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(57) Abstract: During the processing of substrates (105), the substrate surface may be subjected to a cleaning process using super-
critical CO,. Surface matter may remain, for example, because it is only minimally soluble in the supercritical CO,. For example,
an oxidation cleaning process causes the substrate structure (105) to cleave at several points leaving smaller fragments of oxidized
residue behind. This residue has only minimal solubility in supercritical CO, due to the polar constituents resulting from oxidation.
The method thus further includes processing the substrate (105) with supercritical CO, and a functionalizing agent that can react
with the smaller fragments and/or other less soluble components. These functionalized components are rendered more soluble in
supercritical CO, and are more easily removed than their predecessors.
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TREATMENT OF SUBSTRATE USING FUNCTIONALIZING AGENT IN
SUPERCRITICAL CARBON DIOXIDE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This patent application is related to commonly owned co-pending U.S.
Patent Application No. 10/908,396 (Attorney Docket No. SSIT-100), filed May 10,
2005 entitled “Removal of Particles from Substrate Surfaces Using Supercritical

Processing,” which is hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] This invention relates to the field of processing substrates using
supercritical carbon dioxide. More particularly, the present invention relates to the
field of processing porous low-k dielectric materials using supercritical carbon

dioxide processes.

BACKGROUND OF THE INVENTION

[0003] Carbon dioxide (CO,) is an environmentally friendly, naturally abundant,
non-polar molecule. Being non-polar, CO; has the capacity to dissolve a variety
of non-polar materials or contaminates. The degree to which the contaminants
found in non-polar CO; are soluble is dependant on the physical state of the CQ..
The four phases of CO, are solid, liquid, gas, and supercritical. The four phases or
states are differentiated by appropriate combinations of specific pressures and
temperatures. CO; in a supercritical state (sc-CO2) is neither liquid nor gas but
embodies properties of both. In addition, sc-CO; lacks any meaningful surface
tension while interacting with solid surfaces, and hence, can readily penetrate high
aspect ratio geometrical features more readily than liquid CO2. Moreover, because
of its low viscosity and liquid-like characteristics, the sc-CO, can easily dissolve
large quantities of many other chemicals. It has been shown that as the
temperature and pressure are increased into the supercritical phase, the solubility
of CO, also increases. This increase in solubility has lead to the development of a
number of sc-CO, cleaning processes.

[0004] One problem in semiconductor manufacturing is that the cleaning

process sometimes does not completely remove photoresist residue and other
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residues and contaminants on the surface of the wafer. For example, during
some cleaning processes, oxidized residues can be created that adversely affect
the cleaning process. It would be advantageous during the cleaning process to be
able to remove both oxidized and non-oxidized residues and/or contaminants from
the surface features on the wafer surface.

[0005] What is needed is an improved method for removing oxidized and/or

partially oxidized residues from substrate surfaces.

SUMMARY OF THE INVENTION

[0006] In accordance with the present invention, a method of processing a
substrate is provided, the method comprising positioning the substrate on a
substrate holder in a processing chamber; performing a cleaning process using a
first supercritical fluid comprising supercritical CO, and a cleaning chemistry; and
thereafter performing a treatment process using a second superecritical fluid
comprising supercritical CO, and one or more functionalizing agents selected from
an acyl halide, an alkyl halide, or an acyl alcohol, or a combination thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] A more complete appreciation of various embodiments of the invention
and many of the attendant advantages thereof will become readily apparent with
reference to the following detailed description, particularly when considered in
conjunction with the accompanying drawings, in which:

[0008] FIG. 1 shows an exemplary block diagram of a processing system in
accordance with embodiments of the invention;

[0009] FIG. 2 illustrates an exemplary graph of pressure versus time for a
supercritical process step in accordance with an embodiment of the invention; and
[0010]  FIG. 3 illustrates a flow chart of a method of performing a supercritical
residue removal process on a substrate in accordance with embodiments of the

present invention.
DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS

[0011] The present invention is directed to processing substrates using

supercritical carbon dioxide. In one embodiment, the substrate includes a
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patterned low-k and/or ultra low-k material thereon. In accordance with the
method of the present invention, the substrate is cleaned using a first superecritical
fluid comprising supercritical CO and a cleaning chemistry. For example, the
cleaning chemistry may comprise an acid and a solvent, such as an organic acid
and an alcohol or ketone solvent. In one embodiment, the cleaning process can
be an oxidation process and/or an etching process effective to oxidize or partially
oxidize the substrate surface, such as the patterned dielectric material, and can
remove at least a portion thereof, but some small fragments of oxidized residue
are only minimally soluble in supercritical CO2, and may thus be left behind.
[0012] After the cleaning process, and in further accordance with the present
invention, the substrate is treated using a second supercritical fluid comprising
supercritical CO, and one or more functionalizing agents selected from an acyl
halide, an alky! halide, and/or an acyl alcohol. In one embodiment, the
functionalizing agent is effective to render small fragments of oxidized residue
more soluble in supercritical CO, to thereby enable removal of the fragments
during the treatment process.

[0013] Thus, the method of the present invention includes at least a cleaning
process and a treatment process, wherein the treatment process includes a
functionalizing agent effective to remove surface matter, such as particulate,
contaminants, and/or residues, not removed during the cleaning process, such as
by rendering the un-removed matter more soluble in the supercritical CO,. The
invention should not be considered limited to only the cleaning and treatment
steps. Other method steps may be performed prior to the cleaning process, after
the treatment process, and/or between the cleaning and treatment processes.
Further, individual steps and/or combinations of steps may be repeated any
desired number of times.

[0014] The present invention will now be explained further by reference to the
Figures. FIG. 1 shows an exemplary block diagram of a processing system in
accordance with embodiments of the invention. In the illustrated embodiment,
processing system 100 comprises a process module 110 including a process
chamber 108 for processing a substrate 105, a recirculation system 120, a
process chemistry supply system 130, a high-pressure fluid supply system 140, a
pressure control system 150, an exhaust system 160, and a controller 180. The
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processing system 100 can operate at pressures that can range from 1000 psi to
10,000 psi. In addition, the processing system 100 can operate at temperatures
that can range from 40 to 300 degrees Celsius.

[0015] The details concerning one example of a processing chamber are
disclosed in co-owned and co-pending U.S. Patent Application Nos. 09/912,844,
entitled "High Pressure Processing Chamber for Semiconductor Substrate," filed
July 24, 2001; 09/970,309, entitled "High Pressure Processing Chamber for
Multiple Semiconductor Substrates," filed October 3, 2001; 10/121,791, entitled
"High Pressure Processing Chamber for Semiconductor Substrate Including Flow
Enhancing Features," filed April 10, 2002; and 10/364,284, entitled "High-
Pressure Processing Chamber for a Semiconductor Wafer," filed February 10,
2003, the contents of which are incorporated herein by reference.

[0016] The controller 180 can be coupled to the process module 110, the
recirculation system 120, the process chemistry supply system 130, the high-
pressure fluid supply system 140, the pressure control system 150, and the
exhaust system 160. Alternately, controller 180 can be coupled to one or more
additional controllers/computers (not shown), and controller 180 can obtain setup,
configuration, and/or recipe information from an additional controlier/computer.
[0017] In FIG 1, singular processing elements (110, 120, 130, 140, 150, 160,
and 180) are shown, but this is not required for the invention. The semiconductor
processing system 100 can comprise any number of processing elements having
any number of controllers associated with them in addition to independent
processing elements.

[0018] The controller 180 can'be used to configure any number of processing
elements (110, 120, 130, 140, 150, and 160), and the controller 180.can collect,
provide, process, store, and display data from processing elements. The
controller 180 can comprise a humber of applications for controlling one or more
of the processing elements. For example, controller 180 can include a graphic
user interface (GUI) component (not shown) that can provide easy to use
interfaces that enable a user to monitor and/or control one or more processing
elements.

