[SPECIFICATION]

[TITLE OF THE INVENTION]

MASK BLANK, METHOD FOR MANUFACTURING MASK BLANK, METHOD FOR
MANUFACTURING TRANSFER MASK, AND METHOD FOR MANUFACTURING
SEMICONDUCTOR DEVICE

Technical Field

[0001]

This invention relates to a mask blank, and a method for
manufacturing a transfer mask using the mask blank. Further,
this invention relates to a method for manufacturing a
semiconductor device using the transfer mask.

Background Art
[0002]

Generally, in a manufacturing process of a semiconductor
device, photolithography is used to form a fine pattern.
Multiple substrates called transfer masks are usually utilized
in forming the fine pattern. In miniaturization of a
semiconductor device pattern, it is necessary to shorten the
wavelength of an exposure light source used 1in the
photolithography, in addition to miniaturization of a mask
pattern formed on the transfer mask. Shortening of wavelength
has been advancing in recent years from the use of KrF excimer
laser (wavelength 248nm) to ArF excimer laser (wavelength
193nm) as an exposure light source in the manufacture of
semiconductor devices.

[0003]

As for the types of a transfer mask, a half tone phase
shift mask is known in addition to a conventional binary mask
having a light shielding pattern made of a chromium-based
material on a transparent substrate. Molybdenum silicide
(MoSi)-based material is widely used for a phase shift film of

the half tone phase shift mask. Publication 1 discloses a mask



blank with an optically semitransmissive film including a metal
such as molybdenum, silicon, and nitrogen as main components.
Moreover, in Publication 1, thermal treatment is carried out
on the optically semitransmissive film on the transparent
substrate for the purpose of enhancing chemical resistance and
improving film stress.

[0004]

There is a problem in a transfer mask with a pattern of
a thin film made of a transition metal silicide-based material
such as molybdenum silicide of having rather low durability to
ArF excimer laser exposure light (hereafter referred to as ArF
light fastness), and short use life of the transfer mask.
Publication 2 discloses performing heat treatment of
450°C~900°C under oxygen—-containing atmosphere on a mask blank
having a thin film made of a material containing a compound of
a transition metal silicide on a transparent substrate.
Through the heat treatment, a layer including silicon and oxygen
is formed on a surface layer of the thin film so that ArF light
fastness can be enhanced.

[0005]

On the other hand, a half tone phase shift mask (hereafter
simply referred to as a phase shift mask, when no particular
distinction is needed) generally has a structure where a half
tone phase shift filmhaving a transfer pattern on a transparent
substrate (hereafter simply referred to as a phase shift film)
and a light shielding film having a light shielding pattern are
stacked, as disclosed in Publication 3. A phase shift film and
a light shielding film are often made of materials having
etching selectivity relative to each other. 1In the case where
a transition metal silicide-based material is used for a phase
shift film, a material containing chromium is often used for

a light shielding film.



Prior Art Publications

Patent Publications

[0006]

Publication 1:

Japanese Patent Application Publication 2002-162726
Publication 2:

Japanese Patent Application Publication 2010-156880
Publication 3:

Japanese Patent Application Publication 2015-191218
Summary of the Invention

Problem to be Solved by the Invention

[0007]

In recent years, advances 1in miniaturization and
densification of a transfer mask pattern have been accelerating,
causing an increase in the cost of transfer masks. Due to such
a background, there are growing needs for increasing the number
of which exposure transfer is possible with a single transfer
mask, namely, extending the use life of a transfer mask.
[0008]

As exposure transfer using an exposure apparatus 1is
repeated on a transfer mask, foreign matters such as haze
generate on a thin film pattern due to varicus factors.
Currently, it is difficult to completely inhibit the occurrence
of the haze. Therefore, the transfer mask needs to be cleaned
regularly. While various methods are suggested for cleaning
methods of the transfer mask, a cleaning method that does not
cause any damage on a thin film pattern has not been confirmed
so far. Namely, as cleaning of a transfer mask is repeated,
decreasing in film of the thin film pattern and oxidation from
the surface layer advance. When the thin film pattern of the
transfer mask is unable to satisfy predetermined optical

characteristics, the service life of the transfer mask is over.



