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(57) ABSTRACT 

A method for forming a MEMS device is disclosed, Where 
a ?nal release step is performed just prior to a Wafer bonding 
step to protect the MEMS device from contamination, 
physical contact, or other deleterious external events. With 
out additional changes to the MEMS structure betWeen 
release and Wafer bonding and singulation, except for an 
optional stiction treatment, the MEMS device is best pro 
tected and overall process How is improved. The method is 
applicable to the production of any MEMS device and is 
particularly bene?cial in the making of fragile micromirrors. 
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METHODS FOR DEPOSITING, RELEASING AND 
PACKAGING MICROELECTROMECHANICAL 

DEVICES ON WAFER SUBSTRATES 

CROSS-REFERENCE TO RELATED CASES 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/005,308 ?led Dec. 3, 2001, Which 
claims priority from US. provisional application 60/254,043 
to Patel et al. ?led Dec. 7, 2000 and US. provisional 
application 60/276,222 to Patel et al. ?led Mar. 15, 2001, 
each incorporated herein by reference. 

BACKGROUND 

[0002] 1. Field of Invention 

[0003] AWide variety of micro-electromechanical devices 
(MEMS) are knoWn, including accelerometers, DC relay 
and RF sWitches, optical cross connects and optical 
sWitches, microlenses, re?ectors and beam splitters, ?lters, 
oscillators and antenna system components, variable capaci 
tors and inductors, sWitched banks of ?lters, resonant comb 
drives and resonant beams, and micromirror arrays for direct 
vieW and projection displays. Though the processes for 
making the various MEMS devices may vary, they all share 
the need for high throughput manufacturing (e.g. forming 
multiple MEMS devices on a single substrate Without dam 
age to the microstructures formed on the substrate). 

[0004] The present invention is in the ?eld of MEMS, and 
in particular in the ?eld of methods for making micro 
electromechanical devices on a Wafer. The subject matter of 
the present invention is related to manufacturing of multiple 
MEMS devices on a Wafer, releasing the MEMS structures 
by removing a sacri?cial material, bonding the Wafer to 
another Wafer, singulating the Wafer assembly, and packag 
ing each Wafer assembly portion With one or more MEMS 
devices thereon, Without damaging the MEMS microstruc 
tures thereon. More particularly, the invention relates to a 
method for making a MEMS device Where a ?nal release 
step is performed just prior to a Wafer bonding step to protect 
the MEMS device from contamination, physical contact, or 
other deleterious external events. A getter or molecular 
scavenger can be applied to one or both of the Wafers before 
bonding, as can a stiction reducing agent. EXcept for coating 
of the MEMS structures to reduce stiction, it is preferred 
(though not required) that the MEMS structures are not 
altered physically or chemically (including depositing addi 
tional layers or cleaning) betWeen release and Wafer bond 
mg. 

[0005] 2. Related Art 

[0006] As disclosed in US. Pat. No. 5,061,049 to Horn 
beck, silicon Wafers are processed to form an array of 
de?ectable beams, then the Wafers are diced into chips, 
folloWed by further processing of the individual chips. This 
process has disadvantages, as disclosed in US. Pat. No. 
5,445,559 to Gale et al. Once the mirror is formed by etching 
the sacri?cial material to form an air gap betWeen the 
de?ectable beam and a loWer electrode, the device is very 
fragile. The device cannot be eXposed to liquids during 
Wafer cleanup steps, Without destroying the mirror. “There 
fore, the devices must be cut and the dicing debris Washed 
aWay before etching the sacri?cial layer aWay from the 
mirror. This requires that the cleaning and etching steps, and 
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any folloWing steps, including testing be performed on the 
individual chips instead of a Wafer.” To address this prob 
lem, Gale et al. propose using a vacuum ?Xture With a 
plurality of headspaces above the mirrors to prevent contact 
With the mirrors. The headspaces are evacuated through 
vacuum ports and the backside of the Wafer is ground doWn 
to partially saWn kerfs in order to separate the devices. Then 
the separated devices and the vacuum ?Xture are Washed to 
remove any debris from the separation operation. The 
devices With mirrors eXposed are ?nally ready for packag 
mg. 

