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PROCESS SOLUTIONS CONTAINING
SURFACTANTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 11/940,374, filed on Nov. 15, 2007,
which is a divisional of U.S. patent application Ser. No.
10/804,513, filed on Mar. 19, 2004, which is a continuation-
in-part of U.S. patent application Ser. Nos. 10/218,087, filed
12 Aug. 2002, 10/339,709, filed 9 Jan. 2003, and 10/616,662
filed 10 Jul. 2003, the disclosures of which are incorporated
herein by reference in their entirety.

BACKGROUND OF THE INVENTION

[0002] The present invention relates generally to methods
for the manufacture of semiconductor devices. More specifi-
cally, the present invention relates to a method for reducing
defects, particularly pattern collapse and photoresist line
roughness, in semiconductor devices incurred during the
manufacturing process without sacrificing throughput.
[0003] Defects are a major limiting factor for production
yield and device function, particularly when the device sizes
are reduced and wafer sizes are enlarged to 300 mm. The term
“defects”, as used herein, relates to defects that may reduce
the yield, or cause the loss, of the semiconductor device such
as the collapse of the photoresist pattern on the substrate
surface; roughness in the photoresist lines such as “line width
roughness” or “line edge roughness”, particulates introduced
onto the substrate resulting from processing such as lithog-
raphy, etching, stripping, and chemical mechanical planariza-
tion (CMP) residues; particulates either indigenous to or
resulting from manufacturing processes; pattern imperfec-
tions such as closed or partially open or blocked contacts or
vias; line width variations; and defects resulting from poor
adhesion of the resist to the substrate surface.

[0004] The drive to reduce defects—thereby improving
yield—presents new challenges to the manufacturing steps
within the production of the semiconductor device, namely,
the lithography, etching, stripping, and chemical-mechanical
planarization (CMP) processes. The lithography process gen-
erally involves coating a substrate with a positive or negative
photoresist, exposing the substrate to a radiation source to
provide an image, and developing the substrate to form a
patterned photoresist layer on the substrate. This patterned
layer acts as a mask for subsequent substrate patterning pro-
cesses such as etching, doping, and/or coating with metals,
other semiconductor materials, or insulating materials. The
etching process generally involves removing the surface of
the substrate that is not protected by the patterned photoresist
using a chemical or plasma etchant thereby exposing the
underlying surface for further processing. The stripping pro-
cess generally involves removing the cross-linked, photore-
sist pattern from the substrate via wet stripping or oxygen
plasma ashing. The CMP process generally involves polish-
ing the surface of the substrate to maintain flatness during
processing. All of the aforementioned processes typically
employ a rinse step to remove any particulate material that is
generated from, or is a by-product of, these processes.
[0005] Pattern collapse is becoming an emerging problem
in the production of semiconductor devices due to the higher
aspect ratios in the new generation of devices. The thickness
and aspect ratio of the patterned photoresist layer are impor-
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tant parameters for subsequent etch steps after lithography. At
the 130 nm node, the aspect ratio for a photoresist layer
having a 500 nm thickness may reach the value of 4. This
value may be the point where the capillary force of the devel-
oper and/or rinse solution may lead to the collapse of the
patterned photoresist layer. Besides capillary forces, the pat-
tern collapse problem may be further influenced by other
factors such as the mechanical strength of the resist, applica-
tion of other coatings, i.e., anti-reflective coatings (ARC), and
the nozzle type, position, and centrifugal forces during spin-
on application of the photoresist layer.

[0006] A main contributor for pattern collapse is the capil-
lary force of water during the post-development drying stage,
see Tanaka, T, etal., “Mechanism of Resist Pattern Collapsed
During Developer Process”, Jpn. J. Appl. Phys., Vol. 32,
1993, pp. 6059-64. Reducing or eliminating the surface ten-
sion of the rinse liquid after pattern development may be used
to reduce the capillary force that is exerted on the patterned
photoresist layer. Two common approaches, to reduce or
eliminate the surface tension of the rinse liquid, may be to
freeze-dry the patterned photoresist features or employ super-
critical fluids to dry the patterned photoresist layer after
development. Both of these approaches may require extra
manufacturing steps and special equipment that are not com-
monly used in semiconductor device fabrication.

[0007] A more common approach to reduce the surface
tension may be to add a surfactant to the rinse liquid. The
ability to reduce the surface tension of water at the air and
liquid interface is of great importance in a variety of applica-
tions because decreased surface tension generally relates to
increased wetting of water on the substrate surface. Surface
tension reduction in water-based systems is generally
achieved through the addition of surfactants. Equilibrium
surface tension performance is important when the system is
at rest, though the ability to reduce surface tension under
dynamic conditions is of great importance in applications
where high surface creation rates are used, i.e., spin coating,
rolling, spray coating, and the like. Dynamic surface tension
provides a measure of the ability of the solution to lower
surface tension and provide wetting under high speed appli-
cation conditions. Further, in certain applications such as
during spray application, it is advantageous that the surfactant
reduces the surface tension of the formulation in a manner
that minimizes the problem of bubble generation and foam-
ing. Foaming and bubble generation may lead to defects.
Consequently, considerable efforts have been made in the
semiconductor industry towards solving the foaming prob-
lem.

[0008] Japanese patent JP 95142349A describes adding a
fluorine-based surfactant such as ammonium perfluoroalkyl-
sulfonate or perfluoroalkyl ethoxylate to the developer solu-
tion or rinse liquid.

[0009] U.S. Pat. No. 6,152,148 describes adding a surfac-
tant such as a fluorosurfactant and a tetra alkyl quarternary
ammonium hydroxide compound to an aqueous solution used
to clean semiconductor wafers having a poly(arylene ether)
dielectric film coating after CMP.

[0010] The article, Domke, W. D et al., “Pattern Collapse in
High Aspect Ratio DUV- and 193 nm Resists”, Proc. SPIE-
Int. Soc. Opt. Eng. 3999, 313-321, 2000 (“Domke”),
describes adding surfactants to the developer solution to
reduce the possibility of pattern collapse of acrylic and
cycloolefin-maleic anhydride resists. The “surfactant” added
to developer solution was the solvent, isopropyl alcohol.
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According to Domke, the addition of the “surfactant” in the
developer solution did not have a consistent effect on pattern
collapse.

[0011] PCT application WO 02/23598 describes adding the
surfactant ammonium lauryl sulfate into the deionized (DI)
water rinse and developer and applying them to a patterned
photoresist to minimize or eliminate post-development
defects.

[0012] Japanese Patent Application IJP 96008163A
describes adding hot water, an organic solvent, and a surfac-
tant to a post-development rinse to prevent pattern collapse.
No specific surfactants were mentioned.

[0013] PCT application 87/03387 describes protecting
photoresist images against distortion or degradation by heat
generated during etching and other processes by applying a
thermally stabilizing, protective film to the substrate prior to
the post-development bake of the image. Materials used for
the film includes fluorocarbon surfactants, film forming poly-
mers, chromium sulfate, trichloroacetic acid, chromotropic
acid, and salts thereof.

[0014] The article, Cheung, C. et al., “A Study of a Single
Closed Contact for 0.18 micron Photolithography Process”
Proc. SPIE-Int. Soc. Opt. Eng. 3998, 738-741, 2000 (“Che-
ung”), discloses the use of surfactants such as octyl and nonyl
phenol ethoxylates such as TRITON® X-114, X-102, X-45,
and X-15, in the rinse solution to eliminate the photoresist
residue and single closed contact defects. According to Che-
ung, the use of surfactant in the rinse solution did not provide
much success.

[0015] U.S. Pat. No. 5,977,041 describes a post-stripping,
aqueous rinse solution that includes water, a water soluble
organic acid, and a water soluble surface-active agent. The
surface-active agents include oligo(ethylene oxide) com-
pounds having at least one acetylenic alcohol group.

[0016] WO 00/03306 describes a stripper composition that
comprises an admixture of a solvent and a surfactant wherein
the amount of solvent ranges from about 50 to about 99.9
weight percent of the total composition and the amount of
surfactant ranges from about 0.1 to about 30 weight percent of
the total composition.

[0017] U.S. Patent Application No. 2002/0115022
describes a developer and a rinse solution that each contains
an anionic surfactant such as ammonium perfluoralkyl sul-
fonate or ammonium perfluoralkyl carboxylate. These solu-
tions are applied in a consecutive sequence to reduce pattern
collapse.

[0018] The article “Collapse Behavior of Single Layer 193
and 157 nm Resists: Use of Surfactants in the Rinse to Realize
the Sub 130 nm Nodes: Hien et al., Advances in Resist Tech.
And Processing XIX, Proceedings of SPIE, Vol. 4690 (2002),
pp- 254-261 (“Hien™), applying a rinse solution of 0.10% of a
fluorosurfactant and water to a substrate after development to
reduce pattern collapse. According to Hein, some of the fluo-
rosurfactants used worsened the collapse behavior.