[0009]

There has been a problem in a transfer mask having a
transfer pattern formed on a thin film made of a material
containing a metal, silicon, and nitrogen (hereafter referred
to as a metal silicide nitride-based material) of having a low
chemical resistance upon chemical cleaning. As disclosed in
Publication l, by subjecting a thin filmmade of ametal silicide
nitride-basedmaterial on a transparent substrate under thermal
treatment at 150°C or more, chemical resistance of the thin film
is improved compared to chemical resistance before the thermal
treatment. Further, when a thin film made of a metal silicide
nitride-based material is subjected to heat treatment under
450°C~900°C in an oxygen—-containing atmosphere as disclosed in
Publication 3, chemical resistance of the thin film is further
improved. However, it is difficult to significantly improve
chemical resistance only by subjecting a thin film under heat
treatment. Therefore, further extension of use life of a
transfer mask could not be made, which had been a problem.
[0010]

On the other hand, a phase shift mask is manufactured from
a mask blank having a structure where a phase shift film and
a light shielding film are stacked in this order on a transparent
substrate. This phase shift film is often made of a metal
silicide nitride-based material. A common process of
manufacturing a phase shift mask from the mask blank 1is
initially forming a transfer pattern that should be formed on
a phase shift film on a light shielding film by dry etching,
and subsequently dry etching using a 1light shielding filmhaving
a transfer pattern as a mask to form a transfer pattern on the
phase shift film, as described in Publication 3. In this case,
the transfer pattern is formed on the phase shift film, followed

by dry etching for forming a pattern (light shielding band,



etc.) to be formed on the light shielding film. In this
circumstance, excluding a part of regions where the 1light
shielding film remains as a light shielding pattern, the light
shielding film on the phase shift film is removed by dry etching.
Namely, most of the 1ight shielding film is removed in the region
where the transfer pattern is formed.

fO011]

In the case where a light shielding film is made of a
chromium-based material, mixed gas of chlorine-based gas and
oxygen gas is used as etching gas in dry etching for removing
the light shielding film. 2A transition metal silicide-based
material forming the phase shift film has a sufficient etching
durability to obtain etching selectivity to dry etching using
mixed gas of chlorine-based gas and oxygen gas between the
chromium-based material forming the light shielding film.
However, in the case where the phase shift film is made of a
metal silicide nitride-based material, it is impossible that
the phase shift film is not etched at all by etching using mixed
gas of chlorine-based gas and oxygen gas.

[0012]

In recent years, difference in density of a pattern in
plan view of a transfer pattern formed on a phase shift film
has been increasing. During dry etching to form a 1light
shielding pattern on a light shielding film, the light shielding
film is under the condition of having a pattern to be formed
on the phase shift film, and having large difference in density
of the light shielding film in plan view. Carrying out dry
etching for forming a light shielding pattern on the light
shielding film under such a condition causes greater difference
in etching time between when removal of an unnecessary light
shielding film is first completed in a certain region in plan

view and when removal is finally completed in ancother region



in plan view (i.e., when the light shielding pattern is
finished). In this case, the region where the removal of the
light shielding film is first completed is kept exposed to
etching gas on the surface of the phase shift film positioned
immediately below until the light shielding pattern is
completed. This causes damage on a surface layer of the phase
shift film, which may result in predetermined optical
characteristics as a phase shift film not being satisfied, and
had been a problem.

[0013]

This invention was made to solve the conventional problem,
in which the purpose of the invention is to provide a mask blank
having a thin film for pattern formation made of a material
containing a metal, silicon, and nitrogen on a transparent
substrate, where the mask blank includes a thin film with
significantly improved chemical resistance and durability to
dry etching by mixed gas of chlorine-based gas and oxygen gas.
Another purpose is to provide a method for manufacturing such
a mask blank. Further purpose is to provide a method for
manufacturing a transfermask from such a maskblank. Moreover,
the purpose of this invention is to provide a method for
manufacturing a semiconductor device using such a transfer
mask.

