of describing the present embodiment, the display 
30 includes an interferometric modulator display, as 
described herein. 
0058. The components of one embodiment of exemplary 
display device 40 are schematically illustrated in FIG. 6B. 
The illustrated exemplary display device 40 includes a hous 
ing 41 and can include additional components at least par 
tially enclosed therein. For example, in one embodiment, the 
exemplary display device 40 includes a network interface 27 
that includes an antenna 43 which is coupled to a transceiver 
47. The transceiver 47 is connected to a processor 21, which 
is connected to conditioning hardware 52. The conditioning 
hardware 52 may be configured to condition a signal (e.g. 
filter a signal). The conditioning hardware 52 is connected to 
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a speaker 45 and a microphone 46. The processor 21 is also 
connected to an input device 48 and a driver controller 29. The 
driver controller 29 is coupled to a frame buffer 28, and to an 
array driver 22, which in turn is coupled to a display array 30. 
A power supply 50 provides power to all components as 
required by the particular exemplary display device 40 
design. 
0059. The network interface 27 includes the antenna 43 
and the transceiver 47 so that the exemplary display device 40 
can communicate with one or more devices over a network. In 
one embodiment the network interface 27 may also have 
Some processing capabilities to relieve requirements of the 
processor 21. The antenna 43 is any antenna for transmitting 
and receiving signals. In one embodiment, the antenna trans 
mits and receives RF signals according to the IEEE 802.11 
standard, including IEEE 802.11(a), (b), or (g). In another 
embodiment, the antenna transmits and receives RF signals 
according to the BLUETOOTH standard. In the case of a 
cellular telephone, the antenna is designed to receive CDMA, 
GSM, AMPS, W-CDMA, or other known signals that are 
used to communicate within a wireless cell phone network. 
The transceiver 47 pre-processes the signals received from 
the antenna 43 so that they may be received by and further 
manipulated by the processor 21. The transceiver 47 also 
processes signals received from the processor 21 so that they 
may be transmitted from the exemplary display device 40 via 
the antenna 43. 
0060. In an alternative embodiment, the transceiver 47 can 
be replaced by a receiver. In yet another alternative embodi 
ment, the network interface 27 can be replaced by an image 
Source, which can store or generate image data to be sent to 
the processor 21. For example, the image source can be a 
digital video disc (DVD) or a hard-disc drive that contains 
image data, or a software module that generates image data. 
0061 The processor 21 generally controls the overall 
operation of the exemplary display device 40. The processor 
21 receives data, such as compressed image data from the 
network interface 27 or an image source, and processes the 
data into raw image data or into a format that is readily 
processed into raw image data. The processor 21 then sends 
the processed data to the driver controller 29 or to the frame 
buffer 28 for storage. Raw data typically refers to the infor 
mation that identifies the image characteristics at each loca 
tion within an image. For example, such image characteristics 
can include color, Saturation, and gray-scale level. 
0062. In one embodiment, the processor 21 includes a 
microcontroller, CPU, or logic unit to control operation of the 
exemplary display device 40. Conditioning hardware 52 gen 
erally includes amplifiers and filters for transmitting signals 
to the speaker 45, and for receiving signals from the micro 
phone 46. The conditioning hardware 52 may be discrete 
components within the exemplary display device 40, or may 
be incorporated within the processor 21 or other components. 
0063. The driver controller 29 takes the raw image data 
generated by the processor 21 either directly from the proces 
sor 21 or from the frame buffer 28 and reformats the raw 
image data appropriately for high speed transmission to the 
array driver 22. Specifically, the driver controller 29 refor 
mats the raw image data into a data flow having a raster-like 
format, such that it has a time order Suitable for scanning 
across the display array 30. Then the driver controller 29 
sends the formatted information to the array driver 22. 
Although a driver controller 29, such as a LCD controller, is 
often associated with the system processor 21 as a stand 
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alone Integrated Circuit (IC), such controllers may be imple 
mented in many ways. They may be embedded in the proces 
sor 21 as hardware, embedded in the processor 21 as software, 
or fully integrated in hardware with the array driver 22. 
0064. Typically, the array driver 22 receives the formatted 
information from the driver controller 29 and reformats the 
video data into a parallel set of waveforms that are applied 
many times per second to the hundreds and sometimes thou 
sands of leads coming from the display's X-y matrix of pixels. 
0065. In one embodiment, the driver controller 29, array 
driver 22 and display array 30 are appropriate for any of the 
types of displays described herein. For example, in one 
embodiment, the driver controller 29 is a conventional dis 
play controller or a bi-stable display controller (e.g., an inter 
ferometric modulator controller). In another embodiment, the 
array driver 22 is a conventional driver or a bi-stable display 
driver (e.g., an interferometric modulator display). In one 
embodiment, the driver controller 29 is integrated with the 
array driver 22. Such an embodiment is common in highly 
integrated systems such as cellular phones, watches, and 
other Small area displays. In yet another embodiment, the 
display array 30 is a typical display array orabi-stable display 
array (e.g., a display including an array of interferometric 
modulators). 
0066. The input device 48 allows a user to control the 
operation of the exemplary display device 40. In one embodi 
ment, the input device 48 includes a keypad, such as a 
QWERTY keyboard or a telephone keypad, a button, a 
switch, a touch-sensitive screen, a pressure- or heat-sensitive 
membrane. In one embodiment, the microphone 46 is an 
input device for the exemplary display device 40. When the 
microphone 46 is used to input data to the device, Voice 
commands may be provided by a user for controlling opera 
tions of the exemplary display device 40. 
0067. The power supply 50 can include a variety of energy 
storage devices as are well known in the art. For example, in 
one embodiment, the power supply 50 is a rechargeable bat 
tery. Such as a nickel-cadmium battery or a lithium ion bat 
tery. In another embodiment, the power supply 50 is a renew 
able energy source, a capacitor, or a Solar cell, including a 
plastic Solarcell, and Solar-cell paint. In another embodiment, 
the power supply 50 is configured to receive power from a 
wall outlet. 
0068. In some implementations control programmability 
resides, as described above, in a driver controller which can 
be located in several places in the electronic display system. 
In some cases control programmability resides in the array 
driver 22. The above-described optimization may be imple 
mented in any number of hardware and/or software compo 
nents and in various configurations. 
0069. The details of the structure of interferometric modu 
lators that operate in accordance with the principles set forth 
above may vary widely. For example, FIGS. 7A-7E illustrate 
five different embodiments of the movable reflective layer 14 
and its supporting structures. FIG. 7A is a cross section of the 
embodiment of FIG.1, where a strip of metal material serving 
as both the mechanical and movable reflective layer 14 is 
deposited on orthogonally extending supports 18. In FIG.7B, 
the moveable reflective layer 14 of each interferometric 
modulator is square or rectangular in shape and attached to 
supports 18 at the corners only, on tethers 32. In FIG. 7C, the 
moveable reflective layer 14 is square or rectangular in shape 
and suspended from a deformable layer 34, which may com 
prise a flexible metal. The deformable layer 34 connects, 
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directly or indirectly, to the substrate 20 around the perimeter 
of the deformable layer 34. These connections are herein 
referred to as supports 18, which can take the form of posts, 
rails or walls. The embodiment illustrated in FIG. 7D the 
Supports 18 include Support post plugs 42 upon which the 
deformable layer 34 rests. The movable reflective layer 14 
remains suspended over the optical cavity or gap, as in FIGS. 
7A-7C, but the deformable layer 34 does not form the Sup 
ports by filling holes between the deformable layer 34 and the 
optical stack 16. Rather, the supports 18 are formed of a 
planarization material, which is used to form Support post 
plugs 42. The embodiment illustrated in FIG. 7E is based on 
the embodiment shown in FIG. 7D, but may also be adapted 
to work with any of the embodiments illustrated in FIGS. 
7A-7C as well as additional embodiments not shown. In the 
embodiment shown in FIG. 7E, an extra layer of metal or 
other conductive material has been used to form a bus struc 
ture 44. This allows signal routing along the back of the 
interferometric modulators, eliminating a number of elec 
trodes that may otherwise have had to be formed on the 
substrate 20. 