[0019] Yet another emerging problem in the production of
semiconductor devices is photoresist roughness such as in
one edge of a single photoresist line which is referred to
herein as line edge roughness (LER), or both edges of pho-
toresist line which is referred to herein as line width rough-
ness (LWR). Line width roughness is typically measured by
the variation of line width from its required critical dimension
(“CD”). The 2003 International Technology Roadmap for
Semiconductors requires that the LWR be within 8% of the
CD. For example, the LWR, as measured by the 3a variation
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of'line width, would be within 3 nm for the 90 nm technology
node and within 2.0 for the 65 nm node. A variety of factors,
that may contribute to photoresist line roughness, include, for
example, photoresist formulation (i.e., molecular weight,
molecular weight distribution, resist polymer structures,
photo-acid generators) and process and tool-related factors
(i.e., acid diffusion, developer percolation, shot noise, mask
roughness, and the quality of the latent image profile). Previ-
ous attempts to reduce photoresist line roughness defects
include modifying the photoresist formulation and adjusting
the contrast of the latent image.

[0020] Although surfactants have been commonly used as a
post-development rinse solution, these solutions may not be
effective in reducing the surface tension under dynamic con-
ditions. Further, these solutions may have the undesirable
side effect of foam generation. Because of these issues, the
rinse solution using typical surfactants used in the art may not
be effective in reducing all of the defects, particularly pattern
collapse defects, in the semiconductor device.

[0021] All references cited herein are incorporated herein
by reference in their entirety.

BRIEF SUMMARY OF THE INVENTION

[0022] Thepresent invention satisfies some, if notall, ofthe
needs of the art by providing a process solution and methods
for using same. Specifically, in one aspect of the present
invention, there is provided a method for reducing defects in
the manufacture of semiconductor devices. The method com-
prises: providing a substrate comprising a photoresist coat-
ing; exposing the substrate to a radiation source to form a
pattern on the photoresist coating; applying a developer solu-
tion to the substrate to form a patterned photoresist coating;
optionally rinsing the substrate with deionized water; and
contacting the substrate with a process solution comprising a
solvent and 10 ppm to about 10,000 ppm of at least one
surfactant having the formula (1), (II), (I11), (IVa), (IVb), (V),
VD), (VID), (VIID), (IXa), (IXb), (IXc), (Xa), (Xb), (Xc), or
(Xd):
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wherein R, R, R,, and R, are each independently a straight,
a branched, or a cyclicalkyl group having from 2 to 250, or
from 3 to 10 carbon atoms; R, and R; are each independently
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ahydrogen atom or an alkyl group having from 1 to 10 or from
1 to 5 carbon atoms; Ry is a straight, a branched, or a cyclic
alkyl group having from 1 to 10 carbon atoms; R is a straight,
abranched, or a cyclic alkyl group having from 4 to 16 carbon
atoms; R, Ry, and Ry are each independently a straight, a
branched, or a cyclic alkyl group having from 1 to 6 carbon
atoms; R, is independently H or a group represented by the

following formula
/\(\ O—Ryy;

OH

R,, is a straight, a branched, or a cyclic alkyl group having
from 4 to 22 carbon atoms; W is a hydrogen atom or an
alkynyl group; X and Y are each independently a hydrogen
atom or a hydroxyl group; Z is a halide atom, a hydroxyl
group, an acetate group, or a carboxylate group; i, m, n, p, and
q are each independently a number that ranges from 0 to 20;
r and are each independently 2 or 3; t is a number that ranges
from 0to 2;jisanumberbetween 1 to 5; and X is a number that
ranges from 1 to 6.

[0023] Inyeta further aspect of the present invention, there
is provided a method for avoiding a collapse of a developed
pattern on the surface of a plurality of substrates and reducing
photoresist line roughness comprising: providing a first sub-
strate comprising a photoresist pattern developed upon the
surface; preparing a process solution comprising from 10
ppm to about 10,000 of at least one surfactant having the
formulas (1), (II), (I11), (IVa), (IVb), (V), (VI), (VID), (VIID),
(IXa), (IXb), (IXc), (Xa), (Xb), (Xc), or (Xd) described
herein; contacting the first substrate with the process solution;
determining a surface tension and a contact angle of the
process solution on the first substrate; multiplying the surface
tension by the cosine of the contact angle to provide the
adhesion tension value of the process solution; providing the
plurality of substrates wherein each substrate within the plu-
rality comprises a photoresist pattern developed upon the
surface; and contacting the plurality of substrates with the
process solution if the adhesion tension value of the process
solution is 30 or below.

[0024] Inyeta further aspect of the present invention, there
is provided a process rinse solution to reduce pattern collapse
defects on the surface of a substrate that has been patterned
and developed comprising at least one carrier medium
selected from the group consisting of an aqueous solvent or a
non-aqueous solvent and at least one surfactant selected from
the group of surfactants having the formula (I), (1), (IID),
(Iva), (IVb), (V), (VD), (VID), (VIII), (IXa), (IXb), (IXc),
(Xa), (Xb), (Xc), or (Xd) described herein.

[0025] These and other aspects of the invention will
become apparent from the following detailed description.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

[0026] FIG. laprovides a cross-sectional scanning electron
micrograph (SEM) image of a 193 nm photoresist coated
substrate having 80 nm dense lines, a 1:1 pitch, and a 3.75
aspect ratio that has been treated with a deionized water rinse.
[0027] FIG. 1b provides a cross-sectional SEM image of a
193 nm photoresist coated substrate having 80 nm dense
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lines, a 1:1 pitch, and a 3.75 aspect ratio that has been treated
with a process solution of the present invention.

[0028] FIGS. 2a through 2¢ provide cross-sectional SEM
images of a 193 nm photoresist coated substrate after treat-
ment with deionized water; a process solution of the present
invention containing a Formula V surfactant and Formula II1
surfactant; and a process solution of the present invention
containing a Formula VIII surfactant, respectively.

DETAILED DESCRIPTION OF THE INVENTION

[0029] The present invention is directed to process solu-
tions that are used to reduce the number of defects incurred
during the manufacturing of the semiconductor device and
methods of using same. It is believed that treatment of a
substrate with the process solution having one or more sur-
factants—present in minor amounts—may provide at least
one of following benefits: reduce post-development defects
by improving the wetting of the solution on the surface of the
patterned photoresist layer; reduce the capillary forces
exerted on the patterned lines thereby contributing to pattern
collapse defects; improve the photoresist line roughness
regardless of the origin of the line roughness. Further, the
process solution works more effectively in dynamic rinse
situations with relatively minor foam generation compared to
other surfactants presently used in the art.

[0030] The process solution of the present invention can be
used in a variety of processes related to the manufacture of a
semiconductor device such as for example, lithography pro-
cess solutions, i.e., rinse, resist, edge bead remover, and anti-
reflective coating (ARC) solutions; post-etching process
solutions, i.e., sidewall film, stripper, post-strip/ash rinse
solutions; wafer cleaning process solutions, i.e., additives to
RCA or other standard cleaning solutions, super-critical CO,
cleaning solutions; and process solutions for critical cleaning
or precision cleaning for aerospace applications. In certain
preferred embodiments, the process solution of the present
invention may be employed as a lithography rinse solution in
addition to, or in place of, a deionized water rinse. The sur-
factant within the process solution may allow for the reduc-
tion of equilibrium and dynamic surface tension while mini-
mizing foaming.

[0031] The process solution of the present invention may
have as a carrier phase or medium an aqueous-based solvent
and/or non-aqueous-based solvent. The term “aqueous” as
used herein, describes a solvent or liquid dispersing medium,
which comprises at least 80 weight percent, preferably 90
weight percent, and more preferably at least 95 weight per-
cent water. The preferred aqueous-based solvent is deionized
water. In embodiments wherein the process solution is aque-
ous-based, it is desirable that at least one formula I through X
surfactant demonstrates a dynamic surface tension of less
than 45 dynes/cm at a concentration of less than or equal to 5
weight percent in water at 23° C. and 1 bubble/second accord-
ing to the maximum-bubble-pressure method of measuring
surface tension described in Langmuir 1986, 2, 428-432,
which is incorporated herein by reference in its entirety.
[0032] In embodiments where a non-aqueous solvent is
used in addition to or in place of an aqueous solvent such as
water, the non-aqueous solvent selected will not react with the
at least one surfactant contained therein, other additives
within the process solution, or the substrate itself. Suitable
solvents include, but are not limited to, hydrocarbons (e.g.
pentane or hexane); halocarbons (e.g. Freon 113); ethers (e.g.
ethylether (Et,0), tetrahydrofuran (“THEF”), ethylene glycol
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monomethyl ether, or 2-methoxyethyl ether (diglyme));
nitriles (e.g. CH,CN); or aromatic compounds (e.g. benzot-
rifluoride). Still further exemplary solvents include lactates,
pyruvates, and diols. These solvents include, but are not lim-
ited to, acetone, 1,4-dioxane, 1,3-dioxolane, ethyl acetate,
cyclohexanone, acetone, 1-methyl-2-pyrodidianone (NMP),
and methyl ethyl ketone. Other solvents, include dimethyl-
formamide, dimethylacetamide, N-methyl pyrrolidone, eth-
ylene carbonate, propylene carbonate, glycerol and deriva-
tives, naphthalene and substituted versions, acetic acid
anyhydride, propionic acid and propionic acid anhydride,
dimethyl sulfone, benzophenone, diphenyl sulfone, phenol,
m-cresol, dimethyl sulfoxide, diphenyl ether, terphenyl, and
the like. Still further solvents include propylene glycol propyl
ether (PGPE), methanol, ethanol, 3-heptanol, 2-methyl-1-
pentanol, 5-methyl-2-hexanol, 3-hexanol, 2-heptano, 2-hex-
anol, 2,3-dimethyl-3-pentanol, propylene glycol methyl ether
acetate (PGMEA), ethylene glycol, isopropyl alcohol (IPA),
n-butyl ether, propylene glycol n-butyl ether (PGBE), 1-bu-
toxy-2-propanol,  2-methyl-3-pentanol, 2-methoxyethyl
acetate, 2-butoxyethanol, 2-ethoxyethyl acetoacetate, 1-pen-
tanol, and propylene glycol methyl ether. The non-aqueous
solvents enumerated above may be used alone or in combi-
nation with two or more solvents.

