DESCRI PTI ON

TI TLE OF I NVENTI ON: PATTERNI NG PROCESS

TECHNI CAL FI ELD
[ 0001]

The present invention relates to a resist
under | ayer film patterning process that can be used for
fine patterning according to a nmultilayer resist nethod

in a sem conductor device manufacturing process.

BACKGROUND ART
[ 0002]

Along with high integration and hi gh processing
speed of LSI, mniaturization of pattern size is rapidly
advancing. Along with the mniaturization, |ithography
t echnol ogy has achieved a fine patterning by shortening
wavel ength of a |ight source and sel ecting an
appropri ate resi st conposition accordingly. The
conposition mainly used is a positive photoresist
conposition for nmonol ayer. The nonol ayer positive
phot oresi st conposition not only allows a resist resin
to have a skel eton having etching resistance agai nst dry
etching with chlorine- or fluorine-based gas plasm, but
al so provides a switching nechani smthat makes an
exposed part soluble, thereby dissolving the exposed
part to forma pattern and processing a substrate to be
processed by dry etching while using the remaining
resist pattern as an etching mask.

[ 0003]

However, when the pattern becones finer, that is,

the pattern width is reduced wi thout changing the

t hi ckness of the photoresist filmto be used, resolution



performance of the photoresist filmis |owered. In
addi ti on, pattern devel opment of the photoresist film
with a devel oper excessively increases a so-called
aspect ratio of the pattern, resulting in pattern
col | apse. Therefore, the photoresist film has been
thinned along with the mniaturization of the pattern.
[ 0004]

On the other hand, a substrate to be processed has
been generally processed by dry etching while using a
pattern-formed photoresist filmas an etching mask. 1In
practice, however, there is no dry etching nethod
capabl e of providing an absolute etching selectivity
bet ween the photoresist filmand the substrate to be
processed. The photoresist filmis thus al so damged
and col | apses during processing of the substrate, and
the resist pattern cannot be accurately transferred to
t he substrate to be processed. Accordingly, higher dry
et ching resistance has been required in a resi st
conposition along with the mniaturization of the
pattern. However, on the other hand, a resin used for
t he photoresist conposition needs to have | ow |ight
absorption at exposure wavel ength in order to inprove
the resolution. For this reason, the resin has shifted
to a novol ak resin, polyhydroxystyrene, and a resin
havi ng an aliphatic polycyclic skeleton as the exposure
light shifted fromi-line to KrF and ArF, which have
shorter wavel ength. However, this shift has actually
accel erated an etching rate under dry etching conditions
for processing the substrate, and recent photoresi st
conposi tions having high resolution rather tend to have
| ow et ching resistance.
[ 0005]

As a result, the substrate to be processed has to



be dry-etched with a thinner photoresist film having
| ower etching resistance. Therefore, a demand for
finding a conposition used in this processing and the
process therefor has beconme urgent.
[ 0006]

A multilayer resist method is one of the sol utions
for the above problens. This method is as follows: a
resist mddle layer filmhaving a different etching
selectivity froma photoresist film¢(i.e., a resist
upper layer film is placed between the resist upper
| ayer filmand a substrate to be processed; a pattern is
formed in the resist upper layer film the pattern is
transferred to the resist mddle |ayer filmby dry
etching while using the resist upper layer filmpattern
as a dry etching mask; and the pattern is further
transferred to the substrate to be processed by dry
etching while using the resist mddle layer filmas a
dry etching mask
[ 0007]

One of the multilayer resist nethods is a three-
| ayer resist nmethod, which can be perforned with a
typical resist conmposition used in the nonol ayer resist
met hod. For exanple, this three-layer resist method
i ncludes the follow ng steps: an organic film containing
a novolak resin or the like is fornmed as a resi st
underl ayer filmon a substrate to be processed; a
silicon-containing resist mddle layer filmis forned
thereon as a resist mddle layer film and a usua
organi c photoresist filmis formed thereon as a resist
upper layer film Since the organic resist upper |ayer
filmensures an excellent etching selectivity ratio
relative to the silicon-containing resist mddle |ayer

filmwhen dry etching is performed with fluorine-based



gas plasma, the resist upper layer filmpattern can be
transferred to the silicon-containing resist mddle
| ayer filmby dry etching with fluorine-based gas
pl asma. This nethod allows the pattern to be
transferred to the silicon-containing resist mddle
| ayer film (resist mddle layer film even by using a
resi st conposition with which it is difficult to forma
pattern having a sufficient filmthickness for directly
processing the substrate to be processed or a resist
conposition that has insufficient dry etching resistance
for processing the substrate. Then, further performng
dry etching with oxygen gas plasma or hydrogen gas
pl asma allows the pattern to be transferred to the
organic film (resist underlayer film containing a
novol ak resin or the like, which has a sufficient dry
etching resistance for processing the substrate. As to
the resist underlayer film many materials are already
known as disclosed in Patent Docunment 1, for exanple.
[ 0008]

Meanwhi l e, in recent years, with the rapid
m ni aturizati on of DRAM nenory, the proportion of edge
roughness to the line width of a pattern has increased
in fine patterns with high resolution in the order of
nanometer, and it has become even nore difficult than
before to reduce the edge roughness of a pattern.
Accordingly, the need for a resist underlayer film
pattern having favorabl e edge roughness is rising. 1In
particular, in sidewall spacer nethods (Non Patent
Docunent 1), where a pitch is divided into hal ves by
formng film on both sides of a line pattern sidewall,
reduction in the edge roughness of a resist underl ayer
filmpattern is a problem
[ 0009]



As a sidewall spacer nethod, there is a proposal
for a nethod of formng sidewalls with Si®, «-si, o-C,
etc. by a CVD nethod on a pattern to be a core, and then
renmoving the core pattern by dry etching to forma
pattern of the sidewalls, thus, dividing the pattern
pitch into halves. In a nultilayer resist nmethod using
an organic resist underlayer filmand a silicon-
containing mddle layer film a half-pitch pattern can
be formed by transferring a resist pattern by dry
etching to a core material forned from an organic
underlayer film then form ng sidewalls on the core
mat eri al having the transferred pattern, and
subsequently renoving the core material. The edge
roughness of the half-pitch sidewall pattern is strongly
i nfl uenced by the edge roughness of the resist
under |l ayer filmpattern to be the core.

[ 0010]

Vari ous met hods are being considered for reducing
line width variation in a pattern in a |ayer to be
etched. As an exanple, there is a nethod of reducing
t he edge roughness of a resist pattern by perform ng
pl asma treatnment using H, gas to cure the resist film
(Patent Docunent 2).

However, in the above-descri bed methods, when
consi dering use as an etching mask in advanced
generations, there are concerns regarding the dry
etching resistance of resist patterns, and degradati on
I n edge roughness is expected at the tine of pattern
transfer to a substrate to be processed. Meanwhil e,
when considering use as a core in a sidewall spacer
met hod, there are concerns regarding the heat resistance
of resist patterns, and degradation in edge roughness is

expected at the tinme of sidewall formation by a CVD



met hod.

Cl TATI ON LI ST

PATENT LI TERATURE

[0011]

Pat ent Docunment 1: JP2004- 205685A

Pat ent Docunent 2: JP2007-219292A

NON PATENT LI TERATURE

[0012]

Non Patent Docunent 1: J. Vac. Sci. Technol. B17 (6),
Nov/ Dec 1999

SUMVARY OF | NVENTI ON
TECHNI CAL PROBLEM
[ 0013]

The present invention has been nade in view of the
above-descri bed circunstances. An object of the present
invention is to provide a nmethod for form ng a resist
underl ayer filmpattern that exhibits better edge
roughness than a conventional organic underlayer film

pattern by perform ng plasma irradiation.

SOLUTI ON TO PROBLEM
[ 0014]

To achieve the object, the present invention
provi des a patterning process for formng a resist
underl ayer film pattern on a substrate, conprising the
steps of:

(i-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(i-2) applying a composition for formng a silicon-

containing resist mddle layer filmonto the resist



underl ayer film followed by heating to forma silicon-
containing resist mddle |ayer film

(i-3) formng a resist upper layer filmon the
silicon-containing resist mddle |layer film

(i-4) subjecting the resist upper layer filmto
pattern exposure and then devel opment with a devel oper
to forma pattern in the resist upper |ayer film

(i-5) formng a resist underlayer film pattern by
etching nultiple tines while using the pattern of the
resi st upper layer filmas a mask; and

(i-6) subjecting the resist underlayer filmpattern
to plasma irradiation, wherein

the conposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step
(i-6) etches the resist underlayer filmless than an
etching gas used in the step (i-5) of form ng the resist
under |l ayer film pattern by etching the resist underl ayer
film
[ 0015]

According to such a resist underlayer film
patterni ng process, the filmsurface on the sidewalls of
the pattern is nodified by plasma irradiation, and a
resi st underlayer film pattern having excell ent edge
roughness can be forned.

[ 0016]

The present invention also provides a patterning
process for formng a resist underlayer filmpattern on
a substrate, conprising the steps of:

(ii-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(ii-2) formng an inorganic hard mask m ddle | ayer



filmselected froma silicon oxide film a silicon
nitride film and a silicon oxynitride filmon the
resi st underl ayer film

(ii1-3) formng a resist upper layer filmon the
i norgani ¢ hard mask m ddle layer film

(ii-4) subjecting the resist upper layer filmto
pattern exposure and then devel opnent with a devel oper
to forma pattern in the resist upper |ayer film

(ii-5) formng a resist underlayer film pattern by
etching nultiple tines while using the pattern of the
resi st upper layer filmas a mask; and

(ii-6) subjecting the resist underlayer film
pattern to plasma irradiation, wherein

the conposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step
(ii-6) etches the resist underlayer filmless than an
etching gas used in the step (ii-5) of formng the
resi st underlayer filmpattern by etching the resi st
under |l ayer film
[0017]

According to such a resist underlayer film
patterni ng process, the filmsurface on the sidewalls of
the pattern is nodified by plasma irradiation, and a
resi st underlayer film pattern having excell ent edge
roughness can be fornmed.

[ 0018]

In this case, the patterning process can conprise,
after the step of perform ng plasma irradiation, a step
of formng the pattern directly or indirectly on the
substrate while using the plasma-irradi ated resi st
under |l ayer filmpattern as an etchi ng mask.

[ 0019]



In the inventive patterning process, the pattern
can be formed on the substrate in this manner.
[ 0020]

In the patterning process, the step of performng
plasma irradiation is preferably perfornmed under an
at nosphere of N, NF3, H, fluorocarbon, a rare gas, or a
m xture thereof.

[ 0021]

When the plasma irradiation of the resist
underl ayer filmpattern is performed under an atnosphere
contai ning a gas given above, edge roughness can be
i nproved whil e suppressing side-etching of the resist
under | ayer film pattern.

[ 0022]

In this case, the step of perform ng plasm
irradiation is preferably performed under an atnosphere
cont ai ni ng hydrogen or helium
[ 0023]

As described, a gas containing H. or heliumis also
preferable fromthe viewpoint of productivity.

[ 0024]

I n the above-described patterning process, the
conposition for formng a resist underlayer film
preferably conprises (A a resin, being:

(a) a polynmer having an aromatic ring in a main
chai n and havi ng a wei ght -average nol ecul ar wei ght of
2,500 or higher and 20,000 or |ower as neasured by gel
perneati on chromat ography in ternms of polystyrene;

(b) an aromatic ring-containing conpound having a
wei ght - aver age nol ecul ar wei ght of 600 or nore and 3, 000
or |l ess as measured by gel perneation chromatography in
ternms of polystyrene; or a combination thereof.

[ 0025]



According to the patterning process using the
conposition for formng a resist underlayer film
containing the resin (A), the nodification caused by the
plasma irradiation occurs easily, and it is possible to
forma resist underlayer film pattern having better edge
roughness.

[ 0026]

In this case, the resin (A) preferably has at |east
one crosslinkable group selected froma vinyl group, an
al lyl group, an allyloxy group, an ethynyl group, a
propar gyl group, a propargyl oxy group, an epoxy group,
an oxetanyl group, and a hydroxy group.

[ 0027]

The resin (A) having a crosslinkable group given
above has excellent curability, and therefore, according
to a patterning process using the conposition for
form ng a resist underlayer filmcontaining the resin, a
fine resist underlayer filmpattern can be formed. A
resi st underlayer film pattern thus obtained undergoes
nodi fi cati on caused by the plasma irradiation nore
easily, and a resist underlayer film pattern having
excel | ent edge roughness can be forned.

[ 0028]

I n the above-descri bed patterning process for
formng a half-pitch pattern of the pattern of the
resi st upper layer filmon the substrate, the patterning
process preferably conprises,

after the step of subjecting the resist underl ayer
filmpattern to plasma irradiation, the steps of:

form ng an inorganic silicon film conprising any of
pol ysilicon, anorphous silicon, silicon oxide, silicon
nitride, silicon oxynitride, silicon carbide, and
conposite materials thereof by a CVD nmethod or an ALD

10



met hod to cover the resist underlayer film pattern; and
renoving the resist underlayer filmpattern by dry

etching or with a peeling solution to form an inorganic

silicon filmpattern having a half pitch of the pattern

of the resist upper layer film

[ 0029]

According to such a patterning process, a resist
under |l ayer film pattern having excellent edge roughness
can be fornmed, and therefore, when the pattern is used
as a core for a sidewall spacer nethod, it is possible
to achieve better edge roughness of the half-pitch

si dewal | pattern.

ADVANTAGEOUS EFFECTS OF | NVENTI ON
[ 0030]

As expl ai ned above, in recent years, with the rap
m niaturization of DRAM the proportion of edge
roughness to the line width of a pattern has increased
in fine patterns with high resolution in the order of
nanonmeter, and it has become even nore difficult than
before to reduce the edge roughness of a pattern.
Accordingly, the need is rising for a resist underl ayer
filmpattern having excell ent edge roughness. In
particular, in sidewall spacer nethods, where a pitch is
di vided into halves by formng filnms on both sides of a
line pattern sidewall, reduction in the edge roughness
of a resist underlayer filmpattern is a problem The
i nventive resist underlayer film patterning process can
provide a resist underlayer filmpattern that exhibits
better edge roughness than a conventional organic
underl ayer filmpattern by perform ng plasm
irradiation, and therefore, can be used particularly

suitably in a nultilayer resist process, and is

11



extrenmely useful in fine patterning for manufacturing a

sem conduct or devi ce.

BRI EF DESCRI PTI ON OF DRAW NGS
[ 0031]

FIG 1 is an explanatory diagram of an exanpl e of
the inventive patterning process (three-layer resist
process).

FIG 2 is an explanatory diagram of an exanpl e of
the inventive patterning process (sidewall spacer
met hod) .

FIG 3 is an explanatory diagram of an exanple of
the inventive patterni ng process (sidewall spacer nethod
usi ng wet peeling).

FIG 4 is an explanatory diagram of an exanple of
the inventive patterning process (sidewall spacer
met hod) .

FIG 5 is an explanatory diagram of anot her exanple
of the inventive patterning process (sidewall spacer
met hod) .

DESCRI PTI ON OF EMBODI MENTS
[ 0032]

As expl ai ned above, there have been demands for the
devel opnent of: a nmethod for formng a resist underl ayer
filmpattern according to which a resist pattern can be
transferred to a substrate to be processed wi th higher
precision in a fine patterning process using a
mul tilayer resist nethod; and a resist underlayer film
pattern useful as a core material in a sidewall spacer
met hod.

[ 0033]
The present inventors have searched for a nethod

12



for formng a resist underlayer filmpattern with snal
edge roughness and studi ed earnestly, and found out that
a resist underlayer filmpattern having small edge
roughness can be fornmed by transferring a resist upper
| ayer film pattern, by dry etching, to a resist

underl ayer filmformed by using a conposition for
form ng a resist underlayer filmcontaining a resin
having an aromatic ring, and then perform ng plasm
irradiation. Thus, the present invention has been
conpl et ed.

[ 0034]

That is, the present invention is a patterning
process for formng a resist underlayer filmpattern on
a substrate, conprising the steps of:

(i-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(i-2) applying a composition for formng a silicon-
containing resist mddle layer filmonto the resist
underl ayer film followed by heating to forma silicon-
containing resist mddle |ayer film

(i-3) formng a resist upper layer filmon the
silicon-containing resist mddle |layer film

(i-4) subjecting the resist upper layer filmto
pattern exposure and then devel opment with a devel oper
to forma pattern in the resist upper |ayer film

(i-5) formng a resist underlayer film pattern by
etching nultiple tinmes while using the pattern of the
resi st upper layer filmas a mask; and

(i-6) subjecting the resist underlayer filmpattern
to plasma irradiation, wherein

t he conmposition for formng a resist underl ayer

filmcontains a resin having an aromatic ring, and

13



a plasma used in the plasma irradiation in the step
(i-6) etches the resist underlayer filmless than an
etching gas used in the step (i-5) of form ng the resist
underl ayer filmpattern by etching the resist underl ayer
film
[ 0035]

The present invention is also a patterning process
for formng a resist underlayer filmpattern on a
substrate, conprising the steps of:

(ii-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(ii-2) formng an inorganic hard mask m ddle | ayer
filmselected froma silicon oxide film a silicon
nitride film and a silicon oxynitride filmon the
resi st underl ayer film

(ii-3) formng a resist upper layer filmon the
i norgani ¢ hard mask m ddle layer film

(ii-4) subjecting the resist upper layer filmto
pattern exposure and then devel opment with a devel oper
to forma pattern in the resist upper |ayer film

(ii-5) formng a resist underlayer film pattern by
etching nultiple tinmes while using the pattern of the
resi st upper layer filmas a mask; and

(ii1-6) subjecting the resist underlayer film
pattern to plasma irradiati on, wherein

t he conmposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step
(i1-6) etches the resist underlayer filmless than an
etching gas used in the step (ii-5) of formng the
resi st underlayer filmpattern by etching the resi st

under |l ayer film

14



[ 0036]

Herei nafter, the present invention will be
described in detail, but the present invention is not
limted thereto.