[0007] In US. Pat. No. 5,527,744 to Mignardi et al., it is 
likeWise desired to avoid damaging the mirror elements 
When cutting the Wafer into individual dies. In Mignardi et 
al., a partial saW or scribe is performed on the Wafer after 
optionally putting a removable protective coating over the 
entire Wafer to further limit debris from the partial saW or 
scribe from settling on the mirrors. Then, the protective 
coating if used and the debris from the partial saW is 
removed in a post-saW cleaning. Typically the sacri?cial 
layer is then removed, and additional processes may also 
take place to cover or protect various surfaces of the device 
that Were not eXposed previous to removing the sacri?cial 
layer. Last, in order to separate the Wafer into individual 
devices, tape is aligned and applied to the Wafer, covering 
the partially saWed areas. The Wafer is broken and the tape 
is treated With UV light to Weaken it and then is peeled aWay. 
The individual devices With eXposed mirrors must then be 
carefully picked and placed off of the saW frame and 
packaged. 

[0008] US. Pat. No. 5,872,046 to Kaeriyama et al., dis 
closes partially fabricating a micromirror structure on a 
semiconductor Wafer, folloWed by coating the Wafer With a 
protective layer. Then, streets are saWed in the Wafer (de?n 
ing the individual dies), Which is folloWed by cleaning the 
Wafer With a solution of an alkyl glycol and HF. Further 
processing includes acoustically vibrating the Wafer in 
deioniZed Water. Finally the mirrors are released and the 
Wafer broken along the streets. 

SUMMARY OF THE INVENTION 

[0009] What is needed in the ?eld of MEMS and MEMS 
manufacturing is an easier and less expensive Way to 
assemble and ultimately package a mirror array that avoids 
the problems of the prior art. In the present invention, a 
method is provided Where the mirror elements on the Wafer 
are released (the sacri?cial layer is removed) folloWed by 
bonding the Wafer to another Wafer, Which is in turn fol 
loWed by scribing, scoring, cutting, grinding or otherWise 
separating the Wafer into individual dies. By having the 
mirror elements encased betWeen tWo Wafers prior to any 
scoring, cutting, etc., the time that the mirrors are eXposed 
is minimiZed, and there is no need to provide additional 
protective measures as in the prior art. 

[0010] A method is thus provided for forming a MEMS 
device, comprising providing a ?rst Wafer, providing a 
second Wafer, forming a sacri?cial layer on the ?rst or 
second Wafer, forming a plurality of MEMS elements on the 
sacri?cial layer, releasing the plurality of MEMS devices by 
etching aWay the sacri?cial layer, miXing one or more spacer 
elements into an adhesive or providing one or more spacer 

elements separately from the adhesive for separating the 
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Wafers during and after bonding, applying the adhesive to 
one or both of the ?rst and second Wafers, bonding the ?rst 
and second Wafers together With the spacer elements ther 
ebetWeen so that the ?rst and second Wafers are held 
together in a spaced apart relationship as a Wafer assembly, 
singulating the Wafer assembly into individual dies, and 
packaging each die. 

[0011] In another embodiment of the invention, a method 
for making a spatial light modulator comprises providing a 
?rst Wafer; providing a second Wafer; forming circuitry and 
a plurality of electrodes on or in the ?rst Wafer; forming a 
plurality of de?ectable elements on or in either the ?rst or 
second Wafer; bonding the ?rst and second Wafers together 
to form a Wafer assembly; and separating the Wafer assem 
bly into individual Wafer assembly dies. 

[0012] In another embodiment of the invention a method 
for forming a MEMS device, comprises: providing a ?rst 
Wafer; providing a second Wafer; providing a sacri?cial 
layer on or in the ?rst or second Wafer; forming a plurality 
of MEMS elements on the sacri?cial layer; releasing the 
plurality of MEMS devices by etching aWay the sacri?cial 
layer; miXing one or more spacer elements into an adhesive 
or providing one or more spacer elements separately from 
the adhesive for separating the Wafers during and after 
bonding; applying the adhesive to one or both of the ?rst and 
second Wafers; bonding the ?rst and second Wafers together 
With the spacer elements therebetWeen so that the ?rst and 
second Wafers are held together in a spaced apart relation 
ship as a Wafer assembly; and singulating the Wafer assem 
bly into individual dies. 

