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METHOD FOR MODULATING LIGHT WITH 
MULTIPLE ELECTRODES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional of Us. patent appli 
cation Ser. No. 11/698,721, ?led Jan. 26, 2007 (to be issued as 
U.S. Pat. No. 7,872,792), Which is a continuation of Us. 
patent application Ser. No. 11/056,571, ?led Feb. 11, 2005 
(noW U.S. Pat. No. 7,379,227), Which is a continuation of 
Us. patent application Ser. No. 09/966,843, ?led Sep. 28, 
2001 (noW U.S. Pat. No. 6,867,896), Which is a divisional of 
Us. patent application Ser. No. 09/056,975, ?led Apr. 8, 
1998 (noW U.S. Patent No. 6,674,562), the speci?cations of 
Which are all incorporated by reference in the disclosure of 
this application. 

BACKGROUND 

[0002] This invention relates to interferometric modula 
tion. 
[0003] Interference modulators (IMods) are a broad class 
of devices that modulate incident light by the manipulation of 
admittance via the modi?cation of the device’s interferomet 
ric characteristics. Applications for such devices include dis 
plays, optical processing, and optical information storage. 
[0004] The parent application describes tWo kinds of struc 
tures Whose impedance, the reciprocal of admittance, can be 
actively modi?ed so that they can modulate light. One scheme 
is a deformable cavity Whose optical properties can be altered 
by electrostatic deformation of one of the cavity Walls. The 
composition and thickness of these Walls, Which consist of 
layers of dielectric, semiconductor, or metallic ?lms, alloWs 
for a variety of modulator designs exhibiting different optical 
responses to applied voltages. 
[0005] One such design includes a ?lter described as a 
hybrid ?lter Which has a narroW bandpass ?lter and an 
induced absorber. When the Wall associated With the hybrid 
?lter is brought into contact With a re?ector, incident light of 
a certain range is absorbed. This occurs because the induced 
absorber matches the impedance of the re?ector to that of the 
incident medium for the range of frequencies passed by the 
narroW-band ?lter. 

SUMMARY 

[0006] In general, in one aspect, the invention features an 
interferometric modulator comprising a cavity de?ned by tWo 
Walls. At least tWo arms connect the tWo Walls to permit 
motion of the Walls relative to each other. The tWo arms are 
con?gured and attached to a ?rst one of the Walls in a manner 
that enables mechanical stress in the ?rst Wall to be relieved 
by motion of the ?rst Wall essentially Within the plane of the 
?rst Wall. 
[0007] Implementations of the invention may include one 
or more of the folloWing features. The motion of the ?rst Wall 
may be rotational. Each of the arms has tWo ends, one of the 
ends attached to the ?rst Wall and a second end that is attached 
at a point that is ?xed relative to a second one of the Walls. The 
point of attachment of the second end is offset, With reference 
to an axis that is perpendicular to the ?rst Wall, from the end 
that is attached to the second Wall. The ?rst Wall has tWo 
essentially straight edges and one end of each of the arms is 
attached at the middle of one of the edges or at the end of one 
of the edges. A third arm and a fourth arm also each connects 
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the tWo Walls. The arms de?ne a pinWheel con?guration. The 
lengths, thicknesses and positions of connection to the ?rst 
Wall of the arms may be con?gured to achieve a desired spring 
constant. 

[0008] In general, in another aspect, the invention features 
an array of interferometric modulators. Each of the interfero 
metric modulators has a cavity de?ned by tWo Walls and at 
least tWo arms connecting the tWo Walls to permit motion of 
the Walls relative to each other. The Walls and arms of differ 
ent ones of the modulators are con?gured to achieve different 
spring constants associated With motion of the Walls relative 
to each other. 

[0009] In general, in another aspect, the invention features 
a method of fabricating an interferometric modulator, in 
Which tWo Walls of a cavity are formed, connected by at least 
tWo arms. After the forming, a ?rst one of the Walls is permit 
ted to move in the plane of the ?rst Wall relative to the arms to 
relieve mechanical stress in the ?rst Wall. 

[0010] In general, in another aspect, the invention features 
an interferometric modulator comprising three Walls that are 
generally parallel to one another. The Walls are supported for 
movement of at least one of the Walls relative to the other tWo. 
Control circuitry drives at least one of the Walls to discrete 
positions representing three discrete states of operation of the 
modulator. 