[0019] The process module 110 can include a processing chamber 108
enclosed by an upper assembly 112 and a lower assembly 116, and the upper
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assembly 112 can be coupled to the lower assembly 116. In an alternate
embodiment, a frame and or injection ring may be included and may be coupled to
an upper assembly and a lower assembly. The upper assembly 112 can
comprise a heater (not shown) for heating the processing chamber 108, a
substrate 105 in the processing chamber 108, or the processing fluid, or a
combination of two or more thereof. Alternately, a heater is not required in the
upper assembly 112. In another embodiment, the lower assembly 116 can
comprise a heater (not shown) for heating the processing chamber 108, the
substrate 105, or the processing fluid, or a combination of two or more thereof.
The process module 110 can include means for flowing a processing fluid through
the processing chamber 108. In one example, a circular flow pattern can be
established, and in another example, a substantially linear flow pattern can be
established. Alternately, the means for flowing can be configured differently.
[0020] In one embodiment, the process module 110 can include a holder or
chuck 118 for supporting and holding the substrate 105 while processing the
substrate 105. The lower assembly 116 can comprise one or more lifters (not
shown) for moving the chuck 118 and/or the substrate 105. Alternately, a lifter is
not required. The holder or chuck 118 can also be configured to heat or cool the
substrate 105 before, during, and/or after processing the substrate 105.
Alternately, the process module 110 can include a platen for supporting and
holding the substrate 105 while processing the substrate 105.

[0021] A transfer system (not shown) can be used to move a substrate 105 into
and out of the processing chamber 108 through a slot (not shown). In one
example, the slot can be opened and closed by moving the chuck 118, and in
another example, the slot can be controlled using a gate valve.

[0022]  The substrate 105 can include semiconductor material, metallic
material, dielectric material, ceramic material, or polymer material, or a
combination of two or more thereof. The semiconductor material can include Si,
Ge, Si/Ge, or GaAs. The metallic material can include Cu, Al, Ni, Pb, Ti, Ta, or W,
or combinations of two or more thereof. The dielectric material can include Si, O,
N, or C, or combinations of two or more thereof. The ceramic material can include
Al, N, Si, C, or O, or combinations of two or more thereof. In one embodiment, the
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substrate includes a patterned dielectric material, for example a low-k material or
an ultra low-k material or combination thereof.

[0023]  The recirculation system 120 can be coupled to the process module 110
using one or more inlet lines 122 and one or more outlet lines 124 to form a
recirculation loop 115. The recirculation system 120 can comprise one or more
valves (not shown) for regulating the flow of a supercritical processing solution
through the recirculation system 120 and through the process module 110. The
recirculation system 120 can comprise any number of back-flow valves, filters,
pumps, and/or heaters (not shown) for maintaining a supercritical processing
solution and flowing the supercritical processing solution through the recirculation
system 120 and through the processing chamber 108 in the process module 110.
After introducing a fluid to the processing chamber 108, the fluid can be
recirculated through the processing chamber 108 via recirculation loop 115, such
as continuously for a desired period of time or discontinuously a desired number
of times.

[0024]  Processing system 100 can comprise a process chemistry supply
system 130. In the illustrated embodiment, the process chemistry supply system
is coupled to the recirculation system 120 using one or more lines 135, but this is
not required for the invention. In alternate embodiments, the process chemical
supply system 130 can be configured differently and can be coupled to different
elements in the processing system 100. For example, the process chemistry
supply system 130 can be coupled to the process module 110.

[0025]  The process chemistry is introduced by the process chemistry supply
system 130 into the fluid introduced by the high-pressure fluid supply system 140
at ratios that vary with the substrate properties, the chemistry being used, and the
process being performed in the processing chamber 108. The ratio can vary from
approximately 0.001 to approximately 15 percent by volume. For example, when
the recirculation loop 115 comprises a volume of about one liter, the process
chemistry volumes can range from approximately ten microliters to approximately
one hundred fifty milliliters. In alternate embodiments, the volume and/or the ratio
may be higher or lower. In accordance with the present invention, the process
chemistry supply system 130 may be configured to introduce, at a minimum, a
cleaning chemistry and a functionalizing agent, as discussed further below.
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[0026] The process chemistry supply system 130 can be configured to
introduce one or more of the following process compositions, but not limited to:
cleaning compositions for removing contaminants, residues, hardened residues,
photoresist, hardened photoresist, post-etch residue, post-ash residue, post
chemical-mechanical polishing (CMP) residue, post-polishing residue, or post-
implant residue, or any combination thereof; cleaning compositions for removing
particulate; drying compositions for drying thin films, porous thin films, porous low
dielectric constant materials, or air-gap dielectrics, or any combination thereof;
film-forming compositions for preparing dielectric thin films, metal thin films, or any
combination thereof; healing compositions for restoring the dielectric constant of
low dielectric constant (low-k) films; sealing compositions for sealing porous films;
or any combination thereof. Additionally, the process chemistry supply system
130 can be configured to introduce solvents, surfactants, etchants, acids, bases,
chelators, oxidizers, film-forming precursors, or reducing agents, or any
combination thereof.

[0027] The process chemistry supply system 130 can be configured to
introduce N-methyl pyrrolidone (NMP), diglycol amine, hydroxyl amine, di-
isopropyl amine, tri-isopropyl amine, tertiary amines, catechol, ammonium
fluoride, ammonium bifluoride, methylgcetoacetamide, ozone, propylene glycol
monoethyl ether acetate, acetylacetone, dibasic esters, ethyl lactate, CHF3, BFs,
HF, other fluorine containing chemicals, or any mixture thereof. Other chemicals
such as organic solvents may be utilized independently or in conjunction with the
above chemicals to remove organic materials. The organic solvents may include,
for example, an alcohol, ether, and/or glycol, such as acetone, diacetone alcohol,
dimethyl sulfoxide (DMSO), ethylene glycol, methanol, ethanol, propanol, or
isopropanol (IPA). For further details, see U.S. Patent No. 6,306,564B1, filed May
27, 1998, and titled “REMOVAL OF RESIST OR RESIDUE FROM
SEMICONDUCTORS USING SUPERCRITICAL CARBON DIOXIDE", and U.S.
Patent No. 6,509,141B2, filed September 3, 1999, and titled “REMOVAL OF
PHOTORESIST AND PHOTORESIST RESIDUE FROM SEMICONDUCTORS
USING SUPERCRITICAL CARBON DIOXIDE PROCESS,” both incorporated by

reference herein.
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[0028] The process chemistry supply system 130 can comprise post-treating
chemistry assemblies (not shown) for introducing post-treating chemistry for
curing, cleaning, healing (or restoring the dielectric constant of low-k materials), or
sealing, or any combination, low dielectric constant films (porous or non-porous).
The chemistry can include hexamethyldisilazane (HMDS), chlorotrimethylsilane
(TMCS), trichloromethylsilane (TCMS), dimethylsilyldiethylamine (DMSDEA),
tetramethyldisilazane (TMDS), trimethylsilyldimethylamine (TMSDMA),
dimethylsilyldimethylamine (DMSDMA), trimethylsilyldiethylamine (TMSDEA),
bistrimethylsilyl urea (BTSU), bis(dimethylamino)methyl silane (B[DMA]MS), bis
(dimethylamino)dimethyl silane (B[DMA]DS), HMCTS, dimethylamino-
pentamethyldisilane (DMAPMDS), dimethylaminodimethyldisilane (DMADMDS),
disila-aza-cyclopentane (TDACP), disila-oza-cyclopentane (TDOCP),
methyltrimethoxysilane (MTMOS), vinyltrimethoxysilane (VTMOS), or
trimethylsilylimidazole (TMSI). Additionally, the chemistry may include N-tert-
butyl-1,1-dimethyl-1-(2,3,4,5-tetramethyl-2,4-cyclopentadiene-1-yl)silanamine,
1,3-diphenyi-1,1,3,3-tetramethyldisilazane, or tert-butyichlorodiphenylsilane. For
further details, see U.S. Patent Application No. 10/682,196, filed October 10,
2003, and titled “Method and System for Treating a Dielectric Film,” and U.S.
Patent Application No. 10/379,984, filed March 4, 2003, and titled “Method of
Passivating Low Dielectric Materials in Wafer Processing,” both incorporated by
reference herein.