[0033] In certain embodiments, the process solution may
contain at least one non-aqueous solvent that is miscible in an
aqueous solvent or is water-miscible. In these embodiments,
the amount of non-aqueous solvent within the process solu-
tion may range from about 1 to about 50% by weight with the
balance of the solvent within the process solution comprising
an aqueous solvent. Examples of water-miscible non-aque-
ous solvents include methanol, ethanol, isopropyl alcohol,
and THF.

[0034] The present solution comprises from 10 to 10,000
ppm of at least one surfactant represented by structural for-
mulas I through X. Typical surfactants exhibit an amphiphilic
nature, meaning that they can be both hydrophilic and hydro-
phobic at the same time. Amphiphillic surfactants possess a
hydrophilic head group or groups, which have a strong affin-
ity for water and a long hydrophobic tail, which is organo-
philic and repels water. The at least one formula I through X
surfactant used in the present invention may be ionic (i.e.,
anionic, cationic) or nonionic.

[0035] Incertain embodiments of the present invention, the
process solution may contain one or more nonionic surfac-
tants that are acetylenic diol derivatives. The surfactants of
the present invention may be represented by the following
formula I or formula II:
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wherein R; and R, are each independently a straight or a
branched alkyl chain having from 3 to 10 carbon atoms; R,
and R; are each independently a hydrogen atom or an alkyl
chain having from 1 to 5 carbon atoms; and i, m, n, p, and q are
each independently a number that ranges from 0 to 20. The
surfactants are commercially available from Air Products and
Chemicals, Inc. of Allentown, Pa., the assignee of the present
invention, under the trade names SURFYNOL® and
DYNOL®. In certain preferred embodiments, the acetylenic
diol portion of the molecule of formulas I or II is 2,4,5,9-
tetramethyl-5-decyne-4,7-diol or 2,5,8,11-tetramethyl-6-
dodecyne-5,8-diol. The acetylenic diol derived surfactants
may be prepared in a number of ways including the methods
described, for example, in U.S. Pat. No. 6,313,182 and EP
1115035A1 which are assigned to the assignee of the present
invention and incorporated herein by reference in their
entirety.

[0036] In formula I and II, the alkylene oxide moieties
represented by (OC,H,) are the (n+m) polymerized ethylene
oxide (EO) molar units and the moieties represented by
(OC;Hy) are the (p+q) polymerized propylene oxide (PO)
molar units. The value of (n+m) may range from 0 to 30,
preferably from 1.3 to 15, and more preferably from 1.3 to 10.
The value of (p+q) may range from 0 to 30, preferably from 1
to 10, and more preferably from 1 to 2.

[0037] In certain preferred embodiments of the present
invention, the process solution contains from 10 to 10,000
ppm of at least one surfactant represented by the following
formulas (IIT) through (X):
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[0038] Ineachoftheabove formulas,R,R;,R,,andR,,are
each independently a straight, a branched, or a cyclic alkyl
group from 2 to 25 or from 3 to 10 carbon atoms; R, and R are
each independently a hydrogen atom or a straight, a branched,
or a cyclic alkyl group having from 1 to 10, or from 1 to 5
carbon atoms; Rs is a straight, a branched, or a cyclic alkyl
group with 1 to 10 carbon atoms; Ry is a straight or branched
alkyl group with 4 to 16 carbon atoms; R, Rg and R, are each
independently a straight, a branched, or a cyclic alkyl group
having from 1 to 6 carbon atoms; R, is independently H or a
group represented by the formula
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/\(\O_Ru;

OH

R,, is a straight, a branched, or a cyclic alkyl group having
from 4 to 22 carbon atoms; W is a hydrogen atom or an
alkynyl group; X and Y are either a hydrogen atom or a
hydroxyl group; Z is either a halide atom, a hydroxyl group,
an acetate group, or a carboxylate group; i, m, n, p, q are each
independently a number ranging from 0 to 20; r and s are each
independently 2 or 3; t is a number ranging from O to 2;jis a
number ranging from 1 to 5; and x is a number ranging from
1 to 6. Examples of Formula III surfactants include, but are
not limited to, 3,5-dimethyl-1-hexyn-3-ol and 2,6-dimethyl-
4-heptanol. An example of a Formula IVa surfactant includes,
but is not limited to, N,N'-bis(1,3-dimethylbutyl)ethylene
diamine. An example of a Formula V surfactant includes, but
is not limited to, diisopenty] tartrate. An example of a For-
mula VI surfactant includes, but is not limited to, dodecyltri-
methylammonium chloride. An example of a Formula VII
surfactant includes, but is not limited to, 2,4,7,9-tetramethyl-
4,7-decane diol. An example of a Formula VIII surfactant
includes, but is not limited to, an adduct of diethylenetriamine
and n-butyl glycidyl ether. Formula IXa, IXb, or IXc surfac-
tants are primary, secondary, or tertiary alkyl amines. An
example of a Formula IXa surfactant includes, but is not
limited to, octylamine. Formula Xa, Xb, Xc, or Xd surfactants
are alkyl amine ethoxylates.

[0039] The process solution may optionally contain a dis-
persant. The amount of dispersant that is added to the process
solution ranges from about 10 to about 10,000 ppm, prefer-
ably about 10 to about 5,000 ppm, and more preferably from
about 10 to about 1,000 ppm. The term dispersant, as used
herein, describes compounds that enhance the dispersion of
particles such as dust, processing residue, hydrocarbons,
metal oxides, pigment or other contaminants within the pro-
cess solution. Dispersants suitable for the present invention
preferably have a number average molecular weight that
ranges from about 10 to about 10,000.

[0040] The dispersant may be an ionic or a nonionic com-
pound. The ionic or nonionic compound may further com-
prise a copolymer, an oligomer, or a surfactant, alone or in
combination. The term copolymer, as used herein, relates to a
polymer compound consisting of more than one polymeric
compound such as block, star, or grafted copolymers.
Examples of a nonionic copolymer dispersant include poly-
meric compounds such as the tri-block EO-PO-EO co-poly-
mers PLURONIC® 1,121, 1.123, 131, 181, L101 and P123
(BASF, Inc.). The term oligomer, as used herein, relates to a
polymer compound consisting of only a few monomer units.
Examples of ionic oligomer dispersants include SMA® 1440
and 2625 oligomers (EIf Alfochem).

[0041] Alternatively, the dispersant may comprise a surfac-
tant. If the dispersant comprises a surfactant, the surfactant
may be ionic (i.e., anionic, cationic) or nonionic. Further
examples of surfactants include silicone surfactants, poly
(alkylene oxide) surfactants, and fluorochemical surfactants.
Suitable non-ionic surfactants for use in the process solution
include, but are not limited to, octyl and nonyl phenol ethoxy-
lates such as TRITON® X-114,X-102, X-45, X-15 and alco-
hol ethoxylates such as BRII® 56 (C, (H;;(OCH,CH,),,OH)
(ICD), BRII® 58 (C,¢H;5(OCH,CH,),,OH) (ICI). Still fur-
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ther exemplary surfactants include alcohol (primary and sec-
ondary) ethoxylates, amine ethoxylates, glucosides, glucam-
ides, polyethylene glycols, poly(ethylene glycol-co-
propylene glycol), or other surfactants provided in the
reference McCutcheon’s Emulsifiers and Detergents, North
American Edition for the Year 2000 published by Manufac-
turers Confectioners Publishing Co. of Glen Rock, N.J.
[0042] Various other additives may be optionally added to
the process solution depending upon the application. These
additives may include, but are not limited to, stabilizers,
dissolving aids, colorants, wetting agents, antifoamers, buft-
ering agents, and other additional surfactants. Generally,
unless otherwise stated, the amount of each of these additives
would be about 0.0001 to 1 percent by weight, more prefer-
ably 0.0001 to 0.1 percent by weight, based upon the total
weight of the process solution. In embodiments where one or
more additional surfactants are added to the process solution,
the surfactant may be any of the surfactants disclosed herein
or provided in the reference McCutcheon’s Emulsifiers and
Detergents.