[0013] In a further embodiment of the invention, a method 
for making a MEMS device, comprising: providing a ?rst 
Wafer; providing a second Wafer; forming circuitry and a 
plurality of electrodes on or in the ?rst Wafer; forming a 
plurality of de?ectable elements on or in either the ?rst or 
second Wafer; applying an adhesion reducing agent and/or a 
getter to one or both of the Wafers; aligning the ?rst and 
second Wafers; bonding the ?rst and second Wafers together 
to form a Wafer assembly; and separating the Wafer assem 
bly into individual Wafer assembly dies. 

[0014] In a still further embodiment of the invention, a 
method for making a MEMS device, comprising: providing 
a Wafer; providing a plurality of substrates that are trans 
missive to visible light, each smaller than said Wafer, each 
substrate having a frame portion that is not transmissive to 
visible light; forming circuitry and a plurality of electrodes 
on or in the Wafer; forming a plurality of de?ectable ele 
ments on or in the Wafer; aligning the substrates With the 
Wafer; bonding the substrates and Wafer together to form a 
Wafer assembly; and separating the Wafer assembly into 
individual Wafer assembly dies. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] FIGS. 1A to 1E are cross sectional vieWs illustrat 
ing one method for forming micromirrors; 

[0016] FIG. 2 is a top vieW of a micromirror shoWing line 
1-1 for taking the cross section for FIGS. 1A to 1E; 

[0017] FIGS. 3A to 3E are cross sectional vieWs illustrat 
ing the same method as in FIGS. 1A to 1E but taken along 
a different cross section; 
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[0018] FIG. 4 is a top vieW of a mirror shoWing line 3-3 
for taking the cross section for FIGS. 3A to SE; 

[0019] FIG. 5 is an isometric vieW of the assembly of tWo 
substrates, one With micromirrors, the other With circuitry 
and electrodes; 

[0020] FIG. 6 is a cross sectional vieW of the assembled 
device in use; 

[0021] FIG. 7 is a How chart of one method of the 
invention; 
[0022] FIG. 8 is a top vieW of a Wafer substrate having 
multiple die areas; 

[0023] FIGS. 9A to 9G are step-by-step vieWs of the 
assembly of the device; 

[0024] FIGS. 10A and 10B are top vieWs of tWo Wafers 
that Will be joined together and then singulated; 

[0025] FIGS. 10C and 10D are vieWs of light transmis 
sive substrates (FIG. 10A) for bonding to a Wafer (10D); 

[0026] FIG. 11A is a cross sectional vieW taken along line 
11-11 of FIG. 10 upon alignment of the tWo Wafers of FIGS. 
10A and 10B, but prior to bonding, Whereas 

[0027] FIG. 11B is the same cross sectional vieW after 
bonding of the tWo Wafers, but prior to singulation; and 

[0028] FIG. 12 is an isometric vieW of a singulated Wafer 
assembly die held on a package substrate. 

DETAILED DESCRIPTION 

Mirror Fabrication 

[0029] Processes for microfabricating a MEMS device 
such as a movable micromirror and mirror array are dis 

closed in US. Pat. Nos. 5,835,256 and 6,046,840 both to 
Huibers, the subject matter of each being incorporated 
herein by reference. A similar process for forming MEMS 
movable elements (eg mirrors) on a Wafer substrate (eg a 
light transmissive substrate or a substrate comprising CMOS 
or other circuitry) is illustrated in FIGS. 1 to 4. By “light 
transmissive”, it is meant that the material Will be transmis 
sive to light at least in operation of the device (The material 
could temporarily have a light blocking layer on it to 
improve the ability to handle the substrate during manufac 
ture, or a partial light blocking layer for decreasing light 
scatter during use. Regardless, a portion of the substrate, for 
visible light applications, is preferably transmissive to vis 
ible light during use so that light can pass into the device, be 
re?ected by the mirrors, and pass back out of the device. Of 
course, not all embodiments Will use a light transmissive 
substrate). By “Wafer” it is meant any substrate on Which 
multiple microstructures or microstructure arrays are to be 
formed and Which alloWs for being divided into dies, each 
die having one or more microstructures thereon. Though not 
in every situation, often each die is one device or product to 
be packaged and sold separately. Forming multiple “prod 
ucts” or dies on a larger substrate or Wafer alloWs for loWer 
and faster manufacturing costs as compared to forming each 
die separately. Of course the Wafers can be any siZe or shape, 
though it is preferred that the Wafers be the conventional 
round or substantially round Wafers (eg 4“, 6“ or 12“ in 
diameter) so as to alloW for manufacture in a standard 
foundry. 
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[0030] FIGS. 1A to 1E show a manufacturing process for 
a micromechanical mirror structure. As can be seen in FIG. 