[0029] The process chemistry supply system 130 can comprise a rinsing
chemistry assembly (not shown) for providing rinsing chemistry for generating
supercritical rinsing solutions within the processing chamber 108. The rinsing
chemistry can include one or more organic solvents including, but not limited to,
alcohols (such as methanol, ethanol, isopropanol and 1-propanol) and ketones. In
one embodiment, the rinsing chemistry can comprise an alcohol and a carrier
solvent. The process chemistry supply system 130 can comprise a drying
chemistry assembly (not shown) for providing drying chemistry for generating
supercritical drying solutions within the processing chamber 108.

[0030] In addition, the process chemistry can include chelating agents,
complexing agents, oxidants, organic acids, and inorganic acids that can be

introduced into supercritical carbon dioxide with one or more carrier solvents, such
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as N,N-dimethylacetamide (DMAc), gamma-butyrolactone (BLO), dimethyl
sulfoxide (DMSO), ethylene carbonate (EC), N-methylpyrrolidone (NMP),
dimethylpiperidone, propylene carbonate, and alcohols (such as methanol,
ethanol, isopropanol and 1-propanol).

[0031] Furthermore, the process chemistry can include solvents, co-solvents,
surfactants, and/or other ingredients. Examples of solvents, co-solvents, and
surfactants are disclosed in co-owned United States Patent No. 6,500,605,
entitled "REMOVAL OF PHOTORESIST AND RESIDUE FROM SUBSTRATE
USING SUPERCRITICAL CARBON DIOXIDE PROCESS”, issued December 31,
2002, and United States Patent No. 6,277,753, entitled "REMOVAL OF CMP
RESIDUE FROM SEMICONDUCTORS USING SUPERCRITICAL CARBON
DIOXIDE PROCESS”, issued August 21, 2001, both of which are incorporated by
reference herein.

[0032] Moreover, the process chemistry supply system 130 can be configured
to introduce a peroxide during, for instance, cleaning processes. The peroxide
can be introduced with any one of the above process chemistries, or any mixture
thereof. The peroxide can include organic peroxides, or inorganic peroxides, or a
combination thereof. For example, organic peroxides can include 2-butanone
peroxide; 2,4-pentanedione peroxide; peracetic acid; t-butyl hydroperoxide;
benzoyl peroxide; or m-chloroperbenzoic acid (mCPBA). Other peroxides can
include hydrogen peroxide. Alternatively, the peroxide can include a diacyl
peroxide, such as: decanoyl peroxide; lauroyl peroxide; succinic acid peroxide; or
benzoyl peroxide; or any combination thereof. Alternatively, the peroxide can
include a dialkyl peroxide, such as: dicumyl peroxide; 2,5-di(t-butylperoxy)-2,5-
dimethylhexane; t-butyl cumyl peroxide; a,a-bis(t-butylperoxy)diisopropylbenzene
mixture of isomers; di(t-amyl) peroxide; di(t-butyl) peroxide; or 2,5-di(t-
butylperoxy)-2,5-dimethyl-3-hexyne; or any combination thereof. Alternatively, the
peroxide can include a diperoxyketal, such as: 1,1-di(t-butylperoxy)-3,3,5-trimethyl
cyclohexane; 1,1-di(t-butylperoxy)cyclohexane; 1,1-di(t-amylperoxy)-cyclohexane;
n-butyl 4,4-di(t-butylperoxy)valerate; ethyl 3,3-di-(t-amylperoxy)butanoate; t-butyl
peroxy-2-ethylhexanoate; or ethyl.3,3-di(t-butylperoxy)butyrate; or any
combination thereof. Alternatively, the peroxide can include a hydroperoxide,
such as: cumene hydroperoxide; or t-butyl hydroperoxide; or any combination
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thereof. Alternatively, the peroxide can include a ketone peroxide, such as:
methyl ethyl ketone peroxide, or 2,4-pentanedione peroxide, or any combination
thereof. Alternatively, the peroxide can include a peroxydicarbonate, such as:
di(n-propyl)peroxydicarbonate, di(sec-butyl)peroxydicarbonate, or di(2-ethylhexyl)
peroxydicarbonate, or any combination thereof. Alternatively, the peroxide can
include a peroxyester, such as: 3-hydroxyl-1,1-dimethylbutyl peroxyneo-
decanoate, a-cumyl peroxyneodecanoate; t-amyl peroxyneodecanoate, t-butyl
peroxyneodecanoate, t-butyl peroxypivalate, 2,5-di(2-ethylhexanoylperoxy)-2,5-
dimethylhexane, t-amyl peroxy-2-ethylhexanoate, t-butyl peroxy-2-ethylhexanoate,
t-amyl peroxyacetate, t-butyl peroxyacetate, t-butyl peroxybenzoate, OO-(t-amyl)
O-(2-ethylhexyl)monoperoxycarbonate, OO-(t-butyl) O-isopropyl monoperoxy-
carbonate, QO-(t-butyl) O-(2-ethylhexyl) monoperoxycarbonate, polyether poly-t-
butylperoxy carbonate, or t-butyl peroxy-3,5,5-trimethylhexanoate, or any
combination thereof. Alternatively, the peroxide can include any combination of
peroxides listed above.

[0033] In other embodiments, the process chemistry supply system 130 can be
configured to introduce fluorosilicic acid. Alternatively, the process chemistry
supply system 130 is configured to introduce fluorosilicic acid with a solvent, a co-
solvent, a surfactant, another acid, a base, a peroxide, or an etchant.
Alternatively, the fluorosilicic acid can be introduced in combination with any of the
chemicals presented above. For example, fluorosilicic acid can be introduced with
N,N-dimethylacetamide (DMAc), gamma-butyrolactone (BLO), dimethyl sulfoxide
(DMSO), ethylene carbonate (EC), butylene carbonate (BC), propylene carbonate
(PC), N-methyl pyrrolidone (NMP), dimethylpiperidone, propylene carbonate, or
an alcohol (such a methanol (MeOH), 1-propanol, isopropyl alcohol (IPA), or
ethanol).

[0034] In one embodiment, the process chemistry supply system 130 can be
configured to introduce a functionalizing agent. For example, the functionalizing
agent can include an acyl halide (e.g., benzyl chloride), an alkyl halide (e.g.,
chloromethane, chloroethane, 2-chloroisopropane, etc.), and/or an acyl alcohol
(e.g., benzyl alcohol). The functionalizing agent can be introduced with a solvent
or a co-solvent. Alternatively, the functionalizing agent can be introduced in

combination with any of the chemicals presented above.
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[0035] The processing system 100 can comprise a high-pressure fluid supply
system 140. As shown in FIG. 1, the high-pressure fluid supply system 140 can
be coupled to the recirculation system 120 using one or more lines 145, but this is
not required. The inlet line 145 can be equipped with one or more back-flow
valves, and/or heaters (not shown) for controlling the fluid flow from the high-
pressure fluid supply system 140. In aiternate embodiments, high-pressure fluid
supply system 140 can be configured differently and coupled differently. For
example, the high-pressure fluid supply system 140 can be coup]ed to the process
module 110.

[0036] The high-pressure fluid supply system 140 can comprise a carbon
dioxide source (not shown) and a plurality of flow control elements (not shown) for
generating a supercritical fluid. For example, the carbon dioxide source can
include a CO; feed system, and the flow control elements can include supply
lines, valves, filters, pumps, and heaters. The high-pressure fluid supply system
140 can comprise an inlet valve (not shown) that is configured to open and close
to allow or prevent the stream of supercritical carbon dioxide from flowing into the
processing chamber 108. For example, controller 180 can be used to determine
fluid parameters such as pressure, temperature, process time, and flow rate.
[0037] The processing system 100 can also comprise a pressure control
system 150. As shown in FIG. 1, the pressure control system 150 can be coupled
to the process module 110 using one or more lines 155, but this is not required.
Line 155 can be equipped with one or more back-flow valves, and/or heaters (not
shown) for controlling the fluid flow to pressure control system 150. In alterate
embodiments, pressure control system 150 can be configured differently and
coupled differently. The pressure control system 150 can include one or more
pressure valves (not shown) for exhausting the processing chamber 108 and/or
for regulating the pressure within the processing chamber 108. Alternately, the
pressure control system 150 can also include one or more pumps (not shown).
For example, one pump may be used to increase the pressure within the
processing chamber 108, and another pump may be used to evacuate the
processing chamber 108. [n another embodiment, the pressure control system
150 can comprise means for sealing the processing chamber 108. In addition, the
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pressure control system 150 can comprise means for raising and lowering the
substrate 105 and/or the chuck 118.