[0043] In certain embodiments, the process solution of the
present invention may be used as a non-aqueous photoresist.
In this connection, the process solution preferably comprises
from 60 to 90, preferably from 70 to 90 weight percent non-
aqueous solvent; from 5 to 40 weight percent, preferably from
10 to 20 weight percent resist polymer; from 0.5 to about 2
weight percent of a photoactive compound; 10 to 10,000 ppm
of at least one formula I through X surfactant; and less than 1
weight percent of other additives such as polymerization
inhibitors, dyes, plasticizers, viscosity control agents, and the
like. The viscosity of the photoresist can be adjusted by vary-
ing the polymer to solvent ratio, thus allowing resists to be
formulated for coating a variety of film thickness. Examples
of suitable non-aqueous solvents within the photoresist pro-
cess solution include any of the solvents contained herein.
Non-limiting examples of a resist polymer include novolac
resin or polyvinyl phenol copolymer. Non-limiting examples
of'a photoactive compounds include diazonaphthoquinone or
photo acid generators (PAG).

[0044] The process solution of the present invention may
also be used as a non-aqueous edge bead remover. Edge bead
removers may be applied prior to baking the patterned pho-
toresist layer to cross-link the polymer therein or prior to
lithography. In this embodiment, the process solution prefer-
ably comprises from 99 to 100 weight percent non-aqueous
solvent; 10 to 10,000 ppm of at least one formula I through X
surfactant; and less than 1 weight percent of other additives.
Examples of suitable non-aqueous solvents within the edge
bead remover process solution include any of the solvents
contained herein. In certain preferred embodiments, the sol-
vent may be PGMEA, ethyl lactate, or anisole.

[0045] The process solution of the present invention may
also be used as an anti-reflective coating for the top or bottom
surface of the substrate. In this embodiment, the process
solution preferably comprises from 60 to 99 weight percent
non-aqueous solvent; from 1 to 40 weight percent, preferably
1 to 20 weight percent of a polymer; from 10 to 10,000 ppm
of at least one formula I through X surfactant; and less than 1
weight percent of other additives such as crosslinker(s), sur-
factant(s), dye compounds, and the like. In general, the solids
content of the process solution may vary from about 0.5 to
about 40, preferably 0.5 to about 20, and more preferably 2 to
10 weight percent of the total weight of the process solution.
Examples of suitable non-aqueous solvents within the ARC
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process solution include any of the solvents contained herein.
In certain preferred embodiments, the solvent may be
PGMEA or ethyl lactate. Examples of suitable polymers
within the ARC process solution include, but are not limited
to, acrylate polymers or phenyl-containing polymers such as
those disclosed in U.S. Pat. No. 6,410,209 and spin-on-glass
materials such as the methylsiloxane, methylsilsesquioxane,
and silicate polymers such as those disclosed in U.S. Pat. Nos.
6,268,457 and 6,365,765.

[0046] Theprocesssolution of the present invention may be
used in wafer cleaning methods, such as RCA-type cleaning,
performed after the development step. In this embodiment,
the substrate may be treated with the process solution after the
stripping, CMP, ash cleaning, and/or etching steps have been
completed. In one embodiment of the present invention, the
process solution comprises a base such as an amine and/or
ammonium hydroxide, alkylammonium hydroxide; an oxi-
dizing agent such as H,O,; optionally a chelating agent; from
10 to 10,000 ppm of at least one formula I through X surfac-
tant; in an aqueous solvent or water. Some non-limiting
examples of chelating agents are the following organic acids
and its isomers and salts: (ethylenedinitrilo)tetraacetic acid
(EDTA), butylenediaminetetraacetic acid, cyclohexane-1,2-
diaminetetraacetic acid (CyDTA), diethylenetriaminepen-
taacetic acid (DETPA), ethylenediaminetetrapropionic acid,
ethylenediaminetetrapropionic acid, (hydroxyethyl)ethyl-
enediaminetriacetic acid (HEDTA), N,N,N',N'-ethylenedi-
aminetetra(methylenephosphonic) acid (EDTMP), citric
acid, tartaric acid, phtalic acid, gluconic acid, saccharic acid,
cathechol, gallic acid, pyrogallol, propyl gallate, and cys-
teine. In an alternative embodiment, the process solution
comprises dilute HF; from 10 to 10,000 ppm of at least one
formula 1 through X surfactant; and water. In a further
embodiment, the process solution comprises an acid such as
sulfuric acid or HC1 and an oxidizing agent such as H,O,
wherein the ratio of the acid to the oxidizing agent is 1:1;
optionally a chelating agent; from 10 to 10,000 ppm of at least
one formula I through X surfactant; and an aqueous solvent or
water. In another embodiment, the process solution com-
prises an aqueous solvent such as electrolytic ionized water
and from 10 to 10,000 ppm of at least one formula I through
X surfactant. In yet another embodiment, the process solution
comprises UV/ozone; from 10 to 10,000 ppm of at least one
formula I through X surfactant; and water. For wafer cleaning
applications, the process solution may be used for either
megasonic or regular cleaning such as spray application.
[0047] Theprocess solution of the present invention may be
prepared by mixing the at least one formula I through X
surfactant with an aqueous and/or non-aqueous solvents and
any additional additives. In certain embodiments, the mixing
may be done at a temperature range of about 40 to 60° C. to
affect dissolution of the ingredients contained therein. The
resulting process solution may optionally be filtered to
remove any undissolved particles that could potentially harm
the substrate.

[0048] The process solution is preferably used to treat the
surface of a substrate during or after the development step.
Suitable substrates include, but are not limited to, materials
such as gallium arsenide (“GaAs”), silicon, tantalum, copper,
ceramics, aluminum/copper alloys, polyimides, and compo-
sitions containing silicon such as crystalline silicon, polysili-
con, amorphous silicon, epitaxial silicon, silicon dioxide
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(“Si0,”), silicon nitride, doped silicon dioxide, and the like.
Further exemplary substrates include silicon, aluminum, or
polymeric resins.

[0049] In certain preferred embodiments, the process solu-
tion is applied to a substrate having a photoresist coating
applied thereto. The photoresist-coated substrate is then
exposed to radiation to provide a pattern that is imposed upon
the photoresist coating. Examples of radiation sources that
may be used include ultraviolet (uv) light, electron beam,
x-ray, laser, or ion beams. In some embodiments, a pre-bake
or soft-bake step may be conducted prior to the exposure step
to remove any solvents contained therein. This pre-bake or
soft bake step may be conducted, for example, at a tempera-
ture ranging from 90° C. to 150° C. for a time of from 30 to
120 seconds on a hot plate.

[0050] Depending upon whether the photoresist coating is
positive or negative, the radiation either increases or
decreased its solubility in a subsequently applied, an alkaline
developer solution such as a process solution containing tet-
ramethylammonium hydroxide (TMAH), potassium hydrox-
ide, sodium hydroxide, or other base. Further examples of
developer solutions include those provided in U.S. Pat. Nos.
6,455,234, 6,268,115; 6,238,849, 6,127,101; and 6,120,978.
In a positive photoresist coating, the areas masked from radia-
tion remain after development while the exposed arecas are
dissolved away. In a negative photoresist coating, the oppo-
site occurs. The process solution of the present invention may
be suitable to treat substrates having either positive or nega-
tive photoresist coatings. The patterned photoresist image
may be developed by a variety of different means, including
by not limited to quiescence, immersion, spray, or puddle
development. In the quiescence method, for instance, a devel-
oper solution is applied to the exposed substrate surface and
after a period of time sufficient to develop the pattern, a rinse
is then applied to the substrate surface. Development time and
temperatures will vary depending upon the method used.
[0051] After the patterned photoresist image is developed,
the substrate is baked to harden the polymer contained within
the photoresist. The bake step may be conducted, for
example, at a temperature ranging from 70° C. to 150° C. for
a time duration of from 30 to 120 seconds.

[0052] The process solution is preferably applied to the
surface of the substrate as a prepared solution. In alternative
embodiments, however, the process solution can be prepared
within the rinse stream just prior to or during contact with the
substrate surface. For example, a certain quantity of one or
more formula I through IX surfactants can be injected into a
continuous stream of water and/or non-aqueous solvent
medium that optionally includes other additives thereby
forming the process solution. In some embodiments of the
present invention, a portion of the at least one formula I
through X surfactant may be added to the substrate after
application of the process solution. In this case, the process
solution may be formed in multiple steps during the process-
ing of the substrate. In still other embodiments of the present
invention, the at least one formula I through X surfactant can
be also deposited upon or comprise the material of a high
surface area device such as a cartridge or filter (which may or
may not include other additives). A stream of water and/or
non-aqueous solvent then passes through the cartridge or
filter thereby forming the process solution. In still another
embodiment of the present invention, the process solution is
prepared during the contacting step. In this connection, at
least one formula I through X surfactant is introduced via a
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dropper or other means to the surface of the substrate. Water
and/or non-aqueous solvent medium is then introduced to the
surface of the substrate and mixes with the at least one for-
mula I through X surfactant on the surface of the substrate
thereby forming the process solution.