[ 0037]
[ Patterni ng Process]

The present invention provides a patterning process
for formng a resist underlayer filmpattern on a
substrate, including the steps of:

(i-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(i-2) applying a composition for formng a silicon-
containing resist mddle layer filmonto the resist
underl ayer film followed by heating to forma silicon-
containing resist mddle |ayer film

(i-3) formng a resist upper layer filmon the
silicon-containing resist mddle |layer film

(i-4) subjecting the resist upper layer filmto
pattern exposure and then devel opment with a devel oper
to forma pattern in the resist upper |ayer film

(i-5) formng a resist underlayer film pattern by
etching nultiple tinmes while using the pattern of the
resi st upper layer filmas a mask; and

(i-6) subjecting the resist underlayer filmpattern
to plasma irradiation, where

t he conmposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step
(i-6) etches the resist underlayer filmless than an
etching gas used in the step (i-5) of form ng the resist
underl ayer film pattern by etching the resist underl ayer
film

15



[ 0038]

Note that, in the present invention, it is
necessary to use, as a plasma used in the plasm
irradiation in the step (i-6), a plasm that etches the
resi st underlayer filmless than an etching gas used in
the step (i-5). When a plasma that etches the resist
underl ayer filmless than an etching gas used in the
step (i-5) is used as a plasma used in the plasna
irradiation in the step (i-6), a pattern of the resist
under| ayer filmcan be obtained in the step (i-5), and
meanwhile, it is possible to avoid the pattern of the
resi st underlayer filmobtained in the step (i-6) being
danmaged or | ost.

[ 0039]

Furthernmore, the present invention may also be a
patterni ng process for formng a resist underlayer film
pattern on a substrate, including the steps of:

(ii-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(ii-2) formng an inorganic hard mask m ddle | ayer
filmselected froma silicon oxide film a silicon
nitride film and a silicon oxynitride filmon the
resi st underl ayer film

(ii1-3) formng a resist upper layer filmon the
i norgani ¢ hard mask m ddle layer film

(ii-4) subjecting the resist upper layer filmto
pattern exposure and then devel opment with a devel oper
to forma pattern in the resist upper |ayer film

(ii-5) formng a resist underlayer film pattern by
etching nultiple tines while using the pattern of the
resi st upper layer filmas a mask; and

(ii-6) subjecting the resist underlayer film

16



pattern to plasma irradiation, where

t he conposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step
(i1-6) etches the resist underlayer filmless than an
etching gas used in the step (ii-5) of formng the
resi st underlayer filmpattern by etching the resi st
under |l ayer film
[ 0040]

Note that, as stated above, in the present
invention, it is necessary to use, as a plasm used in
the plasma irradiation in the step (ii-6), a plasm that
etches the resist underlayer filmless than an etching
gas used in the step (ii-5). Wen a plasma that etches
the resist underlayer filmless than an etching gas used
in the step (ii-5) is used as a plasma used in the
plasma irradiation in the step (ii-6), a pattern of the
resi st underlayer filmcan be obtained in the step (ii-
5), and neanwhile, it is possible to avoid the pattern
of the resist underlayer filmobtained in the step (il-
6) being damaged or | ost.

[ 0041]

Specific exanples of the inventive patterning
process include the foll ow ng patterning processes.
[ 0042]

An expl anat ory di agram of an exanple of the
i nventive patterning process (three-layer resist
process) is shown in FIG 1. On a substrate (1) to be
processed having a layer (2) to be processed, a resist
underl ayer film (3), a silicon-containing mddle |ayer
film(4), and a resist upper layer film(5) are forned.
The resist upper layer filmis exposed (6), and renoval

I's performed by devel opnent and rinsing to forma resist

17



upper layer filmpattern (5a). Dry etching is perforned
whil e using the obtained resist upper layer filmpattern
(5a) as a mask for transfer to obtain a silicon-
containing mddle layer filmpattern (4a) and a resist
under| ayer filmpattern (3a), and then plasm
irradiation is performed. The plasma-irradiated
silicon-containing mddle |ayer filmpattern (4b) and
resi st underlayer filmpattern (3b) are transferred by
dry etching to the layer (2) to be processed to forma
| ayer -t o-be-processed pattern (2b).
[ 0043]

An expl anat ory di agram of anot her exanple of the
i nventive patterning process (sidewall spacer nethod) is
shown in FIG 2. A resist underlayer film(3), a
silicon-containing mddle |ayer film(4), and a resist
upper layer film(5) are forned on a substrate (1) to be
processed having a layer (2) to be processed. The
resi st upper layer filmis exposed (6), and renoval is
perfornmed by devel opnent and rinsing to forma resist
upper layer filmpattern (5a). Dry etching is perforned
whil e using the obtained resist upper |layer filmpattern
(5a) as a mask for transfer to obtain a silicon-
containing mddle layer filmpattern (4a) and a resist
under| ayer filmpattern (3a), and then plasm
irradiation is performed. The plasma-irradiated
silicon-containing mddle |ayer filmpattern (4b) and
resi st underlayer filmpattern (3b) are covered with an
i norganic silicon film(7) by CvVD or ALD, and then dry
etching is perforned to renove the silicon-containing
m ddl e | ayer film pattern (4b) and resist underl ayer
filmpattern (3b). Thus, an inorganic silicon film
pattern (7a) is forned.
[ 0044]

18



In the follow ng, each step is described in detai
in turn.
[ 0045]
[Step (i-1) and Step (ii-1)]

Step (i-1) and step (ii-1) are steps of formng a
resi st underlayer filmon a substrate.
[ 0046]
<Substrat e>

As the substrate, it is possible to use, for
exanpl e, a substrate in which any of a nmetal film a
metal carbide film a metal oxide film a metal nitride
film and a conposite of these filnms is forned as a
| ayer to be processed (portion to be processed) on a
substrate for manufacturing a sem conduct or
[ 0047]

As the substrate for nmanufacturing a sem conduct or,
a silicon substrate is generally used, but the substrate
is not particularly limted, and it is possible to use
Si, amorphous silicon (a-Si), p-Si, Si0O2, SIN, SION, W
TiN, Al, etc., being a material different fromthat of
the layer to be processed. As the nmetal constituting
the layer to be processed, it is possible to use
silicon, titanium tungsten, hafnium zirconium
chrom um germani um copper, alum num iron, or an all oy
thereof. As a layer to be processed containing such
nmetal, it is possible to use, for exanple, Si, SiOQ, SiN,
SiON, sioC, p-Si, o-Si, TiN, WSi, BPSG, SOG, Cr, CroO,
CrON, MoSi, W WSi, A, Cu, AI-Si, etc., and various
| ow dielectric film and etching stopper filns therefor.
The | ayer can usually be fornmed to have a thickness of
50 to 10,000 nm particularly 100 to 5,000 nm
[ 0048]
<Organi ¢ Resi st Underlayer Filnp
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The conposition for form ng an organic underl ayer
filmused in the present invention is preferably a resin
having an aromatic ring fromthe viewpoints of film
formability in spin-coating, curability, etching
resi stance, optical characteristics, heat resistance,
etc. Furthernore, when the resin contains an aromatic
ring, the nodification of the film caused by plasm
irradiation occurs easily, and a resist underlayer film
pattern having smal| edge roughness can be forned.

[ 0049]

Exanpl es of the aromatic ring include benzene,
napht hal ene, ant hracene, pyrene, indene, fluorene,
furan, pyrrole, thiophene, phosphole, pyrazole, oxazol e,
I soxazol e, thiazole, pyridine, pyrazine, pyrimdine,
pyri dazi ne, triazine, carbazole, etc. Anpong these,
benzene, napht hal ene, and fluorene are particularly
pr ef er abl e.

[ 0050]

It is nore preferable that the conposition for
formng a resist underlayer filmcontains (A a resin,
bei ng:

(a) a polynmer having an aromatic ring in a main
chai n and havi ng a wei ght -average nol ecul ar wei ght of
2,500 or higher and 20,000 or |ower as neasured by gel
pernmeati on chromat ography in ternms of polystyrene;

(b) an aromatic ring-containing conpound having a
wei ght - aver age nol ecul ar wei ght of 600 or nore and 3, 000
or |l ess as neasured by gel perneation chromatography in
terms of polystyrene; or a conbination thereof.

[ 0051]

It is further preferable that the resin (A) has at

| east one crosslinkable group selected froma vinyl

group, an allyl group, an allyloxy group, an ethynyl
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group, a propargyl group, a propargyl oxy group, an epoxy
group, an oxetanyl group, and a hydroxy group.
[ 0052]

The resin (A) having a crosslinkable group given
above has excellent curability, and therefore, according
to a patterning process using the conposition for
form ng a resist underlayer filmcontaining the resin, a
fine resist underlayer filmpattern can be formed. A
resi st underlayer film pattern thus obtained undergoes
nodi fi cati on caused by the plasma irradiation nore
easily, and a resist underlayer film pattern having
excel | ent edge roughness can be forned.

[ 0053]

Exanpl es of resins having an aromatic ring
applicable to the present invention include resins
containing the followi ng structures, disclosed in
JP2012-1687A and JP2012- 77295A.

(1)

In the fornula (1), the cyclic structures Arl and

Ar2 each represent a benzene ring or a naphthal ene ring.

X represents a single bond or an al kyl ene group having 1

to 20 carbon atons. “ni represents 0 or 1. n
represents any natural nunmber that provides a nol ecul ar
wei ght of 100,000 or less. Note that the synbols in the

formula apply only in this fornula.
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[ 0054]

(2

n

In the fornula (2), the cyclic structures Arl and
Ar2 each represent a benzene ring or a naphthal ene ring.
“n” represents any natural nunber that provides a
wei ght - aver age nol ecul ar wei ght of 100, 000 or |ess as
measured by gel pernmeation chromatography in ternms of
pol ystyrene. Note that the synbols in the formula apply
only in this formnul a.

[ 0055]

Furt her exanples of resins having an aromatic ring
applicable to the present invention include resins
containing the followi ng structures, disclosed in
JP2004-264710A, JP2005-043471A, JP2005-250434A, JP2007-
293294A, and JP2008- 65303A.

—F CH—CH —— —F CHy—CH ——

R.»‘)m R-‘)m
Rl I RI
-~ ~
RN\ RN\
OH OH
(3) (4)

In the fornula (3) and the formula (4), R! and R?
each represent a hydrogen atom an al kyl group having 1
to 3 carbon atons, or an aryl group; R® represents an
al kyl group having 1 to 3 carbon atons, a vinyl group,
an allyl group, or an aryl group that is optionally
substituted; “n” represents 0 or 1; and “n’ represents
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0O, 1, or 2. Note that the synbols in the fornul ae apply
only in these formnul ae.
[ 0056]

(5)

In the fornula (5), Ri represents a nonoval ent atom
ot her than a hydrogen atom or a nonoval ent group; and

n” represents an integer of 0 to 4. Here, when “n” is
2 to 4, the multiple R's may be identical to or
different fromeach other. R: and Rs each independently
represent a nonoval ent atom or group. X represents a

di val ent group. Note that the symbols in the fornula

apply only in this formula.

[ 0057]
R.l RS R6
\ | S (6)
OR%), (ORY), X

.
R’,

In the formula (6), R! represents a hydrogen atom
or a nmethyl group. R? represents a single bond, a
| i near, branched, or cyclic al kylene group having 1 to
20 carbon atons, or an arylene group having 6 to 10
carbon atons, and may have any of ether, ester, |actone,
and am de. R3 and R* each represent a hydrogen atom or a
gl ycidyl group. X represents any polyner of any of a
hydr ocar bon i ncl udi ng an i ndene skel eton, a cycloolefin
having 3 to 10 carbon atonms, and nal ei m de, and may have

any of ether, ester, |actone, and carboxylic anhydride.
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R> and RS each represent a hydrogen atom a fluorine
atom a nethyl group, or a trifluoronmethyl group. F’
represents a hydrogen atom a |inear, branched, or
cyclic al kyl group having 1 to 6 carbon atons, a hydroxy
group, or an al koxycarbonyl group. “p” and “q” each
represent an integer of 1 to 4. “r” represents an
integer of 0 to 4. “a”, “b”, and “c¢” each satisfy 0.5 <
atb+c <1, 0 £ a < 0.8, 0£Db<0.8, 0.1 £ a+b £ 0.8,
and 0.1 £ ¢ £ 0.8. Note that the symbols in the formula
apply only in this fornula.

[ 0058]

CHz—oR,

In the formula (7), R represents a hydrogen atom
or a nonoval ent organic group; and R: and Rs; each
I ndependent|ly represent a nonoval ent atom or a
nonoval ent organic group. Note that the symbols in the
formula apply only in this formnul a.

[ 0059]

Specific exanples of resins having an aromatic ring
applicable to the present invention include resins
containing the followi ng structures, disclosed in
JP2004- 205685A, JP2007-171895A, and JP2009- 14816A.
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(8)

(®)

In the fornula (8) and the fornmula (9), Rl to R8
each i ndependently represent a hydrogen atom a hydroxy
group, an al kyl group having 1 to 6 carbon atons and
optionally being substituted, an al koxy group having 1
to 6 carbon atons and optionally being substituted, an
al koxycar boxy group having 2 to 6 carbon atons and
optionally being substituted, an aryl group having 6 to
10 carbon atons and optionally being substituted, a
hydr oxyal kyl group having 1 to 6 carbon atons, an
i socyanate group, or a glycidyl group. “nf and “n” each
represent a positive integer. Note that the synbols in

the fornmul ae apply only in these formnul ae.

[ 0060]
&, At O $
oy B,
Z ;\(:OII)m N IL 1,/ RS,

In the fornula (10), R! and RS each represent a
hydr ogen atom or a nethyl group. R?2, R3 and R* each
represent a hydrogen atom an al kyl group having 1 to 4
carbon atons, an al koxy group, a hydroxy group, an

acet oxy group, an al koxycarbonyl group, or an aryl group
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having 6 to 10 carbon atons; R°> represents a condensed
pol ycyclic hydrocarbon group having 13 to 30 carbon
atoms, -O R, -C(=0-0R’, -OC(=0-R’, or -C(=0) -NRs-RT;
“m represents 1 or 2; “n” represents an integer of 0 to
4; and “p” represents an integer of 0 to 6. R’
represents an organic group having 7 to 30 carbon atons;
R8 represents a hydrogen atom or a hydrocarbon group
having 1 to 6 carbon atons. Z represents a nethyl ene
group, -0, -S-, or -NH. *“a”, “b”, “c”, “d”, and “e”
each satisfy 0 < a < 1.0, 0 £ b £ 0.8, 0£c¢c<0.8, 0£¢
d £ 0.8, 0< e £0.8, and 0 < b+c+d+e < 1.0. Note that
the synmbols in the fornmula apply only in this fornula.

[ 0061]

/r\ “/\/\/\

1\
¥ (11)
\ \/\/\/\/ /
R? O‘GRT—)—CWG—F{e

In the fornmula, “n” represents 0 or 1. R!

9

represents a methylene group that is optionally
substituted, an al kyl ene group having 2 to 20 carbon
atonms and optionally being substituted, or an aryl ene
group having 6 to 20 carbon atons and optionally being
substituted. R? represents a hydrogen atom an al kyl
group having 1 to 20 carbon atons and optionally being
substituted, or an aryl group having 6 to 20 carbon
atons and optionally being substituted. R3 to R’ each
represent a hydroxy group, an alkyl group having 1 to 6
carbon atonms and optionally being substituted, an al koxy
group having 1 to 6 carbon atons and optionally being
substituted, an al koxycarbonyl group having 2 to 10
carbon atons and optionally being substituted, an aryl
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group having 6 to 14 carbon atons and optionally being
substituted, or a glycidyl ether group having 2 to 6
carbon atonms and optionally being substituted. R°
represents a hydrogen atom a |inear, branched, or
cyclic al kyl group having 1 to 10 carbon atons, a
| i near, branched, or cyclic al kyl ether group having 1
to 10 carbon atons, or an aryl group having 6 to 10
carbon atonms. Note that the synbols in the fornula
apply only in this fornula.
[ 0062]

Exanpl es include the foll ow ng conpounds.
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.
/\ ' }

H

s/
s}
/| Y u\ /j \ﬂ ‘i] t /Fzﬂ
Tl ) | o
HC=C—C —-0/\/\//\0--3 wizcw - UG —G==CH
O—gz—c::cﬂ /
T, AKX )
HC=C—C —0C O0—C —CZ==CH 00— —0==CH

Ha
HCZ=CG—C —0 O=-—C —GE=CH

[ 0063]

Exanpl es of resins having an aromatic ring
applicable to the present invention include resins
containing the follow ng structures, disclosed in
JP2007-199653A, JP2008-274250A, and JP2010-122656A.
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== (12)

In the fornula (12), R! and R?2 are identical to or
different fromeach other and each i ndependently
represent a hydrogen atom a linear, branched, or cyclic
al kyl group having 1 to 10 carbon atonms, an aryl group
having 6 to 10 carbon atoms, or an al kenyl group having
2 to 10 carbon atons; R3 represents a single bond or a
|l i near, branched, or cyclic al kyl ene group having 1 to
30 carbon atoms, and optionally has a bridged cyclic
hydr ocar bon group, a double bond, a heteroatom or an
aromatic group having 6 to 30 carbon atons; R* and R°
each i ndependently represent a hydrogen atom or a
gl ycidyl group; and “n” represents an integer of 1 to 4.
Note that the synbols in the fornmula apply only in this
for mul a.