Means for Solving the Problem
[0014]

For solving the above problem, this invention includes
the following structures.
(Structure 1)

A mask blank including a thin film for pattern formation
on a transparent substrate,

in which the thin film is made of a material containing

a metal, silicon, and nitrogen,



in which a ratio of a content [atom®%] of the metal divided
by a total content [atom%] of the metal and silicon in the thin
film is 15% or less, and

in which when the thin film is subjected to an analysis
of a secondary ion mass spectrometry and a distribution of a
secondary ion intensity of silicon in depth direction is
obtained, a ratio of a maximum peak [Counts/sec] of the
secondary ion intensity of silicon at a surface layer region,
which is opposite from a transparent substrate,, of the thin
film divided by an average value [Counts/sec] of the secondary
ion intensity of silicon in a depth direction of an inner region,
which is a region excluding the surface layer region and a
vicinity region with an interface of the transparent substrate,
of the thin film is 1.6 or less.

[0015]
(Structure 2)

The mask blank according to Structure 1, in which the
surface layer region is a region ranging from a surface on the
thin film opposite from the transparent substrate to a region
up to a depth of 10nm toward the transparent substrate.
[0016]

(Structure 3)

The mask blank according to Structure 1 or 2, in which
the vicinity region is a region ranging from an interface with
the transparent substrate to a regionup to a depth of 20nm toward
the surface layer region.

[0017]
(Structure 4)

The mask blank according to any one of Structures 1 to
3, in which a distribution of the secondary ion intensity of
silicon in a depth dire

ction is obtained under a measurement condition where a



primary ion species is Cs*, a primary accelerating voltage is
2.0kV, and an irradiating region of a primary ion is an inner
region of a square having a side of 120um.
[0018]
(Structure 5)

The mask blank according to any one of Structures 1 to
4, in which when the thin film is subjected to an analysis of
a secondary ion mass spectrometry and a distribution of a
secondary ion intensity of oxygen in depth direction is also
obtained, an average value of the secondary ion intensity of
oxygen of the inner region in a depth direction 1is
2000 [Counts/sec] or less.
[0019]
(Structure 6)

The mask blank according to any one of Structures 1 to
5, in which the thin film is a phase shift film having a function
to transmit an ArF excimer 1laser exposure light at a
transmittance of 1% or more, and a function to generate a phase
difference cof 150 degrees or more and 190 degrees or less between
the exposure light transmitted through the thin film and the
exposure light transmitted through air for a same distance as
a thickness of the thin film.
[0020]
(Structure 7)

The mask blank according to Structure 6, in which a light
shielding film is provided on the phase shift film.
[0021]
(Structure 8)

The mask blank according to Structure 7, inwhich the 1light
shielding film is made of a material containing chromium.
[0022]

(Structure 9)



A method for manufacturing a mask blank including a thin
film for pattern formation on a transparent substrate,
including the steps of:

forming the thin film on the transparent substrate, the
thin film made of a material containing a metal, silicon, and
nitrogen, in which a ratio of a content [atom%] of the metal
divided by a total content [atom%] of the metal and silicon is
15% or less;

performing a first heat treatment in which the thin film
is subjected to a heat treatment in gas containing oxygen at
a temperature below 300°C; and

performing a second heat treatment in which the thin film
after the first heat treatment is subjected to a heat treatment
in gas containing oxygen at a temperature of 300°C or more.
[0023]

(Structure 10)

The method for manufacturing a mask blank according to
Structure 9 in which the thin film, when subjected to an analysis
of a secondary ion mass spectrometry and a distribution of a
secondary ion intensity of silicon in depth direction of the
thin film is obtained, has a ratio of a maximum peak [Counts/sec]
of the secondary ion intensity of silicon at a surface layer
region, which is opposite from a transparent substrate, of the
thin film divided by an average value [Counts/sec] of the
secondary ion intensity of silicon in a depth direction of an
inner region, which is a region excluding the surface layer
region and a vicinity region with an interface of the
transparent substrate, of the thin film of 1.6 or less.
[0024]

(Structure 11)
The method for manufacturing a mask blank according to

Structure 10, in which the surface layer region is a region



ranging from a surface on the thin film opposite from the
transparent substrate to a region up to a depth of 10nm toward
the transparent substrate.