[0053] In an alternative embodiment of the invention, a
concentrated composition comprising at least one formula I
through X surfactant is provided that may be diluted in water
and/or non-aqueous solvents to provide the process solution.
A concentrated composition of the invention, or “concen-
trate” allows one to dilute the concentrate to the desired
strength and pH. A concentrate also permits longer shelf life
and easier shipping and storage of the product.

[0054] A variety of means can be employed in contacting
the process solution with the substrate surface. The actual
conditions of the contacting step (i.e., temperature, time, and
the like) may vary over wide ranges and are generally depen-
dent on a variety of factors such as, but not limited to, the
nature and amount of residue on the surface of the substrate
and the hydrophobicity or hydrophilicity of the substrate
surface, etc. The contact step can be conducted in either a
dynamic method such as, for example, a streamline process
for applying the process solution over the surface of the
substrate or in a static method such as, for example, a puddle
rinse or immersing the substrate within a bath containing the
process solution. The process solution may also be sprayed
onto the surface of the substrate in a dynamic method such as
in a continuous process or sprayed onto the surface and
allowed to remain there in a static method. In certain preferred
embodiments, the contacting step is conducted in a static
method. The duration of the contacting step, or time of con-
tact of the process solution to the substrate surface, can vary
from a fraction of a second to hundreds of seconds. Prefer-
ably, the duration can range from 1 to 200 seconds, preferably
from 1 to 150 seconds, and more preferably from 1 to 40
seconds. The temperature range for the contacting step can
vary from 10 to 100° C. and more preferably from 10 to 40°
C.

[0055] Regardless of whether the contacting step is static or
dynamic, it is preferred that the process solution or concen-
trate be applied to a still-wet substrate surface. In one embodi-
ment, for example, the process solution is employed as a rinse
solution after the development of the photoresist layer. In this
connection, the photoresist-coated substrate is developed via
adeveloper solution. After developing, the process solution is
applied to the substrate surface as a rinse in addition to, or in
place of, a deionized water rinse. While the substrate is still
wet with developer solution and/or deionized water, the pro-
cess solution may be applied in a dynamic manner or in a
static manner such as by puddling it onto the surface of the
substrate. During dispensing, the substrate is spun slowly at a
speed, for example, of 100 revolutions per minute (“rpm”) to
distribute the process solution over the substrate surface. For
a dynamic process, the substrate is spun slowly while the
process solution is dispensed continuously on the substrate.
For a static process such as the puddle process, the substrate
is allowed to rest for a brief period, for example, 15 seconds.
After the rinse step with the process solution is complete, the
rinsed wafer is then dried, for example, by spin drying at a
higher rpm.

[0056] Inyeta further embodiment of the present invention,
there is provided a method for selecting the process solution
comprising at least one formula I through X surfactant that
will minimize the number of pattern collapse defects for
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patterned, photoresist-coated substrates. In this regard, the
method comprises determining the surface tension and the
measuring the contact angle of a process solution containing
from 10 to 10,000 ppm of the at least one surfactant. The
process solution is first applied to the surface of a sample
photoresist-coated substrate. The surface tension, preferably
dynamic surface tension, of the process solution may be
determined according to the maximum-bubble-pressure
method as described herein. The contact angle of the process
solution, which is the angle between the baseline of a droplet
of process solution on the surface of the substrate and the
tangent at the droplet base, is then measured. In certain pre-
ferred embodiments, a high-speed camera may be used to
capture the spreading of the droplet at a speed of 2 frames per
second for a 2 minute interval and the contact angle can be
measured on the photographic image.

[0057] Once the surface tension and contact angle for the
process solution is obtained, the surface tension is then mul-
tiplied by the cosine of the contact angle measurement to
provide a certain value referred to herein as an “adhesion
tension value”. Lower adhesion tension values for the process
solution correlate to a greater reduction in pattern collapse
defects. Adhesion tension values of 30 or less indicate, pref-
erably 25 or less, or more preferably 20 or less indicate that
the process solution may be more effective in reducing the
number of pattern collapse defects compared to deionized
rinse solutions or process solutions containing other surfac-
tants described in the prior art. If the adhesion tension value is
acceptable (i.e., 30 or less), the process solution may then be
used for a production lot. The concentration of the formula I
through X surfactant is determined by the smallest adhesion
tension value calculated at different concentrations for each
surfactant. In certain preferred embodiments, the process
solution reduced the number of pattern collapse defects by
25% or greater, preferably 50% or greater, and more prefer-
ably 75% or greater relative to a deionized water rinse for
patterned and developed photoresist coated substrates having
an aspect ratio of 3.0 or greater, and a pitch of 1:1.4 or greater,
or a normalized aspect ratio of at least 0.015 1/nm.

[0058] The invention will be illustrated in more detail with
reference to the following examples, but it should be under-
stood that the present invention is not deemed to be limited
thereto.

EXAMPLES
Examples 1 through 5
Dynamic Surface Tension (DST)

[0059] Five process solutions containing acetylenic diol
surfactants derived from 2.,4,7,9-tetramethyl-5-decyne-4,7-
diol (examples 1 through 3) or 2,5,8,11-tetramethyl-6-dode-
cyne-5,8-diol (examples 4 and 5) were prepared by adding 0.1
weight percent of the surfactant to deionized water under
continuous stirring.

[0060] The dynamic surface tension (DST) data for each
process solution was collected via the maximum bubble pres-
sure method described in Langmuir 1986, 2, pp. 428-432. The
data was collected at bubble rates that range from 0.1 bubbles/
second (b/s) to 20 b/s using the Kruss BP3 bubble pressure
tensiometer manufactured by Kruss, Inc. of Charlotte, N.C.
The molar units of EO and PO for each example and dynamic
surface tension data is provided in Table I.

[0061] Thedynamic surface tension data provides informa-
tion about the performance of a surfactant at conditions from



US 2011/0171583 Al

near-equilibrium (0.1 b/s) to relatively high surface creation
rates (20 b/s). For applications such as semiconductor or IC
processing, high bubble rates may correspond to a faster
substrate rotation speed or a dynamic dispense in a post-
development rinse process. It is desirable that the dynamic
surface tension by reduced below that of water at high bubble
rates (i.e., 70-72 dyne/cm at 20 b/s) to provide, inter alia,
better wetting of the photoresist-coated substrate, reduction
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10 minutes. In semiconductor processing applications, the
presence of significant foam may be undesirable and may
lead to an increase in processing defects.

TABLE I

Foaming Properties

; N Moles EO Moles PO Initial Foam  Time to Zero
in the number of defects, and prevention of pattern collapse. Example (m +n) P+ Height (cm)  Foam (sec)
As Table I illustrates, all of the process solutions exhibited
dynamic surface tensions at high bubble rates below that of 2 3 é g'g g
water. This indicates that the process solutions of the present 7 4 0 55 60
invention may be effective at reducing the surface tension of
water.
TABLE I
Dynamic Surface Tension
Moles  Moles DST DST DST DST DST
EO PO (dyne/cm) (dyne/ecm) (dyne/cm) (dyne/cm) (dyne/cm)
Example (m+n) (p+q) 0.1b/s 1b/s 6 b/s 15 b/s 20 b/s
1 5 2 34.0 35.3 37.6 41.5 443
2 5 0 35.1 35.2 38.1 42.0 4.4
3 0 0 32.1 33.1 34.2 36.1 40.3
4 0 0 34.1 43.6 58.1 68.3 69.8
5 4 0 26.8 26.8 31.5 35.9 39.1
Examples 5 through 7
TABLE IIT
Foaming Properties
Comparison of Foam Properties with Solutions
. L. o containing other Surfactants
[0062] Three process solutions containing acetylenic diol
surfactants derived from 2,4,7,9-tetramethyl-5-decyne-4,7- . ol B HF}’aﬁH HF}’aﬁH HF}’aﬁH
. nse itial Foam eight at eight at eight at
diol (.examples Sand 6)or2,5,8,1 l-tetramethy1-6-dodec¥ne- Composition Height (om) 6 sec (om) Smin (cm) S min (cm)
5,8-diol (example 7) were prepared by adding 0.1 weight
percent of each surfactant to deionized water under continu- ?ﬁfgﬁ’iﬁéﬁctmt 12'2 12 B I\?/ A 12 5
ous stirring. (0.1 weight %) ’ ’ '
Tonic surfactant 22.0 22.0 20.0 N/A

[0063] Foaming is an undesirable side effect of surfactants
in rinse solution. The foaming properties of examples 5
through 7 were examined using a procedure based upon
ASTM D 1173-53, the Ross-Miles test method, and the
results are provided in Table II. In this test, a 200 ml quantity
of each process solution is added from an elevated foam
pipette to a foam receiver containing the 50 ml of the same
solution at room temperature. The Ross-Miles method stimu-
lates the action of pouring a liquid into a cylindrical vessel
containing the same liquid. The results are given in Table II.
The foam height is measured at the completion of the addition
(“Initial Foam Height™) and the time required for the foam to
dissipate is recorded (“Time to O Foam”). In certain applica-
tions, foam may be undesirable because it may lead to defects
due to the failure to adequately coat the surface of the sub-
strate. As Table II indicates, the time to reach zero foam is
approximately one minute or less.