0070. In embodiments such as those shown in FIGS. 
7A-7E, the interferometric modulators function as direct 
view devices, in which images are viewed from the front side 
of the transparent substrate 20, the side opposite to that upon 
which the modulator is arranged. In these embodiments, the 
reflective layer 14 optically shields the portions of the inter 
ferometric modulator on the side of the reflective layer oppo 
site the substrate 20, including the deformable layer 34. This 
allows the shielded areas to be configured and operated upon 
without negatively affecting the image quality. For example, 
such shielding allows the bus structure 44 in FIG. 7E, which 
provides the ability to separate the optical properties of the 
modulator from the electromechanical properties of the 
modulator, such as addressing and the movements that result 
from that addressing. This separable modulator architecture 
allows the structural design and materials used for the elec 
tromechanical aspects and the optical aspects of the modula 
torto be selected and to function independently of each other. 
Moreover, the embodiments shown in FIGS. 7C-7E have 
additional benefits deriving from the decoupling of the optical 
properties of the reflective layer 14 from its mechanical prop 
erties, which are carried out by the deformable layer 34. This 
allows the structural design and materials used for the reflec 
tive layer 14 to be optimized with respect to the optical 
properties, and the structural design and materials used for the 
deformable layer 34 to be optimized with respect to desired 
mechanical properties. 
(0071 FIG. 7F illustrates a view from behind an array of 
interferometric modulators. Four complete pixels are shown 
of a larger array arranged in a grid. It can be seen that the 
deformable or mechanical layer 34 (which may also serve as 
the movable reflector 14 in simple embodiments like FIG. 
7A) has been patterned to form column electrodes 71. Con 
ductive layers (see optical stack 16 of FIG. 1), located below 
the air gap, have been patterned to form row electrodes 72, 
separated in FIG. 7F by rail supports 73, which permit actua 
tion of specific portions of the deformable layer. Gaps 74 
separate strips of the column electrodes 71. Pillars or support 
structures 75 may be formed within a particular pixel to 
stiffen the mechanical layer. In addition, etch holes 76 are 
formed through the mechanical layer 34 throughout the array. 
Upon actuation of the deformable reflective layer, causing 
portions of the column electrodes 71 to move towards the row 
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electrodes 72, the actuated portions of the array may appear 
dark throughout the array. It will be understood, however, that 
different configurations may be used. Such that the array is 
switchable between reflecting a first color in an unactuated 
position, and a second color in an actuation position, and that 
the actuated position need not cause a dark State if different 
dimensions or materials are utilized. Rail supports 73 and 
gaps 74 forminactive areas between active pixels 77. Regions 
within active pixels 77 may also be considered “inactive 
areas.” Such as support structures 75, and, if there is no inde 
pendent hanging reflector 14, etch holes 76. In fact, the region 
immediately surrounding each Support structure 75 and 
immediately adjacent the rail Supports 73 can also be consid 
ered “inactive” because the mirror layer cannot completely 
collapse in these areas and it is desirable to mask peripheral 
regions Surrounding Support structures so that they do not 
behave differently between actuated and unactuated states. 
As will be discussed further below, the emission, reflection, or 
transmission of light from inactive or inactive areas may 
degrade the perception of an image by a viewer. 
0072 Certain embodiments disclosed herein include pho 
tovoltaic (PV) cells or devices integrated with displays com 
prising MEMS, LCD, LED, or other display technology. 
Such displays may actively display images or information 
while simultaneously collecting ambient and/or display-gen 
erated light for conversion into electricity. Hence an active 
(programmable) outdoor display may advantageously con 
Vert unused Sunlight to electricity, or a display on a mobile 
device may help offset standby power usage by collecting 
ambient light. Furthermore, the absorption of light by PV 
material integrated with displays may be used to mask 
unwanted or extraneous light that can degrade an image, as 
explained further below. Thus the manufacturing costs of 
integrating PV material with the display can be at least par 
tially offset by omitting separate steps for forming masks in 
inactive regions of the display image area. 
0073. In some embodiments, patterned PV cells may over 
lie the display image regions, e.g., the part of a display which 
displays an actively changeable image. The image regions 
that display an actively changeable image exclude areas out 
side the array of active pixels, such as the periphery of the 
display, but include inactive regions between active pixels. 
PV active materials are included within the active image 
regions or array areas of display devices to capture, and 
convert to electricity, unused ambient or display-generated 
light. Depending upon the active display technology, up to 
30% or more of the display array region's surface area may 
actually be made up of inactive regions or areas that do not 
contribute to the pixilated image or information displayed. 
This means that up to 30% or more of ambient light incident 
upon active image regions of a display is “wasted, and may 
therefore be captured by a PV material for useful conversion 
to electricity. This may be accomplished by placing a pat 
terned PV material behind the display, allowing the ambient 
light incident upon the display to shine or transmit through 
inactive regions of the display and onto the patterned PV 
material underneath. 