[ 0064]

(13)

In the fornula (13), R! and R?2 are identical to or
different fromeach other and each i ndependently
represent a hydrogen atom a l|inear, branched, or cyclic
al kyl group having 1 to 10 carbon atoms, an aryl group

having 6 to 10 carbon atonms, or an al kenyl group having
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2 to 10 carbon atons; R3 represents a single bond or a
|l i near, branched, or cyclic al kylene group having 1 to
30 carbon atons, and optionally has a bridged cyclic
hydr ocar bon group, a double bond, a heteroatom or an
aromati c group having 6 to 30 carbon atonms; R* and R
each i ndependently represent a hydrogen atom or a

gl ycidyl group; and RS represents a single bond or a

| i near or branched al kyl ene group having 1 to 10 carbon
atoms. Note that the synbols in the fornula apply only
in this formula.

[ 0065]

(14)

In the fornula (14), the ring Z! and the ring Z2
each represent a condensed pol ycyclic aromatic
hydrocarbon ring; and R'a, Rb, R2a and R2b are identical
to or different fromeach other and each represent a
substituent. “k1” and “k2” may be identical to or
different fromeach other and each represent 0 or an
integer of 1 to 4; “ml” and “nR” each represent 0 or an
integer of 1 or nore; and “nl” and “n2” each
I ndependently represent 0 or an integer of 1 or nore.
Here, nl+n2 2 1. Note that the symbols in the formula
apply only in this fornula.
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[ 0066]

(15)

In the fornula (15), R! and R?2 are identical to or
different fromeach other, and each represent a hydrogen
atom a l|inear, branched, or cyclic alkyl group having 1
to 10 carbon atons, an aryl group having 6 to 10 carbon
atonms, or an al kenyl group having 2 to 10 carbon atons.
R® and R* each represent a hydrogen atomor a gl ycidyl
group; R® represents a single bond or a |inear or
branched al kyl ene group having 1 to 10 carbon atons; and
Ré and R’ each represent a benzene ring or a naphthal ene
ring. “p” and “q” each represent 1 or 2. “n” satisfies
0 < n < 1. Note that the symbols in the formula apply
only in this formula.

[ 0067]

Exanpl es i nclude the follow ng conpounds.
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[ 0068]
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0.60
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[ 0070]

HO

0.72
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[ 0071]

Exanpl es of resins having an aromatic ring
applicable to the present invention include resins
di scl osed in JP2014- 29435A, W0O2012/077640A1, and
W02010/ 147155A1.

e

B

In the fornmula (17), A represents a structure
havi ng carbazole, B represents a structure having an
aromatic ring, and C represents a hydrogen atom an
al kyl group, or a structure having an aromatic ring, B
and C optionally constituting a ring with each other.
One to four carboxy groups, a salt thereof, or a
carboxylic acid ester group is contained in the conbi ned
structure of A, B, and C. Note that the synbols in the
formula apply only in this formul a.

[0072]

Furt her exanpl es include polynmers disclosed in
WO2012/ 077640A1, the polymers containing a unit
structure represented by the following fornula (18) and
a unit structure represented by the follow ng formula
(19), where the ratio of the unit structure represented
by the fornmula (18) to the unit structure represented by
the formula (19) is 3 to 97 : 97 to 3 by nmolar ratio.

(Rpong (Re) ?:4

e tan)

I 18
Rs (18)

In the formula (18), R and R» each independently
represent a hydrogen atom a halogen atom a nitro
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group, an am no group, a hydroxy group, an al kyl group
having 1 to 10 carbon atoms, an al kenyl group having 2
to 10 carbon atons, an aryl group having 6 to 40 carbon
atoms, or a conbination of the groups, optionally

i ncludi ng an ether bond, a ketone bond, or an ester
bond. Rs represents a hydrogen atom an al kyl group
having 1 to 10 carbon atoms, an al kenyl group having 2
to 10 carbon atons, an aryl group having 6 to 40 carbon
atoms, or a conbination of the groups, optionally

i ncludi ng an ether bond, a ketone bond, or an ester
bond. Rs represents a hydrogen atom or an aryl group or
het erocyclic group having 6 to 40 carbon atons and
optionally being substituted with a hal ogen atom a
nitro group, an am no group, or a hydroxy group; Rs
represents a hydrogen atom or an al kyl group having 1
to 10 carbon atons, aryl group having 6 to 40 carbon
atoms, or heterocyclic group optionally substituted with
a hal ogen atom a nitro group, an am no group or a

hydr oxy group; and Rs and Rs may forma ring with each
other. “nl” and “n2” each represent an integer of 1 to
3. Note that the synbols in the formula apply only in
this formula.

[ 0073]
(Re)ng

(Rr)ny (19)

In the fornula (19), Ar represents an aromatic ring
group having 6 to 20 carbon atons; Rs represents a
hydr oxy group; and R; represents a hydrogen atom a
hal ogen atom a nitro group, an am no group, an al kyl

group having 1 to 10 carbon atons, an al kenyl group
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having 2 to 10 carbon atons, an aryl group having 6 to
40 carbon atons, or a conbination of the groups,
optionally including an ether bond, a ketone bond, or an
ester bond. Rs represents a hydrogen atom or an aryl
group or heterocyclic group having 6 to 40 carbon atons
and optionally substituted with a halogen atom a nitro
group, an am no group, or a hydroxy group; Re represents
a hydrogen atom or an al kyl group having 1 to 10 carbon
atoms optionally substituted with a hal ogen atom a
nitro group, an am no group, or a hydroxy group, an aryl
group having 6 to 40 carbon atons optionally substituted
with a hal ogen atom a nitro group, an am no group, or a
hydr oxy group, or a heterocyclic group optionally
substituted with a hal ogen atom a nitro group, an an no
group, or a hydroxy group; and Rs and Ro may forma ring

with each other. “n6” represents an integer of 1 to

P

“p”, “n7” represents an integer of p-n6. Here, IS
t he maxi mum nunber of substituents with which the
aromatic ring group Ar can be substituted. Note that
the synmbols in the fornula apply only in this fornula.
[ 0074]

Exanpl es of resins having an aromatic ring
applicable to the present invention include polymers
containing a unit structure represented by the foll ow ng

formula (20), disclosed in WO2010/ 147155A1.

(R1)n] (R’—’\)nZ Rq
MG XYy

]
Rs
In the fornmula (20), Rt and R: are each sel ected
fromthe group consisting of a hydrogen atom a hal ogen

group, a nitro group, an am no group, a hydroxy group,
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al kyl groups having 1 to 10 carbon atons, al kenyl groups
having 2 to 10 carbon atoms, aryl groups having 6 to 40
carbon atonms, and combi nations thereof, the alkyl

groups, the al kenyl groups, or the aryl groups
optionally containing an ether bond, a ketone bond, or
an ester bond; R:3 is selected fromthe group consisting
of a hydrogen atom al kyl groups having 1 to 10 carbon
atoms, al kenyl groups having 2 to 10 carbon atons, aryl
groups having 6 to 40 carbon atons, and conbi nati ons

t hereof, the al kyl groups, the al kenyl groups, or the
aryl groups optionally containing an ether bond, a

ket one bond, or an ester bond; Rs represents an aryl
group or heterocyclic group having 6 to 40 carbon atons
and optionally substituted with a hal ogen group, a nitro
group, an am no group, or a hydroxy group; Rs represents
a hydrogen atom or an al kyl group having 1 to 10 carbon
atonms or an aryl group or heterocyclic group having 6 to
40 carbon atons and optionally substituted with a

hal ogen group, a nitro group, an am no group, Or a
hydroxy group; Rs and Rs optionally forma ring together
with the carbon atom bonded to R+ and Rs; and “nl” and
“n2” each represent an integer of 1 to 3. Note that the
synbols in the formula apply only in this fornula.

[ 0075]

Exanpl es of resins having an aromatic ring
applicable to the present invention include: novol ak
resins obtained by a reaction between one or nore
phenol s, such as phenol, cresol, xylenol, catechol,
resorcinol, hydroqui none, pyrogallol, hydroxyquinol, and
phl or ogl uci nol, and one or nore al dehyde sources, such
as formal dehyde, parafornmal dehyde, and trioxane, in the
presence of an acid catalyst; and resins containing a

repeating unit structure represented by the follow ng
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formula (21), disclosed in WO2012/ 176767A1.

£ A\,*
(21)
B

In the fornmula (21), A represents a hydroxy group-
substituted phenyl ene group derived from
pol yhydr oxybenzene; and B represents a nonoval ent
condensed aromati c hydrocarbon ring group in which two
to six benzene rings are condensed. Note that the
synmbols in the fornmula apply only in this fornula.

[ 0076]

Exanpl es of resins having an aromatic ring
applicable to the present invention include novol ak
resins having a fluorene or tetrahydrospirobiindene
structure, disclosed in JP2005-128509A, JP2006- 259249A,
JP2006- 259482A, JP2006-293298A, and JP2007-316282A, the
novol ak resins containing a repeating unit structure
represented by the following formula (22-1) or (22-2).

R ORY (R%)m OR? =

R:
B 5
- ‘\ﬁ
. (22—1)
(22—2)
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In the fornula (22-1) and the fornmula (22-2), R,
R2, Ré, and R’ each independently represent a hydrogen
atom a l|linear, branched, or cyclic alkyl group having 1
to 10 carbon atons, an aryl group having 6 to 10 carbon
atons, an allyl group, or a halogen atom R3, R* R8 and
R% each i ndependently represent a hydrogen atom a
| i near, branched, or cyclic al kyl group having 1 to 6
carbon atonms, a linear, branched, or cyclic al kenyl
group having 2 to 6 carbon atons, an aryl group having 6
to 10 carbon atons, or a glycidyl group; and R> and R4
each i ndependently represent a hydrogen atom a |inear,
branched, or cyclic al kyl group having 1 to 10 carbon
atoms, or an aryl group having 6 to 10 carbon atomns.

“n”, “m, “p”, and “q” each represent an integer of 1 to
3. R0 to RI3 each independently represent a hydrogen
atom a halogen atom a hydroxy group, a |inear

branched, or cyclic al kyl group having 1 to 6 carbon
atoms, or a linear, branched, or cyclic al koxy group
having 1 to 6 carbon atons. Note that the synmbols in
the fornul ae apply only in these fornul ae.

[0077]

Exanpl es of resins having an aromatic ring
applicable to the present invention include reaction
products obtained by a nethod disclosed in JP2012-
145897A.

More specific exanples include polymers obtained by
condensi ng one or nore conmpounds represented by the
foll ow ng general fornula (23-1) and/or (23-2) and one
or nmore conpounds represented by the foll ow ng general
formula (24-1) and/or (24-2) and/or an equival ent

t her eof.
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R’ R
2N Y
1]

R? R

< (23-1)
R R’
ol
Raae (23—2)

In the fornula (23-1) and the formula (23-2), R! to
R8 each i ndependently represent a hydrogen atom a
hal ogen atom a hydroxy group, an isocyanato group, a
gl yci dyl oxy group, a carboxy group, an am no group, an
al koxy group having 1 to 30 carbon atons, an
al koxycar bonyl group having 1 to 30 carbon atons, an
al kanoyl oxy group having 1 to 30 carbon atons, or a
saturated or unsaturated organic group having 1 to 30
carbon atons and optionally being substituted.
Furthernmore, any two substituents selected from each of
Rlto R* or R to R8¢ may be bonded to each other within a
mol ecule to forma cyclic substituent. Note that the
synmbols in the fornmul ae apply only in these fornul ae.

Qng (OH)M

IV%iCHo (24—1)
iz

QnB Qn5 (O H)nS

SN
e

(OH)rs

In the fornula (24-1) and the formula (24-2), Q
represents an organic group having 1 to 30 carbon atons
and optionally being substituted, and furthernore, any
two Qs selected therefromare optionally bonded with
each other within a nolecule to forma cyclic
substituent. “nl” to “n6” each represent the nunber of
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each substituent, “nl” to “n6” are each independently O,
1, or 2, and in the fornmula (24-1), hydroxybenzal dehyde
is excluded. Meanwhile, in the fornmula (24-2), the
relationships 0 £ n3+n5 £ 3, 0 £ n4+4n6 £ 4, and 1 <
n3+n4 £ 4 are satisfied. Note that the symbols in the
formul ae apply only in these fornul ae.

[ 0078]

Furt her exanples also include polyners obtained by
condensi ng one or nore conpounds represented by the
general formula (23-1) and/or (23-2), one or nore
conpounds represented by the general fornula (24-1)
and/ or (24-2) and/or an equivalent thereof, and one or
nore conpounds represented by the foll ow ng general
formula (25) and/or an equival ent thereof.

Y—-CHO (25)

In the fornmula (25), Y represents a hydrogen atom
or a nonoval ent organic group having 30 or fewer carbon
atonms and optionally having a substituent, and the
formula (25) is different fromthe fornula (24-1) and
the formula (24-2). Note that the synmbol in the fornula
applies only in this formula.

[ 0079]

Exanpl es of resins having an aromatic ring
applicable to the present invention include polynmers
having a repeating unit represented by the follow ng
general formula (27-1), disclosed in JP2019-44022A.

Y
~ N //‘\ 1 \
/ AR1 T@ER (27—1)
N Zjn - RZ
\ /
In the fornmula (27-1), ARl and AR2 each represent

benzene ring or naphthal ene ring optionally having a

substituent. R! and R? each independently represent a
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hydrogen atom or an organic group having 1 to 30 carbon
atoms, and when R! and R? each represent an organic
group, R! and R2 are optionally bonded to each other
within a nolecule to forma cyclic organic group. “n”
represents 0 or 1; when n = 0, ARl and AR2 do not form a
bri dged structure between the aromatic rings of ARl and
AR2 via Z; when n = 1, ARl and AR2 form a bridged
structure between the aromatic rings of ARL and AR2 vi a
Z, and Z represents a single bond or one of the
follow ng fornmulae (27-2). Y represents a group
represented by the following formula (27-3). Note that
the synmbols in the fornmula apply only in this fornula.

O QOCH4
[ L(27-2)

—CHz= —CHyCHy~ ~—~ —0— —S— A N
--R3-C=C—R* (27-3)

In the fornula, RS represents a single bond or a
di val ent organic group having 1 to 20 carbon atons; R4
represents a hydrogen atom or a nonoval ent organi c group
having 1 to 20 carbon atons; and a broken |ine
represents an attachnment point. Note that the synbols
in the formula apply only in this fornula.
[ 0080]

Exanpl es i nclude the follow ng pol yners.
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[ 0081]

fﬁ%f@%g PTC%
X 1y = 30:70 ~

TLQ' 9@ %%:;@ 5},

@u:z/}- U’f) % ~Ny
o0 5 “”/rlm

R

[ 0082]

The resin having an aromatic ring nay be
synt hesi zed by a known net hod, and a comrercially
avai | abl e product nmay be used.

[ 0083]

Exanpl es of resins having an aromatic ring
applicable to the present invention include resins
containing the follow ng structure, disclosed in JP2012-
214720A.
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(16)

In the fornula (16), the cyclic structures Arl and
Ar2 each represent a benzene ring or a naphthal ene ring.
“x” and “z” each independently represent 0 or 1. Note
that the synmbols in the formula apply only in this
for mul a.
[ 0084]

Exanpl es of resins having an aromatic ring
applicable to the present invention include resins
containing the followi ng structure, disclosed in JP2017-

119671A.

R—%%X)nﬂ (26—1)

In the fornula (26-1), R represents a single bond
or an organic group having 1 to 50 carbon atons; X
represents a group represented by any of the follow ng
general fornmulae (26-2); and “ml” represents an integer
that satisfies 2 < ml < 10. Note that the symbols in

the forrmula apply only in this fornmula.
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In the fornulae, X2 represents a dival ent organic
group having 1 to 10 carbon atons; “nl” represents 0 or
1; “n2” represents 1 or 2; X3 represents a group
represented by the foll ow ng general fornmula (26-3); and
“n5” represents 0, 1, or 2. Note that the synmbols in

the fornmul ae apply only in these formnul ae.

— OR1D
X3= —CHT%Q:? (26—3)

In the fornmula, R represents a hydrogen atom or a
saturated or unsaturated hydrocarbon group having 1 to
10 carbon atonms, and a hydrogen atom on the benzene ring
in the formula may be substituted with a methyl group or
a nmethoxy group. Note that the symbol in the fornula
applies only in this fornula.

[ 0085]
Exanpl es i nclude the follow ng conpounds.
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[ 0086]

The nethod for applying the conposition for form ng

a resist underlayer filmin the step (i-1) and step (ii-
1) is not particularly limted. Details of the
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conposition for formng a resist underlayer filmwll be
gi ven | ater.
[ 0087]

In the step (i-1) and step (ii-1), the heating
(baki ng) tenperature of the coating filmcan be 100°C or
hi gher and 800°C or | ower, nore preferably 150°C or
hi gher and 600°C or |ower, further preferably 150°C or
hi gher and 450°C or |ower, and even further preferably
200°C or higher and 400°C or |ower. The baking tinme can
be 10 seconds to 7,200 seconds, further preferably 30
seconds to 600 seconds.

