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(57) ABSTRACT 

A method comprises depositing an organic material on a 
Substrate; depositing additional material different from the 
organic material after depositing the organic material; and 
removing the organic material with a compressed fluid. Also 
disclosed is a method comprising: providing an organic 
layer on a Substrate; after providing the organic layer, 
providing one or more layers of a material different than the 
organic material of the organic layer, removing the organic 
layer with a compressed fluid, and providing an anti-Stiction 
agent with a compressed fluid to material remaining after 
removal of the organic layer. 
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METHOD FOR REMOVING ASACRIFICIAL 
MATERIAL WITH A COMPRESSED FLUID 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. patent 
application Ser. No. 10/167,272 to Jason Reid, et al filed Jun. 
10, 2002, which claims priority from a U.S. provisional 
patent application Ser. No. 60/298,529 filed on Jun. 15, 
2001, the Subject matter of each being incorporated herein 
by reference. 

BACKGROUND 

0002. A wide variety of micro-electromechanical devices 
(MEMS) are known, including accelerometers, DC relay 
and RF Switches, optical croSS connects and optical 
Switches, microlenses, reflectors and beam splitters, filters, 
oscillators and antenna System components, variable capaci 
tors and inductors, Switched banks of filters, resonant comb 
drives and resonant beams, and micromirror arrays for direct 
View and projection displayS. There are a wide variety of 
methods for forming MEMS devices, including a) forming 
micromechanical Structures monolithically on the same Sub 
Strate as actuation or detection circuitry, b) forming the 
micromechanical Structures on a separate Substrate and 
transferring the formed structures to a circuit Substrate, c) 
forming circuitry on one Substrate and forming microme 
chanical elements on another Substrate and bonding the 
Substrates Side by Side or in a flip-chip type arrangement. 
Regardless of the actual method used, at Some point in the 
manufacturing process for making MEMS devices, a Sacri 
ficial layer is generally removed in order to release the 
micromechanical Structure. The released Structure is then 
able to be actively actuated or moved, Such as pivoting or 
rotation of a micromirror for a projection display or optical 
Switch, or movement during Sensing, Such as an accelerom 
eter in an automobile airbag System. 

SUMMARY OF THE INVENTION 

0003. The present invention is directed to a method for 
releasing a micromechanical Structure, comprising provid 
ing a Substrate; providing a Sacrificial layer directly or 
indirectly on the Substrate; providing one or more micro 
mechanical Structural layerS on the Sacrificial layer, and 
releasing the one or more micromechanical Structural layers 
by removing the Sacrificial layer with a Supercritical fluid. 
The Sacrificial layer preferably comprises an organic mate 
rial. 

0004. The invention is more particularly directed to a 
method comprising depositing an organic material on a 
Substrate; depositing additional material different from Said 
organic material after depositing the organic material; and 
removing the organic material with a compressed fluid. The 
invention is also directed to a method comprising: providing 
an organic layer on a Substrate; after providing the organic 
layer, providing one or more layers of a material different 
than the organic material of the organic layer, removing the 
organic layer with a compressed fluid, and providing an 
anti-Stiction agent with a compressed fluid to material 
remaining after removal of the organic layer. For performing 
Such methods, an apparatus can be provided having a 
chamber, a holder for holding the device to be processed, a 
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Source of Supercritical CO2 connected directly or indirectly 
to the chamber, a Source of Solvent connected directly or 
indirectly to the chamber, and a Source of Stiction agent 
connected directly or indirectly to the chamber. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0005 FIGS. 1A to 1E illustrate one method for forming 
micromirrors, 
0006 FIG. 2 is a top view of a micromirror showing line 
1-1 for taking the cross section for FIGS. 1A to 1E; 
0007 FIGS. 3A to 3E illustrate the same method as in 
FIGS. 1A to 1D but taken along a different cross section; 
0008 FIG. 4 is a top view of a mirror showing line 3-3 
for taking the cross section for FIGS. 3A to 3E; 
0009 FIGS. 5 to 7 illustrate a method for making a 
different type of micromirror than that illustrated in FIG. 
1-4; and 

0010 FIG. 8 is an illustration of the I/O pads and 
backplane for the mirror array of the present invention. 

DETAILED DESCRIPTION 

0011. Throughout the present application structures or 
layers are disclosed as being “on” (or deposited on), or over, 
above, adjacent, etc. other Structures or layers. It should be 
recognized that this is meant to mean directly or indirectly 
on, over, above, adjacent, etc., as it will be recognized in the 
art that a variety of intermediate layers or Structures could be 
interposed, including but not limited to Sealant layers, adhe 
Sion promotion layers, electrically conductive layers, layers 
for reducing Stiction, etc. In the same way, Structures Such as 
Substrate or layer can be as a laminate due to additional 
Structures or layers. Also, when the phrase “at least one' or 
“one or more” (or similar) is used, it is for emphasizing the 
potential plural nature of that particular structure or layer 
(particularly for ease of claim drafting), however this 
phraseology should in no way imply the lack of potential 
plurality of other Structures or layers that are not Set forth in 
this way. In the same way, when the phrase “directly or 
indirectly is used, it should in no way restrict, elsewhere 
where this phrase is not used, the meaning elsewhere to 
either directly or indirectly. Also, “MEMS”, “microme 
chanical” and “micro electromechanical” are used inter 
changeably herein and, in addition to the microscopic (or 
Smaller) mechanical aspect, the structure may or may not 
have an electrical component. Lastly, unless the word 
“means” in a “means for phrase is specifically set forth in 
the claims, it is not intended that any elements in the claims 
be interpreted in accordance with the Specific rules relating 
to “means for phraseology. 
0012 MEMS Device Fabrication: 
0013 Processes for microfabricating a MEMS device 
Such as a movable micromirror and mirror array are dis 
closed in U.S. 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 (e.g. mirrors) on a wafer Substrate (e.g. a 
light transmissive substrate or a substrate comprising CMOS 
or other circuitry) is illustrated in FIGS. 1 to 4. 
0014 FIGS. 1A to 1D show a manufacturing process for 
one example of a micromechanical (mirror) Structure. AS can 
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be seen in FIG. 1A, a Substrate Such as glass (e.g. Corning 
1737F or Eagle2000), quartz, PyrexTM, Sapphire, (or silicon 
alone or with circuitry thereon) etc. is provided. The cross 
section of FIGS. 1A-D 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 Sub 
Strate during use) from reflecting off of the hinge and 
potentially causing diffraction and lowering the contrast 
ratio (if the Substrate is transparent). 

0.015 AS can be seen in FIG. 1B, an organic sacrificial 
layer 14 (made of a material comprising a carbon com 
pound) is deposited. The thickness of the Sacrificial 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. 
As will be discussed in further detail below, a lithography 
Step is performed with a resist (on top of the Sacrificial 
layer), or, if the Sacrificial layer comprises a light sensitive 
material, the Sacrificial layer can be directly patterned with 
out the need for a separate resist. Either way, holes 16a, b are 
formed in the Sacrificial organic material, which holes can be 
any Suitable size, though preferably having a diameter of 
from 0.1 to 1.5um, more preferably around 0.7+/-0.25 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. 

0016. At this point, as can be seen in FIG. 1C, a first 
layer 18 is deposited by chemical vapor deposition. Prefer 
ably the material is Silicon nitride or Silicon oxide deposited 
by any suitable method such as sputtering, LPCVD or 
PECVD, however other materials such as polysilicon, amor 
phous Silicon, Silicon carbide or a different organic com 
pound could be deposited at this point. The thickness of this 
first layer can vary depending upon the movable element 
Size and desired amount of Stiffness of the element, however 
in one embodiment the layer has a thickness of from 100 to 
3200 A, more preferably around 1100 A. Though the first 
layer can be patterned at this point, it is preferred that the 
first layer be patterned after all the Structural layers are 
deposited (so as to form deflectable elements with gaps 
between adjacent deflectable elements of from 0.1 to 25um, 
preferably around 1 to 2 um. 

0017. 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 defines that portion of the device that flexes to 
allow movement of the device. The hinge layer can be 
disposed only for defining the hinge, or for defining the 
hinge and other areas Such as the mirror. In any case, it is 
preferred that the first layer is removed in hinge areas prior 
to depositing the hinge material (second layer). The material 
for the Second (hinge) layer can be the same (e.g. Silicon 
nitride) as the first layer or different (silicon oxide, Silicon 
carbide, polysilicon, etc.) and can be deposited by any 
Suitable method Such as Sputtering or chemical vapor depo 
Sition as for the first layer. The thickness of the Second/hinge 
layer can be greater or less than the first, depending upon the 
stiffness of the movable element, the flexibility 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 
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preferably around 500 A. In another embodiment, the first 
layer is deposited by PECVD and the second layer by 
LPCVD. 