[0038] Furthermore, the processing system 100 can comprise an exhaust
control system 160. As shown in FIG. 1, the exhaust control system 160 can be
coupled to the process module 110 using one or more lines 165, but this is not
required. Line 165 can be equipped with one or more back-flow valves, and/or
heaters (not shown) for controlling the fluid flow to the exhaust control system
160. In alternate embodiments, exhaust control system 160 can be configured
differently and coupled differently. The exhaust control system 160 can include an
exhaust gas collection vessel (not shown) and can be used to remove
contaminants from the processing fluid. Alternately, the exhaust control system
160 can be used to recycle the processing fluid.

[0039] In one embodiment, controller 180 can comprise a processor 182 and a
memory 184. Memory 184 can be coupled to processor 182, and can be used for
storing information and instructions to be executed by processor 182. Alternately,
different controller configurations can be used. In addition, controller 180 can
comprise a port 185 that can be used to couple processing system 100 to another
system (not shown). Furthermore, controller 180 can comprise input and/or
output devices (not shown).

[0040] In addition, one or more of the processing elements (110, 120, 130,
140, 150, 160, and 180) may include memory (not shown) for storing information
and instructions to be executed during processing and processors for processing
information and/or executing instructions. For example, the memory may be used
for storing temporary variables or other intermediate information during the
execution of instructions by the various processors in the system. One or more of
the processing elements can comprise the means for reading data and/or
instructions from a computer readable medium. [n addition, one or more of the
processing elements can comprise the means for writing data and/or instructions
to a computer readable medium.

[0041] Memory devices can include at least one computer readable medium or
memory for holding computer-executable instructions programmed according to
the teachings of the invention and for containing data structures, tables, records,

or other data described herein. Controller 180 can use data from computer
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readable medium memory to generate and/or execute computer executable
instructions. The processing system 100 can perform a portion or all of the
processing steps of the invention in response to the controller 180 executing one
or more sequences of one or more computer-executable instructions contained in
a memory. Such instructions may be received by the controller from another
computer, a computer readable medium, or a network connection.

[0042] Stored on any one or on a combination of computer readable media, the
present invention includes software for controlling the processing system 100, for
driving a device or devices for implementing the invention, and for enabling the
processing system 100 to interact with a human user and/or another system, such
as a factory system. Such software may include, but is not limited to, device
drivers, operating systems, development tools, and applications software. Such
computer readable media further includes the computer program product of the
present invention for performing all or a portion (if processing is distributed) of the
processing performed in implementing the invention.

[0043] The term "computer readable medium" as used herein refers to any
medium that participates in providing instructions to a processor for execution
and/or that participates in storing information before, during, and/or after executing
an instruction. A computer readable medium may take many forms, including but
not limited to, non-volatile media, volatile media, and transmission media. The
term "computer-executable instruction" as used herein refers to any computer
code and/or software that can be executed by a processor, that provides
instructions to a processor for execution and/or that participates in storing
information before, during, and/or after executing an instruction. ,

[0044] Controllerr180, processor 182, memory 184 and other processors and
memory in other system elements as described thus far can, unless indicated
otherwise below, be constituted by components known in the art or constructed
according to principles known in the art. The computer readable medium and the
computer executable instructions can also, unless indicated otherwise below, be
constituted by components known in the art or constructed according to principles
known in the art.

[0045] Controller 180 can use port 185 to obtain computer code and/or
software from another system (not shown), such as a factory system. The
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computer code and/or software can be used to establish a control hierarchy. For
example, the processing system 100 can operate independently, or can be
controlled to some degree by a higher-level system (not shown).

[0046] The controller 180 can use data from one or more of the system
components to determine when to alter, pause, and/or stop a process. The
controller 180 can use the data and operational rules to determine when to
change a process and how to change the process, and rules can be used to
specify the action taken for normal processing and the actions taken on
exceptional conditions. Operational rules can be used to determine which
processes are monitored and which data is used. For example, rules can be used
to determine how to manage the data when a process is changed, paused, and/or
stopped. In general, rules allow system and/or tool operation to change based on
the dynamic state of the system.

[0047] Controller 180 can receive, send, use, and/or generate pre-process
data, process data, and post-process data, and this data can include lot data,
batch data, run data, composition data, and history data. Pre-process data can be
associated with an incoming substrate and can be used to establish an input state
for a substrate and/or a current state for a process module. Process data can
include process parameters. Post procéssing data can be associated with a
processed substrate and can be used to establish an output state for a substrate.
[0048] The controller 180 can use the pre-process data to predict, select, or
calculate a set of process parameters to use to process the substrate. The pre-
process data can include data describing the substrate to be processed. For
example, the pre-process data can include information concerning the substrate’s
materials, the number of layers, the materials used for the different layers, the
thickness of materials in the layers, the size of vias and trenches, the amount/type
of process residue, the amount/type of oxidized and/or partially oxidized process
residue, and a desired process result. The pre-process data can be used to
determine a process recipe and/or process model. A process model can provide
the relationship between one or more process recipe parameters and one or more
process results. A process recipe can include a multi-step process involving a set
of process modules. Post-process data can be obtained at some point after the
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substrate has been processed. For example, post-process data can be obtained
after a time delay that can vary from minutes to days.

[0049] The controller can compute a predicted state for the substrate based on
the pre-process data, the process characteristics, and a process model. For
example, a treatment model can be used along with a material type and thickness
to compute a predicted process residue removal time. In addition, a removal rate
model can be used along with the type of process residue and/or residue amount
to compute a processing time for a removal process.

[0050] In one embodiment, the substrate can comprise at least one of a
semiconductor material, a metallic material, a polysilicon material, low-k material,
and process-related material. For example, the process-related material can
include photoresist and/or photoresist residue, oxidized and/or partially oxidized
residues. One process recipe can include steps for oxidizing residues and
removing oxidized and/or partially oxidized residues from patterned or un-
patterned low-k material. Additional process steps can include steps for cleaning,
rinsing, and sealing low-k material. Those skilled in the art will recognize that low-
k material can include low-k and ultra-low-k material.

[0051] It will be appreciated that the controller 180 can perform other functions
in addition to those discussed here. The controller 180 can monitor the pressure,
temperature, flow, or other variables associated with the processing system 100
and take actions based on these values. For example, the controller 180 can
process measured data, display data and/or results on a GUI screen, determine a
fault condition, determine a response to a fault condition, and alert an operator.
The controller 180 can comprise a database component (not shown) for storing
input and output data.

[0052] FIG. 2 illustrates an exemplary graph of pressure versus time for a
supercritical process in accordance with an embodiment of the invention. In the
illustrated embodiment, a graph 200 of pressure versus time is shown, and the
graph 200 can be used to represent a supercritical residue removal process.
Alternately, different pressures, different timing, and different sequences may be
used for different processes.

[0053] Referring to FIGS. 1 and 2, prior to an initial time T, the substrate to be
processed can be placed within the processing chamber 108 and the processing
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chamber 108 can be sealed. During a residue removal process, a substrate
having dielectric material and process-related residue on exposed surfaces can
be positioned in the chamber. For example, a substrate can comprise low-k
and/or ultra low-k material, exposed and/or unexposed metal, and process-related
residue, such as photoresist, photoresist residue, oxidized residue, and/or partially
oxidized residue. The substrate 105, the processing chamber 108, and the other
elements in the recirculation loop 115 (FIG. 1) can be heated to an operational
temperature. For example, the operational temperature can range from 40 to 300
degrees Celsius.