[ 0088]

By adj usting appropriately the baking tenperature
and tinme within the above-described ranges, it is
possi bl e to achieve curing properties, such as
pl anarizing and filling properties, dry etching
resi stance, and heat resistance, suitable for the
purpose. By perform ng the heat treatnment (baking)
within a tenperature range of 150°C or higher and 600°C
or lower, a state is achieved, where many active sites,
at whi ch dissociation and reconbi nati on of carbon bonds
in the underlayer film occurs, are contained in the
film and filmnodification by irradiation with plasm
iIs nore easily pronpted, so that a resist underlayer
filmpattern having smal|l edge roughness can be fornmed
after the plasma irradiation. Wen the baking
tenperature is 100°C or higher, the solvent remaining in
the filmcan be reduced, and degradation in film
shrinkage due to plasma irradi ation can be suppressed.
When t he baking tenperature is 800°C or |ower, thernal
deconmposition of the base resin can be suppressed, and
it is possible to provide a resist underlayer filmwth

little sublimtion product. It is also possible to
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performthe heat treatnent in nmultiple steps (step-
baki ng) .
[ 0089]

Furthernore, in the step (i-1) and step (ii-1), the
heat treatnment can be performed under an atnosphere
havi ng an oxygen concentration of 1% or nore and 21% or
| ess.

[ 0090]

According to such a method, it is possible to
activate reactive sites of the resin in the resist
under | ayer film and pronote the curing reaction
perfornmed by plasma irradiation.

[ 0091]

Alternatively, in the step (i-1) and step (ii-1),
the heat treatnent can be perfornmed under an atnosphere
havi ng an oxygen concentration of |ess than 1%

[ 0092]

As the atnosphere during the baking, it is possible
to select, as necessary, an oxygen-containing atnosphere
(oxygen concentration: 1%to 21%, such as air, or a
non- oxygen at nosphere, such as nitrogen. For exanple,
in a case where the substrate to be processed easily
under goes air oxidation, damage to the substrate can be
suppressed by perform ng the heat treatnment in an
at nrosphere with an oxygen concentration of |ess than 1%
to forma cured film
[ 0093]

In the step (i-1) and step (ii-1), plasm
irradiation may be perfornmed after baking the resi st
underlayer film The plasma irradiation step is as
descri bed | ater.

[ 0094]
In the inventive patterning process, plasm
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irradiation may be performed in nmultiple steps: after
form ng the resist underlayer film and after form ng
the resist underlayer filmpattern. According to the
above-descri bed nmet hod, the nodification of the resist
under | ayer filmpattern can be further pronoted.

[ 0095]

[Step (i-2)]

Step (i-2) is a step of formng a silicon-
containing resist mddle layer filmon the resist
under |l ayer film
[ 0096]
<Si | i con- Cont ai ni ng Resi st Mddle Layer Filnp

The silicon-containing resist mddle |ayer film
(silicon-containing coating-type mddle |layer film used
in the inventive patterning process is not particularly
limted. As the silicon-containing mddle layer film
usabl e here, many are known. However, in the present
i nvention, in a case where the resist underlayer film
pattern is achieved by the silicon-containing resist
m ddl e |l ayer filmremaining on the resist underlayer
film the residue of the dry-etched silicon-containing
filmand the resist underlayer filmneed to be washed
and renmoved with a peeling solution sinultaneously.
Therefore, the silicon content in the silicon-containing
resist mddle layer filmis preferably 45 mass% or | ess,
nore preferably 40 mass% or | ess, and particularly
preferably 35 mass% or | ess.

[ 0097]

Furthernmore, the silicon-containing resist mddle
| ayer filmis preferably formed froma silicon-
containing resist mddle |layer film conposition
contai ni ng a conpound havi ng a crosslinkable organic

structure.
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[ 0098]

When the silicon-containing resist mddle |ayer
filmis as described, it can be renoved sinultaneously
with the resist underlayer filmnore certainly by
washing with a peeling solution after dry etching.

[ 0099]

In this event, the crosslinkable organic structure
is preferably one or nore selected froman oxirane ring,
an oxetane ring, a hydroxy group, and a carboxy group.

[ 0100]

When the crosslinkable organic structure is as
descri bed, the silicon-containing resist mddle |ayer
filmcan be renmoved sinultaneously with the resist
underl ayer filmeven nore certainly by washing with a
peeling solution after dry etching.

[0101]

Furthernmore, the conposition for formng a silicon-
containing resist mddle layer filmpreferably further
contains an acid generator that generates an acid by
heat, |ight, or both.

[0102]

Furthernmore, the conposition for formng a silicon-
containing resist mddle layer filmpreferably further
contains a crosslinking agent.

[0103]

When the conposition for formng a silicon-
containing resist mddle layer filmis as described, the
crosslinking of the oxirane ring, oxetane ring, hydroxy
group, carboxy group, etc. contained as the
crosslinkabl e organic structure can be pronoted, and it
is possible to forma silicon-containing resist mddle
| ayer filmthat can be washed and renoved sinultaneously

with the resist underlayer filmwth certainty even
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after dry etching.
[ 0104]

Such a conposition for formng a silicon-containing
resist mddle layer filmand resin used for the
conposition are not particularly limted, and exanples
i ncl ude resins and conpositions disclosed in JP2004-
310019A, JP2005-15779A, JP2005- 18054A, JP2005- 352104A,
JP2007-226170A, etc.

[ 0105]

Specific exanples of the resin contained in the
conposition for formng a silicon-containing resist
m ddl e | ayer filmused in the present invention include
pol ysi | oxanes contai ning one or nore of a conpound
represented by the foll ow ng general fornmula (A-1), a
hydrol ysis product thereof, a condensate thereof, and a

hydrol ysis condensate thereof.
RI4A1R?%42R5%%,43S 1 (OR%) (4-a1-az2-a3) (A—1)

In the fornmula, RPA represents a hydrocarbon group
having 1 to 6 carbon atons; and R!A R2A and R3A each
represent a hydrogen atom or a nonoval ent organi c group.
Al, A2, and A3 each represent 0 or 1, provided that 0 <
A1+A2+A3 < 3.

[0106]

Exanpl es of the organic groups represented by RA
R2A, and RSA include organi c groups having one or nore
carbon-oxygen single bonds or carbon-oxygen doubl e
bonds. Specific exanples include organic groups having
one or nore groups selected fromthe group consisting of
an oxirane ring, an oxetane ring, an ester bond, an
al koxy group, and a hydroxy group. Exanples thereof
i nclude those represented by the follow ng general
formula (A-2).
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(P=Q1 (S1) v1i—Qz2—) v— (T) v2—Qz— (S2) v3—Qs— (A—-2)

In the general fornmulae (A-2), P represents a
hydrogen atom an oxirane ring, an oxetane ring, a
hydr oxy group, an al koxy group having 1 to 4 carbon
atons, an al kyl carbonyl oxy group having 1 to 6 carbon
atoms, or an al kyl carbonyl group having 1 to 6 carbon
atoms; Q, @, @, and Qs each independently represent -
CgH(2g-p)Pp- (in the formula, P being as defined above,
“p” representing an integer of 0 to 3, and “q”
representing an integer of 0 to 10, provided that =0

i ndicates a single bond); “u” represents an integer of 0
to 3; and S; and Sz each independently represent -O, -
co, -0CO, -COO, or -0OCOO-. *“vi17, *“v2", and “v3” each
I ndependently represent 0 or 1. In addition, T
represents a dival ent group including an aliphatic ring
or aromatic ring optionally containing a heteroatom an
oxirane ring, or an oxetane ring, and exanples of the

al i phatic ring or aromatic ring of the T, optionally
containing a heteroatom such as an oxygen atom are
shown below. In T, positions bonded to @ and @ are not
particularly limted, and can be sel ected appropriately
i n consideration of reactivity dependent on steric
factors, availability of commercial reagents used in the
reacti on, and so on.

[0107]

[Step (ii-2)]

Step (ii-2) is a step of formng an inorganic hard
mask m ddle |ayer filmselected froma silicon oxide
film a silicon nitride film and a silicon oxynitride
filmon the resist underlayer film
[0108]

<l norgani c Hard Mask M ddl e Layer Fil n»
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When the inorganic hard mask m ddle layer filmis
formed on the resist underlayer film a silicon oxide
film a silicon nitride film and a silicon oxynitride
film(SIiON film can be formed by a CVD nethod, an ALD
met hod, etc. The method for formng the silicon nitride
filmis disclosed, for exanple, in JP2002-334869A and
WO2004/ 066377A1. The filmthickness of the inorganic
hard mask m ddle layer filmis preferably 5 to 200 nm
nore preferably 10 to 100 nm The SiON film which has
a high function as an antireflective film is the nost
preferably used as the inorganic hard mask m ddle | ayer
film Since the substrate tenperature increases to 300
to 500°C when the SIiONfilmis formed, the resist
underl ayer filmneeds to withstand a tenperature of 300
to 500°C. The conposition for formng a resist
underl ayer filmused in the present invention has high
heat resistance and can withstand a hi gh tenperature of
300 to 500°C. Thus, the resist underlayer filmformed
by spin-coating and the inorganic hard mask m ddl e | ayer
filmformed by the CVD nethod or the ALD method can be
conbi ned.

[0109]

A photoresist filmmy be formed on the inorganic
hard mask m ddle |layer filmas the resist upper |ayer
film Alternatively, an organic antireflective film
(BARC) or an adhesive filmmay be formed on the
i norgani ¢ hard mask m ddle layer film by spin-coating,
and a photoresist filmmy be formed thereon. 1In
particular, when a SION filmis used as the inorganic
hard mask m ddle layer film the reflection can be
suppressed by the two antireflective films, i.e., the
SiON filmand the BARC film even in liquid inmersion
exposure at a high NA exceeding 1.0. Another nmerit of
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formng BARC resides in that it has an effect to reduce
a footing profile of a photoresist pattern i medi ately
above the SiON film

[0110]

[Steps (1-3) and (ii-3)]

Steps (i-3) and (ii-3) are steps of formng a
resi st upper layer film
[0111]
<Resi st Upper Layer Filnp

Resi st upper layer filns usable for the inventive
patterni ng processes are not particularly limted, and
any of the various resist filnms conventionally known can
be used.

[0112]

I n the above-descri bed patterning processes, the
resi st upper layer filmmy be either a positive type or
a negative type, and it is possible to use a film
simlar to the typically used photoresist conposition.
In addition, the photoresist conposition may contain a
metal atom of Sn, In, Ga, Ge, A, Ce, La, Cs, Zr, Hf
Ti, Bi, Sb, Zn, etc. In a case where the resist upper
|l ayer filmis fornmed with the photoresist conposition, a
spi n-coati ng met hod nay be enployed, or the film my be
formed by a deposition treatnment according to CVD or
ALD.

[0113]

In a case where the photoresist conposition is
formed by a spin-coating nmethod, prebaking is conducted
after applying the resist. The prebaking is preferably
perfornmed at 60 to 180°C for 10 to 300 seconds.
Thereafter, exposure is conducted according to a usual
manner, foll owed by post-exposure baking (PEB) and

devel opnent, thereby obtaining a resist pattern.
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Al t hough the thickness of the resist upper layer filmis
not particularly limted, the thickness is preferably 10
to 500 nm particularly preferably 20 to 400 nm

[ 0114]

In a case where the resist upper layer filmis to
be forned by a deposition treatnent according to CVD or
ALD, the resist conposition is a nmetal oxide film having
photosensitivity to EUV, and the netal is selected from
Sn, Zr, Hf, Ti, Bi, Sb, etc. |In particular, Sn, which
has excell ent photosensitivity to EUV, is preferable.
The netal - oxide-containing filmmy be a photosensitive
organonetal lic oxide film such as an organotin oxide
(for exampl e, hal oal kyl Sn, al koxyal kyl Sn, or
am doal kyl Sn). Some specific exanples of suitable
precursors include trimethyl tin chloride, dinethyltin
di chloride, methyltin trichloride,
tris(dimethylam no)methyl tin(lV), and
(di met hylam no)trinethyl tin(lV).

[ 0115]

The netal oxide film my be deposited by PECVD or
PEALD, for exanple, by using a Lam Vector (registered
trademark) tool, separating the Sn oxide precursor from
O precursor/plasma in the ALD i npl enentati on.

Deposition tenperature is preferably 50°C to 600°C.
Deposition pressure is preferably between 100 and 6, 000
mrorr. Precursor liquid flowrates for nmetal oxide-
containing film(e.g., an organotin oxide precursor) can
be 0.01 to 10 crm and gas flowrates (CO, CO Ar, and
N2) can be 100 to 10,000 sccm Plasm powers can be 200
to 1,000 Wper 300 mm wafer station, using a high-
frequency plasma (e.g., 13.56 MHz, 27.1 MHz, or higher).
Deposited thickness is preferably 100 to 2,000 A

[0116]
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<Wat er - Repel  ent Coating Filnp

When the resist upper layer filmpattern is formed,
if a top coat for the resist upper layer filmis
necessary for using liquid i mmersion exposure, a water-
repellent coating filmmay be further formed on the
resi st upper layer film The water-repellent coating
filmis not particularly limted, and various filns can
be used.

[0117]
[Steps (i-4) and (ii-4)]

Steps (i-4) and (ii-4) are steps of subjecting the
resi st upper layer filmto pattern exposure and then
devel opnent with a developer to forma pattern in the
resi st upper layer film
[0118]

Exanpl es of |ight for exposure include high-energy
beans at wavel engths of 300 nmor |ess, specifically 248
nmand 193 nm soft X-rays at 3 to 20 nm an el ectron
beam X-rays, and the |iKke.

[0119]

As the method for form ng a pattern in the resist
upper layer film it is preferable to use a patterning
process using a photolithography with a wavel ength of 5
nm or nore and 300 nmor |less, a direct draw ng using an
el ectron beam nanoi nprinting, or a conbination thereof.
[ 0120]

The devel opment method in the patterning process is
preferably al kali devel opment or devel opnent using an
organi ¢ sol vent.

[0121]
[Steps (i-5) and (ii-5)]

Steps (i-5) and (ii-5) are steps of formng a
resi st underlayer filmpattern by etching nultiple times
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whil e using the pattern of the resist upper layer film
as a mask
[0122]

Steps (i-5) and (ii-5) are steps of: transferring
the resist upper layer filmpattern to the silicon-
containing mddle [ayer filmor inorganic hard mask
m ddl e | ayer filmby dry etching while using the resist
upper layer filmhaving the formed resist upper |ayer
filmpattern as a mask; and further transferring the
resi st upper layer filmpattern to the resist underl ayer
filmby dry etching while using the silicon-containing
resist mddle layer filmor inorganic hard mask m ddl e
| ayer film having the transferred resist upper |ayer
filmpattern as a mask to forma resist underlayer film
pattern.

[0123]

In steps (i-5) and (ii-5), when the etching of the
silicon-containing resist mddle layer filmor inorganic
hard mask m ddle layer filmis performed under dry
etching conditions where the etching rate of the
silicon-containing resist mddle layer film and
i norgani ¢ hard mask m ddle layer filmis higher than
that of the resist upper layer filmpattern, for
exampl e, by dry etching with a fluorine-based gas
pl asma, while using the pattern of the resist upper
| ayer filmas an etching mask, the pattern of the resist
upper layer filmcan be transferred to the silicon-
containing resist mddle |layer filmor inorganic hard
mask m ddl e layer film alnost w thout being affected by
change in the pattern caused by side-etching of the
resist film
[ 0124]

Subsequently, the resist underlayer filmis etched
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under dry etching conditions where the etching rate of
the resist underlayer filmis higher than that of the
silicon-containing resist mddle layer filmor inorganic
hard mask m ddl e |ayer film having the transferred
resi st upper layer filmpattern, for exanple, by
reactive dry etching using gas plasm containi ng oxygen
or by reactive dry etching using gas plasm containi ng
hydr ogen-ni t r ogen.

[ 0125]

The resist underlayer filmpattern is obtained by
this etching step. At the sane tine, the uppernost
resist layer is usually lost, but part of the silicon-
containing resist mddle layer filmor inorganic hard
mask m ddle layer filmused as an etching nmask may be
allowed to remain on top of the resist underlayer film
pattern as described | ater.

[0126]

Furthernmore, in steps (i-5) and (ii-5), the resist
underl ayer filmpattern my be the resist underlayer
filmon which the silicon-containing resist mddle |ayer
filmor inorganic hard mask m ddle | ayer filmrenains.
[0127]

Alternatively, in steps (i-5) and (ii-5), the
resi st underlayer filmpattern may al so be the resist
underlayer filmon which the silicon-containing resist
m ddl e | ayer film or inorganic hard mask m ddl e | ayer
fil mdoes not remain.