0018 AS also seen in FIG. 1D, a reflective and conduc 
tive layer 22 is deposited. The reflective/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 A. It is also possible to 
deposit Separate reflective and conductive layers. An 
optional metal passivation layer (not shown) can be added, 
e.g. a 10 to 1100 ATIN or TiON 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 (e.g. a plasma/RIE etch with 
Cl and/or BC1 (or C12, CC14, Br2, CBri, etc.) with an 
optional preferably inert diluent Such as Ar and/or He). 
0019. In the embodiment illustrated in FIGS. 1A to 1D, 
both the first and Second layers are deposited in the area 
defining the movable (mirror) element, whereas the Second 
layer, in the absence of the first 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, e.g. a pure metal 
layer or a metal alloy layer or a layer that is a mixture of e.g. 
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 (particularly the 
transition metals) and nitrogen, oxygen or carbon are dis 
closed in U.S. provisional patent application 60/228,007, the 
Subject matter of which is incorporated herein by reference. 
0020 Whatever the specific combination, it is desirable 
that the first/reinforcing layer(s) is provided and patterned 
(at least in the hinge area) prior to depositing and patterning 
the hinge material and metal. 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 (e.g. 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 
fluorine chemistry where the etchant is a perfluorocarbon or 
hydrofluorocarbon (or SF6) that is energized so as to selec 
tively etch the reinforcing and/or hinge layers both chemi 
cally and physically (e.g. a plasma/RIE etch with CF, 
CHF, CFs, CHF, CF, SF, etc. or more likely combi 
nations of the above or with additional gases, Such as 
CF/H, SF/Cl, or gases using more than one etching 
Species Such as CF2Cl2, 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 reflective layer can be deposited before the 
first (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 
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that the metal be patterned (e.g. removed in the hinge area) 
prior to depositing and patterning the hinge material. 

0021 FIGS. 3A to 3D illustrate the same process taken 
along a different cross section (cross section 3-3 in FIG. 4) 
and Show the optional block layer 12 deposited on the light 
transmissive substrate 10, followed by the sacrificial layer 
14, layers 18, 20 and the metal layer 22. The cross sections 
in FIGS. 1A to 1D and 3A to 3D 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. Also, the hinges need not be torsion hinges but 
could instead be flexure hinges. Such hinges and mirrors are 
disclosed in U.S. provisional patent application 60/229,246 
to Ilkov et al., the Subject matter of which is incorporated 
herein by reference, and are disclosed further below. 
0022 AS can be seen in FIG. 5, a mirror having the shape 
as illustrated, is formed in accordance with the following. AS 
can be seen in FIGS. 6a to 6c (taken along cross section 6 
in FIG. 5), a substrate 1 (transparent substrate such as 
quartz, Sapphire or glass-e.g. Corning 1737 or Eagle2000; 
or a silicon Substrate with circuitry and electrodes) is pro 
vided. Not shown on the Substrate are optional light block 
ing, transparent/conductive (e.g. tin oxide, indium oxide), or 
other layers that could be added prior to deposition of the 
Sacrificial layer. Sacrificial layer 2 comprises a carbon 
compound, preferably an organic chemical compound, that 
is provided preferably by Spin-on coating or Spray coating. 
AS mentioned above, a separate photoresist can be provided 
on the organic layer in order to pattern the organic layer-in 
this case to provide holes for mirror posts. Or, if the organic 
layer comprises a Substance that provides a photochemical 
route for modifying the dissolution rate of the organic 
material in a developer, then the organic layer can be 
patterned directly without an additional photoresist layer. 

0023. Either way, holes 6a and 6b are formed in the 
Sacrificial organic material. The removal of organic material 
in the area of the holes is performed down to the glass/quartz 
Substrate or down to any intermediate layers if present. At 
this point, as can be seen in FIG. 6B, a first layer 7 (e.g. 
amorphous Silicon, polysilicon or a Silicon compound Such 
as Silicon nitride or Silicon dioxide) is deposited by depos 
ited by any suitable method such as sputtering, LPCVD or 
PECVD, however other materials such as silicon carbide or 
a different organic compound could be deposited at this 
point. The thickness of this first layer can vary depending 
upon the movable element Size and desired amount of 
stiffness of the element. 

0024. A second layer 8 (the “hinge” layer) is deposited as 
can be seen in FIG. 6C. By “hinge layer” it is meant the 
layer that defines that portion of the device that flexes to 
allow movement of the device. The hinge layer can be 
disposed only for defining the hinge, or for defining the 
hinge and other areas Such as the mirror. In any case, it is 
preferred that the first layer is removed in hinge areas prior 
to depositing the hinge material (second layer). The material 
for the Second (hinge) layer can be the same (e.g. Silicon 
nitride) as the first layer or different (silicon oxide, Silicon 
carbide, polysilicon, etc.) and can be deposited by any 
Suitable method Such as Sputtering or chemical vapor depo 
Sition as for the first layer. The thickness of the Second/hinge 
layer can be greater or less than the first, depending upon the 
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stiffness of the movable element, the flexibility of the hinge 
desired, the material used, etc. 

0025 AS also seen in FIG. 6C, a reflective and conduc 
tive layer 9 is deposited. The reflective/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. It is also possible to deposit separate reflective and 
conductive layers. An optional metal passivation layer (not 
shown) can be added, e.g. a 10 to 1100 ATIN or TiON 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 (e.g. a 
plasma/RIE etch with Cl and/or BC1 (or CI2, CC14, Br2, 
CBri, etc.) with an optional preferably inert diluent Such as 
Ar and/or He). 
0026. The reinforcing and hinge layers 7, 8 can be etched 
with a chlorine chemistry or a fluorine chemistry where the 
etchant is a perfluorocarbon or hydrofluorocarbon (or SF6) 
that is energized So as to Selectively etch the reinforcing 
and/or hinge layers both chemically and physically (e.g. a 
plasma/RIE etch with CF, CHF, CFs, CHF, CF, SF, 
etc. or more likely combinations of the above or with 
additional gases, Such as CF/H, SF/Cl, or gases using 
more than one etching species Such as CF2Cl2, 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 reflective layer can be 
deposited before the first (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. FIGS. 7A to 7C illustrate the same process taken 
along a different cross section (cross section 7-7 in FIG. 5). 
0027 Organic Sacrificial Layer: 
0028. The sacrificial layer comprises an organic material, 
a carbon compound, that is deposited by, for example, 
Spray-on or spin-coating. In one embodiment, the organic 
material is mixed with a Solvent and deposited on a Sub 
strate. The solvent is preferably any known solvent for 
dissolving the organic material to be used, Such as a Super 
critical fluid and/or a volatile organic Solvent. The Solvent is 
Selected based on good handling, Spinning and film forming 
properties (for spin on non-Supercritical embodiments). In a 
preferred embodiment, a Supercritical fluid, Such as carbon 
dioxide, along with a coSolvent, dissolves a polymer and 
deposits the dissolved polymer on a Substrate as a Sacrificial 
layer. 

0029. The organic material of the sacrificial layer can be 
any Suitable organic material, Selected based on toxicity, 
type of Solvent needed for dissolution, ease of handling, 
cost, etc. For example, the organic compound can be, or 
have a group in its molecule, Selected from alkene, cyclic 
alkene and cyclic alkane, lactone, anhydride, amide, ketal, 
acetal, acid halide, halide, heterocycle, arene, OZonide, per 
oxide, epoxide, furan, lactam, aldehyde, detone, alcohol, 
nitro, hydroxylamine, nitrile, Oxime, imine, azine, hydra 
Zone, aniline, azide, ether, phenol, nitroSo, azo, diazonium 
isothiocyanate, thiocyanate, cyanate, etc. Polymers can be 
used as the organic material-though the greater the croSS 
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linking the more likely that an organic Solvent should be 
used as the Supercritical fluid or as a coSolvent in the 
Supercritical fluid. Preferred polymers are alkyds, acrylics, 
epoxies, fluorocarbons, phenolics, polyimides, polyure 
thanes, polyvinyls, polyxylylenes and Silicones. Monomers, 
mixtures of monomers or monomers and polymers can also 
be used. 