[0054]  During time 201, the processing chamber 108 and the other elements in
the recirculation loop 115 can be pressurized. For example, a supercritical fluid,
such as substantially pure CO,, can be used to pressurize the processing
chamber 108 and the other elements in the recirculation loop 115 (FIG. 1). During
time 201, a pump (not shown), can be started and can be used to circulate the
supercritical fluid through the processing chamber 108 and the other elements in
the recirculation loop 115 (FIG. 1). For example, the recirculation system 120 can
comprise a recirculation pump. In an alternate embodiment, process chemistry
may be injected during time 201.

[0055] During a second time 202, process chemistry can be introduced. In one
embodiment, when the pressure in the processing chamber 108 exceeds a critical
pressure Pc (1,070 psi), process chemistry can be injected into the processing
chamber 108, using the process chemistry supply system 130. For example, the
injection(s) of the process chemistries can begin upon reaching about 1100-1200
psi. In alternate embodiments, process chemistry may be injected into the
processing chamber 108 before the pressure exceeds the critical pressure Pc
(1,070 psi) using the process chemistry supply system 130. In one embodiment,
process chemistry is injected in a linear fashion, and the injection time can be
based on a recirculation time. For example, the recirculation time can be
determined based on the length of the recirculation path and the flow rate. In
other embodiments, process chemistry may be injected in a non-linear fashion.
For example, process chemistry can be injected in one or more steps.

[0056] In one embodiment, the process chemistry can include a cleaning agent
that is injected into the supercritical fluid. Alternately, the process chemistry may
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include a pre-treating agent, or a cleaning agent, or a rinsing agent, or a drying
agent, or a combination thereof that is injected into the supercritical fluid. One or
more injections of process chemistries can be performed during time 202 to
generate a supercritical processing solution with the desired concentrations of
chemicals. The process chemistry, in accordance with the embodiments of the
invention, can also include one or more carrier solvents.

[0057] During the second time 202, the supercritical processing solution can
also be re-circulated over the substrate and through the processing chamber 108
using the recirculation system 120, such as described above. In one embodiment,
process chemistry is not injected during the second time 202. Alternatively,
process chemistry may be injected into the processing chamber 108 before the
second time 202 or after the second time 202.

[0058] Inone émbodiment, the process chemistry used during one or more
steps in a residue removal process can include a high polarity solvent. Solvents,
such as alcohols and water can be used. In another embodiment, the process
chemistry used can include alcohol, acetic acid, and water.

[0059] The processing chamber 108 can operate at a pressure above 2,200
psi during the second time 202. For example, the pressure can range from
approximately 2,500 psi to approximately 3,500 psi, but can be any value so long
as the operating pressure is sufficient to maintain supercritical conditions. The
supercritical conditions within the processing chamber 108 and the other elements
in the recirculation loop 115 (FIG. 1) are maintained during the second time 202,
and the supercritical processing solution continues to be circulated over the
substrate and through the processing chamber 108 and the other elements in the
recirculation loop 115 (FIG. 1). A pump (not shown) can be used to regulate the
flow of the supercritical processing solution through the processing chamber 108
and the other elements in the recirculation loop 115 (FIG. 1).

[0060] In one embodiment, during the second time 202, the pressure can be
substantially constant. Alternately, the pressure may have different values during
different portions of the second time 202.

[0061] In one embodiment, the process chemistry used during one or more
steps in a cleaning process can be injected at a pressure above approximately

2200 psi and circulated at a pressure above approximately 2700 psi. Inan
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alternate embodiment, the process chemistry used during one or more steps in a
cleaning process can be injected at a pressure above approximately 2500 psi and
circulated at a pressure above approximately 2500 psi.

[0062] During a third time 203, a push-through process can be performed. In
an alternate embodiment, a push-through process may not be required after each
cleaning step. During the third time 203, a new quantity of temperature-controlled
supercritical carbon dioxide can be fed into the processing chamber 108 and the
other elements in the recirculation loop 115 from the high-pressure fluid supply
system 140, and the supercritical corrosion inhibiting solution along with process
residue suspended or dissolved therein can be displaced from the processing
chamber 108 and the other elements in the recirculation loop 115 through the
exhaust control system 160. In an alternate embodiment, supercritical carbon
dioxide can be fed into the recirculation system 120 from the high-pressure fluid
supply system 140, and the supercritical corrosion inhibiting solution along with
process residue suspended or dissolved therein can be displaced from the
processing chamber 108 and the other elements in the recirculation loop 115
through the exhaust control system 160.

[0063] The high-pressure fluid supply system 140 can comprise means for
providing one or more volumes of temperature-controlled fluid during a push-
through process, and the volumes can be larger than the volume of the
recirculation loop 115. Alternately, one or more of the volumes can be less than
or approximately equal to the volume of the recirculation loop 115. In addition, the
temperature differential within the one or more volumes of temperature-controlled
fluid during the push-through process cycle can be controlled to be less than
approximately ten degrees Celsius. Providing temperature-controlled fluid during
the push-through process prevents process residue suspended or dissolved within
the fluid being displaced from the processing chamber 108 and the other elements
in the recirculation loop 115 from dropping out and/or adhering to the processing
chamber 108 and the other elements in the recirculation loop 115.

[0064] In one embodiment, a single push-through process can be performed
after a cleaning process is performed. In an alternate embodiment, one or more

push-through processes may be used after a cleaning process is performed.
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[0065] In the illustrated embodiment shown in FIG. 2, a single second time 202
is followed by a single third time 203, but this is not required. In alternate
embodiments, other time sequences may be used to process a substrate.

[0066]  During a fourth time 204, a decompression process can be performed.
In an alternate embodiment, a decompression process is not required. During the
fourth time 204, the processing chamber 108 can be cycled through one or more
decompression cycles and one or more compression cycles. The pressure can
be cycled between a first pressure and a second pressure one or more times. In
alternate embodiments, the first pressure and a second pressure can vary. For
example, this can be accomplished by lowering the pressure to below
approximately 2,500 psi and raising the pressure to above approximately 2,500
psi. In one embodiment, the pressure can be lowered by venting through the
exhaust control system 160. The pressure can be increased by adding high-
pressure carbon dioxide. In an alternate embodiment, during a portion of the
fourth time 204, one or more additional pressures may be established.

[0067]  The high-pressure fluid supply system 140 can comprise means for
providing a first volume of temperature-controlled fluid during a compression
cycle, and the first volume can be larger than the volume of the recirculation loop
115. Alternately, the first volume can be less than or approximately equal to the
volume of the recirculation loop 115. In addition, the temperature differential
within the first volume of temperature-controlled fluid during the compression cycle
can be controlled to be less than approximately ten degrees Celsius. In addition,
the high-pressure fluid supply system 140 can comprise means for providing a
second volume of temperature-controlled fluid during a decompression cycle, and
the second volume can be larger than the volume of the recirculation loop 115.
Alternately, the second volume can be less than or approximately equal to the
volume of the recirculation loop 115. In addition, the temperature differential
within the second volume of temperature-controlled fluid during the
decompression cycle can be controlled to be less than approximately twenty
degrees Celsius. Alternately, the temperature variation of the temperature-
controlled fluid can be controlled to be less than approximately ten degrees

Celsius during a decompression cycle.

-19 -



WO 2006/124321 PCT/US2006/017294

[0068] Process steps 202, 203, and 204 can be repeated a number of times to
achieve a desired process result, and a unique process recipe can be established
for each different combination of the process steps. A process recipe can be used
to establish the process parameters used during the different process recipes to
process and/or remove different process-related residues. In addition, the
process parameters can be different during the different process steps based on
the type of removal process being performed. For example, a process recipe
established for processing and/or removing process-related residues on one type
of substrate from one manufacturer line can be different from the process recipe
established for processing and/or removing process-related residues on another
type of substrate from a different manufacturer line.