0074 Alternatively, a patterned PV material may be 
formed in front of inactive areas the otherwise wasted light 
that falls on inactive areas of the display may then be masked 
by the patterned PV material. Light in these may in fact 
degrade the image of a display device. Hence, it is advanta 
geous to form a black mask to mask these inactive regions to 
prevent unwanted emission or reflections toward the viewer. 
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Preferably, a black mask may comprise a photovoltaic mate 
rial to form a PV black mask so that the unwanted light is not 
only absorbed to maintain the desired contrast, but is advan 
tageously converted into useful electricity. 
0075 FIG. 8 schematically shows an example of a photo 
voltaic (PV) cell 80. A typical photovoltaic cell can convert 
light energy into electrical energy or current. A PV cell 80 is 
an example of a renewable source of energy that has a small 
carbon footprint and has less impact on the environment. 
Using PV cells can reduce the cost of energy generation. PV 
cells can have many different sizes and shapes, e.g., from 
Smaller than a postage stamp to several inches across. PV 
modules can include electrical connections, mounting hard 
ware, power-conditioning equipment, and batteries that store 
Solar energy for use when the Sun is not shining. 
0076. A typical PV cell 80 comprises PV material 81 
disposed between two electrodes 82, 83. In some embodi 
ments, the PV cell 80 comprises a substrate on which a stack 
of layers is formed. The PV material 81 of a PV cell 80 may 
comprise a semiconductor material Such as silicon. In some 
embodiments, the active region may comprise a p-n junction 
formed by contacting an n-type semiconductor material 81a 
and a p-type semiconductor material 81b as shown in FIG.8. 
Such a p-n junction may have diode-like properties and may 
therefore be referred to as a photodiode structure as well. 
0077. The PV material 81 is generally sandwiched 
between two electrodes that provide an electrical current 
path. The electrodes 82, 83 can be formed of aluminum, 
silver, molybdenum or some other conducting material. The 
electrodes 82, 83 may also be formed of or include a trans 
parent conducting material. The electrodes 82, 83 may be 
designed to cover a significant portion of the front Surface of 
the p-n junction so as to lower contact resistance and increase 
collection efficiency. In embodiments wherein the electrodes 
82.83 are formed of an opaque material, the electrodes 82.83 
may be configured to leave openings over the front of the PV 
material to allow illumination to impinge on the PV material. 
In some embodiments, the back or front electrodes 82, 83 can 
include a transparent conductor, for example, transparent 
conducting oxide (TCO) such as tin oxide (SnO) or indium 
tin oxide (ITO). The TCO can provide electrical contact and 
conductivity and simultaneously be transparent to the incom 
ing light. The illustrated, the PV cell 80 also comprises an 
anti-reflective (AR) coating 84 disposed over the front elec 
trode 83, although the AR coating may also optionally be 
disposed over the back electrode 82 in embodiments where 
light may be expected to be incident on or transmissive 
through the back of the PV cell 80 (as in the front and back PV 
black masks 110, 115 in FIGS. 12 and 13 discussed further 
below). The AR coating 84 can reduce the amount of light 
reflected from the front surface of the PV active material 81. 

0078. When the PV material 81 is illuminated, photons 
transfer energy to electrons in the active region. If the energy 
transferred by the photons is greater than the band-gap of the 
semiconducting material, the electrons may have sufficient 
energy to enter the conduction band. An internal electric field 
is created with the formation of the p-n junction. The internal 
electric field operates on the energized electrons to cause 
these electrons to move, thereby producing a current flow in 
an external circuit 85. The resulting current flow can be used 
to power various electrical devices. For example, the resulting 
current flow may be stored for later use by charging a battery 
86 or a capacitor as shown in FIG. 8, which in turn can power 
the display. 
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(0079. The PV material(s) can be include any of a variety of 
light absorbing, photovoltaic materials such as crystalline 
silicon (c-silicon), amorphous silicon (C.-silicon), germanium 
(Ge), Ge alloys, cadmium telluride (CdTe), copper indium 
diselenide (CIS), copper indium gallium diselenide (CIGS). 
light absorbing dyes and polymers, polymers dispersed with 
light absorbing nanoparticles, or tandem multi-junction pho 
tovoltaic materials and films. The PV active material 81 may 
comprise other appropriate materials, including III-V semi 
conductor materials include Such materials as gallium ars 
enide (GaAs), indium nitride (InN), gallium nitride (GaN), 
boron arsenide (BAS). Semiconductor alloys like indium gal 
lium nitride may also be used. Other photovoltaic materials 
and devices are also possible. Methods of forming these 
materials are known to those having skill in the art. As an 
illustrative example, alloys like CIGS can be formed by a 
vacuum-based process where copper, gallium, and indium are 
co-evaporated or co-sputtered then annealed with a selenide 
vapor to form the CIGS structure. Non-vacuum-based alter 
native processes are also known to those of skill in the art. A 
deposited thin film PV active material can comprise, for 
example, an amorphous silicon thin film, which has recently 
been gaining in popularity. Amorphous silicon as thin films 
can be deposited over large areas by physical vapor deposi 
tion (PVD), chemical vapor deposition (CVD), electro 
chemical vapor deposition, or plasma-enhanced chemical 
vapor deposition (PECVD), among other techniques. As is 
known by those with skill in the art, PV active materials 
comprising amorphous silicon layers may include one or 
more junctions with n-doped and/or p-doped silicon and may 
further comprise p-i-njunctions. Other materials may also be 
used. The light absorbing material(s) where photons are 
absorbed and transfer energy to electrical carriers (holes and 
electrons) is referred to herein as the PV material or material 
of the PV cell, and this term is meant to encompass multiple 
active sub-layers. The material for the PV material can be 
chosen depending on the desired performance and the appli 
cation of the PV cell. 