0.030. In one preferred embodiment, the organic material 
for the Sacrificial layer is a photoresist, or photoresist resin. 
Thought it is not necessary to use a photoresist resin, there 
is the benefit that it is easily commercially available, and fab 
compatible. Also, if the photoresist resin is light Sensitive or 
includes a photoactive compound, then the Sacrificial layer 
can be patterned directly, without the need for a Second 
photoresist for patterning. The photoresist resin can be used 
on its own (with Solvent) or in its commercial embodiment 
(e.g. polymer/resin, photoacid generator (PAG), additives 
Such as DI, plasticizer, and Solvent). Resists, Such as 
cyclized rubber or poly(chloromethylstyrene) can be used, 
as can a novolac-based resist, a hydroxystyrene-based resist, 
a cyclic olefin based resist, an acrylate-based resist or a 
fluorocarbon-based resist. As will be discussed further 
herein, the more crosslinked the resist (or other organic 
material) is, the more likely that a cosolvent will be desirable 
at the time of removal of the resist (or other organic 
material). The polymer can be made Sensitive to light at a 
particular wavelength by the addition of a compound or by 
altering the polymer Structure. For example, the novolac 
resist can be mixed with diazonaphthoquinone (DNQ) so 
that, upon exposure to, e.g. 365 nm light, the DNQ disso 
lution inhibitor is converted into a base-Soluble acidic pho 
toproduct that increases the dissolution rate of the novolac 
matrix in the exposed regions. The patterning of the Sacri 
ficial layer in the present invention, Such as the formation of 
holes 16a, 16b in FIG. 1B, can be accomplished by masking 
the Sacrificial layer in all areas except for the areas corre 
sponding to holes 16a, 16b. Then, as will be discussed 
further herein, the holes are formed by use of a standard 
novolac/DNQ developer, or with a supercritical fluid with 
cosolvent (the cosolvent can be the same as the off-the-shelf 
developer, though dissolved in the Supercritical fluid). AS 
will be discussed further herein, the Sacrificial layer can 
eventually be removed by using another Solvent/developer, 
or with a Supercritical fluid and optional coSolvent-or, 
preferably, when it is time to remove the remaining Sacri 
ficial material, the remainder is also exposed to 365 nm light 
and removed in an atmosphere of Supercritical fluid (e.g. 
CO) and novolac/DNQ developer. 
0031 Chemically amplified polyhydroxystyrene 
(PHOST) polymers can also be used. The HOST polymer 
backbone has protecting groups that become deprotected 
when a photoacid generator (PAG) decomposes when 
exposed to 248 nm wavelength light (e.g. from an ArF 
excimer laser). The deprotection mechanism causes a polar 
ity change in the resist polymer (from lipophilic to hydro 
philic) making exposed regions Soluble in a developer Such 
as tetramethyl-ammonium hydroxide (TMAH). The acid 
generation results from the light exposure, whereas the 
acid-catalyzed reactions take place during a post-exposure 
bake (PEB). The use of a polar solvent, such as alcohol or 
aqueous base results in the generation of positive-tone 
images, whereas development with a nonpolar organic Sol 
vent Such as anisole provides negative-tone images. AS 
mentioned above, the Sacrificial layer can be patterned Such 
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as to form holes 16a and 16b, with the remainder later 
exposed to 248 nm light in order to be removed in an 
atmosphere of a Supercritical fluid and developer (e.g. 
TMAH). Likewise, a 193 nm photoresist (e.g. an acrylic or 
cyclic olefin polymer) could be used, where initial pattern 
ing and later removal are accomplished upon exposure to 
193 nm wavelength light (e.g. from a KrF excimer laser). 
Other resists that have been used at 248 nm and 193 nm, 
Such as polymethacrylates (e.g. poly(methyl methacrylate)), 
novolac resists, acrylic acid copolymers or alternating 
copolymers of Styrene-maleic anhydride half ester (with 
aliphatic diazoketones and other dissolution inhibitors). Also 
uSable are alternating copolymers of norbornene derivatives 
with maleic anhydride prepared by radical polymerization 
and polymers consisting of Substituted norbornene repeat 
units with a transition metal catalyst. Other examples for the 
Sacrificial material are maleic anhydride-cyclic olefin alter 
nating copolymers, and poly(norborene-alt-maleic anhy 
dride). Other chemically amplified resists that are composed 
of a polymer resin that is very Soluble in an aqueous base 
developer, a protecting t-BOC group used to slow down the 
dissolution of the polymer, photo-acid generators and 
optional dyes and additives along with the casting Solvent 
(or Such polymer resin and casting Solvent alone), could also 
be used. 

0032. Negative photoresists, namely those photosensitive 
films that become insoluble in Solvents or water-based 
developerS upon exposure to radiation, can also be used for 
the Sacrificial layer. Preferred are organic materials that use 
photoinitiators that can generate free radicals or Strong acids 
to facilitate polymeric cross-linking or the photopolymer 
ization of monomeric or oligomeric Species. Without an 
increase in molecular weight, negative patterns can be 
achieved by the photochemical formation of hydrophobic or 
hydrophilic groups which provide preferential Solubility 
between the exposed and unexposed resist film. Another 
way to increase molecular weight is by cationically poly 
merizing monomerS Such as epoxies and vinyl compounds, 
or by enabling condensation reactions between phenol form 
aldehyde resins and amino-based croSS-linkers. Changes in 
polarity can be achieved through the acid-catalyzed depro 
tection of a variety of esters. Two negative photoresist 
examples include Shell Chemical EPON resin SU-8 and 
Shipley Negative Resist SNR 248. 
0033. Other specific examples of commercially available 
photoresists include a g-Line photoresist (e.g. Shipley 
Megaposit SPT3000), an i-Line photoresist (e.g. Shipley 
Megaposit SPR220 or SPR350) or a DUV photoresist (e.g. 
Shipley UVI 10 Series DUV). In a simple form, the photo 
resist Sacrificial layer is a Single organic component material 
such as PMMA (poly(methyl methacrylate). The photoresist 
can be an organic compound and a photocactive compound, 
such as DNQ-novolac photoresist (regardless of whether the 
photoresist sacrificial layer will be directly patterned. If the 
photoresist Sacrificial layer will not be directly patterned 
(and an additional mask or photoresist layer is used for 
patterning the Sacrificial layer), then the diazonaphtho 
quinone is not needed and a novolac resin can be used alone 
(e.g. a novolac made from a feed that is a mixture of 
meta-creSol, para-creSol and other additives as known in the 
art). Preferably, the number average molecular weight of the 
novolac is between 1000 and 3000, and the weight average 
molecular weight is preferably 20,000 or less. It is also 
possible to use a photoresist that includes a dye, Such as 