[0069] During a cleaning process, for example during the second time 202, a
substrate can be processed using one or more oxidation steps. For example, it is
common fo oxidize the substrate during the removal of post etch and post ash
residue from the substrate. The process of oxidation causes the substrate
structure to cleave at several points leaving smaller fragments of oxidized residue
behind. This residue has only minimal solubility in supercritical CO due to the
polar constituents resulting from oxidation.

[0070] After the cleaning process, a treatment process can be performed in
which the substrate can be treated using a functionalizing agent. For example,
the functionalizing agent can include acyl halide (benzyl chloride), alkyl halide
(chloromethane, chloroethane, 2-chloroisopropane, etc.), and/or acyl alcohols
(benzyl alcohol). The functionalizing agent can react with the smaller fragments
and other less soluble components, and these functionalized components are
rendered more soluble in supercritical CO, and are more easily removed than
their predecessors.

[0071] The treatment process can be performed during a fifth time 205. Inthe
ilustrated embodiment, a single step treatment process is shown, but this is not
required. Alternately, a multi-step treatment process may be performed. In
another embodiment, a variable pressure treatment process may be performed.
For example, this can be accomplished by lowering the pressure to below
approximately 2,500 psi and raising the pressure to above approximately 2,500
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psi. The pressure can be changed by adding and/or removing high-pressure
carbon dioxide.

[0072] In one embodiment, a treatment pressure is established during the fifth
time 205 using supercritical carbon dioxide. For example, the processing |
chamber can be pressurized to above approximately 2500 psi. In addition, a
treatment chemistry can be introduced into the processing chamber. Then, the
treatment chemistry can be recirculated through the processing chamber, such as
by a recirculation loop, for a first period of time to remove the remaining portions
of the process-related residue from a surface of the substrate. In one
embodiment, the first period of time is less than about three minutes. Alternately,
the first period of time may vary from approximately ten seconds to approximately
ten minutes. Furthermore, additional treatment chemistry (functionalizing agent)
and/or supercritical fluid may be provided.

[0073] [n an alternate embodiment, the functionalizing agent may be injected at
a lower pressure; the pressure of the processing chamber can be increased; and
the functionalizing agent can be recirculated through the processing chamber,
such as by a recirculation loop, for a period of time.

[0074] During a sixth time 206, a decompression process can be performed.
In an alternate embodiment, a decompression process is not required. During the
sixth time 206, the processing chamber 108 can be cycled through one or more
decompression cycles and one or more compression cycles. The pressure can
be cycled between a first pressure and a second pressure one or more times. In
alternate embodiments, the first pressure and a second pressure can vary. For
example, this can be accomplished by lowering the pressure to below
approximately 2,500 psi and raising the pressure to above approximately 2,500
psi. In one embodiment, the pressure can be lowered by venting through the
exhaust control system 160, and the pressure can be increased by adding
supercritical carbon dioxide.

[0075] Process steps 205 and 206 can be repeated a number of times to
achieve a desired process result, and different treatment recipes can be
established for each different combination of the process parameters.

[0076] In an alternate embodiment, one or more push-through processes (not

shown) may be performed before process step 206. During a push-through

-21-



WO 2006/124321 PCT/US2006/017294

process, a new quantity of supercritical carbon dioxide can be fed into the
processing chamber 108 and the other elements in the recirculation loop 115, and
the supercritical treatment solution along with process residue suspended or
dissolved therein can be displaced from the processing chamber 108 and the
other elements in the recirculation loop 115 through the exhaust control system
160.

[0077] Process steps 202, 203, 204, 205, and 206 can be repeated a number
of times to achieve a desired process result for a particular material, and different
combinations of cleaning recipes and treatment recipes can be established for
each different combination of the process parameters. A cleaning/treatment
recipe can be used to establish the cleaning/treatment chemistry,
cleaning/treatment time, and number of process cycles.

[0078] During a seventh time 207, a rinsing process can be performed. In an
alternate embodiment, a rinsing process is not required. Alternately, a drying
step, a rinsing step, a cleaning step, a push-through step, a pore sealing step, a
dielectric repair step, or an etching step, or a combination thereof can be
performed.

[0079] Inthe illustrated embodiment, a single step rinsing process is shown,
but this is not required. Alternately, a multi-step rinsing process may be
performed. In another embodiment, a variable pressure rinsing process may be
performed. For example, this can be accomplished by lowering the pressure to
below approximately 2,500 psi and raising the pressure to above approximately
2,500 psi. The pressure can be changed by adding and/or removing high-
pressure carbon dioxide.

[0080] In one embodiment, a rinsing pressure is established during the seventh
time 207 using supercritical carbon dioxide. For example, the processing
chamber can be pressurized to above approximately 2500 psi. In addition, a
rinsing chemistry can be introduced into the processing chamber. Then, the
rinsing chemistry can be recirculated through the processing chamber, such as by
a recirculation loop, for a period of time to remove the remaining portions of the
process-related residue from a surface of the substrate and/or to remove the
remaining portions of the treatment chemistry. In one embodiment, the first period
of time is less than about three minutes. Alternately, the period of time may vary
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from approximately ten seconds to approximately ten minutes. Furthermore,
additional rinsing chemistry and/or supercritical fluid may be provided.

[0081] In an alternate embodiment, the rinsing chemistry may be injected at a
lower pressure; the pressure of the processing chamber can be increased; and
the rinsing chemistry can be recirculated through the processing chamber, such
as by a recirculation loop, for a period of time.

[0082] During an eighth time 208, a decompression process can be performed.
In an alternate embodiment, a decompression process is not required. During the
eighth time 208, the processing chamber 108 can be cycled through one or more
decompression cycles and one or more compression cycles. The pressure can
be cycled between a first pressure and a second pressure one or more times. In
alternate embodiments, the first pressure and a second pressure can vary. For
example, this can be accomplished by lowering the pressure to below
approximately 2,500 psi and raising the pressure to above approximately 2,500
psi. In one embodiment, the pressure can be lowered by venting through the
exhaust control system 160, and the pressure can be increased by adding
supercritical carbon dioxide.

[0083] Process steps 207 and 208 can be repeated a number of times to
achieve a desired process result, and different rinsing recipes can be established
for each different combination of the process parameters. The recipe for a rinsing
process can be used to establish the rinsing chemistry, the rinsing process time,
and number of decompression cycles.

[0084] In an alternate embodiment, one or more push-through processes (not
shown) may be performed before process step 208. During a push-through
process, a new quantity of supercritical carbon dioxide can be fed into the
processing chamber 108 and the other elements in the recirculation loop 115, and
the supercritical treatment solution along with process residue suspended or
dissolved therein can be displaced from the processing chamber 108 and the
other elements in the recirculation loop 115 through the exhaust control system
160.

[0085] Process steps 202, 203, 204, 205, 206, 207, and 208 can be repeated a
number of times to achieve a desired process result for a particular material, and

different combinations of cleaning recipes, treatment recipes, and rinsing recipes

-23 -



WO 2006/124321 PCT/US2006/017294

can be established for each different combination of the process parameters. A
cleaning/treatment/ rinsing recipe can be used to establish the cleaning/treatment/
rinsing chemistry, cleaning/treatment/ rinsing time, and number of process cycles.
[0086] During a ninth time 209, the processing chamber 108 can be returned to
lower pressure. For example, after the decompression and compression cycles
are complete, then the processing chamber can be vented or exhausted to a
transfer system pressure. For substrate processing, the chamber pressure can be
made substantially equal to the pressure inside of a transfer system (not shown)
coupled to the processing chamber. In one embodiment, the substrate can be
moved from the processing chamber into the transfer, and moved to a second
process apparatus or module to continue processing.

[0087] In the illustrated embodiment shown in FIG. 2, the pressure returns to
an initial pressure Py, but this is not required for the invention. In alternate
embodiments, the pressure does not have to return to Py, and the process
sequence can continue with additional time steps such as those shown in time

- steps 201, 202, 203, 204, 205, 206, 207, and/or 208.