1A, a substrate such as glass (e.g. 1737F), quartZ, PyreXTM, 
sapphire, (or silicon alone or With circuitry thereon) etc. is 
provided. The cross section of FIGS. 1A-E is taken along 
line 1-1 of FIG. 2. Because this cross section is taken along 
the hinge of the movable element, an optional block layer 12 
can be provided to block light (incident through the light 
transmissive substrate during use) from re?ecting off of the 
hinge and potentially causing diffraction and loWering the 
contrast ratio (if the substrate is transparent). 

[0031] As can be seen in FIG. 1B, a sacri?cial layer 14, 
such as amorphous silicon, is deposited. The thickness of the 
sacri?cial layer can be Wide ranging depending upon the 
movable element/mirror siZe and desired tilt angle, though a 
thickness of from 500 A to 50,000 A, preferably around 
5000 A is preferred. Alternatively the sacri?cial layer could 
be a polymer or polyimide (or even polysilicon, silicon 
nitride, silicon dioXide, etc. depending upon the materials 
selected to be resistant to the etchant, and the etchant 
selected). A lithography step folloWed by a sacri?cial layer 
etch forms holes 16a,b in the sacri?cial silicon, Which can be 
any suitable siZe, though preferably having a diameter of 
from 0.1 to 1.5 um, more preferably around 0.710.25 um. 
The etching is performed doWn to the glass/quartz substrate 
or doWn to the block layer if present. Preferably if the 
glass/quartz layer is etched, it is in an amount less than 2000 
A. 

[0032] At this point, as can be seen in FIG. 1C, a ?rst 
layer 18 is deposited by chemical vapor deposition. Prefer 
ably the material is silicon nitride or silicon oXide deposited 
by LPCVD or PECVD, hoWever polysilicon, silicon carbide 
or an organic compound could be deposited at this point—or 
Al, CoSiNX, TiSiNX, TaSiNX and other ternary and higher 
compounds as set forth in US. patent application Ser. Nos. 
09/910,537 ?led Jul. 20, 2001, and 60/300,533 ?led Jun. 22, 
2001 both to Reid and incorporated herein by reference (of 
course the sacri?cial layer and etchant should be adapted to 
the material used). The thickness of this ?rst layer can vary 
depending upon the movable element siZe and desired 
amount of stiffness of the element, hoWever in one embodi 
ment the layer has a thickness of from 100 to 3200 A, more 
preferably around 1100 The ?rst layer undergoes lithog 
raphy and etching so as to form gaps betWeen adjacent 
movable elements on the order of from 0.1 to 25 um, 
preferably around 1 to 2 um. 

[0033] A second layer 20 (the “hinge” layer) is deposited 
as can be seen in FIG. 1D. By “hinge layer” it is meant the 
layer that de?nes that portion of the device that ?eXes to 
alloW movement of the device. The hinge layer can be 
disposed only for de?ning the hinge, or for de?ning the 
hinge and other areas such as the mirror. In any case, the 
reinforcing material is removed prior to depositing the hinge 
material. The material for the second (hinge) layer can be the 
same (e.g. silicon nitride) as the ?rst layer or different 
(silicon oXide, silicon carbide, polysilicon, or Al, CoSiNX, 
TiSiNX, TaSiNX or other ternary and higher compounds) and 
can be deposited by chemical vapor deposition as for the ?rst 
layer. The thickness of the second/hinge layer can be greater 
or less than the ?rst, depending upon the stiffness of the 
movable element, the ?exibility of the hinge desired, the 
material used, etc. In one embodiment the second layer has 
a thickness of from 50 A to 2100 A, and preferably around 
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500 In another embodiment, the ?rst layer is deposited by 
PECVD and the second layer by LPCVD. 