US 2005/0164127 A1 

Shipley SPR-3617, so as to allow for optical monitoring of 
the removal of the Sacrificial layer. 
0034. In a particularly preferred embodiment, the sacri 
ficial material is an organosilicon or fluorinated polymer, 
Such as, though not limited to, 157 nm photoresists. Many 
fluorinated hydrocarbons have the ability to dissolve in 
Supercritical carbon dioxide without the need for a cosol 
vent, or with much lower amounts of Such coSolvents. 
Fluoropolymers can also be made and/or deposited on the 
wafer Substrate in Supercritical carbon dioxide, thus allow 
ing for a "greener” method of making, depositing, patterning 
and removing the Sacrificial material. In addition, if a 
Separate photoresist is not used for patterning the Sacrificial 
layer, a fluorocarbon photoresist material could be directly 
patterned with a fluorine excimer laser (e.g. a VUV 157 nm 
GAM laser, Lambda-Physik Novaline F1030-1000 Hz, 157 
nm fluorine laser, or a Cymer ELX-6500 1000 Hz, 157 nm 
fluorine laser). Fluorinated versions of commercial photo 
resists (e.g. fluorinated novolacs, methacrylates) as well as 
fluorinated-based acrylates, and fluorinated-based norbornyl 
and maleic anhydride copolymers can be used. For example, 
fluorinated octyl methacrylate copolymers could be used, as 
well as poly(chlorotrifluoroethylene), fluorinated poly(m- 
ethylmethacrylate), fluorinated Styrenes, poly(Vinylidene 
fluoride), polyhexafluoropropylene, poly(tetrafluoroethyl 
ene), copolymers from t-butyl methacrylate and pentafluo 
ropropyl methacrylate, a fluoroacrylate polymer, and poly 
fluoropolyether graft copolymers. Fluoropolymers can be 
used alone and unmodified (spin coated and developed in 
liquid or Supercritical CO) or with a photoacid generator 
and acid labile leaving groups. Block copolymers where one 
of the components is fluorinated (e.g. a block copolymer 
comprising polystyrene and poly(1,1-dihydroperfluorooctyl 
acrylate). 
0035) In addition to fluoropolymers, siloxane based mate 
rials (Silicones) are desirable for use as the Sacrificial mate 
rial of the present invention. Silicones are a class of poly 
mers that have a repeating Si-O backbone with organic 
functional groups attached to the Si via Si-C bonds. 
Examples include poly(dimethyl siloxane)polymers and 
copolymers, and copolymers of t-butyl methacrylate and 
3-methacryloxypropylpentamethyldisiloxane. Silicones 
(polyorganosiloxanes) are desirable for use in the present 
invention not only for their solubility in carbon dioxide, but 
they can be directly patterned (exposed to, for example, 400 
nm light to photooxidize a pattern in the Silicone, followed 
by etching areas in the Silicone film that are not photooxi 
dized. Siloxanes and fluoropolymerS Such as disclosed in 
U.S. Pat. Nos. 6,174,631 and 6,096,460 both to French et al. 
(du Pont), and fluoropolymers such as disclosed in WO 
017712 and WO 0067072 both to Feiring et al. (du Pont), 
can be used as the Sacrificial layer in the present invention 
(each of these du Pont references being incorporated herein 
by reference). Examples include a) a fluorine-containing 
polymer comprising a repeat unit derived from at least one 
ethylenically unsaturated compound containing a fluoroal 
cohol functional group, b) a fluorine-containing copolymer 
comprising a repeat unit derived from at least one ethyleni 
cally unsaturated compound, where at least one ethyleni 
cally unsaturated compound is polycyclic and at least one 
ethylenically unsaturated compound contains at least one 
fluorine atom covalently attached to an ethylenically unsat 
urated carbon atom, c) a fluorine containing copolymer 
having a repeat unit derived from at least one polycyclic 
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ethylenically unsaturated compound having at least one 
atom or group Selected from the group consisting of fluorine 
atom, perfluoroalkyl group and perfluoroalkoxy group, d) 
organosilicates containing aromatic groups (e.g. derived 
from benzene and phenanthrene), optionally diluted with an 
organosilicate diluent molecule, e) a fluorocarbon blend 
(Such as a polysilicate fluorocarbon mixture), and e) polysi 
loxane polymers and polysiloxane polymerS doped with a 
chromophore. In the present invention, fluorinated poly 
mers, polysiloxanes and organosilicates are preferred for 
their ability to be dissolved to varying degrees in pure liquid, 
Sub-, near- and Super-critical carbon dioxide or in the same 
with only Small amounts of coSolvents. 

0036) The organic material for the sacrificial layer can be 
deposited by Spin coating, as is known in the art for 
depositing photoresist. It is also possible to deposit a poly 
mer using chemical vapor deposition (CVD). In one 
embodiment of the invention, pulsed plasma enhanced CVD 
is used to deposit a polymer film, and in another embodi 
ment of the invention pyrolytic CVD is used. Amorphous 
croSS-linked networks can be deposited in this way, as can 
Specific linear perfluoroalkyl chains (bulk poly(tetrafluoro 
ethylene). Both organosilicon and fluorocarbon thin films 
can be deposited by chemical vapor deposition. Continuous 
PECVD (plasma enhanced chemical vapor deposition) can 
be used, though it results in greater crosslinking sites than 
pulsed PECVD or pyrolytic CVD. After CVD deposition, 
the organic Sacrificial material can be both patterned and 
ultimately removed with a Supercritical fluid Such as carbon 
dioxide (with an optional coSolvent), or patterned in a 
traditional (wet chemical) manner, but removed with a 
Supercritical fluid, with or without an additional coSolvent. 
CVD of fluorocarbons is disclosed, for example, in Smith et 
al. “Thin Teflon-Like Films for Eliminating Adhesion in 
Released Polysilicon Microstructures”, Sandia National 
Laboratories, Albuquerque, N. MeX., the Subject matter of 
which is incorporated herein by reference. Also, chemical 
vapor deposition of polymer films is disclosed in U.S. Pat. 
Nos. 5,888,591, 6,156,435, and 6,153,269 all to Gleason et 
al., the Subject matter of each being incorporated herein by 
reference. Pyrolytic chemical vapor deposition (of Silicone 
films) is disclosed in U.S. Pat. No. 6,045,877 to Gleason et 
al., also incorporated herein by reference. In addition to 
patterning at 157 nm with a fluorine laser, as mentioned 
hereinabove, a fluorocarbon Sacrificial layer can be pat 
terned with electron beam lithography, Such as disclosed in 
Stritsman and Ober, Patterning of CVD Fluorocarbon Resist 
Using Electron Beam Lithography and Supercritical CO2 
Development, Cornell University, Cornell Nanofabrication 
Facility, National Nanofabrication Users Network, p. 32, the 
Subject matter of which being incorporated herein by refer 
CCC. 