[0011] Implementations of the invention may include one 
or more of the folloWing features. In one of the three discrete 
states, there is a gap betWeen the ?rst and a second of the tWo 
Walls and a gap betWeen the second and a third of the tWo 
Walls. In a second of the three discrete states, there is a gap 
betWeen the ?rst and the second of the tWo Walls and no gap 
betWeen the second and the third of the tWo Walls. In the third 
of the three discrete states, there is no gap betWeen the ?rst 
and the second of the tWo Walls and no gap betWeen the 
second and the third of the tWo Walls. Each membrane 
includes a combination of dielectric, metallic, or semicon 
ducting ?lms. 
[0012] In general, in another aspect, an interference modu 
lator includes a cavity de?ned by tWo Walls that are movable 
relative to one another to and from a contact position in Which 
the tWo Walls are essentially adjacent to one another. Spacers 
are mounted to form part of one of the Walls to reduce the 
surface area over Which the tWo Walls touch in the contact 
position. 
[0013] Implementations of the invention may include one 
or more of the folloWing features. The spacers comprise elec 
trodes and conductors feed current to the electrodes. 

[0014] In general, in another aspect, the invention features 
an interference modulator comprising a cavity de?ned by tWo 
Walls that are separated by a ?uid-?lled gap. The Walls are 
movable relative to each other to change the volume of the 
gap. An aperture (e. g., a round hole in the center) in one of the 
Walls is con?gured to control the damping effect of ?uid 
moving into or out of the gap as the volume of the gap 
changes. In implementations of the invention, the aperture 
comprises a round hole in the center of the Wall. 

[0015] In general, in another aspect, the invention features 
an interference modulator comprising at least tWo Walls that 
are movable relative to each other to de?ne a cavity betWeen 
them. The relative positions of the Walls de?ne tWo modes, 
one in Which the modulator re?ects incident light and appears 
White and another in Which the modulator absorbs incident 
light and appears black. In implementations, one of the Walls 
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may include a sandwich of a dielectric between metals, and 
the other of the Walls may comprise a dielectric. 
[0016] In general, in another aspect, the invention features 
an interferometric modulator comprising a cavity de?ned by 
tWo Walls With at least tWo arms connecting the tWo Walls to 
permit motion of the Walls relative to each other. The response 
time of the modulator is controlled to a predetermined value 
by a combination of at least tWo of: the lengths of the arms, the 
thickness of one of the Walls, the thickness of the arms, the 
presence and dimensions of damping holes, and the ambient 
gas pressure in the vicinity of the modulator. 
[0017] In general, in another aspect, the invention features 
an interferometric modulator comprising a cavity de?ned by 
tWo Walls, at least tWo arms connecting the tWo Walls to 
permit motion of the Walls relative to each. The modulator 
includes a charge deposition mitigating device includes at 
least one of actuation rails or the application of alternating 
polarity drive voltages. 
[0018] In general, in another aspect, the invention features 
an interferometric modulator comprising a cavity de?ned by 
tWo Walls held by a support comprising tWo materials such 
that the electrical or mechanical properties of the mechanical 
support differ at different locations in a cross-section of the 
mechanical support. 
[0019] Implementations of the invention may include one 
or more of the folloWing features. The support may include a 
laminate of tWo or more discrete materials or a gradient of tWo 
or more materials. The tWo materials exhibit respectively 
different and complementary electrical, mechanical, or opti 
cal properties. 
[0020] In general, in another aspect, the invention features, 
a method for use in fabricating a microelectromechanical 
structure, comprising using a gas phase etchant to remove a 
deposited sacri?cial layer. In implementations of the inven 
tion, the MEMS may include an interference modulator in 
Which a Wall of the modulator is formed on the substrate and 
the gas phase etchant may remove the sacri?cial layer from 
betWeen the Wall and the substrate. The gas phase etchant may 
include one of the folloWing: XeF2, BrF3, ClF3, BrF5, or 
IFS. 
[0021] In general, in another aspect, the invention features 
a method of making arrays of MEMS (e.g., interference 
modulators) on a production line. Electronic features are 
formed on a surface of a glass or plastic substrate that is at 
least as large as l4".times.l6", and electromechanical struc 
tures are micromachined on the substrate. In implementations 
of the invention, the steps of forming the electronic features 
overlap (or do not overlap) With steps of micromachining the 
structures. 

[0022] Other advantages and features Will become apparent 
from the folloWing description and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1A is a perspective vieW ofa double clamped 
IMod. 
[0024] FIG. 1B is a perspective vieW of an IMod With 
pinWheel tethers and a damping hole. 
[0025] FIG. 1C is a top vieW of an IMod With pinWheel 
tethers and a damping hole. 
[0026] FIG. 1D is a top vieW of an IMod With straight 
tethers. 
[0027] FIG. 2A shoWs a perspective vieW of a black and 
White IMod. 
[0028] FIG. 2B shoWs a side vieW of the IMod in tWo states. 
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[0029] FIG. 2C illustrates the thin ?lm structure of the 
IMod. 
[0030] FIG. 2D shoWs the spectral re?ectance function of 
the IMod in its tWo states. 
[0031] FIG. 3A shoWs a perspective vieW of a multi-state 
IMod. 
[0032] FIG. 3B shoWs a top vieW. 
[0033] FIG. 3C shoWs a side vieW of the IMod in three 
states. 