0080 FIG. 9A is a block diagram schematically illustrat 
ing a typical thin film PV cell 90B. The typical thin film PV 
cell 90B includes a glass substrate 91 through which light can 
pass. Disposed on the glass substrate 91 are a first electrode 
layer 83, a PV material 81 (shown as comprising amorphous 
silicon), and a second electrode layer 82. The first electrode 
layers 83 can include or be formed by a transparent conduct 
ing material such as ITO. As illustrated, the first electrode 
layer 83 and the second electrode layer 82 sandwich the thin 
film PV material 81 therebetween. The illustrated PV mate 
rial 81 comprises an amorphous silicon layer, but other PV 
thin film materials are also known. As is known in the art, 
amorphous silicon serving as a PV material may comprise 
one or more diode junctions. Furthermore, an amorphous 
silicon PV layer or layers may comprise a p-i-n junction 
whereina layer of intrinsic silicon 81c is sandwiched between 
a p-doped layer 81b and an n-doped layer 81a. A p-i-n junc 
tion may have higher efficiency than a p-n junction. In some 
other embodiments, the PV cell can comprise multiple junc 
tions. 
I0081 Layers 81, 82.83 may be deposited using deposition 
techniques such as physical vapor deposition techniques, 
chemical vapor deposition techniques, electro-chemical 
vapor deposition techniques, etc. Thin film PV cells may 
comprise amorphous or polycrystalline materials such as 
thin-film silicon, CIS, CdTe or CIGS. Some advantages of 
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thin film PV cells are small device footprint and scalability of 
the manufacturing process among others. 
0082 FIG. 9B depicts an example of an interferometri 
cally enhanced PV stack or cell 90B. The interferometrically 
enhanced PV cell 90B includes a PV active material or layer 
81. The PV material 81 may comprise a thin film photovoltaic 
material formed over a substrate 91. An optical resonant 
cavity 93 and areflector 94 disposed below the PV material 81 
are configured to interferometrically enhance the strength of 
the electric field in the PV material 81, resulting in an inter 
ferometrically enhanced PV cell 90B with improved effi 
ciency. The electrode 92 covering the PV material 81 may be 
metallic and thick enough to be opaque in Some areas to 
facilitate the conduction of electrons and/or holes out of the 
PV material 81. Otherwise, the PV material 81 may also be 
covered with an electrode 92 comprising a transparent con 
ducting oxide (TCO) layer, or both a TCO layer and an 
opaque electrode. Similarly, the optical resonant cavity 93 
may comprise a TCO layer that serves both as a part of an 
optical resonant cavity 93 as well as a conducting layer for 
holes and/or electrons to conduct out of the PV material 81. 
The PV material 81 may comprise a thin film photovoltaic 
material. Such as amorphous silicon, CIGS or other thin semi 
conductor film photovoltaic material. The optical properties 
(dimensions and material properties) of the reflector 94 and 
optical resonant cavity 93 are selected so that reflection from 
interfaces of the layered PV device 90B coherently sum to 
produce an increased field of a suitable wavelength distribu 
tion and phase in the PV material 81 of the PV cell 90B where 
optical energy is converted into electrical energy. Such inter 
ferometrically enhanced photovoltaic devices increase the 
absorption of optical energy in the active region of the inter 
ferometric photovoltaic cell and thereby increase the effi 
ciency of the device. In variations on this embodiment, mul 
tiple optical resonant cavities can be employed to separately 
tune different wavelengths of light and maximize absorption 
in the PV material(s). The buried optical resonant cavities 
and/or layers may comprise transparent conductive or dielec 
tric materials, air gaps, or combinations thereof. 
0083) Given that certain advantages may be obtained by 
integrating PV cells with displays, the embodiments below 
describe incorporating or integrating photovoltaic cells with 
display devices. Photovoltaic cells may be arranged so as to 
capture light incident upon, reflected from, or generated by 
the display and convert it to electricity. Furthermore, as 
explained further below, many displays are Susceptible to 
light being emitted or reflected toward a viewer in areas 
between pixels. This unwanted light can reduce the image 
quality and/or contrast of a display and degrade the image 
generated by the display. As a result, displays can include 
black masks to mask this unwanted or extraneous light from 
reaching a viewer. Since PV materials can absorb this extra 
neous light, PV materials may be used as a black mask for an 
emissive, reflective or transmissive display. Not only would a 
PV black mask absorb the unwanted light, but the PV black 
mask may advantageously convert the absorbed light into 
electricity, thus serving dual functions and saving the need for 
additional black mask formation. 