0037. In the alternative to CVD, the organic sacrificial 
layer can be deposited with a liquified gas, Such as liquid 
CO2, or with Supercritical CO2. Polymers, particularly 
fluorinated polymers can be formed as a film on a Solid 
Substrate using dip-coating with liquid carbon dioxide as the 
Solvent. Also, liquid carbon dioxide can be as the Solvent for 
Spin coating photoresist (e.g. fluorocarbon photoresist) on a 
Substrate (glass, Silicon, etc.). Or, Supercritical CO2 could be 
used instead of liquid CO2 in a RESS (Rapid Expansion of 
Supercritical Solution) to form a particulate coating as the 
Sacrificial layer. 
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0.038. In order to use liquid CO2 as a solvent for spin 
coating, a high-pressure coating chamber with rotating 
chuck is useful. To spin coat from liquid CO2, the resist 
should be soluble in liquid CO2, or soluble in whatever 
Supercritical fluid is used (alone or with a coSolvent). An 
example of liquid CO2 as a medium for Spin coating is 
disloosed in Kendall et al. “Liquid Carbon Dioxide Spin 
Coating Process for Deep-UV Photoresists”, conference 
paper from Fluorine in Coatings III, Orlando, Fla. 25-27 Jan. 
1999, paper 34; and Hoggan et al. “Spin Coating and 
Photolithography using Liquid and Supercritical Carbon 
Dioxide”, conference paper from ACS, New Orleans, La. 
22-26 Aug. 1999, pp. 47-8, both being incorporated herein by 
reference. Without a coSolvent, fluorinated polymers are 
preferred for their solubility in liquid CO2. For example, a 
fluorinated octyl methacrylate copolymer can be dissolved 
in liquid CO2 and Spin coated in a high-pressure Spin coating 
apparatus. And, if a photoacid generator is used in conjunc 
tion with the fluorinated polymer, the photoacid generator 
can be fluorinated to improve solubility in the liquid CO2 
(e.g. 2-perfluorohexyl-6-nitrobenzyl tosylate). 
0039 Instead of liquid CO2, Supercritical CO2 can be 
used in a RESS process. In RESS, a product in, for example 
a Supercritical carbon dioxide Solution, which product is 
provided for the RESS process or is chemically formed 
upstream, is deposited as micron sized particles by rapid 
expansion through a nozzle. The Solution is preferably 
heated to around 80 degrees C. before expansion and/or the 
pressure is reduced to 70 bar, where the product is insoluble. 
The expansion nozzle may be a short length of Stainless Steel 
capillary or a fine hole cut by laser in a StainleSS Steel plate. 
The flow may be superSonic or SubSonic in the nozzle. In the 
RESS proceSS, non-volative Solutes are dissolved in a Super 
critical fluid, which results in a Solute laden Supercritical 
phase. A relatively Small change in pressure of the Super 
critical phase can lead to a large decrease in Solvent density, 
and hence Solvent power. By the rapid expansion, or depres 
Surisation, of the Supercritical Solution, a high SuperSatura 
tion can be obtained. This high SuperSaturation leads to high 
nucleation rates and the precipitation of very fine particles 
when the Solution is rapidly expanded through the nozzle. 
The rapid expansion creates uniform conditions within the 
nucleating medium So that the precipitated particles have a 
narrow particle size distribution. Particle size and distribu 
tion can be controlled by manipulating RESS operational 
parameterS Such as the geometric characteristics of the 
nozzle, pre-expansion temperature and preSSure, and expan 
Sion temperature and preSSure, and the concentration of the 
Solute in the Supercritical Solution. See, for example C. J. 
Changet. al. “Precipitation of Microsize Organic Particles 
from Supercritical Fluids” AIChE Journal Vol. 35, No 11, p 
1876, (1989), and D. W. Matson et al: “Rapid Expansion of 
Supercritical Fluid Solutions: Solute Formation of Powders, 
Thin Films, and Fibers' Ind. Eng. Chem. Res, 26, p2298, 
(1987). A coSolvent can also be used along with Supercritical 
carbon dioxide, Such as disclosed in J. W. Tom et. al.: 
“ Application of Supercritical Fluids in The Controlled 
Release of Drugs' Supercritical Fluid Engineering Science, 
Chapter 19, p238, (1993). Any of the wide variety of types 
of poly(tetrafluoroethylene), including for example Teflon 
AF (family of amorphous copolymers based on bistrifluo 
romethyl, difluoro, dioxole, and other fluorine containing 
monomers), could be deposited with liquid CO or Super 
critical CO as outlined above. Other fluorinated polymers, 
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and other polymers with a coSolvent incorporated into the 
polymer backbone, could be deposited as above. Methods 
for coating Substrates using carbon dioxide are disclosed in 
U.S. Pat. Nos. 6,165,559, 6,165,560, and 6,200,637, the 
Subject matter of each being incorporated by reference, as 
well as in WO 027544 assigned to North Carolina State 
University. Prior to deposition of the fluoropolymer on the 
Substrate (whether in an atomosphere of liquid or Supercriti 
cal CO or by using a traditional Solvent), the fluoropolymer 
can be Synthesized in an atmosphere of Supercritical CO2, 
such as in WO 00/68170, U.S. Pat. No. 5,981,673 or U.S. 
Pat. No. 5,922,833, each assigned to Univ. of N. Carolina, 
Chapel Hill, the Subject matter of each being incorporated 
herein by reference. 
0040 Spin-on organic (or organic-inorganic hybrid) 
low-k materials can also be used for the Sacrificial layer of 
the present invention. Examples include FLARETM (an 
organic spin-on polymer for use as a low-k interlayer 
dielectric), HOSPTM (a spin-on hybrid siloxane-organic 
polymer), ACCUFLOTMT-13EL (an organic polymer in an 
organic solvent system) 314, 214 Spin-On Glass (SOG) 
series (a family of siloxane polymers), AccuGlassTMT-12B 
Spin On Glass (belongs to the methylsiloxane family of 
polymers) and 311, 211, 111 Spin On Glass (SOG) series 
(family of methylsiloxanes that combine organic groups on 
an inorganic polymer backbone), SiLKTM (a spin-on organic 
polymer deposited using a conventional spin-coater), Cyclo 
teneTM (derived from B-staged bisbenzocyclobutene mono 
mers), and PTFE spin-on films from W. L. Gore (Elkton, 
Md.) and CVD PTFE films from SVG Thermco Group. 
These low-k materials can be deposited by Spin-on with 
traditional Solvents (e.g. mesitylene, gamma butyrolactone) 
or in liquid carbon dioxide alone or with Small amounts of 
coSolvent. The Siloxane-based low-k materials are useful for 
being able to be deposited and removed with liquid or 
Supercritical carbon dioxide without the need for coSolvents 
(or with minimal amounts of cosolvents). Many low-k 
materials are also beneficial in that they can be directly 
patterned (no photoresist for patterning)-see, for example, 
Weibel G. L., Lewis H G P, Gleason K K, Ober C. K. 
“Patternable low-k dielectricS developed using Supercritical 
CO", Polymer Preprints, 2000, 41(2), 1838-1839, incorpo 
rated herein by reference. Adhesion promoters can also be 
used both before and after depositing the low-k material. 
0041) Deposition Solvents: 
0042 Solvents are needed for depositing the sacrificial 
material on the Substrate, for patterning the material if 
needed, and eventually removing the Sacrificial material in 
order to release the micromechanical Structures. The release, 
in accordance with the present invention, is in a Solvent that 
is a Supercritical fluid. AS will be discussed further herein, 
the Supercritical fluid can be selected from a wide variety of 
fluids that can be provided in a Supercritical State. A cosol 
vent is not needed. Examples include, ethylene, Xenon, 
water, toluene, carbon dioxide, nitrous oxide, methanol, 
n-pentane, ethane, propane, isopropanol, n-butane and 
ammonia. If Supercritical carbon dioxide is used, and the 
organic material of the Sacrificial layer is an organosilicate 
or a fluoropolymer, the Supercritical CO2 can be used 
without a coSolvent to remove the Sacrificial material to 
release the micromechanical structures (the Supercritical 
CO2 without cosolvent can also be used for depositing the 
Sacrificial layer (e.g. in a RESS process), or liquid CO2 
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without coSolvent can be used for Sacrificial layer spin-on as 
disclosed above). Of course, there are many non-fluorous 
polymers with high solubility in Supercritical CO2-see, for 
example, Sarbu et al. “Non-Fluorous Polymers with Very 
High Solubility in Supercritical CO. Down to Low Pres 
sures”, Nature, vol 405, no. 6783, 2000, pp. 165-168, the 
Subject matter of which is incorporated herein by reference. 
The removal fluid can be a compressed fluid (a category that 
includes Supercritical fluids, near-critical fluids, expanded 
liquids or highly compressed gases, depending upon tem 
perature, pressure and composition)-though fluids in their 
Supercritical State are preferred. 
0.043 A cosolvent can be used along with the Supercriti 
cal fluid to increase solubility of the sacrificial layer when 
being removed. This coSolvent can be the same Solvent as 
used for spin-on of the Sacrificial material when first depos 
ited (or for patterning/developing the sacrificial layer) if 
such is performed in the traditional method without a 
Supercritical fluid. If the Sacrificial material is a photoresist 
and can be directly patterned, then a coSolvent used for 
removing the Sacrificial material in the end to release the 
micromechanical Structures may be different. CoSolvents are 
discussed in more detail in relation to organic Sacrificial 
material removal-however, Such Solvents could be used in 
the traditional manner, or with a Supercritical fluid, for 
deposition of the Sacrificial layer. 
0044) If the sacrificial layer material is an off-the shelf 
photoresist, then the corresponding developer might be used 
for depositing the resist on the Substrate, patterning and/or as 
the cosolvent with the Supercritical fluid. The solvent that 
can be used with a novolac or novolac-DNQ can be any of 
a wide variety of known Solvents for novolac resins, Such as 
PGMEA (relatively non-toxic), cyclohexanone, acetone, 
ethyl lactate, NMP (1-methyl-2-pyrrolidinone), diglyme 
(diethyleneglycol dimethyl ether) or 1,2-propanediol 
monomethylether acetate. The photoresist can be formulated 
with a polymer loading of from about 15 to 30 percent by 
weight with respect to the Solvent content of the resist 
Solution. 

0045 Circuitry: 
0046. In the present invention, the circuitry can be 
formed together on the same Substrate as the microstruc 
tures, such as in U.S. Pat. Nos. 5,061,049, 5,527,744, and 
5,872,046. If the microstructures are not formed monolithi 
cally on the same wafer as the circuitry, then a Second 
Substrate can be provided having circuitry thereon (or, 
circuitry could be provided on both the first wafer and the 
replacement Substrate if desired). If the microstructures are 
micromirrors, then it may be preferable to form circuitry and 
electrodes on a Second wafer Substrate with at least one 
electrode electrostatically controlling one pixel (one micro 
mirror on the first wafer portion of the die) of the micro 
display. The Voltage on each electrode on the Surface of the 
backplane determines whether its corresponding microdis 
play pixel is optically on or 'off, forming a visible image 
on the microdisplay. Details of the backplane and methods 
for producing a pulse-width-modulated grayScale or color 
image are disclosed in U.S. patent application Ser. No. 
09/564,069 to Richards, the subject matter of which is 
incorporated herein by reference. 
0047 The display pixels themselves, in a preferred 
embodiment, are binary, always either fully on or fully 
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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. 
0048 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 
significantly higher than the 5-7V that the lower voltage 
backplane provides, and thus actuate the pixels more 
robustly. 
0049. 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 (e.g. a DRAM-like cell) is used, it 
is desirable that it be shielded from incident light that might 
otherwise cause leakage. 
0050. 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 
U.S. 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 finer granularity than a row-at-a-time is generally not 
neceSSary. 