[ 0128]

In the inventive patterning process, an inorganic
silicon filmpattern (sidewall pattern) can be forned
wi t hout danmagi ng the sidewall or substrate either in a
case where there is a residue of the material to be a

mask after pattern transfer by dry etching or in a case
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where there is no such residue.
[0129]

Note that the pattern transfer of a nmultilayer
resist by dry etching actually applied in the
manuf acturing process of a sem conductor device is often
perfornmed under conditions where part of the pattern
material to be a mask is left on top of a transferred
pattern in order to ensure the rectangularity of the
pattern profile after dry etching. That is, the step
may be allowed to proceed under conditions where part of
the resist upper layer filmremai ns when the pattern is
transferred to the silicon-containing resist mddle
| ayer film by dry etching while using the resist upper
| ayer filmas a mask in order to ensure the
rectangularity of the cross-sectional profile of the
silicon-containing resist mddle layer filmpattern in
the inventive patterning process as well. 1In the sane
manner, when the pattern is subsequently transferred to
the resist underlayer filmwhile using the silicon-
containing resist mddle layer filmas a mask, it is
possible to allow the pattern transfer step to proceed
in a state where part of the silicon-containing resist
m ddl e | ayer film or inorganic hard mask m ddl e | ayer
filmremains on top of the resist underlayer filmin
order to ensure the rectangularity of the cross-
sectional profile of the resist underlayer film pattern.
Then, a sidewall spacer nmethod is to be perfornmed using
the resist underlayer filmpattern as a core materi al
that is, after a sidewall is fornmed with the inorganic
silicon film the resist underlayer filmpatternis to
be renmoved to forman inorganic silicon film pattern.
However, if it is attenpted to renove the silicon-

containing resist mddle |layer filmresidue or inorganic
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hard mask m ddl e |ayer filmresidue remaining on top of
the resist underlayer filmpattern by dry etching, the
sidewall formed with the inorganic silicon film and the
substrate are damaged by the dry etching, and probl ens
of the performance degradati on of the product and
reduction in yield occur. Accordingly, in the inventive
patterni ng processes, it is preferable to prevent such
problens from occurring by perform ng a wet treatnent
with a peeling solution and renoving the silicon-
containing resist mddle |layer filmas described bel ow
[ 0130]

When the silicon-containing resist mddle |ayer
filmis renoved with a peeling solution, the peeling
solution is not particularly limted as long as it is a
sol ution such as a basic solution or an acidic solution.
[0131]

As aci d-contai ning renovers, there is no particular
limtation as long as they are acidic solutions
contai ning an acid, but a solution containing any one or
two out of hydrogen fluoride, hydrogen peroxide, and
sulfuric acid is preferable. Mre specifically,
particul arly preferable are: an aqueous sol ution
cont ai ni ng hydrochl oric acid and hydrogen peroxi de (SC-2
chem cal solution); an aqueous sol ution containing
sul furic acid and hydrogen peroxide (SPM chem ca
solution); and an aqueous sol ution containing
hydrof l uoric acid and hydrogen peroxide (FPM chem cal
sol ution).

[0132]

As base-containing renovers, there is no particular
limtation as long as they are basic sol utions
contai ning a base. Exanples of the base include sodi um

hydr oxi de, potassi um hydroxi de, sodi um carbonate, sodi um
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silicate, sodiumnetasilicate, amonia, ethylamne, n-
propyl am ne, diethylam ne, di-n-propylan ne,
triethylam ne, nethyldiethylam ne, dinethylethanol am ne,
triethanol am ne, tetranmethyl ammoni um hydroxi de
(hereinafter also referred to as “TMAH"),

t etraet hyl ammoni um hydr oxi de, pyrrole, piperidine,
choline, 1,8-diazabicyclo[5.4.0]-7-undecene, and 1, 5-

di azabi cyclo-[ 4. 3. 0] -5-nonene. Anobng these, fromthe

vi ewpoi nt of avoi ding damage to the substrate,
tetranmet hyl ammoni um hydroxi de (hereinafter also referred
to as “TMAH’) or ammonia i s preferable.

[0133]

As the base-containing renmovers, a solution
contai ning a base and water or a solution containing a
base, hydrogen peroxide, and water is preferable. More
specifically, particularly preferable are m xed aqueous
sol utions of ammoni a and hydrogen peroxide (a n xed
aqueous solution in which 25% aqueous anmnoni a
sol ution/ 30% hydrogen peroxi de solution/water = 1/2/40,
a m xed aqueous solution in which 25% aqueous anmoni a
sol ution/ 30% hydrogen peroxi de solution/water = 1/1/5,
etc. (SCl)).

[ 0134]

To pronote the peeling, it is further preferable to
adjust the pH by adding an acid or an alkali. Exanples
of this pH adjuster include: inorganic acids, such as
hydrochl oric acid and sulfuric acid; organic acids, such
as acetic acid, oxalic acid, tartaric acid, citric acid,
and lactic acid; nitrogen-containing alkalis, such as
ammoni a, ethanol am ne, and tetramethyl ammoni um
hydr oxi de; nitrogen-containing organic acid conpounds,
such as EDTA (ethyl enedi am netetraacetic acid); etc.

[ 0135]
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The peeling solution is usually an aqueous
solution, but an organic solvent may be contai ned
dependi ng on the circunmstances. Exanples of the organic
sol vent include water-soluble al cohols, ethers, ketones,
esters, am des, and im des. Specific exanples include
met hanol , et hanol, propanol, butanol, ethylene glycol,
propyl ene glycol, diethylene glycol, dipropylene glycol,
et hyl ene glycol methyl ether, ethylene glycol dinethyl
et her, ethylene glycol ethyl ether, diethylene glycol
met hyl ether, diethylene glycol dinethyl ether,

di et hyl ene glycol ethyl ether, diethylene glycol diethyl
et her, propylene glycol nethyl ether, propylene glycol
di net hyl ether, propylene glycol ethyl ether, propyl ene
gl ycol ethyl ether, dipropylene glycol nmethyl ether,

di propyl ene gl ycol dinmethyl ether, dipropylene glycol

et hyl ether, dipropylene glycol diethyl ether,

t etrahydrofuran, tetrahydrofurfuryl alcohol, acetone,
met hyl ethyl ketone, ethyl lactate, N-

met hyl pyrrolidi none, N, N-dinmethylformam de, and N, N-

di net hyl acet am de.

[ 0136]

Met hods for perform ng wet peeling are not
particularly limted as long as the silicon wafer on
which the substrate to be processed is fornmed and a
peel i ng chem cal solution can be in contact for a
certain period under heating conditions. Exanples
i nclude: a nethod of immersing the silicon wafer on
whi ch the substrate to be processed is fornmed in a
heat ed al kal i ne hydrogen peroxi de solution; a nmethod of
sprayi ng an al kal i ne hydrogen peroxide solution in a
heat ed environnment; and a method of applying a heated
al kal i ne hydrogen peroxide solution. After each of

these nmethods, it is preferable to wash the substrate
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with water and dry the substrate.
[0137]

The lower limt of the tenperature of the wet
peeling is preferably 23°C, preferably 40°C, and nore
preferably 50°C. The upper limt of the tenperature is
preferably 100°C, nore preferably 90°C.

[ 0138]

The lower limt of the imersion tinme in the
i mersion nmethod is preferably 1 second, nore preferably
10 seconds, further preferably 20 seconds, and
particularly preferably 30 seconds. The upper limt of
the immersion time is preferably 60 m nutes, nore
preferably 30 m nutes, further preferably 20 m nutes,
and particularly preferably 10 m nutes fromthe
vi ewpoi nt of suppressing influence on the substrate.
[0139]

The renmoval of the silicon-containing resist mddle
| ayer filmremaining on the resist underlayer film
pattern performed by using a peeling solution my be
perfornmed before plasma irradiation or after plasm
i rradiation.

[ 0140]

When the silicon-containing resist mddle |ayer
filmis renoved before plasma irradiation, it is
possible to nmodify the edge roughness of the resist
underl ayer film pattern, which is degraded by wet
peeling, by the plasma irradiation.

[ 0141]

When the silicon-containing resist mddle | ayer
filmis renoved after plasma irradiation, the resistance
of the resist underlayer filmpattern to a peeling
solution is enhanced, and therefore, it is possible to

suppress the degradation of the edge roughness of the
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resi st underlayer film pattern caused by the wet

peeling. The resistance of the resist underlayer film
pattern to a peeling solution is enhanced by plasm
irradiation, and therefore, the wet peeling of the
silicon-containing resist mddle layer filmis nore
preferably performed after the plasma irradiation of the
resi st underlayer film pattern.

[0142]

[Steps (1-6) and (ii-6)]

Steps (i-6) and (ii-6) are steps of subjecting the
resi st underlayer filmpattern to plasma irradiation.
[0143]

For the plasma irradiation in the step (i-6) and
the step (ii-6), a known method can be used. Exanples
I ncl ude nmethods di sclosed in JP5746670B2 and
“l mprovenent of the wiggling profile of spin-on carbon
hard mask by H, plasma treatnent” (J. Vac. Sci. Technol.
B26 (1), Jan/Feb 2008, p67-71).

[ 0144]

In the step (i-6) and the step (ii-6), it is
necessary to use, as the plasm used for the plasm
irradiation, a plasm that etches the resist underl ayer
filmless than an etching gas used in the step (i-5) and
the step (ii-5) of form ng the resist underlayer film
pattern by etching the resist underlayer film
[ 0145]

RF di scharge power is preferably 100 to 10,000 W
nore suitably 500 to 5,000 W
[ 0146]

Exanpl es of the gas atnosphere include N2, NF3, Ho,
rare gases such as He, and fluorocarbon; and nore
sui tabl e exanples include He, Ar, N, Ne, NF3, Hz, CFg4,
CHF3, CH:F2, CHsF, C4Fs, C4Fs, etc. These gases may be
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used as a m xture of two or nore kinds. An advantage of
t he present invention is that the advantageous effects
of the present invention can be expected even when using
a gas atnosphere not containing Os.

[ 0147]

The time of the plasma irradiation can be sel ected
from for exanple, 10 to 240 seconds. The pressure can
be sel ected appropriately.

[ 0148]

In the steps (i-6) and (ii-6), the plasm
irradiation is preferably performed under an atnosphere
of Ne, NF3, H, fluorocarbon, a rare gas such as He, or a
m xture of any thereof.

[ 0149]

From t he viewpoi nt of productivity, exanples of
particul arly favorabl e gas atnospheres include He, Ar,
N2, H,, etc., and a gas containing H. or heliumis
pr ef er abl e.

[ 0150]

After the plasma irradiation, the resist underlayer
filmmy be subjected to heat treatnment. When heati ng
is to be performed after the plasma irradi ation, as the
heating conditions, the heating tenperature can be
sel ected appropriately fromthe range of 80 to 800°C
(preferably 100 to 700°C, nore preferably 200 to 600°C),
and the heating tine fromthe range of 30 to 180 seconds
(preferably 30 to 120 seconds). Although not bound by
the theory, it is considered that, by perform ng high-
tenperature heating after the plasma irradiation
dangl i ng bonds are bonded, and this can contribute to
hi gher density of the cured film (resist underlayer
film.

[ 0151]
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As the atnmosphere during the heating after the
plasma irradiation, it is possible to select, as
necessary, an oxygen-containing atnosphere (oxygen
concentration: 1%to 219%, such as air, or a non-oxygen
at nosphere, such as nitrogen. For exanple, in a case
where the substrate to be processed easily undergoes air
oxi dati on, damage to the substrate can be suppressed by
perform ng the heat treatment in an atnosphere with an
oxygen concentration of less than 1% to forma cured
film
[ 0152]

The irradi ation apparatus is not particularly
limted as | ong as plasma irradiati on can be perforned
with the apparatus, and for exanple, it is possible to
use Telius SP or Tactras Vigus manufactured by Tokyo
El ectron Ltd. It is possible to select an apparatus and
set conditions in such a manner as to achieve the
advant ageous effects of the present invention nore
prom nently.

[ 0153]

The design of the resist underlayer filmpattern is
not particularly limted. Exanples include a |line
pattern and a contact hole pattern, and fromthe
vi ewpoint of the uniformty of the surface nodification
by the plasma irradiation, a line pattern is preferable.
Therefore, the resist underlayer film patterning process
of the present invention can be used suitably for a
si dewal | spacer nethod.

[ 0154]

To pronote the nodification of the resist
underl ayer filmpattern by the plasma irradiation, the
t hi ckness of the silicon-containing resist mddle |ayer

filmor inorganic hard mask m ddl e layer filmremaining
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on the resist underlayer filmpattern is preferably
thin. The thickness of the silicon-containing resist

m ddl e | ayer film or inorganic hard mask m ddl e | ayer
filmremaining on the resist underlayer filmpattern is
preferably 15 nmor |less, nore preferably 10 nmor |ess,
further preferably 5 nmor |ess, and such a film my not
be present on the resist underlayer film pattern.

[ 0155]

The patterning process preferably includes, after
the step of performng plasma irradi ation, a step of
formng the pattern directly or indirectly on the
substrate while using the plasma-irradiated resi st
underl ayer filmpattern as an etchi ng mask.

[ 0156]

Meanwhi | e, the present invention nmay al so be a
patterni ng process for formng a half-pitch pattern of
the pattern of the resist upper layer filmon the
substrate to be processed (FIG 3), the patterning
process incl uding,

after the step of subjecting the resist underl ayer
filmpattern to plasma irradiation, the steps of:

form ng an inorganic silicon filmincluding any of
pol ysilicon, anorphous silicon, silicon oxide, silicon
nitride, silicon oxynitride, silicon carbide, and
conposite materials thereof by a CVD nmethod or an ALD
nmet hod to cover the resist underlayer film pattern;

renoving the resist underlayer filmpattern by dry
etching to forman inorganic silicon film pattern having
a half pitch of the pattern of the resist upper |ayer
film and

formng a half-pitch pattern of the pattern of the
resi st upper layer filmon the substrate to be processed

whil e using the inorganic silicon filmpattern as a
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mask.
[ 0157]

Such a patterning process nmakes it possible to form
an inorganic silicon filmpattern (sidewall pattern)
having smal|l edge roughness in a sidewall spacer nethod,
and is therefore extrenely useful in a fine processing
process.

[ 0158]

The renmoval of the resist underlayer filmpattern
I's not particularly limted, but fromthe viewpoint of
preventing the inorganic silicon filmpattern (sidewall
pattern) from col |l apsing, renoval by dry etching is
pr ef er abl e.

[ 0159]

When renoval by dry etching is selected, the resist
underl ayer filmis removed under dry etching conditions
where the etching rate of the resist underlayer filmis
hi gher than that of the sidewall pattern, for exanple,
by reactive dry etching using gas plasma contai ning
oxygen or by reactive dry etching using gas plasm
cont ai ni ng hydr ogen-ni trogen.

[ 0160]

Alternatively, the present invention may al so be a
patterni ng process for formng a half-pitch pattern of
the pattern of the resist upper layer filmon the
substrate to be processed (FIG 4), the patterning
process incl uding,

after the step of subjecting the resist underl ayer
filmpattern to plasma irradiation, the steps of:

form ng an inorganic silicon filmincluding any of
pol ysilicon, anorphous silicon, silicon oxide, silicon
nitride, silicon oxynitride, silicon carbide, and

conposite materials thereof by a CVD nmethod or an ALD

71



met hod to cover the resist underlayer film pattern;
applying the conmposition for form ng a resist

underl ayer filmof the present invention to be nodified

by plasma irradiation onto the inorganic silicon film

pattern for pattern separation, followed by heating;
exposing the inorganic silicon film pattern by

et ching back, followed by plasnma irradiation;

renoving the inorganic silicon filmpattern by dry
etching to forma resist underlayer film pattern having
a half pitch of the pattern of the resist upper |ayer
film and

formng a half-pitch pattern of the pattern of the
resi st upper layer filmon the substrate to be processed
while using the resist underlayer filmpattern as a
mask.

[0161]

Alternatively, the present invention may al so be a
patterni ng process for formng a half-pitch pattern of
the pattern of the resist upper layer filmon the
substrate to be processed (FIG 5), the patterning
process incl uding,

before the step of subjecting the resist underl ayer
filmpattern to plasma irradiation, the steps of:

formng an inorganic silicon filmincluding any of
pol ysilicon, anorphous silicon, silicon oxide, silicon
nitride, silicon oxynitride, silicon carbide, and
conposite materials thereof by a CVD method or an ALD
met hod to cover the resist underlayer film pattern;

applying the conmposition for formng a resist
underl ayer filmof the present invention to be nodified
by plasma irradiation onto the inorganic silicon film
pattern for pattern separation, foll owed by heating;

exposing the inorganic silicon film pattern by

72



et ching back, followed by plasma irradiation;

renoving the inorganic silicon filmpattern by dry
etching to forma resist underlayer film pattern having
a half pitch of the pattern of the resist upper |ayer
film and

formng a half-pitch pattern of the pattern of the
resi st upper layer filmon the substrate to be processed
whil e using the resist underlayer filmpattern as a
mask.

[0162]

Met hods for renoving the resist underlayer film
pattern and inorganic silicon filmpattern that remain
on the substrate to be processed are not particularly
limted, and the patterns can be renoved by a CMP net hod
or the |like, for exanple.

EXAMPLES
[0163]

Herei nafter, the present invention will be
specifically described with reference to Exanples and
Conpar ati ve Exanples, but the present invention is not
limted thereto.

[0164]

The present invention is nore specifically
descri bed below with reference to Synt hesis Exanpl es,
Conpar ative Synthesis Exanpl es, Exanples, and
Conpar ati ve Exanples. However, the present invention is
not limted to these Exanples. To obtain nolecul ar
wei ght and di spersity, weight-average nol ecul ar wei ght
(Mwv) and nunber-average nol ecul ar wei ght (M) on
pol ystyrene basis were neasured by gel perneation
chromat ography (GPC) using tetrahydrofuran as an el uent,

and di spersity (Mwv Mh) was cal cul ated from these val ues.
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[ 0165]

For the synthesis of conpounds (Al) to (Al14) and

conparative conpound (R1), the follow ng conmpounds (Gl)

to (Gl3) were used.