0084 FIG. 10 depicts a generalized schematic of a display 
device 100 displaying an image toward a front or image side 
of the device. As shown, the display device 100 comprises an 
array region comprising active pixels 101. The active pixels 
101 may also be referred to as active pixel areas. The display 
device 100 also includes inactive areas. As illustrated, inac 
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tive area grid lines 102,103 are disposed between or separat 
ing adjacent active pixels 101. In embodiments where display 
device 100 is an interferometric modulator display, inactive 
areas may comprise gaps between electrodes, peripheral 
regions at the edges of the pixel array, rails, Support struc 
tures, or etch holes as discussed above in relation to FIG. 7F. 
In other embodiments comprising other display technologies, 
the inactive areas may comprise other areas in a display 
Susceptible to emitting or reflecting extraneous light. 
I0085 Also shown in FIG. 10 are rays 104 and 105 repre 
senting extraneous light that is emitted, reflected, or transmit 
ted towards a viewer. Often, such light 104,105 is white light, 
although extraneous light that is directed toward a viewer may 
be of any color. Such extraneous light may degrade an image 
displayed on display device 100 by washing out or lowering 
contrast with pixel areas intended to be bright (in either on or 
off states). In some embodiments, display device 100 may 
include black mask material to mask extraneous light 104. 
105 such that only light 106 from an active pixel 101 reaches 
a viewer, and very little extraneous light 104,105 is directed 
towards the viewer. 
I0086 FIG. 11 schematically depicts a cross-section of a 
generic, active (programmable) display device similar to that 
of FIG. 10. As shown in FIG. 11, light emitted, reflected, or 
transmitted from the display toward a viewer may comprise 
light 106 emitted, reflected, or transmitted from an active 
pixel 101 to form part of an image. Light emitted, reflected, or 
transmitted toward the viewer may also comprise light 
105a-d emitted, reflected, or transmitted from inactive areas 
103. Light 105a-d from inactive areas may wash out or reduce 
contrast in the image displayed toward the viewer. It is there 
fore desirable to mask these areas to block or absorb extra 
neous light 105a-d. 
I0087 Light 105a-d may come from many sources. For 
example, inactive areas 103 may be reflective or semi-reflec 
tive. Therefore, a ray 105a may result from reflections of 
incident ambient light 107a upon the inactive area 103. In 
cases where the inactive area 103 is transparent or semi 
transparent, light 105a may be reflected from a reflective 
surface or backplate 108 disposed behind the pixels 101. In 
Some cases, incident ambient light 107b may pass through a 
pixel 101 and reflect off of the backplate 108 and then pass 
through inactive area 103 as depicted by ray 105b. In an 
emissive display, the extraneous light 105c may be emitted by 
the pixel 101, such as in an LED display. In other displays, 
light may transmit through inactive area 103 from a backlight 
as shown by ray 105d. In all of these embodiments, extrane 
ous light 105a-d can reduce contrast or wash out the image. A 
black mask made of light-absorbing material may be useful in 
absorbing this light, allowing only pixel light 106 to reach a 
viewer. Advantageously, a black mask may be made of PV 
materials so that this extraneous light is not only absorbed, but 
advantageously used to generate electricity for storage, for 
helping power the display device 100, or for other uses. 
I0088 FIG. 12 depicts afront PV blackmask 110 patterned 
in front of inactive areas 103 in a PV-integrated display device 
120. As shown, the front PV black mask 110 helps to mask 
inactive areas 103 to absorb extraneous light that would oth 
erwise degrade an image displayed on display device 120. For 
example, the front PV black mask 110 may absorb incident 
ambient light 107a before it can reflect. The front PV black 
mask 110 may also help to absorb light 105b that reflects off 
of a backplate 108 or other reflective surface disposed behind 
the pixels 101. As shown with respect to light rays 107a and 
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105b, the PV black mask 110 can be configured to receive 
light from both the front and back sides of the photovoltaic 
material. The front PV black mask 110 may further absorb 
light 105c, 105d that is emitted from (e.g., an emissive pixel, 
as in an LED display) or transmitted through (e.g., as in an 
LCD display where light 105d is generated by a backlight) 
pixels 101 and that strays or scatters out of inactive areas 103. 
Therefore, as can be seen from FIG. 12, only light 106 emitted 
by the active pixels 101 reaches the viewer, and the image is 
enhanced as a result. 

I0089 FIG. 13 depicts a PV-integrated display device 130 
similar to that of FIG. 12. However in FIG.13 a back PV black 
mask 115 is patterned behind the inactive areas 103. As 
shown, the back PV black mask 115 can absorb incident 
ambient light 107a before it can reflect. The back PV black 
mask 115 may also help to absorb light 105b that reflects off 
of a backplate 108 or other reflective surface disposed behind 
the pixels 101. Hence, as shown with respect to light rays 
107a and 105b, the back PV black mask 115 can be config 
ured to receive light from both the front and back sides of the 
photovoltaic material. The back PV black mask 115 may 
further absorb light 105d that is generated by the pixels 101 
but which strays or scatters to inactive areas 103. Therefore, 
as can be seen from FIG. 13, only light 106 emitted by the 
active pixels reaches the viewer, and the image is enhanced as 
a result. In some embodiments, a PV-integrated display 
device may comprise both a front and a back PV black mask 
110, 115. 
0090. The front or back PV black masks 110, 115 depicted 
in FIGS. 12 and 13 may comprise a photovoltaic cell that 
includes a photovoltaic material as discussed above. The pho 
tovoltaic cell may include an interferometrically enhanced 
photovoltaic cell. Appropriate photovoltaic materials may 
preferably include a thin film photovoltaic material as 
described above (see FIGS. 8-9B), although a semiconductor 
Substrate or epitaxially grown semiconductor material may 
also be used. Furthermore, as explained above, the photovol 
taic material in a PV cell (such as PV black masks 110, 115) 
may be in contact with electrodes. The photovoltaic material 
may be “sandwiched between electrodes. The electrodes in 
contact with the photovoltaic material may comprise an 
opaque electrode on one side, e.g., opposite the viewer, 
opaque electrodes patterned with windows to allow light 
access to the PV material on either or both sides, and/or a 
transparent conducting material or film Such as a transparent 
conducting oxide in addition to or in place of Such opaque 
electrodes. 

0091. As shown in FIGS. 12 and 13, the PV black mask 
110, 115 is patterned to expose the active pixels 101. For 
example, in some embodiments, the display is a reflective 
display and the PV black mask 110 is formed in front of (on 
the image side of) the pixels. In such an embodiment, the PV 
black mask 110 is patterned to expose the pixels 101 to 
incident ambient or front light, which is selectively reflected 
to the viewer to generate an image. In other embodiments, the 
display is transmissive and the PV black mask 115 is formed 
behind the pixels. In such an embodiment, the PV black mask 
115 is patterned to expose the pixels 101 to light from behind 
the pixel, e.g., a backlight. To properly improve the image by 
blocking or absorbing extraneous light, the PV black mask 
110, 115 preferably is configured to reflect or transmit less 
than 10% of the light incident upon the PV black mask 110. 
115. More preferably, the PV black mask 110, 115 is config 
ured to reflect or transmit less than 5% of the visible light 
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incident upon the PV black mask 110, 115. The reflection or 
transmission of the PV cell comprising the PV black mask 
110, 115 may depend on such factors as the thickness of the 
photovoltaic material in the PV cell as well as the materials 
used. The PV black mask may also include an anti-reflective 
coating to reduce reflections further. 
0092. In FIGS. 12 and 13, the PV black mask 110, 115 is 
patterned to mask the inactive areas 103 of the array or image 
region. Therefore PV black mask is patterned to correspond to 
the pattern of inactive areas 103 such that the undesirable 
optical effects of inactive areas (e.g., reflections) are masked 
from the viewer. 