0051. 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 finished device it is desirable 
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, e.g. 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. 
0052. 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 reflect 
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. 
0053. In one embodiment the resolution is XGA, 1024x 
768 pixels, though other resolutions are possible. A pixel 
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pitch of from 5 to 24 um is preferred (e.g. 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 14.336X 10.752 mm. 

0054 As can be seen in FIG. 8, the I/O pads (88) can be 
placed along the right edge of the die, as the die is viewed 
with pixel (0,0) (89 in FIG. 5) at the top left corner. Putting 
the pads on the 'short (left/right) edge (87) of the die is 
preferable due to the slightly reduced die size. The choice of 
whether the I/O should go on the left vs. right edge of the die 
is of little importance since the display controller ASIC may 
Support mirroring the displayed image in the horizontal axis, 
the vertical axis, or both. If it is desired to orient the display 
with the I/O on the left edge, the image may simply be 
rotated 180 degrees by the external display controller. The 
electrode Voltage during operation is, in the low state OV and 
in the high state preferably from 5 to 7 V (or 12V or higher 
in the higher Voltage design). Of course other voltages are 
possible, though lower actuation voltages are preferred. In 
one embodiment the electrodes are metal Squares, though 
other geometries are possible. Standard CMOS passivation 
Stackup over the electrodes can be provided. 
0055 Supercritical Fluid Release: 
0056 Assembly of the micro-electromechanical device, 
where mechanical elements are formed on one substrate and 
circuitry for interacting with the mechanical components is 
provided on another Substrate, involves connecting the two 
Substrates together (e.g. back to back, side by side, or 
preferably in a flip chip approach). If the micro-mechanical 
elements comprise both micromechanical and electrical 
components (e.g. are provided monolithically with the, then 
no assembly of Substrates is needed and the method can 
proceed directly to wire-bonding and packaging (though 
after release). 
0057 Supercritical Fluid: 
0.058. In either case, the micro-mechanical elements are 
preferably first released by removing the sacrificial layer so 
as to free the MEMS elements (e.g. micromirrors) to move. 
In accordance with the invention, the organic sacrificial 
layer (or layers if multiple Sacrificial layers are provided on 
the Substrate) is removed with a supercritical fluid (or 
near-Supercritical fluid). "Supercritical fluids” is the term 
used to describe those fluids that have been compressed 
beyond their critical pressure and also heated above their 
critical temperature. Both gases (e.g. carbon dioxide, nitrous 
oxide) and liquids (e.g. water) are suitable. More particu 
larly, fluids that can be made into a Supercritical fluid state 
for the present invention, include inorganic gases and 
organic gases, Such as nitrogen, alkanes and preferably 
lower alkanes (e.g. methane, ethane, propane, butane), or 
alkenes, preferably lower alkenes (e.g. propylene). Also 
uSable in the present invention are Supercritical xenon, 
krypton, methanol, ethanol, isopropanol and isobutanol. 
Supercritical hydrocarbons or fluorocarbons could also be 
used, as well as partially fluorinated and perfluorinated 
halocarbons, and highly polar hydrogen bonding solvents. 
Other examples of Supercritical fluids that could be used in 
the present invention include Supercritical ethanol, acetic 
acid, Xenon and ethane, and mixtures thereof. 

0059) More than one supercritical fluid can be used (as a 
mixture), and one or more cosolvents (discussed below) can 
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also be used with the mixture of Supercritical fluids. Various 
Supercritical fluids and their critical temperatures and pres 
Sures are set forth on pages F-64 to F-66 in CRC Handbook 
of Chemistry and Physics, 68th Edition, 1987-1988 (these 
pages incorporated herein by reference). Near supercritical 
fluids also demonstrate Solubility, Viscosity, density, and 
behavior characteristics similar to Supercritical fluids, and 
can be used, as can Subcritical fluids (herein defined as a 
fluid below its critical temperature but above its critical 
preSSure or Vice versa), depending upon the fluid, whether 
there is an additional Solvent, and the nature of the organic 
material being removed. 

0060 Solvents: 
0061 Solvents (used in their supercritical state or as a 
coSolvent with a Supercritical fluid) can be selected based on 
their known ability for dissolving the organic material to be 
removed (or deposited or patterned). One approach that is 
used is to divide the Hildebrand’s total solubility parameter 
into Secondary intermolecular forces-dispersion, dipole 
dipole and hydrogen bonding. When plotted in a three 
dimensional Cartesian coordinate system, each solvent and 
polymer can be represented by a "region' (see Barton, Allan, 
Handbook of Solubility Parameters and Other Cohesion 
Parameters, CRC Press, Inc., p. 8 and p. 141). Some obvious 
Solvent candidates are those that have known solubility of 
particular photoresist materials, such as amyl acetate, 
butoxyethanol, gamma butyrolactone, cyclohexanone, 
dichlorobenzene, ethyl lactate, heptanone, mineral spirits, 
mesitylene, methyl cellusolve acetate, methyl isobutyl 
ketone, n-methylpyrolidinone, propylene glycol monom 
ethyl ether acetate, and Xylene. 
0062) The phase behavior or ternary systems of carbon 
dioxide and the Solubilities of a large number of compounds 
in liquid carbon dioxide and Supercritical carbon dioxide 
have been much studied since 1954. Carbon dioxide is not 
a very good Solvent for high molecular weight and polar 
compounds (with Some exceptions as noted previously). To 
increase the Solubility of Such compounds in liquid or 
Supercritical carbon dioxide (and Subcritical and near Super 
critical carbon dioxide), Small amounts (e.g. less than 50 mol 
%, preferably from 0 to 25% mol %) of polar or non-polar 
coSolvents can be added. These cosolvents can be used 
themselves as the Supercritical fluid, however, more envi 
ronmentally friendly Substances such as water, carbon diox 
ide and nitrous oxide are preferred as the Supercritical fluid, 
with the cosolvent used being a minor mol %. Cosolvents 
Such as methane, ethane, propane, butane, etc., and metha 
nol, ethanol, propanol, butanol, etc., as well as methylene, 
ethylene, propylene, butylene, etc., as well as lower hazard 
organic co-solvents Such as methylene carbonate, ethylene 
carbonate, propylene carbonate, etc. as well as the chlorides 
of methylene, ethylene, propylene, etc. can be used. Other 
possible cosolvents include hexanoic acid, octanoic acid, 
decanoic acid, pentanoic acid, heptanoic acid, furfural, trio 
ctylamine, isopropylamine, trioctylphosphine oxide, 2-ethyl 
hexanol, n-butanol, n-amyl alcohol, t-amyl alcohol, decyl 
alcohol, and mixtures thereof. 