[0064] The process solution of Example 5 was also com-
pared to process solutions containing 0.1 weight percent of a
fluorosurfactant (perfluoroalkyl ethoxylate) and an ionic sur-
factant (sodium lauryl sulfate) using the Ross-Miles test. The
results of this comparison are provided in Table III. As Table
11T shows, solutions containing the fluorosurfactant and ionic
surfactant still exhibited significant foam at intervals of 5 or

(0.25 weight %)@

Information obtained from DuPont ZONYL ® marketing literature.

Onformation obtained from Weil, I. K., etal., “Synthetic Detergents from Animal Fats: the
Sulfonation of Tallow Alcohols”, J. Am. Oil Chem. Soc. 31, p. 444-47 (1954).

Examples 8 through 9
Contact Angle Data

[0065] The wetting properties of process solutions contain-
ing varying amounts of surfactants derived from 2,4,7,9-tet-
ramethyl-5-decyne-4,7-diol (examples 8a and 8b) or 2,5,8,
11-tetramethyl-6-dodecyne-5,8-diol (examples 9a and 9b)
and DI water as a comparison (comparative example 1) was
measured on the G10/DSA10 Kruss drop shape analyzer
provided by Kruss USA of Charlotte, N.C. using the Sessile
drop method. In this method, the wetting properties of a
localized region on the surface of a photoresist-coated sub-
strate are estimated by measuring the contact angle between
the baseline of a droplet of aqueous developer solution and
the tangent at the droplet base. A high-speed camera captured
the spreading of the droplet at a speed of 2 frames per second
for 2 minutes and the contact angle was measured.

[0066] Process solutions of surfactant based on 2,4,7,9-
tetramethyl-5-decyne-4,7-diol and 2,5,8.11-tetramethyl-6-
dodecyne-5,8-diol were prepared in the following manner. A
volumetric flask was charged with varying amounts of the
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surfactant and DI water to reach a level of 100 ml at room
temperature. The mixture was agitated until the surfactant
was dissolved therein to form the process solution. The
amounts of surfactant in the process solutions of examples 8a,
8b, 9a and 9b are provided in Table IV.

[0067] Silicon wafers provided by Wafernet Inc. of San
Jose, Calif. were coated with a AX 4318 photoresist coating
provided by Sumitomo Chemical Co., Ltd. of Osaka, Japan
using a spin coating process at a spin speed of 3200 rpm. The
contact angle of the process solution on the photoresist sur-
face was measured. Table IV provides the value of the contact
angle for the process solutions and DI water (comparative
example 1) at different drop ages expressed in seconds.
[0068] Ingeneral, contactangles of about 20° or below may
indicate complete wetting of the substrate surface. As Table
1V illustrates, the contact angles of TMAH developer on the
photoresist-coated substrate that were treated with the pro-
cess solutions of the present invention are smaller than the
contact angle of the photoresist treated with DI water. Further,
higher amounts of surfactant within the process solution may
lead to more surfactant adsorption and improved wetting.

TABLE IV

Contact  Contact Contact Contact
Amt Angle Angle  Angle Angle
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surface. The overlapping period with the developer was the
same as in comparative example 2. After a 120 second rinse
with the process solution, a DI water rinse was used for
another 7 minutes. The substrate was inspected for defects
using the TereStar® KL A-Tencor defect inspection tool and
the defects were classified and counted. The results of the
inspection are provided in Table V1.

[0072] As Table VI illustrates, the process solution of the
present invention was able to completely remove the photo-
resist residues from the patterned photoresist surface. By
contrast, Table V shows that were many defects resulting
from residual photoresist and other sources after rinsing with
DI water. Therefore, rinsing the substrate with the process
solution of the present invention effectively eliminated the
number of post-development defects and improved the pro-
cess yield.

TABLE V

Post-Development Defects after DI Water Rinse

Defect Types Small  Medium  Large Extra large Total
Pattern Defect 0 55 35 1 91
Pinholes/Dots 0 148 2 0 150
Total 0 203 37 1 241

Example Surfactant (0 sec) (5sec) (10sec) (30 sec)

Comp. Ex. 1 -DI — 61.8 61.7 61.5 61.1

water TABLE VI

Ex. 8a 125 ppm 47.3 46.9 46.5 45.4

Ex. 8b 600 ppm 47.3 42.6 40.6 36.4 Post-Development Defects after Process solution Rinse

Ex. 9a 100 ppm 50.0 46.8 45.0 41.6

Ex. 9b 350 ppm 40.0 29.4 253 17.2 Defect Types Small  Medium  Large Extra large  Total
Pattern Defect 0 0 0 0 0
Pinholes/Dots 0 0 0 0 0

Example 10

Total 0 0 0 0 0

Number of Post-Development Defects after DI Rinse
vs. Process solution Rinse

[0069] The number of post-development defects on a sub-
strate was compared after treating the substrate with a rinse of
DI water (comparative example 2) vs. a rinse containing the
process solution of the present invention (example 10). The
process solution contained 50 ppm of a 2,5,8,11-tetramethyl-
6-dodecyne-5,8-diol-derived surfactant and 170 ppm of the
oligomer dispersant SMA® 1440 provided by Elf Alfochem.
The substrate was processed in the following manner: a pho-
toresist-coated substrate was exposed to a 365 nm light,
heated to atemperature of approximately 110° C. fora time of
about 1 minute and then developed to form a patterned pho-
toresist with a dilute TMAH solution. The TMAH solution
was applied by dynamically dispensing a 0.21N TMAH solu-
tion onto the substrate for a period of 100 seconds.

[0070] In comparative example 2, a rinse containing DI
water started 15 seconds before the developer nozzle was
turned off and continued for a period of 7 minutes. The
substrate was inspected for defects using the TereStar® KILLA-
Tencor defect inspection tool provided by KLLA-Tencor Inc.
of San Jose, Calif. and the defects were classified and
counted. The results of the inspection are provided in Table V.
[0071] The substrate was processed in the same manner as
in comparative example 2 using the same developer and pro-
cess conditions. However, after 100 seconds of developing, a
process solution comprising an acetylenic diol surfactant (ex-
ample 10) was used to rinse the patterned photoresist-coated

Example 11

Comparison of Equilibrium Surface Tension and
Dynamic Surface Tension of Process solution vs.
Solutions Containing Fluorosurfactant

[0073] Process solutions containing 0.1 weight percent of a
surfactant derived from 2,5,8,11-tetramethyl-6-dodecyne-5,
8-dioland a fluorosurfactant, potassium pertluorooctane car-
boxylate provided by 3M of St. Louis, Mo. were prepared in
order to compare the equilibrium surface tension (EST) and
dynamic surface tension (DST). The EST for both solutions
was measured using the Wilhemy plate method on a Kruss
BP3 bubble pressure tensiometer manufactured by Kruss,
Inc. of Charlotte, N.C. The DST of each process solution was
measured via the maximum bubble pressure method used in
examples 1 through 5. The results of the EST and DST tests
are provided in Table VII.

[0074] Referring to Table VII, while the fluorosurfactant
exhibits a lower EST compared to the process solution of the
present invention, the significantly lower DST indicates that
the fluorosurfactant exhibits poor dynamic surface tension
reduction ability. For applications that require high surface
creation rates such as dynamic rinse processes used in semi-
conductor manufacturing, the process solution of the present
invention would be more suitable than solutions containing
fluorosurfactants due to its lower DST value.
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TABLE VII
Rinse Composition (0.1 wt %) EST (dyne/cm) DST (cm/cm)
Example 11 25.8 284
Fluorosurfactant 21.2 72.4

Examples 12 through 18

Determination of the Adhesion Tension Value of Pro-
cess Solutions of the Present Invention

[0075] Seven process solutions containing surfactants hav-
ing the formulas I through VIII were prepared by adding less
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the photoresist surface was measured on the G10/DSA10
Kruss drop shape analyzer provided by Kruss USA of Char-
lotte, N.C. using the Sessile drop method. Table VIII provides
the contactangle for each process solution measured at a drop
age of 10 seconds.

[0078] The adhesion tension values for each process solu-
tion was calculated by multiplying the surface tension and the
cosine of the contact angle. The results of this calculation are
provided in Table VIII. As Table VIII illustrates, all of the
process solutions have an adhesion tension value below 25.
Examples 13, 14, 16, 19, 20, and 21 each had an adhesion
value below 20. This indicates that these process solutions
may reduce the number of pattern collapse defects to a greater
degree than a process solution having one or more surfactants
with a higher adhesion tension value.