0093 FIG. 14 shows a perspective view of an embodiment 
of a PV-integrated 2x2 interferometric modulator array 140. 
As discussed above in relation to FIG. 7F, an interferometric 
modulator array 140 may include inactive areas, such as gaps 
74 between columns of the mechanical layer 34 and rail 
supports 73. Inactive areas may also include etch holes 76 or 
pillars 75 formed within the active pixel 101. In the embodi 
ment of FIG. 14, a patterned back PV black mask 115 is 
formed behind the array 140. The inactive areas in the array 
140 or image region may comprise transparent inactive struc 
tures capable of allowing ambient light 107a to reach the 
patterned back PV black mask 115. As shown, the patterned 
back PV black mask 115 is patterned to correspond to a 
pattern of inactive structures through which light can pass. 
For example, the PV black mask 115 may be patterned to 
form strips 147,148 underneath the gap 74 and/or the rail 73. 
The PV black mask 115 may be patterned to formacross-like 
pattern beneath or behind the array 140. For a large array, the 
pattern may be patterned to have the shape of a grid corre 
sponding to the spaces between active pixel regions 101. The 
back PV black mask 115 may be formed on a backplate 145, 
as shown. Additionally, the back PV black mask 115 can 
include an “island' or unconnected portions of PV material 
(PV black mask island 146). As will be understood by the 
description of FIGS. 15A and 15B below, front PV black 
mask 110 formed in front of an interferometric modulator 
array can also have a grid pattern as illustrated in FIG. 14. 
0094. Advantageously, the cross-like pattern formed 
behind the array 140 may extend to the periphery of the 
display 140 to allow for electrical connection of the front and 
back electrodes of the back PV black mask 115 with external 
circuitry. For embodiments of PV black mask 110, 115 that 
include islands like the PV black mask island 146, electrical 
connection with external circuitry may be made via a blanket 
TCO layer in electrical contact with the PV material 81 of the 
PV black mask island 146 (see FIGS. 17A, 17B and attendant 
description). In other embodiments, electrical connection 
with external circuitry may be made using vias, patterned 
metal traces, or patterned TCO films. In embodiments with 
patterned metal traces, the metal traces will be kept Small So 
as not to reduce the amount of light incident upon the PV 
material 81 in the PV black mask island 146, or the traces can 
be routed by way of vias to the back side of the backplate 145. 
0.095 The examples of light passing around or between 
pixels 101, through gaps 74 and through support structures 18 
or 73 (as in light ray 107a) demonstrate taking advantage of 
light passing through inactive areas within the image region 
or pixel array. Materials can be chosen to maximize transmis 
sion through such inactive areas. Exemplary transparent 
materials may comprise dielectrics such as silicon dioxide 
(SiO2), titanium dioxide (TiO), magnesium fluoride (MgF2). 
chromium (III) oxide (CrO), silicon nitride (SiN.), etc. 
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However, any transparent or partially transparent material 
may be used for the structures in the inactive areas. 
0096. As illustrated in FIG. 14, the PV active material 81 
may be sandwiched between two layers of conductive mate 
rial 143,144 that can serve as electrodes. The front electrode 
144 can include or be made of a transparent conductor, Such 
as ITO or other TCO. It will be understood that the PV active 
material 81 may be configured to be in electrical contact with 
only one layer of a transparent conducting material and that 
the back electrode(s) 143 of a back PV black mask 115 can be 
opaque. 
0097. The transparent conductive layer may comprise any 
transparent, conducting material. Many transparent conduct 
ing materials are transparent conducting oxides (TCO). TCO 
layers are often used with photovoltaic materials, particularly 
thin film photovoltaic materials, in order to improve electrode 
contact to the PV material without blocking light. Function 
ally the TCO may electrically form a part of PV cell elec 
trodes, which typically comprise opaque metallic or conduct 
ing electrodes in electrical contact with the TCO material. In 
display applications, the opaque electrodes may be patterned 
to form windows where the PV material can capture signifi 
cant light. Alternatively, electrodes may make contact with 
the transparent conducting material outside of the image dis 
play region altogether and only TCO used for the electrodes 
within the array or image region. As known to those with skill 
in the art, a common TCO is indium tin oxide (ITO). Methods 
of forming or depositing ITO are well known in the art and 
include electron beam evaporation, physical vapor deposi 
tion, or sputter deposition techniques. Other TCO materials 
and processes of manufacture may also be used. While the 
illustrated back PV black mask 115 need only have transpar 
ent conductor for its front electrodes 144, it will be under 
stood that for a front PV mask 110 (see FIG. 12) it may be 
useful to employ transparent conductors for electrodes on 
both sides of the PV material 81. 

0098 FIGS. 15A and 15B illustrate two embodiments of 
MEMS devices that are generally similar to the embodiments 
illustrated in FIGS. 7A-7E. However, the embodiments of 
FIGS. 15A and 15B comprise a front PV black mask 110 in 
front of (on the image or viewer side of) the active pixel 101. 
As illustrated by the position of the viewer, FIGS. 15A and 
15B are inverted with respect to FIGS. 10-14. 
0099. In FIG. 15A, a buffer layer 65 of transparent mate 
rial is formed over the front PV black mask 110 to provide a 
planarized surface for the formation of the interferometric 
modulator. The buffer layer may also provide insulation for 
lines to electrically connect isolated front PV black mask 110 
regions such as isolated strips 147, 148 or isolated islands 
146. If such lines traverse active pixels, they could be made 
transparent or may be made Small to minimize reflections. 
The support 18 is aligned with and is about the same size as 
the cross-sectional area of the front PV black mask 110. In 
other embodiments, the cross-sectional area of the PV black 
mask 110 is not necessarily equal to the area of the support 18, 
but corresponds in both size and pattern to the cross-sectional 
area and pattern of the Support 18 So as to Sufficiently mask 
this inactive area and absorb incident ambient light 107a from 
reflecting off of any surfaces in the interferometric modulator. 
The front PV black mask 110 can exceed the support in 
surface area by, e.g., <10% or <5%. 
0100. As illustrated in FIG. 15A, the front PV black mask 
110 is embedded in a buffer layer 65 over the substrate 20. 
The light modulating element or IMOD (comprising an opti 
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cal stack 16, a movable layer 14, and a cavity 19 Separating 
the optical stack 16 from the movable layer 14) is over the 
buffer layer 65. As a portion of the buffer layer 65 is over the 
front PV black mask 110, the front PV black mask 110 is also 
electrically insulated from the support 18 and does not pro 
vide electrical path or connection to the light modulating 
element. 