[0034] As also seen in FIG. 1D, a re?ective and conduc 
tive layer 22 is deposited. The re?ective/conductive material 
can be gold, aluminum or other metal, or an alloy of more 
than one metal though it is preferably aluminum deposited 
by PVD. The thickness of the metal layer can be from 50 to 
2000 A, preferably around 500 It is also possible to 
deposit separate re?ective and conductive layers. An 
optional metal passivation layer (not shoWn) can be added, 
eg a 10 to 1100 A silicon oXide layer deposited by PECVD. 
Then, photoresist patterning on the metal layer is folloWed 
by etching through the metal layer With a suitable metal 
etchant. In the case of an aluminum layer, a chlorine (or 
bromine) chemistry can be used (eg a plasma/RIE etch With 
Cl2 and/or BCl3 (or C12, CC14, Br2, CBr4, etc.) With an 
optional preferably inert diluent such as Ar and/or He). 
Then, the sacri?cial layer is removed in order to “release” 
the MEMS structures (FIG. 1E). 

[0035] In the embodiment illustrated in FIGS. 1A to 1E, 
both the ?rst and second layers are deposited in the area 
de?ning the movable (mirror) element, Whereas the second 
layer, in the absence of the ?rst layer, is deposited in the area 
of the hinge. It is also possible to use more than tWo layers 
to produce a laminate movable element, Which can be 
desirable particularly When the siZe of the movable element 
is increased such as for sWitching light beams in an optical 
sWitch. A plurality of layers could be provided in place of 
single layer 18 in FIG. 1C, and a plurality of layers could 
be provided in place of layer 20 and in place of layer 22. Or, 
layers 20 and 22 could be a single layer, eg a pure metal 
layer or a metal alloy layer or a layer that is a miXture of eg 
a dielectric or semiconductor and a metal. Some materials 
for such layer or layers that could comprise alloys of metals 
and dielectrics or compounds of metals and nitrogen, oXy 
gen or carbon (particularly the transition metals) are dis 
closed in US provisional patent application 60/228,007, the 
subject matter of Which is incorporated herein by reference. 

[0036] In one embodiment, the reinforcing layer is 
removed in the area of the hinge, folloWed by depositing the 
hinge layer and patterning both reinforcing and hinge layer 
together. This joint patterning of the reinforcing layer and 
hinge layer can be done With the same etchant (eg if the tWo 
layers are of the same material) or consecutively With 
different etchants. The reinforcing and hinge layers can be 
etched With a chlorine chemistry or a ?uorine (or other 
halide) chemistry (eg a plasma/RIE etch With F2, CF4, 
CHF3, C3F8, CHZFZ, C2F6, SF6, etc. or more likely combi 
nations of the above or With additional gases, such as 
CF4/H2, SF6/Cl2, or gases using more than one etching 
species such as CFZCIZ, all possibly With one or more 
optional inert diluents). Of course, if different materials are 
used for the reinforcing layer and the hinge layer, then a 
different etchant can be employed for etching each layer. 
Alternatively, the re?ective layer can be deposited before the 
?rst (reinforcing) and/or second (hinge) layer. Whether 
deposited prior to the hinge material or prior to both the 
hinge material and the reinforcing material, it is preferable 
that the metal be patterned (e.g. removed in the hinge area) 
prior to depositing and patterning the hinge material. 

[0037] FIGS. 3A to 3E illustrate the same process taken 
along a different cross section (cross section 3-3 in FIG. 4) 
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and show the optional block layer 12 deposited on the light 
transmissive substrate 10, followed by the sacri?cial layer 
14, layers 18, 20 and the metal layer 22. The cross sections 
in FIGS. 1A to 1E and 3A to 3E are taken along substan 
tially square mirrors in FIGS. 2 and 4 respectively. HoW 
ever, the mirrors need not be square but can have other 
shapes that may decrease diffraction and increase the con 
trast ratio. Such mirrors are disclosed in US. provisional 
patent application 60/229,246 to Ilkov et al., the subject 
matter of Which is incorporated herein by reference. Also, 
the mirror hinges can be torsion hinges as illustrated in this 
provisional application. 