TABLE VIII

Adhesion Tension Values

Examples

12 13 14 15 16 17 18 19 20 21
Concentration 09 012 0095 005 4 0.05 0045 0.05 0012 0.03
(Wt %)
Surface 36.6 414 320 354 415 384 258 387 379 35.6
Tension (ST)
(dynes/cm)
Contact Angle 55.0 707 531 455 627 561 281 39 59.2 39.7
C)
Adhesion 21.0 13.6 19.2 248 19.0 214 228 19.9 194 17.9

Tension Value

than 1 weight percent of the surfactant to deionized water
under continuous stirring. The concentration of surfactant
within each process solution is provided in Table VIII and is
determined by the smallest adhesion tension value calculated
at different concentrations for each surfactant. Example 12
contained 3,5-dimethyl-1-hexyn-3-ol (Formula III). Example
13 contained 2,6-dimethyl-4-heptanol provided by Aldrich
(Formula IVa). Example 14 contained N,N'-bis(1,3-dimeth-
ylbutyl)ethylenediamine (Formula V). Example 15 contained
diisopentyl tartrate (Formula III). Example 16 contained
dodecyltrimethylammonium  chloride (Formula IVa).
Example 17 contained 2,4,7,9-tetramethyl-4,7-decane diol
(Formula V). Example 18 contained 2,5,8,11-tetramethyl-6-
dodecyne-5,8-diol-derived ~ surfactant  (Formula  II).
Examples 19, 20, and 21 each contained 1:3 adduct (0.05 wt
% concentration), 1:5 adduct (0.012 wt % concentration), and
1:5 adduct (0.03 wt % concentration), respectively, of dieth-
ylenetriamine (x=2) and n-buyl glycidyl ether (Formula
VII).

[0076] The dynamic surface tension (DST) data for each
process solution was collected via the maximum bubble pres-
sure method described in Langmuir 1986, 2, pp. 428-432. The
data was collected at bubble rates that range from 0.1 bubbles/
second (b/s) to 20 b/s using the Kruss BP3 bubble pressure
tensiometer manufactured by Kruss, Inc. of Charlotte, N.C.
The surface tension values at 0.1 bubbles/second for each
process solution are provided in Table VIII.

[0077] Silicon wafers provided by Wafernet Inc. of San
Jose, Calif. were coated with 300 nm thick TOK 6063 193 nm
photoresist coating provided by Tokyo Ohka Kogyo Co., Ltd.
of Tokyo, Japan. The contact angle of the process solution on

Pattern Collapse Reduction

[0079] Example 12, 14, and 17 process solutions were pre-
pared by adding 0.9 weight % of 3,5-dimethyl-t-hexyn-3-ol,
0.095 weight % of N,N'-bis(1,3-dimethylbutyl)ethylenedi-
amine, and 0.05 weight percent of 2.4,7,9-tetramethyl-4,7-
decane diol, respectively, to deionized water under continu-
ous stirring. A substrate was processed in the following
manner: a silicon wafer provided by Wafernet, Inc. and coated
with an anti-reflective coating was coated with a TOK 6063
193 nm photoresist and exposed to a 193 nm light with a
ASML PAS 5500/1100 scanner, heated to a temperature of
approximately 115° C. for a time of about 1 minute, and then
developed to form a patterned photoresist with a dilute
TMAH solution. The TMAH developer solution was applied
by dynamically dispensing a 0.26N TMAH solution onto the
substrate and allowed to set for a period of 45 seconds. The
process solution was then dynamically dispensed onto the
substrate surface while the wafer substrate slowly spun at 500
rpm to distribute the solution on the substrate surface. The
dispense process lasted for a period of 15 seconds. After-
wards, the substrate was spun at 3,500 rpm to dry.

[0080] In a comparative example, a deionized water rinse
solution was applied the substrate surface after the develop-
ment of the patterned photoresist coating with a TMAH
developer solution under the same process conditions as the
Example 12, 14, and 17 process solutions.

[0081] Silicon wafers treated with a post-development
rinse of the process solution of the present invention and a
deionized water post-development rinse were compared
under scanning electron microscopy. FIGS. laand 1b provide
cross-sectional SEM images of 80 nm dense lines with 1:1



US 2011/0171583 Al

pitch using a deionized water rinse and a rinse employing the
Example 14 process solution, respectively. Referring to FIG.
1b, employing the process solution of the present invention as
a post-development rinse solution in addition to or in lieu of
deionized water minimizes or reduces the incidence of pat-
tern collapse and preserves line definition.

[0082] The critical dimensions (“CD”) of the features of
each wafer were measured with a Hitachi CD-SEM toolon 37
sites per wafer, and pattern collapse was visually observed
through the top-down SEM images. The wafers were exposed
under the same dose energy of 16.5 mJ/cm®. The results of the
visual observations are provided in Table IX.

[0083] As shown in Table IX, the process solutions of the
present invention reduced the collapsed sites by at least half
while increasing the aspect ratio from 3 to 3.3. Therefore,
rinsing the substrate with the process solution of the present
invention rather than with deionized water effectively
reduced the pattern collapse when patterning high aspect ratio
features.

TABLE IX

Pattern Collapse Data

Rinse Solution Aspect Ratio % sites with collapsing
DI Water 3.0 97
Example 12 33 48
Example 14 32 3
Example 17 3.1 6

Reduction in Line Width Roughness

[0084] Exemplary process solutions 22 and 23 were pre-
pared by adding 0.05 weight % of N,N'-bis(1,3-dimethylbu-
tyl)ethylenediamine (Formula V surfactant) and 0.05 weight
% of 2,6-dimethyl-4-heptanol (Formula III surfactant); and
adding 0.1 weight % of 1:5 adduct of diethylenetriamine
(x=2) and n-butyl glycidyl ether (Formula VIII surfactant),
respectively, to deionized water under continuous stirring. A
substrate was processed in the following manner: a silicon
wafer provided by Wafernet, Inc. and having an anti-reflective
coating deposited thereupon was coated with a TOK 6063
193 nm photoresist. The coated wafer was exposed to a 193
nm light with a ASML PAS 5500/1100 scanner, heated to a
temperature of approximately 115° C. for a time of about 1
minute, and then developed to form a patterned photoresist
with a dilute TMAH solution. The TMAH developer solution
was applied by dynamically dispensing a 0.26N TMAH solu-
tion onto the substrate and allowed to set for a period of 45
seconds. After 15 seconds of a DI water rinse, the substrate
was spun at 3,500 rpm to dry. The wafer was then cleaved into
smaller pieces, immersed into either deionized water,
Example 22 process solution, or the Example 23 process
solution for 15 seconds and then dried. Cross-sectional SEM
pictures showing 100 nm 1:1 dense lines were taken before
and after the treatment process.

[0085] FIGS. 2a through 2¢ provide cross-sectional SEM
images of the wafers. FIG. 2a shows that the patterned resist
features of substrates treated with DI water alone exhibited
rough standing waves. However, upon treatment with process
solutions 22 or 23, such as the substrates shown in FIGS. 2b
and 2c, respectively, the patterned resist features are much
smoother and the standing wave is eliminated.
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Examples 24 and 25

[0086] Exemplary process solutions 24 and 25 were pre-
pared by adding 0.12 weight of N,N' bis(1,3-demethylbutyl)
ethylenediamine (Formula V surfactant) and 5 weight % of
the non-aqueous solvent ethanol and methanol, respectively
to deionized water under continuous stirring. An additional
process solution Example 14 was prepared as previously
described by adding N,N' bis(1,3-demethylbutyl)ethylenedi-
amine (Formula V surfactant) to deionized water alone.
[0087] A substrate was processed in the following manner:
a silicon oxynitride wafer was coated with a 193 nm photo-
resist. The coated wafer was exposed to a 193 nm light with a
ASML PAS 5500/950 scanner, heated to a temperature of
approximately 115° C. for a time of about 1 minute, and then
developed to form a patterned photoresist with a dilute
TMAH. The TMAH developer solution was applied by
dynamically dispensing a 0.26N TMAH solution onto the
substrate and allowed to set for a period of 45 seconds. The
process solution was then dynamically dispensed onto the
substrate surface while the wafer substrate spun slowly at 500
rpm to distribute the solution on the substrate surface. The
watfer was then still and puddle underneath the process solu-
tion for 5 seconds. Afterwards, the substrate was spun at 3,500
rpm to dry.

[0088] The top-down SEM was used to collect the LWR
measures at 100 nm lines/space at 1:1 pitch and the results for
each process solution are provided in Table X. Table X also
provides the maximum energy dose applied to the wafer
without causing the collapse of patterned resist features and
the corresponding minimum CD as well as the maximum
aspect ratio.