0101 Alternatively, as shown in FIG. 15B, the front PV 
black mask 110 may be formed on a side of the substrate 20 
opposite the interferometric modulator. In this embodiment, 
the PV black mask may be embedded in a similar buffer layer 
65 or otherwise encapsulated, but on the opposite side of the 
substrate 20. To manufacture the embodiment of FIG. 15B, a 
display may first be formed on one side of the substrate 20. 
The PV black mask 110 may then be formed on the other side 
of the substrate as discussed further, below. Alternatively, the 
PV black mask 110 may be formed first on one side, and the 
display may then be formed on the opposite side. 
0102 The various embodiments disclosed herein may be 
manufactured in different ways. For example, a display com 
prising an array of active pixels in an image region may be 
integrated with a PV black mask 110, 115 by lamination of 
one of a patterned PV black mask and the display onto the 
other. Alternatively, for a PV black mask disposed behind a 
display, the PV black mask may be formed and patterned on 
a backplate that may be metallic or transparent, depending 
upon the application. The backplate may then be aligned and 
attached to the display to form the rear surface of the display 
device. In other embodiments where the PV black mask is 
disposed in front of the display, the PV black mask may be 
formed on a transparent coverplate. Such as glass or plastic. 
The coverplate may then be attached or laminated onto the 
display, or the display may then be formed or deposited on 
one or the other side of the coverplate. While it is not neces 
sary that the pattern formed by the PV black mask 110, 115 be 
identical to the pattern formed by inactive areas, the patterned 
PV black mask preferably covers and is aligned with the 
pattern of the inactive areas such that the PV black mask can 
absorb can mask most of the unwanted light available in the 
inactive areas. 

(0103 FIGS. 16, 17A and 17B depict steps in an embodi 
ment of manufacturing a PV black mask like the front and 
back PV black masks 110, 115 described above. As shown in 
FIG.16, the process may begin with the blanket deposition of 
a thin film PV material layer 81 over an electrode layer 82 
onto a suitable substrate 161. The substrate 161 may corre 
spond to one or the other side of substrate 20 in FIGS. 15A 
and 15B. In embodiments where the PV black mask 115 is 
formed behind the active pixels, the substrate 161 may 
include the display itself such that the PV black mask 115 is 
formed over the back side of the display. Alternatively, like 
the embodiment of FIG. 14, substrate 161 may include a 
backplate to be later assembled with the display and disposed 
behind the display. In other embodiments, the substrate 161 
may comprise a sacrificial Substrate. The sacrificial Substrate 
may then be laminated on the front or back side of a display 
device and removed to leave the patterned PV black mask. 
Preferably, the lamination is conducted so that the pattern of 
the PV black mask 110, 115 is aligned with the pattern of 
inactive areas in the pixel array. 
0104. As will be appreciated by the skilled artisan, con 
tinuous black mask patterns across the array, such as grid 
patterns between pixels, can readily be routed to a circuit for 
charge storage in a battery or directly powering electrical 
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devices, such as the display itself or associated electronics 
(like a cell phone). Isolated PV material, such as islands to 
mask isolated posts, may entail special routing. FIGS. 17A 
and 17B illustrate one method for routing current generated 
by the PV material. Alternatively, for such islands, the skilled 
artisan will appreciate that the traces can be routed by way of 
vias to the back side of the backplate 145. 
0105 FIG. 17A shows a device after the patterning of the 
blanket PV material layer 81 of FIG. 16 and the further 
deposition of a dielectric buffer layer 171 and a second elec 
trode 83. The dielectric buffer layer 171 may help to electri 
cally isolate the two electrodes 82, 83 in regions between 
isolated islands of PV material 81. The electrodes 82.83 may 
comprise transparent conducting layers, or may comprise 
opaque metallic electrodes or both. If electrodes 82, 83 com 
prise reflective or opaque metallic electrodes, care is prefer 
ably taken to pattern the metallic portion of electrodes 82, 83 
So as to minimize reflections and maximize the window to the 
PV material 81. An optional planarization layer may be 
formed over the structure shown in FIG. 17A, such as the 
planarization layer 172 of FIG. 17B. 
01.06 FIG.17B, like FIG.17A above, shows a device after 
the patterning of the blanket PV material layer 81 of FIG. 16. 
However, in the embodiment of FIG. 17B, the electrodes 82, 
83 are prevented from electrical contact not by a buffer (as in 
FIG. 17B), but rather by thinned portions of PV material 81. 
Hence, while the FIG. 17A patterns the PV material 81 so as 
to remove all of the PV material 81 from some areas (e.g., 
active pixel areas), the embodiment of FIG. 17B patterns the 
PV material 81 so as to thin the PV material 81 significantly 
is some areas, while leaving the PV material 81 relatively 
thick in areas intended to serve as PV black mask 110, 115 
aaS. 