[0038] It should also be noted that materials and method 
mentioned above are examples only, as many other method 
and materials could be used. For example, the Sandia 
SUMMiT process (using polysilicon for structural layers) or 
the Cronos MUMPS process (also polysilicon for structural 
layers) could be used in the present invention. Also, a 
MOSIS process (AMI ABN—1.5 um CMOS process) could 
be adapted for the present invention, as could a MUSiC 
process (using polycrystalline SiC for the structural layers) 
as disclosed, for eXample, in Mehregany et al., Thin Solid 
Films, v. 355-356, pp. 518-524, 1999. Also, the sacri?cial 
layer and etchant disclosed herein are eXemplary only. For 
eXample, a silicon dioXide sacri?cial layer could be used and 
removed With HF (or HF/HCI), or a silicon sacri?cial could 
be removed With ClF3 or BrF3. Also a PSG sacri?cial layer 
could be removed With buffered HF, or an organic sacri?cial 
such as polyimide could be removed in a dry plasma oXygen 
release step. Of course the etchant and sacri?cial material 
should be selected depending upon the structural material to 
be used. Also, though PVD and CVD are referred to above, 
other thin ?lm deposition methods could be used for depos 
iting the layers, including spin-on, sputtering, anodiZation, 
oxidation, electroplating and evaporation. 

[0039] After forming the microstructures as in FIGS. 1 to 
4 on the ?rst Wafer, it is preferably to remove the sacri?cial 
layer so as to release the microstructures (in this case 
micromirrors). This release can be performed at the die 
level, though it is preferred to perform the release at the 
Wafer level. FIGS. 1E and 3E shoW the microstructures in 
their released state. As can be seen in FIG. 1E, posts 2 hold 
the released microstructure on substrate 10. 

[0040] Also, though the hinge of each mirror can be 
formed in the same plane as the mirror element (and/or 
formed as part of the same deposition step) as set forth 
above, they can also be formed separated from and parallel 
to the mirror element in a different plane and as part of a 
separate processing step. This superimposed type of hinge is 
disclosed in FIGS. 11 and 12 of the previously-mentioned 
US. Pat. No. 6,046,840, and in more detail in US. patent 
application “A De?ectable Spatial Light Modulator Having 
Superimposed Hinge and De?ectable Element” to Huibers et 
al. ?led Aug. 3, 2000, the subject matter of Which being 
incorporated herein. Whether formed With one sacri?cial 
layer as in the Figures, or tWo (or more) sacri?cial layers as 
for the superimposed hinge, such sacri?cial layers are 
removed as Will be discussed beloW, With a preferably 
isotropic etchant. This “release” of the mirrors can be 
performed immediately folloWing the above described steps, 
or after shipment from the foundry at the place of assembly. 
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Backplane 

[0041] The second or “loWer” substrate (the backplane) 
die contains a large array of electrodes on a top metal layer 
of the die. Each electrode electrostatically controls one piXel 
(one micromirror on the upper optically transmissive sub 
strate) of the microdisplay. The voltage on each electrode on 
the surface of the backplane determines Whether its corre 
sponding microdisplay piXel is optically ‘on’ or ‘off,’ form 
ing a visible image on the microdisplay. Details of the 
backplane and methods for producing a pulse-Width-modu 
lated grayscale or color image are disclosed in US. patent 
application 09/564,069 to Richards, the subject matter of 
Which is incorporated herein by reference. 

[0042] The display piXels themselves, in a preferred 
embodiment, are binary, alWays either fully ‘on’ or fully 
‘off,’ and so the backplane design is purely digital. Though 
the micromirrors could be operated in analog mode, no 
analog capability is necessary. For ease of system design, the 
backplane’s I/O and control logic preferably run at a voltage 
compatible With standard logic levels, e.g. 5V or 3.3V. To 
maXimiZe the voltage available to drive the piXels, the 
backplane’s array circuitry may run from a separate supply, 
preferably at a higher voltage. 