0063) Many other solvents can be used for both depos 
iting the organic sacrificial layer and removing the organic 
Sacrificial layer (as a Supercritical fluid or preferably mixed 
With a Supercritical fluid Such as carbon dioxide, water, or 
nitrous oxide. Examples include ethyl acetate, propionitrile, 
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toluene, Xylene, tetramethylene Sulfone, celloSolve acetate. 
More particularly, Suitable solvents which may be utilized 
include ketones Such as acetone, methyl ethyl ketone, 
methyl isobutyl ketone, mesityl oxide, methyl amylketone, 
cyclohexanone and other aliphatic ketones, esterS Such as 
methyl acetate, ethyl acetate, alkyl polycarboxylic acid 
esters, etherS Such as methyl t-butyl ether, dibutyl ether, 
methyl phenyl ether and other aliphatic or alkyl aromatic 
ethers, glycol etherS Such as ethoxy ethanol, butoxy ethanol, 
ethoxy 2-propanol, propoxy ethanol, butoxy propanol and 
other glycol ethers, glycol ether esterS Such as butoxyethoxy 
acetate, ethyl 3-ethoxy propionate and other glycol ether 
esters, alcohols Such as methanol, ethanol, propanol, iso 
propanol, butanol, iso-butanol, amyl alcohol and other ali 
phatic alcohols, aromatic hydrocarbons Such as toluene, 
Xylene, and other aromatics or mixtures of aromatic Sol 
vents; aliphatic hydrocarbons such as VM&P naphtha and 
mineral Spirits, and other aliphatics or mixtures of aliphatics, 
nitro alkanes Such as 2-nitropropane. A review of the Struc 
tural relationships important to the choice of Solvent or 
solvent blend is given by Dileep et al., Ind. Eng. Chem. 
(Product Research and Development) 24, p. 162 (1985) and 
Francis, A. W., J. Phys. Chem. 58, p. 1099 (1954). 
0064. If the organic sacrificial layer is an off-the-shelf 
photoresist, than the corresponding commercial developer 
can be used (mixed with the Supercritical fluid). Well-known 
Solvents used to dissolve acid Sensitve photoresist include 
ethers, glycol ethers, aromatic hydrocarbons, ketones, esters 
and the like. One example of an ester that could be used as 
the Solvent is ethyl lactate, whereas one example of a 
Specific glycol ether being propylene glycol monomethyl 
ether acetate (PGMEA). If the organic sacrificial layer is 
comprised of a novolac or novolac-DNQ resin, then an 
aqueous alkaline Solvent Such as a metal hydroxide (KOH, 
NaOH) could be used. Preferably, however, the solvent is an 
organic non-metal Solvent Such as tetramethyl ammonium 
hydroxide (TMAH). 
0065. In one embodiment, the cosolvent used with the 
Supercritical fluid, or used as the Supercritical fluid itself, is 
a fluorinated Solvent or a siloxane or Siloxane modified 
solvent. Preferably the fluorinated solvent has low viscosity, 
low cohesive energy density and low Suface tension. Flu 
orinated Solvents that can be used alone or as coSolvents, 
include hydrofluoroethers, highly fluorinated hydrocarbons, 
and perfluorohexane. In another embodiment, the coSolvent 
is a gas used for silicon etching, such as SF6 or CHF3. 
0.066 The apparatus for removing the sacrificial layer 
(and optionally patterning the Sacrificial layer and treating 
for stiction) can be similar to the Los Alamos SCORR 
(Supercritical Carbon diOxide Resist Remover) or GT 
Equipment's Supercritical CO MEMS Dryer, such as dis 
closed in U.S. Pat. No. 6,067,728, incorporated herein by 
reference. By changing operating parameters, the apparatus 
can be Switched between liquid and Supercritical carbon 
dioxide, thus allowing for deposition and removal of organic 
material in the same machine. Preferred is an apparatus that 
allows turbulent yet uniform flow through the reaction 
chamber, and an apparatus with a closed loop System for 
recirculating carbon dioxide and coSolvent but Separating 
Out WaSte. 

0067 Assembly: 
0068 Releasing immediately prior to the application of 
epoxy or other bonding is preferable (though an anti-Stiction 
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treatment or other passivation treatment (or treatment for 
improving epoxy bond strength) between release and bond 
ing may be desirable). After releasing the micromechanical 
Structures, the remainder of the device can be treated for 
Stiction by applying an anti-Stiction layer (e.g. 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 and other materials are known in the 
art for their ability to provide anti-stiction for MEMS 
Structures. The anti-Stiction material can be applied with 
Standard processes, or even with a compressed fluid (e.g. 
Supercritical nitrous oxide or carbon dioxide). 
0069. After releasing the micromechanical structure(s), 
the first wafer with Such Structures thereon can be packaged 
(e.g. if circuitry is provided on the first wafer), or the first 
wafer can be bonded to another wafer having circuitry 
thereon, in a “flip-chip” type of assembly. The bonding of 
the circuitry wafer to the first wafer holding the microstruc 
tures can be by anodic bonding, metal eutectic bonding, 
fusion bonding, epoxy bonding, or other wafer bonding 
processes known in the art. A preferred bonding method is 
bonding with an IR or UV epoxy such as disclosed in U.S. 
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. In order to maintain Separation between the 
bonded wafers, Spacers can be mixed into the epoxy. The 
Spacers can be in the form of spheres or rods and can be 
dispensed and dispersed between the first wafer and Sealing 
wafer in order to keep the Sealing wafer spaced away from 
the first wafer (So as to avoid damage to the microstructures 
on the first wafer). Spacers can be dispensed 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 final target for the 
gap between the first wafer and Sealing wafer can be from 1 
to 100 um. This of course depends upon the type of MEMS 
Structure being encapsulated and whether it was Surface or 
bulk micromachined (bulk micromachined structures may 
not need any spacers between the two wafers). The spheres 
or rods can be made of glass or plastic, preferably an 
elastically deforming material. Alternatively, Spacer pillars 
can be microfabricated on at least one of the wafer Sub 
Strates. In one embodiment, pillarS/Spacers are provided only 
at the edge of the array. In another embodiment, pillarS/ 
Spacers can be fabricated in the array itself. If the Spacers are 
micro-fabricated Spacers, they can be formed on the lower 
wafer, followed by the dispensing of an epoxy, polymer, or 
other adhesive (e.g. a multi-part epoxy, or a heat or UV 
cured adhesive) adjacent to the micro-fabricated Spacers. 
The adhesive and Spacers need not be co-located, but could 
be deposited in different areas on the lower substrate wafer. 
Alternative to glue, a compression bond material could be 
used that would allow for adhesion of the upper and lower 
wafers. Spacers micro-fabricated on the lower wafer (or the 
upper wafer) and could be made of polyimide, SU-8 photo 
resist. 

0070 Then, the two wafers are aligned. If precision 
alignment is desired, alignment of the opposing electrodes 
or active viewing areas may involve registration of Substrate 
fiducials on opposite Substrates. This task accomplished 
with the aid of Video cameras with lens magnification. The 
machines range in complexity from manual to fully auto 
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mated with pattern recognition capability. Whatever the 
level of Sophistication, they accomplish the following pro 
cess: 1. Dispense a very small amount of a UV curable 
adhesive at locations near the perimeter and off of all 
functional devices in the array; 2. Align the fiducials of the 
opposing Substrates within the equipment capability; and 3. 
Press Substrates and UV tack for fixing the wafer to wafer 
alignment through the remaining bonding process (e.g., 
curing of the internal epoxy). 
0071. The final cell gap can be set by pressing the 
previously tacked laminates in a UV or thermal press. In a 
UV preSS, a common procedure would have the Substrates 
loaded into a press where at least one or both of the preSS 
platens are quartz, in order to allow UV radiation from a UV 
lamp to pass unabated to the gasket Seal epoxy. Exposure 
time and flux rates are process parameters determined by the 
equipment and adhesive materials. Thermally cured epoxies 
may require that the top and bottom platens of a thermal 
preSS be heated. The force that can be generated between the 
preSS platens is typically many pounds. With thermally 
cured epoxies, after the initial press the arrays are typically 
transferred to a Stacked preSS fixture where they can con 
tinue to be pressed and post-cured. In one embodiment, the 
epoxy between the first wafer and Sealing wafer is only 
partially cured So as to allow easier removal of the Sealing 
wafer. After the Sealing wafer is removed, this epoxy can be 
optionally cured. An epoxy can be selected that adheres leSS 
well (depending upon the wafer materials) than other 
epoxies, So as to allow for easier removal of the Sealing 
wafer after Singulation. Also, UV epoxy and IR epoxy can 
be used at the same time, with the UV epoxy being cured 
prior to IR cure. 

0072. Once the wafers have been bonded together to form 
a wafer assembly, the assembly can be separated into 
individual dies. Scribes are placed on the respective Sub 
Strates in an offset relationship at least along one direction. 
The units are then Separated, resulting in each unit having a 
ledge on each end of the die. Such a ledge can also allow for 
electrical testing of each die, as electrical contacts can be 
exposed on the ledge (e.g., if circuitry has been formed 
together with the microstructures on the first wafer). The 
parts can then be separated from the array by venting the 
Scribes on both Substrates. Automatic breaking can be done 
by commercially available guillotine or fulcrum breaking 
machines. The parts can also be separated by hand. 
0.073 Separation may also by done by glass scribing and 
partial Sawing of one or both Substrates. Sawing is prefer 
ably done in the presence of a high-pressure jet of water. 
Moisture must not be allowed to contact the microStructures. 
Therefore, at gasket dispense, an additional gasket bead 
must be dispensed around the perimeter of the wafer, or each 
gasket bead around each die must fully enclose the die area 
So that water can not enter and touch the microstructures. 
Preferably, however, the end of each scribe/saw lane must be 
initially left open, to let air vent during the align and preSS 
processes. After the array has been pressed and the gasket 
material fully or partially cured, the vents are then closed 
using either the gasket or end-Seal material. The glass is then 
Scribed and Sawed. 