0107 Generally speaking, PV black masks 110, 115 may 
comprise thin film photovoltaic materials, as described 
above. Some advantages of thin film PV cells are small device 
footprint and scalability of the manufacturing process. In 
some embodiments, such as the embodiment of FIG. 17B, 
thin film PV cells may be designed to be partially transmis 
sive. In such embodiments, the transmittance of the PV mate 
rial 81 in active pixel areas 173, outside inactive areas in 
which the PV black mask 110, 115 is desired, is high enough 
for the display image to remain good. 
0108. In addition, parts of the interferometric modulator 
pixel may be configured or designed to be partially transmis 
sive and the active pixels may therefore be designed to be 
capable of allowing considerable ambient light to pass 
through and reach the PV cell 115 and its PV active material 
81. In general, the reflector 14 may, for example, comprise a 
metal layer, such as aluminum (Al), molybdenum (Mo), Zir 
conium (Zr), tungsten (W), iron (Fe), gold (Au), silver (Ag), 
and chromium (Cr) or an alloy of the foregoing, Such as 
MoCr. The reflector 14 is typically thick enough to be opaque 
(e.g., 300 nm or more). However, in other embodiments, the 
reflector 14 is a partial reflector for a “transflective” IMOD 
display. The transmissivity of the reflector 14 in certain 
embodiments is dependent on the thickness of the reflector 
14. Generally, a metallic reflector 14 that is a partial reflector 
will be between 20 and 300 A, preferably less than 225A. By 
using thin semireflective layers in the reflectors 14 in various 
embodiments of a PV-integrated display 100, the interfero 
metric modulator may be configured to allow from about 5% 
to about 50% to pass through select portions of the active 
array of display pixels to reach the photovoltaic material. In 
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Such arrangements, the patterned PV black mask can underlie 
Such transflective regions to capture light passing there 
through. 
0109 While the foregoing detailed description discloses 
several embodiments of the invention, it should be under 
stood that this disclosure is illustrative only and is not limiting 
of the invention. It should be appreciated that the specific 
configurations and operations disclosed can differ from those 
described above, and that the methods described herein can 
be used in contexts other than fabrication of semiconductor 
devices. The skilled artisan will appreciate that certain fea 
tures described with respect to one embodiment may also be 
applicable to other embodiments. For example, various fea 
tures of an interferometric stack have been discussed with 
respect to the front side of a photovoltaic cell, device or array, 
and Such features are readily applicable to an interferometric 
stack formed over a back side of a photovoltaic cell, device or 
array. For example, various reflector features have been dis 
cussed with respect to various embodiments of interferomet 
ric modulators formed over a front side of a PV device. Such 
reflector features are also applicable to interferometric modu 
lators formed over a back side of a PV device, including the 
use of partial reflectors, or the omission of a reflector while 
using the back electrodes as a reflector for Some embodiments 
of an interferometric modulator. 

We claim: 
1. A display device displaying an image toward a front side, 

with a back side opposite the front side, the display device 
comprising: 

a display comprising an array region having a front side 
and a back side, the array region including active pixel 
areas and inactive areas: 

a photovoltaic cell including a photovoltaic material 
formed over one of the front side and the back side of the 
array region, wherein the photovoltaic material is pat 
terned to correspond to a pattern of at least Some of the 
inactive areas, the pattern including isolated islands 
within the array region; and 

a power Supply, wherein the photovoltaic cell is configured 
to provide power to the power Supply. 

2. The device of claim 1, wherein the photovoltaic material 
includes a deposited thin film photovoltaic material. 

3. The device of claim 1, wherein the photovoltaic material 
further serves as a black mask to reduce reflections in the 
inactive areas of the array region. 

4. The device of claim3, wherein the photovoltaic material 
is configured to reflect or transmit less than 10% of visible 
light incident upon the photovoltaic material. 

5. The device of claim 4, wherein the photovoltaic material 
is capable of receiving light from both the front and back sides 
of the photovoltaic material. 

6. The device of claim 5, further including a transparent 
conducting film in electrical contact with the photovoltaic 
material. 

7. The device of claim 6, wherein the transparent conduct 
ing film connects one isolated island of photovoltaic material 
to another isolated island of photovoltaic material. 

8. The device of claim 6, wherein the photovoltaic material 
is capable of receiving light incident upon the photovoltaic 
material through the transparent conducting film from the 
front and the back of the photovoltaic cell. 

9. The device of claim 8, wherein the display includes a 
backlight. 
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10. The device of claim 1, wherein the photovoltaic mate 
rial is formed over the back side of the array region. 

11. The device of claim 10, wherein the display includes a 
reflective display technology. 

12. The device of claim 11, wherein the active pixels 
include liquid crystal display pixels. 

13. The device of claim 11, wherein the active pixels 
include emissive elements. 

14. The device of claim 13, wherein the emissive elements 
are selected from the group including light-emitting diodes, 
organic light-emitting diodes, field emission displays, and 
liquid crystal displays. 

15. The device of claim 11, wherein the active pixel areas 
include microelectromechanical systems (MEMS) devices. 

16. The device of claim 12, wherein the MEMS devices 
include interferometric modulators. 

17. The device of claim 12, wherein the inactive areas 
include transparent inactive structures capable of allowing 
ambient light to reach the photovoltaic material and wherein 
the photovoltaic material is patterned to correspond to a pat 
tern of the inactive structures. 

18. The device of claim 14, wherein the transparent inac 
tive structures include spaces between pixel areas. 

19. The device of claim 1, wherein the photovoltaic mate 
rial is formed over the front side of the array region. 

20. The device of claim 19, wherein the photovoltaic mate 
rial is patterned to mask the inactive areas of the array region. 

21. A method of manufacturing a display device, the dis 
play device configured to display an image toward a front 
side, with a back side opposite the front side, the method 
comprising: 
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providing a display including an array region, the array 
region including active pixel areas and inactive areas: 

disposing a photovoltaic material over one of the front side 
and the back side of the array region; 

patterning the photovoltaic material to correspond to a 
pattern of at least some of the inactive areas, the pattern 
including isolated islands within the array region; and 

providing a power Supply, wherein the photovoltaic mate 
rial is configured to provide power to the power Supply. 

22. The method of claim 21, further including aligning the 
patterned photovoltaic material with the pattern of the inac 
tive areas. 

23. A display device displaying an image toward a front 
side, with a back side opposite the front side, the display 
device comprising: 

a display comprising an array region having a front side 
and a back side, the array region including active pixel 
areas and inactive areas: 

means for converting light into electrical current, the light 
converting means including a photovoltaic material 
formed over one of the front side and the back side of the 
array region, wherein the photovoltaic material is pat 
terned to correspond to a pattern of at least Some of the 
inactive areas, the pattern including isolated islands 
within the array region; and 

a power Supply, wherein the means for converting light is 
configured to provide power to the power Supply. 

24. The display device of claim 23, wherein the means for 
converting light includes a photovoltaic cell. 

c c c c c 