[0034] FIG. 3D illustrates the thin ?lm structure of the 
IMod. 
[0035] FIGS. 3E, 3F, and 3G shoW spectral re?ectance 
functions of a green/White/black IMod, a red/White/black 
IMod, and a blue/White/black IMod, respectively. 
[0036] FIG. 4A shoWs the relationship betWeen the multi 
state IMod’s states and the drive voltage. 
[0037] FIG. 4B shoWs the related electromechanical hys 
teresis curves. 

[0038] FIG. 4C illustrates one part of a drive circuit. 
[0039] FIG. 5A shoWs an IMod, illustrating the effects of 
charge injection, in the undriven state. 
[0040] FIG. 5B shoWs the IMod driven. 
[0041] FIG. 5C shoWs the IMod undriven after charge 
transfer. 
[0042] FIG. 5D shoWs the IMod With reverse polarity 
applied. 
[0043] FIG. 5E shoWs the IMod shoWs a reduced area elec 
trode con?guration, Which reduces the effects of charge injec 
tion, as Well as providing a higher resistance to electrical 
shorts. 
[0044] FIG. 6 is a side vieW of tWo IMods illustrating a 
mechanism to alter the spring constant. 
[0045] FIG. 7A shoWs a single material membrane tether 
support. 
[0046] FIG. 7B shoWs an alloyed or graded material mem 
brane tether support. 
[0047] FIG. 8 is a diagram of layers of a modulator. 
[0048] FIG. 9 is a perspective vieW of cavities in a device. 
[0049] FIG. 10 is a diagram ofa side vieW ofa pixel device. 
[0050] FIG. 11 is a graph of the optical response for a cavity 
Which appears black. 
[0051] FIG. 12 is a graph of the optical response for a cavity 
Which appears blue. 
[0052] FIG. 13 is a graph of the optical response for a cavity 
Which appears green. 
[0053] FIG. 14 is a graph of the optical response for a cavity 
Which appears red. 
[0054] FIG. 15 is a graph of the optical response for a cavity 
Which appears White. 
[0055] FIG. 16 is a perspective vieW of a fragment of a 
re?ective ?at panel display. 
[0056] FIGS. 17A, 17B, 17C, and 17D are perspective 
vieWs of different spacers during fabrication. 
[0057] FIGS. 18A, 18B, 18C, and 18D are also perspective 
vieWs of different spacers during fabrication. 
[0058] FIGS. 19A, 19B, 19C, 19D are top vieWs ofa static 
graphic image. 

DETAILED DESCRIPTION 

[0059] The optical impedance, the reciprocal of admit 
tance, of an IMod can be actively modi?ed so that it can 
modulate light. 
[0060] One Way of doing this (some aspects of Which are 
described in US. patent application Ser. No. 08/238,750 ?led 
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May 5, 1994, and incorporated by reference) is by a deform 
able cavity Whose optical properties can be altered by defor 
mation, electrostatically or otherwise, of one or both of the 
cavity Walls. The composition and thickness of these Walls, 
Which comprise layers of dielectric, semiconductor, or metal 
lic ?lms, alloW for a variety of modulator designs exhibiting 
different optical responses to applied voltages. This scheme 
can be considered a form of microelectromechanical struc 

ture/ system (MEMS). 
[0061] Another Way of actively modifying the impedance 
of an IMod (some aspects of Which are described in US. 
patent application Ser. No. 08/554,630, ?led Nov. 6, 1995, 
and incorporated by reference) relies on an induced absorber 
to regulate the optical response. Such an IMod may operate in 
re?ective mode and can be fabricated simply and on a variety 
of substrates. 

[0062] Both the deformable and induced absorber schemes 
typically Work in a binary mode, residing in one of tWo states, 
or an analog or tunable mode, residing in one of a continuous 
range of states. The difference betWeen these tWo modes is 
based primarily on the mechanical design of the IMod struc 
ture. 

[0063] Some applications could use a multi-state IMod that 
can reside in more than tWo states based on its mechanics and 
structure. A multi-state IMod can offer several advantages 
from both an optical performance and digital driving perspec 
tive. 

[0064] Structural components in MEMS may exhibit 
residual ?lm stress, the tendency of a deposited ?lm, say of 
aluminum, to either shrink and crack (tensile stress) or push 
outWard and buckle (compressive stress). A variety of factors 
contribute to the nature and magnitude of this stress. They 
include parameters of the deposition process as Well as the 
temperature of the substrate during the deposition. 
[0065] Control of this stress determines, in part, the forces 
required to actuate the structures as Well as the ?nal shapes of 
the structures. For example, a self-supporting membrane With 
very high residual stress may require prohibitively high driv 
ing voltages to actuate. The same membrane also may tWist or 
Warp due to these forces. 