[0043] One embodiment of the backplane can be fabri 
cated in a foundry 5V logic process. The mirror electrodes 
can run at 0-5V or as high above 5V as reliability alloWs. 
The backplane could also be fabricated in a higher-voltage 
process such as a foundry Flash memory process using that 
process’s high-voltage devices. The backplane could also be 
constructed in a high-voltage process With larger-geometry 
transistors capable of operating at 12V or more. A higher 
voltage backplane can produce an electrode voltage sWing 
signi?cantly higher than the 5-7V that the loWer voltage 
backplane provides, and thus actuate the piXels more 
robustly. 

[0044] In digital mode, it is possible to set each electrode 
to either state (on/off), and have that state persist until the 
state of the electrode is Written again. A RAM-like structure, 
With one bit per piXel is one architecture that accomplishes 
this. One eXample is an SRAM-based piXel cell. Alternate 
Well-known storage elements such as latches or DRAM 
(pass transistor plus capacitor) are also possible. If a 
dynamic storage element (eg a DRAM-like cell) is used, it 
is desirable that it be shielded from incident light that might 
otherWise cause leakage. 

[0045] The perception of a grayscale or full-color image 
Will be produced by modulating piXels rapidly on and off, for 
eXample according to the method in the above-mentioned 
US. patent application Ser. No. 09/564,069 to Richards. In 
order to support this, it is preferable that the backplane 
alloWs the array to be Written in random-access fashion, 
though ?ner granularity than a roW-at-a-time is generally not 
necessary. 

[0046] It is desirable to minimiZe poWer consumption, 
primarily for thermal reasons. Decreasing electrical poWer 
dissipation Will increase the optical/thermal poWer budget, 
alloWing the microdisplay to tolerate the heat of more 
poWerful lamps. Also, depending upon the Way the micro 
display is assembled (Wafer-to-Wafer join+offset saW), it 
may be preferable for all I/O pads to be on one side of the 
die. To minimiZe the cost of the ?nished device it is desirable 
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to minimize pin count. For example, multiplexing roW 
address or other infrequently-used control signals onto the 
data bus can eliminate separate pins for these functions With 
a negligible throughput penalty (a feW percent, eg one 
clock cycle for address information per roW of data is 
acceptable). A data bus, a clock, and a small number of 
control signals (5 or less) are all that is necessary. 

[0047] In use, the die can be illuminated With a 200W or 
more arc lamp. The thermal and photo-carrier effects of this 
may result in special layout efforts to make the metal layers 
as ‘opaque’ as possible over the active circuitry to re?ect 
incident optical energy and minimiZe photocarrier and ther 
mal effects. An on-chip PN diode could be included for 
measuring the temperature of the die. 

[0048] In one embodiment the resolution is XGA, 1024>< 
768 pixels, though other resolutions are possible. A pixel 
pitch of from 5 to 24 um is preferred (eg 14 um). The siZe 
of the electrode array itself is determined by the pixel pitch 
and resolution. A 14 um XGA device’s pixel array Will 
therefore be 14.336><10.752 mm. 

Assembly 

[0049] After the upper and loWer substrates (Wafers) are 
?nished being processed (e.g. circuitry/electrodes on loWer 
Wafer, micromirrors on upper Wafer), the upper and loWer 
Wafers are joined together. This joining of the tWo substrates 
alloWs micromirrors on one substrate to be positioned proxi 
mate to electrodes on the other substrate. This arrangement 
is illustrated in FIGS. 5 and 6, Which ?gures Will be 
described further beloW. 

[0050] The method for the assembly of the Wafers and 
separation of the Wafer assembly into individual dies and is 
similar in some Ways to the method for assembly of a liquid 
crystal device as disclosed in US. Pat. No. 5,963,289 to 
Stefanov et al, “Asymmetrical Scribe and Separation 
Method of Manufacturing Liquid Crystal Devices on Silicon 
Wafers”, Which is hereby incorporated by reference. Many 
bonding methods are possible such as adhesive bonding (e.g. 
epoxy, silicone, loW K material or other adhesive—de 
scribed further herein), anodic bonding, compression bond 
ing (eg with gold or indium) metal eutectic bonding, solder 
bonding, fusion bonding, or other Wafer bonding processes 
knoWn in the art. Whether the upper and loWer Wafer are 
made of the same or different materials (silicon, glass, 
dielectric, multilayer Wafer, etc.), they can ?rst be inspected 
(step 30 in the How chart of FIG. 7) for visual defects, 
scratches, particles, etc. After inspection, the Wafers can be 
processed through industry standard cleaning processes 
(step 32). These include scrubbing, brushing or ultrasonic 
cleaning in a solvent, surfactant solution, and/or de-ioniZed 
(DI) Water. 