TABLE X
Mean CD and LWR results
Maximum

Process Energy Minimum CD Maximum

Solution (mJ/em2) (nm) Aspect Ratio  LWR (30, nm)
Ex. 14 23.25 103.6 2.90 55

Ex. 24 25.5 92.5 3.24 54

Ex. 25 24.75 94.3 3.18 4.8

We claim:

1. A method for reducing the number of defects during the
manufacture of semiconductor devices, the method compris-
ing:

providing a substrate comprising a photoresist coating;

exposing the substrate to a radiation source to form a pat-

tern on the photoresist coating;

applying a developer solution to the substrate to form a
patterned photoresist coating;

optionally rinsing the substrate with deionized water; and

contacting the substrate with a process solution comprising
at least one aqueous solvent, at least one non-aqueous
solvent that is miscible in an aqueous solvent, and about
10 ppm to about 10,000 ppm of at least one surfactant
having the formula (I), (II), (IIT), (IVa), (IVb), (V), (VD),
(VID), (VIII), (IXa), IXb), (IXc), (Xa), (Xb), (Xc), or
Xd):
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-continued
i Xe
R— Il\f— R4
Rz
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wherein R, R, R,, and R, , are each independently a straight,
Il abranched, or a cyclic alkyl group having from 3 to 25 carbon
atoms; R, and R, are each independently a hydrogen atom or
an alkyl group having from 1 to 5 carbon atoms; Rs is a
straight, a branched, or a cyclic alkyl group having from 1 to
10 carbon atoms; R is a straight, a branched, or a cyclic alkyl
group having from 4 to 16 carbon atoms; R, Ry, and R, are
each independently a straight, a branched, or a cyclic alkyl
group having from 1 to 6 carbon atoms; R, , is independently
Vb H or a group represented by the formula

v /\(\O_Ru;

OH

IVa

R,, is a straight, a branched, or a cyclic alkyl group having
from 4 to 22 carbon atoms; W is a hydrogen atom or an
alkynyl group; X and Y are each independently a hydrogen
VI atom or a hydroxyl group; Z is a halide atom, a hydroxyl
group, an acetate group, or a carboxylate group; i, m, n, p, and
q are each independently a number that ranges from 0 to 20;
rand s are each independently 2 or 3; t is a number that ranges
from O to 2; j is a number that ranges from 1 to 5; and x is a
VI number that ranges from 1 to 6.
2. The method of claim 1 wherein the contacting step
comprises a dynamic rinse.
3. The method of claim 1 wherein the contacting step
comprises a static rinse.
4. The method of claim 1 wherein the surface of the sub-
strate in the contacting step is wet with the developer solution.
5. The method of claim 1 wherein the surface of the sub-

strate in the contacting step is wet with the deionized water
rinse.

VII

6. The method of claim 1 wherein the process stream is
formed by injecting 10 to 10,000 ppm of the at least one

X surfactant into the solvent.
* 7. The method of claim 1 wherein the process stream is

IXb formed by applying 10 to 10,000 ppm of the at least one
surfactant onto the surface of the substrate and applying the
solvent to the substrate surface.
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8. The method of claim 1 wherein the process stream is
formed by passing the solvent through a cartridge comprising
the at least one surfactant.

9. The method of claim 1 wherein a time of the contacting
step ranges from 1 to 200 seconds.

10. The method of claim 9 wherein the time of the contact-
ing step ranges from 1 to 150 seconds.

11. The method of claim 10 wherein the time of the con-
tacting step ranges from 1 to 40 seconds.

12. The method of claim 10 wherein an at least one tem-
perature of the contacting step ranges from 10 to 100° C.

13. A method for avoiding a collapse ofa developed pattern
on the surface of a plurality of substrates, the method com-
prising:

providing a first substrate comprising a photoresist pattern

developed upon the surface;

preparing a process solution comprising from 10 ppm to
about 10,000 of at least one surfactant having the for-

mula (I), (ID), (TIT), (TVa), AVD), (V), (VI), (VID), (VIII),
(IXa), (IXb), (IXc), (Xa), (Xb), (Xc), or (Xd):
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wherein R, R, R,, and R , are each independently a straight,
abranched, or a cyclic alkyl group having from 3 to 25 carbon
atoms; R, and R, are each independently a hydrogen atom or
a straight, a branched, or a cyclic alkyl group having from 1 to
5 carbon atoms; Ry is a straight or a branched alkyl group
having from 1 to 10 carbon atoms; Ry is a straight or a
branched alkyl group having from 4 to 16 carbon atoms; R,
Rg, and R, are each independently a straight or a branched
alkyl group having from 1 to 6 carbon atoms; R, is indepen-
dently a H atom or a group represented by the formula

/\(\O_Ru;

OH

R,, is a straight, branched, or cyclic alkyl group having from
4 to 22 carbon atoms; W is a hydrogen atom or an alkynyl
group; X and Y are each independently a hydrogen atom or a
hydroxyl group; Z is a halide atom, a hydroxyl group, an
acetate group, or a carboxylate group; 1, m, n, p, and q are each
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independently a number that ranges from 0 to 20; r and s are
each independently 2 or 3; t is a number that ranges from 0 to
2;j is a number that ranges from 1 to 5; and x is a number that
ranges from 1 to 6;

contacting the first substrate with the process solution;

determining a surface tension and a contact angle of the
process solution on the first substrate;

multiplying the surface tension by the cosine of the contact
angle to provide the adhesion tension value of the pro-
cess solution;

providing the plurality of substrates wherein each substrate
within the plurality comprises a photoresist pattern
developed upon the surface; and

contacting the plurality of substrates with the process solu-
tion if the adhesion tension value of the process solution
is 30 or below.

14. The process of claim 13 wherein the preparing, the first
contacting, the determining, and the multiplying steps are
repeated until the adhesion tension value is 30 or below.

15. The process of claim 13 wherein the surface of the
plurality of substrates in the second contacting step is wet
with a deionized water rinse.

16. The process of claim 13 wherein the surface of the
plurality of substrates is wet with a developer solution.

17. A method of reducing pattern collapse defects on the
surface of a patterned and developed substrate comprising:
contacting the substrate with a process solution comprising
an aqueous solvent, a non-aqueous solvent, and at least one
surfactant having the formula (I), (II), (IIT), (IVa), (IVb), (V),
(VD), (VID), (VIID), (IXa), (IXb), (IXc), (Xa), (Xb), (Xc), or
Xd):
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wherein R, R, R,, and R , are each independently a straight,
abranched, or a cyclic alkyl group having from 3 to 25 carbon
atoms; R, and R, are each independently a hydrogen atom or
a straight, a branched, or a cyclic alkyl group having from 1 to
5 carbon atoms; R, is a straight, a branched, or a cyclic alkyl
group having from 1 to 10 carbon atoms; Ry is a straight, a
branched, or a cyclic alkyl group having from 4 to 16 carbon
atoms; R, Ry, and Ry are each independently a straight, a
branched, or a cyclic alkyl group having from 1 to 6 carbon
atoms; R, is a hydrogen atom or a group represented by the
formula
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/\(\O_Ru;

OH

R,, is a straight, a branched, or a cyclic alkyl group having
from 4 to 22 carbon atoms; W is a hydrogen atom or an
alkynyl group; X and Y are each independently a hydrogen
atom or a hydroxyl group; Z is a halide atom, a hydroxyl
group, an acetate group, or a carboxylate group; i, m, and n are
each independently a number that ranges from 0 to 20; r and
s are each independently 2 or 3; t is a number that ranges from
010 2;jis anumber that ranges from 1 to 5; and X is a number
that ranges from 1 to 6.

18. A method of reducing line width roughness defects on
the surface of a patterned and developed substrate compris-
ing: contacting the substrate with a process solution compris-
ing an aqueous solvent, a non-aqueous solvent, and at least
one surfactant having the formula (1), (I1), (II1), (IVa), (IVb),
V), (VD), (VID), (VIID), (IXa), (IXb), (IXc), (Xa), (Xb), (Xc),
or (Xd):
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wherein R, R, R,, and R, , are each independently a straight,
abranched, or a cyclic alkyl group having from 3 to 25 carbon
atoms; R, and R, are each independently a hydrogen atom or
a straight, a branched, or a cyclic alkyl group having from 1 to
5 carbon atoms; R, is a straight, a branched, or a cyclic alkyl
group having from 1 to 10 carbon atoms; Ry is a straight, a
branched, or a cyclic alkyl group having from 4 to 16 carbon
atoms; R, Ry, and Ry are each independently a straight, a
branched, or a cyclic alkyl group having from 1 to 6 carbon
atoms; R, is a hydrogen atom or a group represented by the

formula
/\(\ O—Rupi

OH
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R,, is a straight, a branched, or a cyclic alkyl group having each independently a number that ranges from 0 to 20; r and

from 4 to 22 carbon atoms; W is a hydrogen atom or an s are each independently 2 or 3; t is a number that ranges from
010 2;jis a number that ranges from 1 to 5; and x is a number

alkynyl group; X and Y are each independently a hydrogen that ranges from 1 to 6

atom or a hydroxyl group; Z is a halide atom, a hydroxyl
group, an acetate group, or a carboxylate group; i, m, and n are ok ow R