HO ‘ ‘ OH OH
(G1)

OH
e
(G7)
H ’\@o
N 8\/ o CH»
o
(G9) (G10) (G11)

e
3

(G13)

[0166]
[ Synt hesis Exanple 1] Synthesis of Conmpound (Al)
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HO_

- oH
U (L
>

TN
“%)_<ﬁf (A1)

Under a nitrogen atnosphere, 180 g of the conpound
(Gl), 75 g of a 37% formalin solution, and 5 g of oxalic
acid were added together and then stirred at an interna
tenperature of 100°C for 24 hours. After cooling to
roomtenperature, 500 g of nethyl isobutyl ketone was
added thereto. The organic |ayer was washed five tines
with 200 g of pure water, and then the organic |ayer was
evapor at ed under reduced pressure to dryness. To the
resi due, 320 g of THF was added, and the pol ymer was
reprecipitated in 1350 g of hexane. The precipitated
pol ymer was separated by filtration and dried under
reduced pressure to obtain a conmpound (Al).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (Mwv Mh) were determ ned by GPC, and the
follow ng results were obtained.
(Al): Mwa=11, 200, MM Mh=4. 35
[0167]
[ Synt hesis Exanple 2] Synthesis of Conpound (A2)

OH

Ao .
Jv[;;[ ]/_:'J'CHQ j*

OH (A2)

Under a nitrogen atnosphere, 160.2 g of the
conmpound (G2), 64.9 g of a 37% formal dehyde sol uti on,
and 300 g of 2-nethoxy-1-propanol were added together
and honogeni zed at an internal tenperature of 100°C.
After that, 18.0 g of a 20% sol ution of para-
tol uenesul fonic acid in 2-nmethoxy-1-propanol, which had
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been m xed and honmpbgeni zed beforehand, was slowy added
t hereto, and the reaction was allowed to take place at
an internal tenperature of 80°C for 8 hours. After the
reacti on was conpl eted, the product was cooled to room
tenperature, 1000 m of nethyl isobutyl ketone was added
t hereto, the obtained product was washed six tinmes with
200 M of pure water, and the organic |layer was
evapor at ed under reduced pressure to dryness. To the
resi due, 300 g of THF was added to form a honbgeneous
solution, and a crystal was precipitated in 2000 g of
hexane. The precipitated crystal was separated by
filtration, washed twice with 500 g of hexane, and
coll ected. The collected crystal was vacuumdri ed at
70°C to obtain a conpound (A2).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (M Mh) were determ ned by GPC, and the
follow ng results were obtained.
(A2): Ma=4, 000, Mn~ Mn=3.02
[0168]
[ Synt hesi s Exanple 3] Synthesis of Conpound (A3)

HO, _OH mCHﬁ*
%\ ) / 5——C Hs % A

a9
= (A 3)

Under a nitrogen atnosphere, 100.0 g of the
conmpound (Gl), 48.3 g of the conmpound (G3), and 450 g of
1, 2-di chl oroet hane were m xed together and then
honbgeneousl y di spersed at an internal tenperature of
60°C. Subsequently, 82.4 g of nethanesul fonic acid was
added dropwi se thereto over 1 hour, and the m xture was

heated and stirred at an internal tenperature of 70°C
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for 24 hours. After cooling to roomtenperature, 1000 g
of methyl isobutyl ketone was added thereto. The
organic | ayer was washed five times with 200 g of pure
water, and then the organic |ayer was evaporated under
reduced pressure to dryness. To the residue, 450 g of
THF was added, and the polynmer was reprecipitated in
1800 g of hexane. The precipitated polyner was
separated by filtration and dried under reduced pressure
to obtain a conmpound (A3).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (Mwv Mh) were determ ned by GPC, and the
follow ng results were obtained.
(A3): Ma=9, 800, Mw/ WMn=3.50
[0169]
[ Synt hesi s Exanple 4] Synthesis of Conpound (A4)

i e, 16
1 CH S g YT
\/&Q 2_)(;66 TS 24634
J0
=~ = (A4)

Under a nitrogen atnosphere, 180.0 g of the
conpound (Gl), 58.0 g of the conmpound (4), 75.0 g of a
37% formalin solution, 5.0 g of oxalic acid, and 500 g
of 2-nmet hoxy-1-propanol were added together and then
stirred at an internal tenperature of 100°C for 24
hours. After cooling to roomtenperature, 1000 g of
met hyl i sobutyl ketone was added thereto. The organic
| ayer was washed five tinmes with 200 g of pure water,
and then the organic | ayer was evaporated under reduced
pressure to dryness. To the residue, 480 g of THF was
added, and the polynmer was reprecipitated in 2400 g of
hexane. The precipitated polynmer was separated by

filtration and dried under reduced pressure to obtain a
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conpound (A4).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (Mv Mh) were determ ned by GPC, and the
follow ng results were obtained.
(A4): Mw=9, 350, Mw/ Mh=3. 76

[0170]
[ Synt hesis Exanple 5] Synthesis of Conpound (A5)
\— __OR _
0 (Fouy  ®
XX ’ _
a0n o 0
T\ (A5)

Under a nitrogen atnosphere, 50.0 g of the conpound
(Al) obtained in Synthesis Exanple 1, 38.1 g of
pot assi um carbonate, and 200 g of di nmethylformam de were
added together to form a honpbgeneous dispersion at 50°C.
Subsequently, 23.4 g of allyl brom de was slowly added
dropwi se thereto, and the m xture was stirred at an
i nternal tenperature of 50°C for 8 hours. The reaction
solution was cooled to roomtenperature, and 400 m of
met hyl isobutyl ketone and 300 g of pure water were
added thereto. The precipitated salt was dissolved, and
t hen the separated aqueous | ayer was renoved.
Furthernore, the organic |ayer was washed six tines with
100 g of a 3% aqueous solution of nitric acid and 100 g
of pure water, and then the organic |ayer was evaporated
under reduced pressure to dryness to obtain a conmpound
(A5) .

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (Mwv Mh) were determ ned by GPC, and the
follow ng results were obtained.
(A5): Mwn=12, 200, MM Mh=4. 38
[0171]
[ Synt hesi s Exanple 6] Synthesis of Conpound (A6)
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10 @ 90

(A6)

Under a nitrogen atnosphere, 50.0 g of the conpound
(Al) obtained in Synthesis Exanmple 1, 41.9 g of
pot assi um car bonate, and 200 g of di methylfornmam de were
added together to form a honogeneous dispersion at 50°C.
Subsequently, 29.5 g of 3-bronpo-1-propyne was slowy
added dropw se thereto, and the m xture was stirred at
an internal tenperature of 50°C for 8 hours. The
reaction solution was cooled to roomtenperature, and
400 m of nmethyl isobutyl ketone and 300 g of pure water
were added thereto. The precipitated salt was
di ssol ved, and then the separated aqueous |ayer was
renoved. Furthernore, the organic |ayer was washed six
times with 100 g of a 3% aqueous solution of nitric acid
and 100 g of pure water, and then the organic |ayer was
evapor at ed under reduced pressure to dryness to obtain a
conpound ( A6).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (M Mh) were determ ned by GPC, and the
follow ng results were obtained.
(AB): Mn=12, 800, Mw/ Mh=4. 43
[0172]
[ Synt hesis Exanple 7] Synthesis of Conpound (A7)

(A7)

Under a nitrogen atnosphere, 90.1 g of the conpound
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(G5), 25.2 g of a 37% formalin solution, and 270 g of 2-

met hoxy- 1- propanol were added together to forma

honbgeneous solution at an internal tenperature of 80°C.

Subsequently, 18 g of a 20% sol uti on of para-

t ol uenesul fonic acid in 2-nmethoxy-1-propanol was slowy

added thereto, and the m xture was stirred at an

i nternal tenperature of 110°C for 8 hours. After

cooling to roomtenperature, 600 g of nethyl isobutyl

ket one was added thereto. The organic |ayer was washed

five times with 200 g of pure water, and then the

organi c | ayer was evaporated under reduced pressure to

dryness. To the residue, 320 g of THF was added, and

t he polymer was reprecipitated in 1350 g of nethanol.

The precipitated pol ymer was separated by filtration and

dri ed under reduced pressure to obtain a conmpound (A7).
The wei ght - average nol ecul ar wei ght (Mw) and the

di spersity (M Mh) were determ ned by GPC, and the

follow ng results were obtained.

(A7): Mw=3,520, Mw Mh=2. 60

[0173]

[ Synt hesis Exanple 8] Synthesis of Conpound (A8)

o} e
[ A
Iy oy
= = (A8)
Under a nitrogen atnosphere, 42.8 g of the conpound
(G5), 15.7 g of potassium carbonate, and 150 g of DMF
wer e added together to form a honogeneous di spersion at
an internal tenperature of 50°C. 28.2 g of propargyl

brom de was slowy added thereto, and the reaction was

allowed to take place at an internal tenperature of 50°C
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for 24 hours. To the reaction solution, 300 m of

met hyl i sobutyl ketone and 300 g of pure water were

added. The precipitated salt was dissolved, and then

t he separated aqueous | ayer was renpved. Furthernore,

the organic |layer was washed six times with 100 g of a

3% aqueous solution of nitric acid and 100 g of pure

water, and then the organic | ayer was evaporated under

reduced pressure to dryness to obtain a conmpound (AS8).
The wei ght - average nol ecul ar wei ght (Mw) and the

di spersity (Mwv Mh) were determ ned by GPC, and the

follow ng results were obtained.

(A8): Ma=560, Mn~ Mh=1.01

[0174]

[ Synt hesi s Exanple 9] Synthesis of Conpound (A9)

(A9)

Under a nitrogen atnosphere, 46.9 g of the conpound
(G6), 10.1 g of potassium carbonate, and 150 g of DMF
wer e added together to form a honogeneous di spersion at
an internal tenperature of 50°C. 9.0 g of propargyl
brom de was slowy added thereto, and the reaction was
allowed to take place at an internal tenperature of 50°C
for 24 hours. To the reaction solution, 300 m of
met hyl isobutyl ketone and 300 g of pure water were
added. The precipitated salt was dissolved, and then
t he separated aqueous |ayer was renoved. Furthernore,

t he organic |layer was washed six times with 100 g of a
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3% aqueous solution of nitric acid and 100 g of pure

water, and then the organic | ayer was evaporated under

reduced pressure to dryness to obtain a conmpound (A9).
The wei ght - average nol ecul ar wei ght (Mw) and the

di spersity (Mwv Mh) were determ ned by GPC, and the

follow ng results were obtained.

(A9): Ma=903, Mw~ Mh=1. 08

[0175]

[ Synt hesi s Exanple 10] Synthesis of Conpound (Al10)

(A10)

Under a nitrogen atnosphere, 3.8 g of
met hanesul fonic acid and 30 g of nethylene chloride were
m xed together and honobgeni zed at an internal
tenperature of 30°C. Subsequently, a m xed solution of
30.0 g of the conmpound (4) and 60.0 g of nethylene
chlori de was added dropwi se thereto over 1 hour, and the
m xture was heated and stirred at an internal
tenperature of 35°C for 24 hours. After cooling to room
tenperature, 300 g of toluene was added thereto. The
organic | ayer was washed six times with 100 g of pure
water, and the organic |ayer was evaporated under
reduced pressure to dryness. To the residue, 90 g of
THF was added to obtain a honobgeneous solution, and then
a crystal was precipitated in 600 g of nethanol. The
precipitated crystal was separated by filtration, washed
twice with 300 g of nmethanol, and collected. The
collected crystal was vacuumdried at 70°C to obtain
28.7 g of a conpound (Al0).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (Mwv Mh) were determ ned by GPC, and the
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follow ng results were obtained.

(A10): Mw=2400, Mw/ WMn=1.93

[0176]

[ Synt hesi s Exanple 11] Synthesis of Conpound (All)

o)
\/ (A11)

Under a nitrogen atnosphere, 60.0 g of the conpound
(G7) and 300 g of 1,2-dichloroethane were m xed toget her
and honpbgeneously di spersed at an internal tenperature
of 60°C. Subsequently, 55.4 g of nethanesul fonic acid
was added dropwi se thereto over 1 hour, and the m xture
was heated and stirred at an internal tenperature of
70°C for 6 hours. After cooling to roomtenperature,
400 g of 1, 2-dichl oroethane was added thereto, and then
i nsol ubl e matter was renoved by filtration. The
collected filtrate was washed six tinmes with 200 g of
pure water, and the organic |ayer was evaporated under
reduced pressure to dryness. To the residue, 150 g of
THF was added to obtain a honpbgeneous solution, and then
a crystal was precipitated in 500 g of nethanol. The
precipitated crystal was separated by filtration, washed
with 300 g of methanol and 300 g of diisopropyl ether in
this order, and collected. The collected crystal was
vacuumdried at 70°C to obtain 33.2 g of a conmpound
(All).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (Mwv Mh) were determ ned by GPC, and the
follow ng results were obtained.
(All): Mwn=560, Mw Mh=2.43
[0177]
[ Synt hesi s Exanple 12] Synthesis of Conpound (Al2)
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(A12)

41.2 g of the tertiary alcohol (G8) and 160 g of
nmet hyl ene chloride were m xed together. 19.2 g of
met hanesul fonic acid was slowly added dropw se thereto,
and the m xture was heated under reflux for 8 hours.
After cooling to roomtenperature, 250 g of toluene was
added thereto, and the product was washed with water and
concentrated under reduced pressure to obtain 37.6 g of
a compound (Al2).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (Mwv Mh) were determ ned by GPC, and the
follow ng results were obtained.
(Al2): Mw=1850, Mw/ WMh=1. 26
[0178]
[ Synt hesis Exanmple 13] Synthesis of Conmpound (Al13)

Y
N i_>
A~y =y
{ i /' \ / \
(I A )

(A13)

Under a nitrogen atnosphere, 60.0 g of the conpound
(Gl0), 6.3 g of the conpound (39), and 350 g of 1, 2-
di chl or oet hane were m xed together to form a honbgeneous
solution at an internal tenperature of 60°C.
Subsequently, 80.2 g of nethanesul fonic acid was added
dropwi se thereto over 1 hour, and the m xture was heated
and stirred at an internal tenperature of 70°C for 6
hours. After cooling to roomtenperature, 200 g of 1, 2-
di chl or oet hane was added thereto, the organic |ayer was
washed six times with 100 g of pure water, and the

organi c | ayer was evaporated under reduced pressure to
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dryness. To the residue, 200 g of THF was added to form
a honmpgeneous sol ution, and then a crystal was
precipitated in 600 g of methanol. The precipitated
crystal was separated by filtration, washed with 300 g
of met hanol and 300 g of diisopropyl ether in this
order, and collected. The collected crystal was vacuum
dried at 70°C to obtain 35.5 g of a conpound (Al13).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (Mwv Mh) were determ ned by GPC, and the
follow ng results were obtained.
(A13): Ma=730, Mw/ Mh=1.38
[0179]
[ Synt hesis Exanpl e 14] Synthesis of Conmpound (Al4)

%EII Navel

*b (A14)

Under a nitrogen atnmosphere, 80.0 g of the epoxy
conpound (Gl1l), 51.0 g of the conmpound (Gl2), and 600 g
of 2-met hoxy-1-propanol were added together to forma
honbgeneous solution at 100°C. Subsequently, 5.7 g of
benzyl triethyl ammoni um chl ori de was added thereto, and
the m xture was stirred at 120°C for 12 hours. After
cooling to roomtenperature, 1,500 g of nethyl isobutyl
ket one was added thereto, and the organic |ayer was
washed five times with 300 g of pure water. The organic
| ayer was evaporated under reduced pressure to dryness
to obtain a conpound (A14).

The wei ght - average nol ecul ar wei ght (Mw) and the
di spersity (M Mh) were determ ned by GPC, and the
follow ng results were obtained.
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(A14): Ma=900, Mw/ Mh=1.04

[ 0180]

[ Synt hesi s Exanpl e 15] Synthesis of Conparative Conpound
(R1)

K% (R1)

Into a 500-m flask, 100 g of a nonomer 1 (starting
material GL3) and 290.0 g of propylene glycol nononethyl
et her acetate (hereinafter, witten as “PGVEA") were
measured and charged, and degassi ng was perforned while
stirring to prepare a nononer solution. Into a
different 500-m flask, 2.9 g of dinethyl 2,2'-azobis(2-
nmet hyl propi onate) (V-601 avail able from Wako Pure
Chem cal Corporation) and 50.0 g of PGVEA were neasured
and charged, and degassing was performed while stirring
to prepare an initiator solution. Furthernore, into a
1-L flask having a nitrogen atnosphere, 60 g of PGVEA
was neasured and charged, degassing was performed while
stirring, and then the PGVEA was heated until the
i nternal tenperature was 80°C. The nononer solution and
the initiator solution were added thereto sinultaneously
and separately over 4 hours. After the addition, the
m xture was heated and stirred for 16 hours, and then
cooled to roomtenperature. The obtai ned pol ymer
solution was dropped into 1,500 g of stirred hexane, and
the precipitated polynmer was filtered. Furthernore, the
obt ai ned pol ymer was washed twice with 600 g of hexane,
and then vacuumdried at 50°C for 20 hours to obtain a
polymer (R1) in white powder form

The wei ght - average nol ecul ar wei ght (Mw) and the
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di spersity (Mwv Mh) were determ ned by GPC, and the
follow ng results were obtained.
(R1): Mw=10, 000, MM Mh=2.00
[0181]
[ Conposition UDL-1 for Form ng Resist Underlayer Film
The conpound (Al) for formng a resist underlayer
filmwas dissolved at a ratio shown in Table 2 in
propyl ene gl ycol nonomethyl ether acetate (PGVEA)
containing 0.5 mass% of a surfactant FC-4430 (avail able
from Sumtono 3M Limted), and the obtained sol ution was
filtered through a 0.02-um membrane filter to prepare a
conposition (UDL-1) for formng a resist underl ayer
film
[0182]
[ Preparation of Conpositions (UDL-2 to -17) for Form ng
Resi st Underl ayer Film and Conparative Conposition
(Conparative UDL-1) for Form ng Resist Underlayer Film
Each chem cal solution was prepared in the sane
manner as UDL-1, except that the kind and the contai ned
amount of each conponent were as shown in Table 2. 1In
Table 2, “-” indicates that the conmponent was not used.
The followi ng fornmula (E1) was used for the acid
generator (TAG), and the followi ng fornmula (Bl) was used
for the flowability accelerator. The results for UDL-1
are al so shown.
[0183]
[ Acid Generator]
The thermal acid generator (E1) used in
conpositions for formng a resist underlayer filmis

shown bel ow.
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[ 0184]
[ Flowabi lity Accel erator]

The flowability accel erator (Bl) used in a
conposition for formng a resist underlayer filmis

shown in Table 1.