0.074 Alternatively, both the first wafer and sealing wafer 
Substrates may be partially Sawed prior to part Separation. 
With the same gasket Seal configuration, vent and Seal 
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processes as described above, Saw lanes are aligned to 
fiducials on the Sealing Substrate. The glass is sawed to a 
depth between 25% and 95% of its thickness. The first wafer 
Substrate is Sawed and the parts Separated as described 
above. 

0075. The first wafer, upon which the micromechanical 
Structures are formed and released, can be any Suitable 
substrate for the particular MEMS microstructure (and 
optionally circuitry) formed thereon, Such as a light trans 
missive Substrate Such as glass, borosilicate, tempered glass, 
quartz or Sapphire, or any other Suitable light transmissive 
material. Or, the first wafer could be a metal, ceramic or 
preferably a semiconductor wafer (e.g. Silicon or GaAs). 
0076. It should be noted that the invention is applicable 
to forming micromirrorS Such as for a projection display or 
optical switch, or any other MEMS. If an optical Switch is 
the microstructure being protected, mirrors with multiple 
hinges can be provided on the first wafer So as to allow for 
multi-axis movement of the mirror. Such multi-axis move 
ment, mirrors for achieving Such movement, and methods 
for making Such mirrors are disclosed in U.S. patent appli 
cation Ser. No. 09/617,149 to Huibers et al., the subject 
matter of which is incorporated herein by reference. 
0077. Of course, the microstructure need not be a mov 
able mirror (for a projection display, for optical Switching, or 
even for data storage), but could be one or more acceler 
ometers, DC relay or RF Switches, microlenses, beam split 
ters, filterS, OScillators and antenna System components, 
variable capacitors and inductors, Switched banks of filters, 
resonant comb-drives and resonant beams, etc. Any MEMS 
Structure, particularly a released or movable Structure, could 
benefit from the release method described herein. 

0078. It should also be noted that the novel materials used 
for the Sacrificial material can be removed by downstream 
oxygen plasma release, or with a liquid Solvent (flow the 
liquid solvent across the MEMS structure/array to remove 
the organic Sacrificial material, followed by flowing an 
alcohol, freezing the alcohol, and Sublimating off the alcohol 
to release the MEMS structures), or by other methods for 
removing organic materials. 

007.9 The invention has been described in terms of 
Specific embodiments. Nevertheless, perSons familiar with 
the field will appreciate that many variations exist in light of 
the embodiments described herein. 

We claim: 
1. A method for making a MEMS device, comprising: 
providing a Sacrificial material on a Substrate, 
providing additional material different from Said organic 

material after depositing the Sacrificial material for 
forming structure for the MEMS device; and 

removing the Sacrificial material with Supercritical carbon 
dioxide so as to release the MEMS device. 

2. The method of claim 1, wherein the sacrificial material 
comprises a photoresist. 

3. The method of claim 2, wherein the photoresist is a 
DUV photoresist. 

4. The method of claim 1, wherein the sacrificial material 
comprises an organic compound. 

5. The method of claim 4, wherein the sacrificial material 
further comprises a photoactive compound. 
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6. The method of claim 1, wherein the sacrificial material 
comprises a novolac. 

7. The method of claim 1, wherein the sacrificial material 
comprises a fluorinated hydrocarbon. 

8. The method of claim 1, wherein the sacrificial material 
comprises a poly organosiloxane. 

9. The method of claim 1, wherein the sacrificial material 
is deposited by Spin coating. 

10. The method of claim 1, wherein the sacrificial material 
is directly patterned. 

11. The method of claim 1, wherein the sacrificial material 
comprises a coSolvent for increasing Solubility of the sac 
rificial material when it is removed. 

12. The method of claim 1, wherein the sacrificial material 
is a novolac-DNO sacrificial material. 

13. The method of claim 1, wherein the sacrificial material 
comprises a polymer. 

14. The method of claim 1, wherein the sacrificial material 
is a novolac resin and is deposited with a coSolvent. 

15. The method of claim 1, wherein the cosolvent is 
PGMEA, cyclohexanone, acetone, ethyl lactate, NMP 
(1-methly-2-pyrrolidinone), diglyme (diethyleneglycol dim 
ethyl ether) or 1,2-propanediol monomethylether acetate. 

16. The method of claim 1, wherein the sacrificial material 
is removed with the Supercritical carbon dioxide and a 
coSolvent. 

17. The method of claim 16, wherein the cosolvent is 
methanol. 

18. The method of claim 16, wherein the cosolvent is 
ethanol. 

19. The method of claim 16, wherein the cosolvent is 
propanol. 

20. The method of claim 16, wherein the cosolvent is a 
ketone. 

21. The method of claim 16, wherein the cosolvent is an 
acetone. 

22. The method of claim 16, wherein the cosolvent is an 
acetate. 

23. The method of claim 22, wherein the acetate is methyl 
acetate. 

24. The method of claim 22, wherein the acetate is ethyl 
acetate. 

25. The method of claim 16, wherein the cosolvent is an 
ether. 

26. The method of claim 25, wherein the ether is methyl 
t-butyl ether. 

27. The method of claim 20, wherein the ketone is methyl 
ethyl ketone. 

28. The method of claim 2, wherein the photoresist is 
patterned at 248 nm. 

29. The method of claim 2, wherein the photoresist is 
patterned at 193 nm. 

30. The method of claim 2, wherein the photoresist is 
patterned at 157 um. 

31. The method of claim 1, wherein the sacrificial material 
is an organic material patterned prior to providing the 
additional material. 

32. The method of claim 31, wherein the wherein the 
patterning comprises directing light of a particular wave 
length at the organic material and removing portions of the 
organic material. 
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33. The method of claim 1, wherein the sacrificial material 
is removed with the Supercritical carbon dioxide and an 
organic coSolvent. 

34. The method of claim 33, wherein the organic cosol 
vent is an aromatic organic coSolvent. 

35. The method of claim 16, wherein the cosolvent is an 
eSter. 

36. The method of claim 16, wherein the cosolvent is a 
glycol ether. 

37. The method of claim 16, wherein the cosolvent is an 
aromatic hydrocarbon. 

38. The method of claim 1, wherein the additional mate 
rial comprises a metal. 

39. The method of claim 1, wherein after removing the 
Sacrificial material, a Stiction reducing agent is applied. 

40. The method of claim 39, wherein the Supercritical 
fluid is the same for removing the Sacrificial material as for 
providing the Stiction reducing agent. 

41. The method of claim 1, wherein the MEMS device is 
a micromirror for a display. 

42. The method of claim 1, wherein the MEMS device is 
a micromirror for an optical Switch. 

43. The method of claim 1, wherein the sacrificial material 
is a fluorocarbon. 

44. The method of claim 1, wherein the sacrificial material 
is a polyimide. 

45. The method of claim 1, wherein the sacrificial material 
is a polyvinyl, polyurethane, acrylic, alkyd or Silicone. 

46. The method of claim 2, wherein the photoresist is a 
novolac-based resist, a hydroxystyrene-based resist, a cyclic 
olefin based resist, an acrylate-based resist or a fluorocar 
bon-based resist. 

47. The method of claim 1, wherein the sacrificial material 
is patterned by masking the Sacrificial material in particular 
areas, followed by exposure and removal of Selected areas 
with developer, followed by providing the additional mate 
rial and removing the remaining Sacrificial material with the 
Supercritical carbon dioxide. 

48. The method of claim 1, wherein the sacrificial material 
is a resist Selected from polymethacrylates, novolac, acrylic 
acid copolymers or alternating copolymers of Styrene-ma 
leic anhydride half ester. 

49. The method of claim 1, wherein the additional mate 
rial comprises Silicon or a Silicon compound. 

50. The method of claim 39, wherein the stiction reducing 
agent is a chlorosilane. 

51. The method of claim 39, wherein the stiction reducing 
agent is a Silane or Siloxane. 

52. A method for coating a MEMS device, comprising: 

providing a MEMS device; 

exposing the MEMS device to a Supercritical fluid that 
comprises a decanoic acid. 