[0088] The graph 200 is provided for exemplary purposes only. It will be
understood by those skilled in the art that a supercritical process can have any
number of steps having different time/pressures or temperature profiles without
departing from the scope of the invention. Further, any number of cleaning,
treating, and rinsing process sequences with each step having any number of
compression and decompression cycles are contemplated. In addition, as stated
previously, concentrations of various chemicals and species within a supercritical
processing solution can be readily tailored for the application at hand and altered
at any time within a supercritical processing step.

[0089] In addition, additional processing steps can be performed after a
residue removal process is performed. For example, a pore sealing, a k-value
restoration, a rinsing process, a cleaning process, or a drying process, or a
combination thereof can be performed. These additional processes may require
other processing chemistry to be circulated through the processing chamber, such
as by a recirculation loop. For example, the removal chemistry can include
alcohol and water, and the rinsing chemistry does not include water. Alternately,

drying steps may be included.
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[0090] In another embodiment, the controller 180 can use historical data and/or
process models to compute an expected value for the temperature of the fluid at
various times during the process. The controller 180 can compare an expected
temperature value to a measured temperature value to determine when to alter,
pause, and/or stop a process.

[0091] In a supercritical process, the desired process result can be a process
result that is measurable using an optical measuring device, such as a Scanning
Electron Microscope (SEM) and/or Transmission Electron Microscope (TEM). For
example, the desired process result can be an amount of residue and/or
contaminant in a via or on the surface of a substrate. After one or more
processing steps, the desired process can be measured. In other embodiments,
the desired process result can be a process result that is measurable using
Fourier Transform Infrared Spectroscopy (FTIR) which is an analytical technique
used to identify materials. The FTIR technique measures the absorption of
various infrared light wavelengths by the material of interest. These infrared
absorption bands identify specific molecular components and structures. The
absorption bands in the region between 1500 - 400 wave numbers are generally
due to intra-molecular phenomena, and are highly specific for each material. The
specificity of these bands allows computerized data searches to be performed
against reference libraries to identify a material and/or identify the presence of a
material.

[0092] FIG. 3 illustrates a flow chart of a method of performing a supercritical
residue removal process on a substrate in accordance with embodiments of the
present invention. Procedure 300 can start in 305.

[0093] Referring to FIGS. 1-3, the substrate 105 to be processed can be
placed within the processing chamber 108 and the processing chamber 108 can
be sealed. For example, during a supercritical residue removal process, the
substrate 105 being processed can comprise semiconductor material, low-k
dielectric material, metallic material, and can have process-related residue
thereon. The substrate 105, the processing chamber 108, and the other elements
in the recirculation loop 115 can be heated to an operational temperature. For
example, the operational temperature can range from approximately 40 degrees

Celsius to approximately 300 degrees Celsius. In some examples, the

-25 .



WO 2006/124321 PCT/US2006/017294

temperature can range from approximately 80 degrees Celsius to approximately
150 degrees Celsius.

[0094] In addition, the processing chamber 108 and the other elements in the
recirculation loop 115 can be pressurized. For example, a supercritical fluid, such
as substantially pure CO», can be used to pressurize the processing chamber 108
and the other elements in the recirculation loop 115. A pump (not shown) can be
used to circulate the supercritical fluid through the processing chamber 108 and
the other elements in the recirculation loop 115.

[0095] In 310, a cleaning process can be performed. In one embodiment, a
supercritical cleaning process can be performed. Alternately, a non-supercritical
cleaning process can be performed. In one embodiment, a supercritical cleaning
process 310 can include recirculating the cleaning chemistry through the
processing chamber 108, such as via recirculation loop 115. Recirculating the
cleaning chemistry over the substrate 105 within the processing chamber 108 can
comprise recirculating the cleaning chemistry for a period of time to process
and/or remove one or more materials and/or residues from the substrate.

[0096] In one embodiment, one or more push-through steps can be performed
as a part of the cleaning process. During a push-through step, a new quantity of
supercritical carbon dioxide can be fed into the processing chamber 108 and the
other elements in the recirculation loop 115, and the supercritical cleaning solution
along with the process byproducts suspended or dissolved therein can be
displaced from the processing chamber 108 and the other elements in the
recirculation loop 115 through the exhaust control system 160. In an alternate
embodiment, a push-through step is not required during a cleaning step. For
example, process byproducts can include photoresist materials and/or residues
including oxidized and partially oxidized materials.

[0097] In one embodiment, dielectric material can be processed and one or
more photoresist materials and/or residues can be removed from the low-k
dielectric material using process chemistry that includes one or more cleaning
agents and one or more solvents.

[0098] In 315, a query is performed to determine when the cleaning process
has been completed. When the cleaning process is completed, procedure 300

can branch via 317 to 320 and continues. When the cleaning process is not
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completed, procedure 300 branches back via 316 to 310 and the cleaning process
continues. One or more process recipes can be performed during a cleaning
process. For example, different chemistries, different concentrations, different
process conditions, and/or different times can be used in different cleaning
process steps.

[0099] In 320, a treatment process can be performed while maintaining the
processing system in a high pressure state. A treatment process can be
performed in which the substrate is treated using a functionalizing agent. For
example, the functionalizing agent can include an acyl halide (e.g., benzyl
chloride), an alkyl halide (e.g., chioromethane, chloroethane, 2-chloroisopropane,
etc.), and/or an acyl alcohol (e.g., benzyl alcohol). The functionalizing agent can
react with the smaller fragments and other less soluble components, and these
functionalized components are rendered more soluble in supercritical CO5 and are
more easily removed than their predecessors. Treatment processes can be
performed after an oxidation process, or after an etching process, or after an
oxidation/etching process.

[00100] The treatment process can be a multi-step process. For example, the
processing chamber can be pressurized to above approximately 2500 psi, and a
treatment chemistry can be introduced into the processing chamber. Then, the
treatment chemistry can be re-circulated through the processing chamber 108,
such as via recirculation loop 115, for a period of time to remove the remaining
portions of the process-related residue from a surface of the substrate. In one
embodiment, the period of time is less than about three minutes. Alternately, the
period of time may vary from approximately ten seconds to approximately ten
minutes. Furthermore, additional treatment chemistry (functionalizing agent)
and/or supercritical fluid may be provided.

[00101] [n an alternate embodiment, the functionalizing agent may be injected at
a lower pressure; the pressure of the processing chamber can be increased; and
the functionalizing agent can be recirculated through the processing chamber 108,
such as via recirculation loop 115, for a period of time.

[00102] In one embodiment, one or more push-through steps can be performed
as a part of the treatment process. During a push-through step, a new quantity of

temperature-controlled supercritical carbon dioxide can be fed into the processing
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chamber 108 and the other elements in the recirculation loop 115, and the
supercritical treatment solution along with the process byproducts suspended or
dissolved therein can be displaced from the processing chamber 108 and the
other elements in the recirculation loop 115 through the exhaust control system
160. In an alternate embodiment, a push-through step is not required during a
cleaning step. For example, process byproducts can include photoresist materials
and/or residues including oxidized and partially oxidized materials.

[00103] In one embodiment, one or more decompression processes can be
performed as a part of the treatment process. During a decompression process,
the processing chamber 108 can be cycled through one or more decompression
cycles and one or more compression cycles. The pressure can be cycled
between a higher pressure and a lower pressure one or more times. In alternate
embodiments, the pressures can vary. In one embodiment, the pressure can be
lowered by venting through the exhaust control system 160. For example, this
can be accomplished by lowering the pressure to below approximately 2,500 psi
and raising the pressure to above approximately 2,500 psi. The pressure can be
increased by adding temperature-controlled supercritical carbon dioxide.

[00104] In 325, a query is performed to determine when the treatment process
320 has been completed. When the treatment process is completed, procedure
300 can branch via 327 to 330, and procedure 300 can continue on to step 330 if
no additional treatment steps are required. Alternately, when the treatment
process is completed and additional cleaning steps are required, procedure 300
can branch via 328 back to 310, and procedure 300 can continue by performing
additional removal steps as required.