[0066] Actuation voltage, electromechanical behavior, and 
?nal shape are important characteristics of IMods. Some 
device applications exploit the electromechanical properties. 
Large area displays, for example, can take advantage of the 
inherent hysteresis of these structures in order to provide 
“memory” at the pixel location. HoWever this requires that the 
IMods in a given array behave in a nearly identical fashion. 
Since their behavior is determined by the mechanical prop 
erties of the materials, among them residual stress, the ?lms 
must be deposited With great consistency over the area of the 
display. This is not alWays readily attainable. 
[0067] FIG. 1A is an illustration of one IMod structural 
design, Which has been discussed in previous patent applica 
tions. This design can be described as a “double clamped” 
beam in that it consists of a self-supporting beam go Which is 
supported, or clamped, on both ends 92. When this structure 
is subject to residual stress, the height of the membrane (the 
beam) can increase or decrease depending on Whether the 
stress is compressive or tensile respectively. In FIG. 1A, 
membrane 90 is shoWn in a state of tensile stress, Which 
causes the membrane to shrink in area. Because the structure 
is bound to the substrate at points 92, the membrane height is 
decreased due to this shrinkage. Conversely membrane 94, 
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shoWn in compressive stress, attempts to expand With the end 
result being a net increase or decrease in height or overall 
boWing of the structure. 
[0068] FIG. 1B shoWs an improvement to this design. In 
this case, the movable secondary mirror 100 is connected to 
support posts 104 via tethers 102. The IMod is fabricated on 
substrate 106, and incorporates stiction bumps 108. The 
structure has advantages With respect to residual stress. In 
particular, because tethers 102 are tangential to secondary 
mirror 1 00, residual stress in the material Will have a tendency 
to be relieved by causing the mirror 100 to tWist in a clockWise 
direction or counter clockWise direction if the stress is com 
pressive or tensile. 
[0069] This tWist is illustrated for a tensile case in FIG. 1C. 
Because a tensile ?lm has a tendency to shrink, the sides of 
secondary mirror 100 are pulled toWards the support posts 
104 With Which they are associated, While the mirror remains 
in its original plane. The tWisting relieves the residual stress 
of the structure. This stress relief occurs after the last step of 
the IMod fabrication When a supporting sacri?cial spacer is 
removed from beneath the structure. Depending on the over 
all design of the IMod, a certain amount of structural rotation 
can be tolerated. Consequently, minute variations of residual 
stress across the expanse of a display array are mitigated or 
eliminated because each IMod rotates to its individual stress 
relieved position, all Without affecting the optical properties. 
[0070] The other consequence of this relief is that stress no 
longer contributes, or contributes much less, to the electro 
mechanical behavior of the device. Device characteristics 
such as voltage and resonant frequency are thus determined 
primarily by factors such as modulus of elasticity and ?lm 
thickness. Both of these characteristics are more easily con 
trolled during deposition. 
[0071] FIG. 1D illustrates another geometry for a stress 
relieving structure relying on straight tethers 102. In this case, 
the mirror is rotating clockWise to relieve compressive stress. 
Other tether con?gurations, including curved or folded, are 
also possible, 
[0072] Referring again to FIG. 1B, a micro-electrome 
chanical structure has a tendency to stick to a surface of a 
substrate that it touches during operation. Structures that 
minimiZe the area of contact betWeen movable membrane 
100 and the substrate can mitigate this phenomenon. Stiction 
bumps 108 can provide this mechanism by acting as supports 
Which contact the membrane only over a relatively small area. 
These structures can be fabricated using the micromachining 
techniques described in the previous patent applications. 
They can also act as bottom electrodes if suitably insulated, 
and exhibit certain advantages over previously described 
designs, Which Will be discussed beloW. In this role they may 
be referred to as actuation rails. These structures may also be 
fabricated on the movable membrane. 

[0073] Referring again to FIG. 1B, damping hole 110 also 
enhances the performance of this structure. When the mem 
brane is actuated i.e., pulled doWnWard, the air betWeen it and 
the substrate must be displaced. The same volume of air must 
be replaced When the membrane is alloWed to de?ect back to 
its quiescent position. The energy required to move this vol 
ume of air has the effect of sloWing the motion of the mem 
brane or damping its behavior. Damping is both a detriment 
and an advantage. Minimizing the response time of these 
devices is important in order to support the necessary display 
data rates, thus the desire exists to minimiZe damping. HoW 
ever it is also important to bring the membrane to ?xed posi 