[ Tabl e 1]
M Weight reduction|Weight reduction
w . :
rate on heating | rate on heating
Compound or polymer (calculated from 30°C to from 30°C to
value) 190°C 350°C
@] (@]
o]
[::T)Lo/“xf x/”\o)LT::j 314 1 100
(B1)
[ 0185]

[ Crosslinking Agent]
The crosslinking agents (C) used in resist

underl ayer filmmmaterials are shown bel ow.

(c1) (cz)
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[ 0186]

[ Tabl e 2]
Cross-
Composition for Polymer linking Additive Solvent
forming resist agent
underlayer film (prﬁg[isl;y (prﬁg[isl;y (prggssg)y (parts by mass)
uDL-1 Al (5) - - PGMEA (95)
uDL-2 A2 (5) - - PGMEA (95)
UDL-3 A3 (5) - - PGMEA (95)
uDL-4 A4 (5) - - PGMEA (95)
UDL-5 A5 (5) - - PGMEA (95)
UDL-6 A6 (5) - - PGMEA (95)
uUDL-7 A7 (5) - - PGMEA (95)
UDL-8 A8 (5) - - PGMEA (95)
UDL-9 A9 (5) - - PGMEA (95)
PGMEA /cyclohexanone
UDL-10 A10 (5) - - (65/30)
PGMEA /cyclohexanone
uDL-11 All (5) - - (65/30)
PGMEA /cyclohexanone
uDL-12 Al12 (5) - - (65/30)
PGMEA /cyclohexanone
UDL-13 A13 (5) - - (65/30)
UDL-14 Al4 (5) - - PGMEA (95)
UDL-15 A2 (5) Cl(1) E1l (0.2) PGMEA (95)
UDL-16 A2 (5) C2 (1) E1l (0.2) PGMEA (95)
uUDL-17 A2 (5) - B1 (3) PGMEA (95)
Comparative
UDL-1 R1(5) - E1l (0.2) PGMEA (95)
[0187]
[ Resi st Underlayer Film Pattern Formati on Eval uati on]

Each of the conpositions (UDL-1 to -17 and
conparative UDL-1) for form ng a resist underlayer film
was respectively applied onto a silicon wafer substrate
having an SiG film fornmed thereon, and baked at the
tenperature shown in Tables 6 and 7 for 60 seconds to

forma resist underlayer film having a thickness of 60
nm

A silicon-containing resist film
material (SOG 1) was applied thereto,
at 220°C for

filmhaving a thickness of 20 nm A nonol ayer

m ddl e | ayer
fol | owed by baki ng
60 seconds to forma resist mddle | ayer

resi st
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for ArF as a resist upper layer filmmaterial was
applied thereto, followed by baking at 105°C for 60
seconds to forma photoresist film having a thickness of
100 nm A liquid imersion top coat conposition (TC-1)
was applied to the photoresist film followed by baking
at 90°C for 60 seconds to forma top coat having a

t hi ckness of 50 nm

[ 0188]

The silicon-containing resist mddle |ayer film
materi al (SOG 1) was prepared by dissolving a pol yner
represented by an ArF silicon-containing mddle |ayer
film polynmer (SiPl) and a crosslinking catal yst (CAT1)
in an organic solvent containing 0.1 mass% of FC-4430
(manufactured by Sumtono 3MLimted) in the proportion
shown in Table 3; and filtering the solution through a

filter made of a fluororesin and having a pore size of

0.1 um.
[ 0189]
[ Tabl e 3]
Thermal
Polymer crosslinking Organic solvent
catalyst
(parts by
mass) (parts by mass) (parts by mass)
. Propylene glycol
SOG-1 (Sllgol) Cfgl monoethyl ether
(4000)
[ 0190]

The structural fornulae of the ArF silicon-
containing mddle |ayer filmpolymer (SiPl) and the

crosslinking catal yst (CAT1l) used are shown bel ow.
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[0191]

The resist upper layer filmmterial (nonol ayer
resist for ArF) was prepared by dissolving a polyner
(RP1), an acid generator (PAGl), and a basic conmpound
(Am nel), each in the proportion shown in Table 4, in a
sol vent containing 0.1% by mass of a surfactant FC-4430
(manufactured by Sumtono 3MLimted), and filtering the

solution through a 0.l1l-um filter made of a fluororesin.

[ 0192]
[ Tabl e 4]
Polymer  |Acid generator Basic Solvent
compound
(parts by (parts by (parts by
(parts by
mass) mass) mass) mass)
Monolayer RP1 PAG1 Aminel PGMEA
resist for ArF (100) (6.6) (0.8) (2500)
[ 0193]

The polymer (RP1l), the acid generator (PAGl), and
t he basi c conmpound (Am nel) used for the resist upper
| ayer film material (nmonolayer resist for ArF) are shown

bel ow.
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[ 0194]

The liquid imersion top coat conposition (TC-1)
was prepared by dissolving a top coat polynmer (PPl) in
an organic solvent at the proportion shown in Table 5,
and filtering the solution through a 0.l1-um filter made

of a fluororesin.

[ 0195]
[ Tabl e 5]
Polymer Organic solvent
(parts by mass) (parts by mass)
TC-1 PP1 Diisoamyl ether (2700)
(100) 2-methyl-1-butanol (270)
[ 0196]

The polymer (PPl) used for the liquid imersion top
coat conposition (TC-1) is shown bel ow.
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[0197]

Then, the substrate was exposed to light with an
ArF liquid i mersion exposure apparatus (NSR-S610C
manufactured by Nikon Corporation, NA: 1.30, o:
0.98/0.78, 35° s-polarized dipole illumnation, 6%
hal ft one phase shift mask), baked at 100°C for 60
seconds (PEB), and devel oped with a 2.38% by nass
aqueous solution of tetranmethyl ammoni um hydroxi de ( TMAH)
for 30 seconds, thereby obtaining a 45 nm1 : 1 positive
| i ne-and-space pattern (a resist pattern).

[ 0198]

Subsequently, the silicon-containing resist mddle
| ayer filmmaterial (SOG 1) was etched by dry etching by
usi ng an etchi ng apparatus Telius manufactured by Tokyo
El ectron Ltd. while using the resist pattern as a mask
to forma hard nmask pattern. Then, the resi st
underl ayer filmwas etched while using the obtained SOG
1 pattern as a mask to forma resist underlayer film
pattern. The line size of the obtained resist
under| ayer film pattern was measured usi ng CD SEM
(CG5000) manufactured by Hitachi Hi gh-Technol ogi es Corp.
[ 0199]

Conditions in transferring resist pattern to silicon-
containing resist mddle |ayer filmmterial (SOG 1)

Chanber pressure: 50 nmrl
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RF- power (upper portion): 500 W

RF- power (|l ower portion): 300 W

CF4 gas flow rate: 150 sccm

CHFs: gas flow rate: 50 sccm

Time: 15 sec
[ 0200]

Conditions in transferring silicon-containing resist
m ddle layer filmmterial (SOG 1) pattern to resist
underl ayer film

Chanber pressure: 10 mrl

RF- power (upper portion): 1,000 W

RF- power (|l ower portion): 300 W

CO, gas flow rate: 320 sccm

N> gas flow rate: 80 sccm

Time: 55 sec
[ 0201]

After that, each substrate having the formed resist
underl ayer film pattern was subjected to plasm
treatment by using an etching apparatus Telius
manuf act ured by Tokyo El ectron Ltd. under the follow ng
conditions, and the line size of the obtained resist
under |l ayer film pattern was neasured usi ng CD SEM
(CG000) manufactured by Hitachi Hi gh-Technol ogi es Corp.
The pattern cross section was observed with an el ectron
m croscope (S-4700) manufactured by Hitachi, Ltd.

Chamber pressure: 100 mr

RF- power (upper portion): 100 W

RF- power (Il ower portion): 3500 W

H» gas flow rate: 200 sccm

Time: 20 sec
[ 0202]

The SiG filmwas etched while using the resist
underl ayer filmpattern obtained in the above eval uation

94



as a mask. The etching conditions were as shown bel ow
The line size of the obtained pattern was neasured using
CD- SEM ( CG5000) manufactured by Hitachi Hi gh-
Technol ogi es Corp. The pattern cross section was
observed with an electron m croscope (S-4700)
manuf actured by Hitachi, Ltd.

Chamber pressure: 100 mr

RF- power (upper portion): 500 W

RF- power (|l ower portion): 300 W

CFs gas flow rate: 150 sccm

CHFs gas flow rate: 30 sccm

O gas flow rate: 10 sccm

Time: 130 sec
[ 0203]
(Conparati ve Exanple 1-2)

As Conparative Example 1-2, the follow ng
eval uati on was perfornmed.
[ 0204]

The conposition (UDL-1) for form ng a resist
under| ayer filmwas applied onto a silicon wafer
substrate having an SiG filmformed thereon, and baked
at 350°C for 60 seconds to forma resist underlayer film
having a thickness of 60 nm A silicon-containing
resist mddle layer filmmterial (SOG 1) was applied
t hereto, followed by baking at 220°C for 60 seconds to
forma resist mddle |ayer filmhaving a thickness of 20
nm A nonol ayer resist for ArF as a resist upper |ayer
filmmterial was applied thereto, foll owed by baking at
105°C for 60 seconds to forma photoresist filmhaving a
t hickness of 100 nm A liquid imrersion top coat
conposition (TC-1) was applied to the photoresist film
foll owed by baking at 90°C for 60 seconds to forma top
coat having a thickness of 50 nm
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[ 0205]

Then, the substrate was exposed to light with an
ArF liquid i mrersion exposure apparatus (NSR-S610C
manufactured by Nikon Corporation, NA: 1.30, o:
0.98/0.78, 35° s-polarized dipole illum nation, 6%
hal ft one phase shift mask), baked at 100°C for 60
seconds (PEB), and devel oped with a 2.38% by nmass
aqueous solution of tetranmethyl ammoni um hydroxi de ( TMAH)
for 30 seconds, thereby obtaining a 45 nm1 : 1 positive
| i ne-and-space pattern (a resist pattern).

[ 0206]

Subsequently, the substrate having the forned
resist pattern was subjected to plasm treatnment using
an etchi ng apparatus Telius manufactured by Tokyo
El ectron Ltd. under the follow ng conditions, and the
line size of the obtained resist pattern was neasured
usi ng CD- SEM ( CG5000) nmanufactured by Hitachi Hi gh-
Technol ogi es Corp. The pattern cross section was
observed with an electron m croscope (S-4700)
manuf actured by Hitachi, Ltd.

Chamber pressure: 100 mr

RF- power (upper portion): 100 W

RF- power (Il ower portion): 3500 W

H» gas flow rate: 200 sccm

Time: 20 sec
[ 0207]

Subsequently, the silicon-containing resist mddle
|l ayer filmmaterial (SOG 1) was etched by dry etching by
usi ng an etchi ng apparatus Telius manufactured by Tokyo
El ectron Ltd. while using the resist pattern as a mask
to forma hard nask pattern. Then, the resi st
under | ayer filmwas etched while using the obtained SOG

1 pattern as a mask to forma resist underlayer film
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pattern. The line size of the obtained resist

underl ayer film pattern was neasured usi ng CD SEM
(CG5000) manufactured by Hitachi Hi gh-Technol ogi es Corp.
[ 0208]

Conditions in transferring resist pattern to silicon-
containing resist mddle |layer filmmterial (SOG 1)

Chamber pressure: 50 mrl

RF- power (upper portion): 500 W

RF- power (|l ower portion): 300 W

CFs gas flow rate: 150 sccm

CHFs: gas flow rate: 50 sccm

Time: 15 sec
[ 0209]

Conditions in transferring silicon-containing resist
m ddl e |layer filmmterial (SOG 1) pattern to resist
under |l ayer film

Chamber pressure: 10 mrl

RF- power (upper portion): 1,000 W

RF- power (|l ower portion): 300 W

CO, gas flow rate: 320 sccm

N> gas flow rate: 80 sccm

Ti me: 55 sec
[ 0210]

The SIG: fil mwas etched while using the resist
underl ayer filmpattern obtained in the above eval uation
as a mask. The etching conditions were as shown bel ow.
The line size of the obtained pattern was neasured using
CD- SEM ( CG5000) manufactured by Hitachi Hi gh-
Technol ogi es Corp. The pattern cross section was
observed with an electron m croscope (S-4700)
manuf actured by Hitachi, Ltd.

Chamber pressure: 100 mr

RF- power (upper portion): 500 W
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RF- power (|l ower portion): 300 W

CF4s gas flow rate: 150 sccm

CHF3 gas flow rate: 30 sccm

O, gas flow rate: 10 sccm

Time: 130 sec
[0211]
(Conparati ve Exanple 1-3)

As Conparative Example 1-3, the follow ng
eval uati on was perfornmed.
[0212]

The conposition (UDL-1) for form ng a resist
underl ayer filmwas applied onto a silicon wafer
substrate having an SiG filmformed thereon, and baked
at 350°C for 60 seconds to forma resist underlayer film
havi ng a thickness of 60 nm Subsequently, the resist
under |l ayer film before pattern formati on was subj ect ed
to plasma irradiation treatnent under the sane
conditions as the plasma irradiation conditions of the
resi st underlayer filmpattern of the Exanples. A
silicon-containing resist mddle layer filmmteri al
(SOG- 1) was applied thereto, foll owed by baking at 220°C
for 60 seconds to forma resist mddle |layer film having
a thickness of 20 nm A nonol ayer resist for ArF as a
resi st upper layer filmmterial was applied thereto,
foll owed by baking at 105°C for 60 seconds to forma
photoresist film having a thickness of 100 nm A liquid
i mersion top coat conposition (TC-1) was applied to the
photoresist film foll owed by baking at 90°C for 60
seconds to forma top coat having a thickness of 50 nm
[0213]

Then, the substrate was exposed to light with an
ArF liquid i mrersion exposure apparatus (NSR-S610C

manufactured by Nikon Corporation, NA: 1.30, o:
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0.98/0.78, 35° s-polarized dipole illum nation, 6%

hal ftone phase shift mask), baked at 100°C for 60
seconds (PEB), and devel oped with a 2.38% by mass
aqueous solution of tetranmethyl amoni um hydroxi de ( TMAH)
for 30 seconds, thereby obtaining a 45 nm1 : 1 positive
| i ne-and-space pattern (a resist pattern).

[ 0214]

Subsequently, the silicon-containing resist mddle
|l ayer filmmaterial (SOG 1) was etched by dry etching by
usi ng an etchi ng apparatus Telius manufactured by Tokyo
El ectron Ltd. while using the resist pattern as a mask
to forma hard nask pattern. Then, the resi st
under | ayer filmwas etched while using the obtained SOG
1 pattern as a mask to forma resist underlayer film
pattern. The line size of the obtained resist
under |l ayer film pattern was neasured usi ng CD SEM
(CG000) manufactured by Hitachi Hi gh-Technol ogi es Corp.
[ 0215]

Conditions in transferring resist pattern to silicon-
containing resist mddle |layer filmmterial (SOG 1)

Chamber pressure: 50 mrl

RF- power (upper portion): 500 W

RF- power (|l ower portion): 300 W

CFs gas flow rate: 150 sccm

CHFs: gas flow rate: 50 sccm

Time: 15 sec
[ 0216]

Conditions in transferring silicon-containing resist
m ddle |layer filmmterial (SOG 1) pattern to resist
under |l ayer film

Chamber pressure: 10 mrl

RF- power (upper portion): 1,000 W

RF- power (|l ower portion): 300 W
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CO, gas flow rate: 320 sccm

N> gas flow rate: 80 sccm

Ti me: 55 sec
[0217]

The SIG: fil mwas etched while using the resist
underl ayer filmpattern obtained in the above eval uation
as a mask. The etching conditions were as shown bel ow.
The line size of the obtained pattern was neasured using
CD- SEM ( CG5000) manufactured by Hitachi Hi gh-
Technol ogi es Corp. The pattern cross section was
observed with an electron m croscope (S-4700)
manuf actured by Hitachi, Ltd.