[00105] When the treatment process is not completed, procedure 300 can
branch back via 326 to 320 and the treatment process 320 can continue. For
example, different chemistries, different concentrations, different process
conditions, and/or different times can be used in different treatment processes.
[00106] In 330, a rinsing process can be performed. In one embodiment, a
superecritical rinsing process can be performed. Alternately, a non-supercritical
rinsing process can be performed. In one embodiment, a supercritical rinsing
process 310 can include recirculating the rinsing chemistry through the processing

chamber 108, such as via recirculation loop 115. Recirculating the rinsing
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chemistry can comprise recirculating the rinsing chemistry for a period of time to
process and/or remove one or more materials and/or residues from the substrate.
[00107] In one embodiment, one or more push-through steps can be performed
as a part of the rinsing process. During a push-through step, a new quantity of
supercritical carbon dioxide can be fed into the processing chamber 108 and the
other elements in the recirculation loop 115, and the supercritical rinsing solution
along with the process byproducts suspended or dissolved therein can be
displaced from the processing chamber 108 and the other elements in the
recirculation loop 115 through the exhaust control system 160. In an alternate
embodiment, a push-through step is not required during a rinsing step. For
example, process byproducts can include photoresist materials and/or residues
including oxidized and partially oxidized materials.

[00108] In one embodiment, dielectric material can be processed and one or
more process byproducts can be removed from the low-k dielectric material using
process chemistry that includes one or more rinsing agents and one or more
solvents.

[00109] In 335, a query is performed to determine when the rinsing process has
been completed. When the rinsing process is completed, procedure 300 can
branch via 337 to 350 and continues. Alternately, when the rinsing process is
completed and additional cleaning and/or treatment processes are required,
procedure 300 can branch back via 338 to 310 or 320, and procedure 300 can
continue by performing additional removal and/or treatment steps as required.
When the rinsing process is not completed, procedure 300 branches back via 336
to 330 and the rinsing process continues. One or more process recipes can be
performed during a rinsing process. For example, different chemistries, different
concentrations, different process conditions, and/or different times can be used in
different rinsing process steps.

[00110] In 350, a venting process can be performed. In one embodiment, a
variable pressure venting process can be performed. Alternately, a multi-pressure
venting process can be performed. During a venting process, the pressure in the
processing chamber 108 can be lower to a pressure that is compatible with a
transfer system pressure. In one embodiment, the pressure can be lowered by

venting through the exhaust control system 160.
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[00111] Procedure 300 ends in 395.

[00112] After a removal process has been performed, a k-value restoration
process, or a pore sealing process, or a combination process can be performed.
[00113] In additional embodiments, the processes described herein can be
further supplemented by ozone processing. For example, when performing a
cleaning process, the substrate can be subjected to ozone treatment prior to
treating with a supercritical processing solution. During ozone treatment, the
substrate enters an ozone module, and the surface residues to be removed are
exposed to an ozone atmosphere. For instance, a partial pressure of ozone
formed in oxygen can be flowed over the surface of the substrate for a period of
time sufficient to oxidize residues either partly or wholly. The ozone process gas
flow rate can, for example, range from 1 to 50 slm (standard liters per minute)
and, by way of further example, the flow rate can range from 5 to 15 sim.
Additionally, the pressure can, for example, range from 1 to 5 atm and, by way of
further example, range from 1 to 3 atm. Further details are provided in co-pending
U.S. Patent Application No. 10/987,594, entitled “Method for Removing a Residue
from a Substrate Using Supercritical Carbon Dioxide Processing,” filed on
November 12, 2004, and co-pending U.S. Patent Application No. 10/987,676,
entitled “A System for Removing a Residue from a Substrate Using Supercritical
Carbon Dioxide Processing,” filed on November 12, 2004, the entire contents of
which are incorporated herein by reference in their entirety.

[00114] While the invention 'has been described in terms of specific
embodiments incorporating details to facilitate the understanding of the principles
of construction and operation of the invention, such reference herein to specific
embodiments and details thereof is not intended to limit the scope of the claims
appended hereto. It will be apparent to those skilled in the art that modifications
may be made in the embodiments chosen for illustration without departing from

the scope of the invention.
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What is claimed is:

1. A method of processing a substrate comprising:

positioning the substrate on a substrate holder in a processing
chamber;

performing a cleaning process, wherein the substrate is cleaned using a
first supercritical fluid comprising supercritical CO, and a cleaning chemistry; and

performing a treatment process after the cleaning process, wherein the
substrate is treated using a second supercritical fluid comprising supercritical CO,
and one or more functionalizing agents selected from an acyl halide, an alkyl

halide, or an acyl alcohol, or a combination thereof.

2. The method of claim 1, wherein the substrate comprises semiconductor
material, metallic material, dielectric material, or ceramic material, or a

combination of two or more thereof.

3. The method of claim 2, wherein the substrate comprises a patterned
dielectric material comprising a low-k material, or ultra low-k material, or a

combination thereof.

4. The method of claim 1, wherein the one or more functionalizing agents

comprise an acyl halide comprising benzyl chloride.
5. The method of claim 1, wherein the one or more functionalizing agents
comprise an alkyl halide selected from chloromethane, chloroethane, or

2-chloroisopropane, or a combination thereof.

6. The method of claim 1, wherein the one or more functionalizing agents

comprise an acyl alcohol comprising benzyl alcohol.

7. The method of claim 1, wherein the cleaning chemistry comprises an

acid and a solvent.
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8. The method of claim 7, wherein the acid comprises an organic acid.

9. The method of claim 7, wherein the solvent comprises an alcohol or a

ketone, or a combination thereof.

10. The method of claim 1, further comprising performing a rinsing process
after the treatment process, wherein the substrate is rinsed using a third
supercritical fluid comprising supercritical CO2 and a rinsing chemistry, wherein

the rinsing chemistry comprises an alcohol.

11. The method of claim 10, wherein the alcohol comprises ethanol,

methanol, 1-propanol, or isopropanol, or a combination thereof.

12. The method of claim 10, wherein the alcohol comprises isopropyl
alcohol.
13. The method of claim 10, wherein the performing a rinsing process

further comprises:
pressurizing the processing chamber to a first rinsing pressure;
introducing the third supercritical fluid into the processing chamber; and

recirculating the third supercritical fluid through the processing chamber.

14. The method of claim 1, wherein the performing a treatment process
comprises:

introducing the second superecritical fluid into the processing chamber;
and

recirculating the second supercritical fluid through the processing

chamber for a first period of time.

15. The method of claim 14, wherein the first period of time is in a range of

thirty seconds to ten minutes.
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16. The method of claim 14, wherein the performing a treatment process
further comprises performing a push-through process wherein the processing
chamber is pressurized to an elevated pressure and vented to push the second
supercritical fluid out of the processing chamber after recirculating the second

supercritical fluid.

17. The method of claim 16, wherein the elevated pressure is above
approximately 2000 psi.
18. The method of claim 16, wherein the performing a treatment process

further comprises performing a series of decompression cycles.

19. The method of claim 1, wherein the performing a cleaning process
further comprises:
pressurizing the processing chamber to a first cleaning pressure;
introducing the first supercritical fluid into the processing chamber; and

recirculating the first supercritical fluid through the processing chamber.

20. A computer-readable medium comprising computer-executable
instructions for:

positioning the substrate on a substrate holder in a processing
chamber;

performing a cleaning process, wherein the substrate is cleaned using a
first supercritical fluid comprising supercritical CO, and a cleaning chemistry; and

performing a treatment process, wherein the substrate is treated using a

second supercritical fluid comprising supercritical CO2 and a functionalizing agent.
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21. A method of operating a controller in a processing system configured to
process a substrate, the method comprising the steps of:

instructing the processing system to position a substrate on a substrate
holder in a processing chamber;

instructing the processing system to perform a cleaning process,
wherein the substrate is cleaned using a first supercritical fluid comprising
supercritical CO, and a cleaning chemistry; and

instructing the processing system to performing a treatment process,
wherein the substrate is treated using a second superecritical fluid comprising
supercritical CO, and a functionalizing agent.
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