[0051] The mirrors are preferably released at this point 
(step 34). Releasing immediately prior to the application of 
epoxy or bonding is preferable (except for an optional 
stiction treatment betWeen release and bonding). For silicon 
sacri?cial layers, the release can be in an atmosphere of 
xenon di?uoride and an optional diluent (e.g. nitrogen 
and/or helium). Of course, other etchants could be used, 
including interhalogens such as bromine tri?uoride and 
bromine trichloride. The release is preferably a spontaneous 
chemical etch Which does not require plasma or other 
external energy to etch the silicon sacri?cial layer(s). After 
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etching, the remainder of the device is treated for stiction 
(step 36) by applying an anti-stiction layer (eg a self 
assembled monolayer). The layer is preferably formed by 
placing the device in a liquid or gas silane, preferably a 
halosilane, and most preferably a chlorosilane. Of course, 
many different silanes are knoWn in the art for their ability 
to provide anti-stiction for MEMS structures, including the 
various trichlorsilanes set forth in “Self Assembled Mono 
layers as Anti-Stiction Coatings for MEMS: Characteristics 
and Recent Developments”, Maboudian et al., as Well as 
other un?uorinated (or partially or fully ?uorinated) alkyl 
trichlorosilanes, preferably those With a carbon chain of at 
least 10 carbons, and preferably partially or fully ?uorinated. 
(Trideca?uoro-1,1,2,2-tetrahydro-octyl)trichlorosilane 
available from Gelest, Inc. is one example. Other trichlo 
rosilanes (preferably ?uorinated) such as those With phenyl 
or other organic groups having a ring structure are also 
possible. Various vapor phase lubricants for use in the 
present invention are set forth in US. Pat. Nos. 6,004,912, 
6,251,842, and 5,822,170, each incorporated herein by ref 
erence. 

[0052] In order to bond the tWo Wafers together, spacers 
are mixed into sealant material (step 38). Spacers in the form 
of spheres or rods are typically dispensed and dispersed 
betWeen the Wafers to provide cell gap control and unifor 
mity and space for mirror de?ection. Spacers can be dis 
pensed in the gasket area of the display and therefore mixed 
into the gasket seal material prior to seal dispensing. This is 
achieved through normal agitated mixing processes. The 
?nal target for the gap betWeen the upper and loWer Wafers 
is preferably from 1 to 10 um, though other gaps are possible 
depending upon the MEMS device being formed. This of 
course depends upon the type of MEMS structure being 
encapsulated and Whether it Was surface or bulk microma 
chined. The spheres or rods can be made of glass or plastic, 
preferably an elastically deforming material. Alternatively, 
spacer pillars can be fabricated on at least one of the 
substrates. In one embodiment, pillars/spacers are provided 
only at the side of the array. In another embodiment, 
pillars/spacers can be fabricated in the array itself. Other 
bonding agents With or Without spacers could be used, 
including anodic bonding or metal compression bonding 
With a patterned eutectic or metal. 

[0053] A gasket seal material can then be dispensed (step 
40) on the bottom substrate in a desired pattern, usually in 
one of tWo industry standard methods including automated 
controlled liquid dispensing through a syringe and printing 
(screen, offset, or roller). When using a syringe, it is moved 
along X-Y coordinates relative to the parts. The syringe tip 
is constrained to be just above the part With the gasket 
material forced through the needle by positive pressure. 
Positive pressure is provided either by a mechanical plunger 
forced by a gear driven con?guration and/or by an air piston 
and/or pressed through the use of an auger. This dispensing 
method provides the highest resolution and process control 
but provides less throughput. 

[0054] Then, the tWo Wafers are aligned (step 42). Align 
ment of the opposing electrodes or active vieWing areas 
requires registration of substrate ?ducials on opposite sub 
strates. This task is usually accomplished With the aid of 
video cameras With lens magni?cation. The machines range 
in complexity from manual to fully automated With pattern 
recognition capability. Whatever the level of sophistication, 