Chamber pressure: 100 mr

RF- power (upper portion): 500 W

RF- power (|l ower portion): 300 W

CFs gas flow rate: 150 sccm

CHF3 gas flow rate: 30 sccm

O gas flow rate: 10 sccm

Time: 130 sec
[ 0218]

The results of the Exanples and Conparative
Exanpl es are shown below in Tables 6 and 7. When the
line size after the plasma irradi ation changed by | ess
than 5% of the line size before the plasma irradiation,
t he evaluation “A (very good)” was given, when 5% or
nore and |l ess than 10% “B (good)”, and when 10% or

nore, “C (poor)”.
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[ Tabl e 6]

Example Compo- |(Baking Pattern |[CD before |LWR Change in [Cross- |LWR CD of LWR of |LWR
sition for [temper- |to be plasma before CD sec- after resist resist after
forming |ature plasma- [irradi-ation |plasma between tional plasma |under- under- sub-
resist irradiate |(nm) irradi- before and |[profile [irradi- layer film |layer film |strate
under- d ation after after ation pattern |pattern |pro-
layer film (nm) plasma plasma |(nm) (nm) (nm) cessing

irradi-ation |irradi- (nm)
ation

Example uDL-1 350°C *1 45.2 2.99 A Rect- 2.38 - - 2.20
1-1 angular

Example uUDL-2 350°C *1 44 .4 2.92 B Rect- 2.33 - - 2.04
1-2 angular

Example UDL-3 350°C *1 45.3 3.01 A Rect- 2.42 - - 2.12
1-3 angular

Example uDL-4 350°C *1 45.4 2.96 A Rect- 2.35 - - 2.07
1-4 angular

Example UDL-5 350°C *1 45.2 3.01 B Rect- 2.4 - - 2.13
1-5 angular

Example UDL-6 350°C *1 45.3 3.00 B Rect- 2.39 - - 2.08
1-6 angular

Example uDL-7 350°C *1 45.5 3.05 A Rect- 2.43 - - 2.14
1-7 angular

Example UDL-8 350°C *1 45.4 3.05 A Rect- 2.46 - - 2.15
1-8 angular

Example UDL-9 350°C *1 45.4 3.03 A Rect- 2.42 - - 2.13
1-9 angular

Example UDL-10 350°C *1 45.7 2.96 A Rect- 2.35 - - 2.07
1-10 angular

[ Tabl e 7]

Example Compo- |Baking Pattern |CD before LWR Change |Cross- LWR CD of LWR of [LWR
sition for [temper- |[to be plasma irradi- |before in CD sec- after resist resist after sub-
forming |ature plasma- |ation plasma |between [tional plasma |under- under- strate
resist irradiated |(nm) irradi- before profile irradi- layer film |layer film (pro-
under- ation and after |after ation pattern |pattern |[cessing
layer film (nm) plasma [plasma |(nm) (nm) (nm) (nm)

irradi- irradi-
ation ation
Example UDL-11 | 350°C *1 45.8 2.92 A Rect- 2.3 - - 1.99
1-11 angular
Example UDL-12 | 350°C *1 45.5 2.98 A Rect- 2.37 - - 2.05
1-12 angular
Example UDL-13 350°C *1 45.3 2.99 A Rect- 2.38 - - 2.07
1-13 angular
Example UDL-14 350°C *1 44.8 3.02 B Rect- 2.43 - - 2.14
1-14 angular
Example UDL-15 350°C *1 44.5 2.94 A Rect- 2.32 - - 2.01
1-15 angular
Example UDL-16 | 350°C *1 44.4 2.94 A Rect- 2.32 - - 2.02
1-16 angular
Example UDL-17 | 350°C *1 44.3 2.93 A Rect- 2.33 - - 2.04
1-17 angular
Comparative | Compar- | 250°C *1 42.8 3.45 C Distorted | 4.54 - - 4.27
Example ative
1-1 UDL-1
Comparative | UDL-1 350°C *2 45.4 3.13 C Distorted 5.44 - - -
Example
1-2
Comparative | UDL-1 350°C *3 - - - - - 46.1 3.57 3.38
Example
1-3
In Tables 6 and 7, “*1” indicates a resist
under|l ayer filmpattern, “*2” indicates a resist
pattern, and “*3” indicates a resist underlayer film
[ 0219]

17,

irradi ati on was smal |l er

As shown in Tables 6 and 7,

the change in CD between before and after

in Exanples 1-1 to 1-

pl asma

than in Conparative Exanple 1-1,
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and i nprovenent in LWR achieved by plasma irradiation
was observed. Furthernore, it was observed that the SiO
filmpattern processed while using the obtained pattern
as a mask had better LWR than in Conparative Exanple 1-
1, and were suitably usable for fine processing.

| n Conparative Exanple 1-1, where conparative UDL-
1, not containing an aromatic ring, was used, the change
in CD between before and after plasma irradi ati on was
greater than in Exanples 1-1 to 1-17, distortion was
observed in the cross-sectional profile of the line
pattern, and it was al so observed that LWR was
i nsufficient.

Meanwhi | e, in Conparative Exanple 1-2, where the
resist pattern was subjected to plasma irradiation but
the plasma irradiation step was not perfornmed on the
resi st underlayer filmpattern, the change in |line size
was great, and distortion in the line pattern was
observed. The processing of the SiQ filmto achieve the
pattern was perforned while using the obtained pattern,
but it was not possible to transfer the pattern to the
SiQ film possibly because dry etching of the resist
pattern with the fluorocarbon-based gas was
i nsufficient.

I n Conparative Exanple 1-3, where the resist
pattern was transferred to the plasma-irradi ated resi st
underlayer film the LWR of the resist underlayer film
pattern was greater than in Exanples 1-1 to 1-17, and
the LWR of the SiO film pattern processed while using
t he obtained pattern as a mask was al so insufficient.

In plasma irradiation of an unpatterned resi st
underlayer film it is expected that there is a
limtation to the uniformnodification of the entire

filmdue to thickening of the resist underlayer film
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On the other hand, in the plasm irradiation of the
resi st underlayer filmpattern of the present invention,
the filmnodification on the surface of the pattern
sidewal | s progresses efficiently. 1t can be conjectured
that, therefore, the edge roughness of the resist
under | ayer filmpattern was i nmproved by the plasm

i rradiation.

[ 0220]

[ Wt Peeling Evaluation of SOG Fil mon Resist Underl ayer
Fil m Pattern]

The SOG filmremaining on the resist underl ayer
filmpattern was i mersed in a 25% aqueous sol uti on of
t et ranmet hyl amoni um hydroxi de at 70°C for 10 m nutes,
and the cross-sectional profile of the resist underl ayer
filmpattern was observed with an el ectron m croscope
(S-4700) manufactured by Hitachi, Ltd.

When the SOG fil mwas renoved and the cross-
sectional profile of the resist underlayer film pattern
was rectangul ar, the evaluation “Rectangul ar” was given,
and when the SOG fil mwas renoved but the cross-
sectional profile of the resist underlayer film pattern
was di storted, the evaluation “Poor” was given. The
results are shown in Table 8.

[ 0221]

The eval uated resist underlayer film patterns are
gi ven bel ow.

Exanpl e 2-1: the resist underlayer film pattern prepared
in Exanple 1-1, after plasma irradiation

Conparative Exanple 2-1: the resist underlayer film
pattern prepared in Conparative Exanple 1-1, after

pl asma irradiation

Conpar ative Exanple 2-2: the resist underlayer film
pattern prepared in Conparative Exanple 1-3
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Conparative Exanple 2-3: the resist underlayer film

pattern prepared in Exanple 1-1, before plasm

i rradi ation

[ 0222]
[ Tabl e 8]
Com_posmon for Baking Pattern to be plasma- Pattern pr_oflle
Example forming resist temperature irradiated after peeling
underlayer film P SOG
Example 2-1 UDL-1 350°C Resist underlayer film Rectangular
pattern
Comparative Comparative UDL-1 350°C Resist underlayer film Poor
Example 2-1 pattern
Comparative UDL-1 350°C Resist underlayer film Poor
Example 2-2
Comparative UDL-1 350°C No plasma irradiation Poor
Example 2-3 performed
[ 0223]

As shown in Table 8, in Exanple 2-1, it was

observed that the cross-sectional profile of the resist
underl ayer filmpattern after renoving the SOG fil m was
rectangul ar conpared to Conparative Exanples 2-1 and 2-
2. Meanwhil e,

resi st

in Conparative Exanple 2-3, where the
underl ayer film pattern was not subjected to
plasma irradiation, it was observed that the resist
under |l ayer film pattern after
di storted,

sol uti on was

removing the SOG fil m was
possi bly because resistance to the peeling

i nsufficient.

It was reveal ed that when the resist underlayer
filmpattern of the present invention is subjected to

pl asma irradiation, the quality of the resist underl ayer

filmpattern sidewalls is nodified, and resistance to
peeling solutions is enhanced. Since the silicon-

containing filmcan be renoved suitably using a peeling

solution, the pattern of the present invention is
extremely useful as a core material for a sidewal
spacer et hod.

[ 0224]
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As descri bed above, the inventive resist underlayer
filmpatterning process nmakes it possible to forma
resi st underlayer filmpattern that exhibits excell ent
edge roughness by enploying plasma irradiation, and
therefore, is extrenely useful for next-generation fine-
processi ng processes.

[ 0225]

The present description includes the follow ng
embodi nent s.

[ 1] A patterning process for formng a resist
underl ayer filmpattern on a substrate, conprising the
steps of:

(i-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(i-2) applying a composition for formng a silicon-
containing resist mddle layer filmonto the resist
underl ayer film followed by heating to forma silicon-
containing resist mddle |ayer film

(i-3) formng a resist upper layer filmon the
silicon-containing resist mddle |layer film

(i-4) subjecting the resist upper layer filmto
pattern exposure and then devel opnent with a devel oper
to forma pattern in the resist upper |ayer film

(i-5) formng a resist underlayer filmpattern by
etching nultiple tines while using the pattern of the
resi st upper layer filmas a mask; and

(i-6) subjecting the resist underlayer filmpattern
to plasma irradiation, wherein

t he conposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step

(i-6) etches the resist underlayer filmless than an
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etching gas used in the step (i-5) of form ng the resist
underl ayer film pattern by etching the resist underl ayer
film

[2] A patterning process for formng a resist
underl ayer filmpattern on a substrate, conprising the
steps of:

(ii-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(ii-2) formng an inorganic hard mask m ddle | ayer
filmselected froma silicon oxide film a silicon
nitride film and a silicon oxynitride filmon the
resi st underl ayer film

(ii1-3) formng a resist upper layer filmon the
i norgani ¢ hard mask m ddle layer film

(ii-4) subjecting the resist upper layer filmto
pattern exposure and then devel opnent with a devel oper
to forma pattern in the resist upper |ayer film

(ii-5) formng a resist underlayer film pattern by
etching nultiple tines while using the pattern of the
resi st upper layer filmas a mask; and

(ii-6) subjecting the resist underlayer film
pattern to plasma irradiation, wherein

t he conposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step
(ii-6) etches the resist underlayer filmless than an
etching gas used in the step (ii-5) of formng the
resi st underlayer filmpattern by etching the resi st
under |l ayer film

[ 3] The patterning process according to [1] or [2],
conprising, after the step of perform ng plasm

irradiation, a step of formng the pattern directly or

106



indirectly on the substrate while using the plasma-
irradi ated resist underlayer filmpattern as an etching
mask.

[4] The patterning process according to any one of
[1] to [3], wherein the step of perform ng plasm
irradiation is perfornmed under an at nosphere of Nz, NFs,
H», fluorocarbon, a rare gas, or a m xture thereof.

[5] The patterning process according to any one of
[1] to [4], wherein the step of perform ng plasm
irradiation is performed under an atnosphere contai ning
hydrogen or helium

[ 6] The patterning process according to any one of
[1] to [5], wherein the conposition for formng a resist
underl ayer filmconprises (A) a resin, being:

(a) a polynmer having an aromatic ring in a main
chai n and havi ng a wei ght -average nol ecul ar wei ght of
2,500 or higher and 20,000 or |ower as neasured by gel
pernmeati on chromat ography in terns of polystyrene;

(b) an aromatic ring-containing conpound having a
wei ght - aver age nol ecul ar wei ght of 600 or nore and 3, 000
or | ess as nmeasured by gel perneation chromatography in
terms of polystyrene; or a conbination thereof.

[ 7] The patterning process according to [6],
wherein the resin (A) has at |east one crosslinkable
group selected froma vinyl group, an allyl group, an
al l yl oxy group, an ethynyl group, a propargyl group, a
propar gyl oxy group, an epoxy group, an oxetanyl group,
and a hydroxy group.

[8] The patterning process according to any one of
[1] to [7] for formng a half-pitch pattern of the
pattern of the resist upper layer filmon the substrate,
t he patterni ng process conprising,

after the step of subjecting the resist underl ayer
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filmpattern to plasma irradiation, the steps of:
form ng an inorganic silicon film conprising any of
pol ysilicon, anorphous silicon, silicon oxide, silicon
nitride, silicon oxynitride, silicon carbide, and
conposite materials thereof by a CVD nethod or an ALD
met hod to cover the resist underlayer filmpattern; and
renoving the resist underlayer filmpattern by dry
etching or with a peeling solution to form an inorganic
silicon filmpattern having a half pitch of the pattern
of the resist upper layer film
[ 0226]

It should be noted that the present invention is
not limted to the above-described enbodi ments. The
enbodi nents are just exanples, and any exanples that
have substantially the same feature and denonstrate the
same functions and effects as those in the technica
concept disclosed in claims of the present invention are
included in the technical scope of the present

i nventi on.

108



CLAI M5

[Claim 1] A patterning process for form ng a resist
underl ayer filmpattern on a substrate, conprising the
steps of:

(i-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(i-2) applying a conmposition for formng a silicon-
containing resist mddle layer filmonto the resist
underl ayer film followed by heating to forma silicon-
containing resist mddle |ayer film

(i-3) formng a resist upper layer filmon the
silicon-containing resist mddle |layer film

(i-4) subjecting the resist upper layer filmto
pattern exposure and then devel opnent with a devel oper
to forma pattern in the resist upper |ayer film

(i-5) formng a resist underlayer film pattern by
etching nultiple tinmes while using the pattern of the
resi st upper layer filmas a mask; and

(i-6) subjecting the resist underlayer filmpattern
to plasma irradiation, wherein

the conmposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step
(i-6) etches the resist underlayer filmless than an
etching gas used in the step (i-5) of form ng the resist
underl ayer filmpattern by etching the resist underl ayer
film

[Claim 2] A patterning process for form ng a resist

underl ayer film pattern on a substrate, conprising the
steps of:
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(ii-1) applying a conposition for formng a resist
underl ayer filmonto a substrate, followed by heating to
forma resist underlayer film

(ii-2) formng an inorganic hard mask m ddle | ayer
filmselected froma silicon oxide film a silicon
nitride film and a silicon oxynitride filmon the
resi st underl ayer film

(ii-3) formng a resist upper layer filmon the
i norgani ¢ hard mask m ddle layer film

(ii-4) subjecting the resist upper layer filmto
pattern exposure and then devel opment with a devel oper
to forma pattern in the resist upper |ayer film

(ii-5) formng a resist underlayer film pattern by
etching nultiple tines while using the pattern of the
resi st upper layer filmas a mask; and

(ii-6) subjecting the resist underlayer film
pattern to plasma irradiation, wherein

t he conmposition for formng a resist underl ayer
filmcontains a resin having an aromatic ring, and

a plasma used in the plasma irradiation in the step
(ii-6) etches the resist underlayer filmless than an
etching gas used in the step (ii-5) of formng the
resi st underlayer filmpattern by etching the resi st

under |l ayer film

[ Claim 3] The patterning process according to claim1l
or 2, conprising, after the step of perform ng plasm
irradiation, a step of formng the pattern directly or
indirectly on the substrate while using the plasma-
irradi ated resist underlayer filmpattern as an etching
mask.

[ Cl ai mA4] The patterning process according to any one
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of clains 1 to 3, wherein the step of perform ng plasm
irradiation is performed under an atnosphere of N, NFs,

H., fluorocarbon, a rare gas, or a m xture thereof.

[ Cl ai m 5] The patterning process according to any one
of clains 1 to 4, wherein the step of perform ng plasm
irradiation is performed under an atnmosphere contai ni ng

hydrogen or helium

[ Cl ai m 6] The patterning process according to any one
of claims 1 to 5, wherein the conposition for formng a
resi st underlayer filmcomprises (A a resin, being:

(a) a polynmer having an aromatic ring in a main
chai n and havi ng a wei ght -average nol ecul ar wei ght of
2,500 or higher and 20,000 or |ower as neasured by gel
pernmeati on chromat ography in terns of polystyrene;

(b) an aromatic ring-containing conpound having a
wei ght - aver age nol ecul ar wei ght of 600 or nore and 3, 000
or |l ess as neasured by gel perneation chromatography in
terms of polystyrene; or a conbination thereof.

[Claim 7] The patterning process according to claim 6,
wherein the resin (A) has at |east one crosslinkable
group selected froma vinyl group, an allyl group, an
al Iyl oxy group, an ethynyl group, a propargyl group, a
propar gyl oxy group, an epoxy group, an oxetanyl group,

and a hydroxy group.

[ Cl ai m 8] The patterning process according to according
to any one of clainms 1 to 7 for formng a half-pitch
pattern of the pattern of the resist upper layer filmon
t he substrate, the patterning process conprising,

after the step of subjecting the resist underl ayer
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filmpattern to plasma irradiation, the steps of:

form ng an inorganic silicon film conprising any of
pol ysilicon, anorphous silicon, silicon oxide, silicon
nitride, silicon oxynitride, silicon carbide, and
conposite materials thereof by a CVD nethod or an ALD
met hod to cover the resist underlayer filmpattern; and

renoving the resist underlayer filmpattern by dry
etching or with a peeling solution to form an inorganic
silicon filmpattern having a half pitch of the pattern

of the resist upper layer film
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