[0025]

(Structure 12)

The method for manufacturing a mask blank according to
Structure 10 or 11, in which the vicinity region is a region
ranging from an interface with the transparent substrate to a
region up to a depth of 20nm toward the surface layer region.
[0026]

(Structure 13)

The method for manufacturing a mask blank according to
any one of Structures 10 to 12, in which a distribution of the
secondary ion intensity of silicon in depth direction is
obtained under a measurement condition where a primary ion
species is Cs*, a primary accelerating voltage is 2.0kV, and
an irradiating region of a primary ion is an inner region of
a square having a side of 120um.

[0027]
(Structure 14)

The method for manufacturing a mask blank according to
any one of Structures 10 to 13, in which the thin film, when
subjected to an analysis of a secondary ion mass spectrcmetry
and a distribution of a secondary ion intensity of oxygen in
depth direction is obtained, has an average value of the
secondary ion intensity of oxygen of the inner region in depth
direction of 2000[Counts/sec] or less.

[0028]
(Structure 15)

The method for manufacturing a mask blank according to

any one of Structures 9 to 14, in which the thin film is a phase

shift film having a function to transmit an ArF excimer laser
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exposure light at a transmittance of 1% or more and a function
to generate a phase difference of 150 degrees or more to 190
degrees or less between the exposure light transmitted through
the thin film and the exposure light transmitted through air
for a same distance as a thickness of the thin film.

[0029]

(Structure 16)

The method for manufacturing a mask blank according to
Structure 15, including a step of forming a 1ight shielding film
on a thin film which is a phase shift film after performing the
second heat treatment.

[0030]
(Structure 17)

The method for manufacturing a mask blank according to
Structure 16, in which the light shielding film is made of a
material containing chromium.

[0031]
(Structure 18)

A method for manufacturing a transfer mask including a
step of forming a transfer pattern on the thin film of the mask
blank according to any one of Structures 1 to 8 by dry etching.
[0032]

{(Structure 19)

A method for manufacturing a transfer mask including a
step of forming a transfer pattern on the thin film of the mask
blank manufactured by the method for manufacturing a mask blank
according to any one of Structures 9 to 17 by dry etching.
[0033]

(Structure 20)

A method for manufacturing a semiconductor device

including a step of exposure-transferring a transfer pattern

on a resist film on a semiconductor substrate using a transfer
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mask manufactured by the method for manufacturing a transfer
mask according to Structure 18 or 19.

Effect of the Invention

[0034]

The mask blank of this invention has a significantly
improved chemical resistance and durability to dry etching by
mixed gas of chlorine~-based gas and oxygen gas, even in the case
where a thin £film for pattern formation is made from a material
containing a metal, silicon, and nitrogen. Therefore, a
transfer mask manufactured from this mask blank can
significantly extend its use life compared to conventional
transfer masks.

Brief Description of the Drawings

[0035]

[Fig. 1] Fig. lisacross—-sectional viewshowing a structure
of a mask blank of an embodiment of this invention.

[Fig. 2] Fig. 2 is a schematic cross-sectional view showing
a manufacturing step of the phase shift mask of an embodiment
of this invention.

[Fig. 3] Fig. 3 shows a result of a secondary ion intensity
of silicon obtained by an analysis of a secondary ion mass
spectrometry on the thin film of the mask blank of Example 1
and Comparative Example 1.

[Fig. 4] Fig. 4 shows a result of a secondary ion intensity
of oxygen obtained by an analysis of a secondary ion mass
spectrometry on the thin film of the mask blank of Example 1
and Comparative Example 1.

[Fig. 5] Fig. 5 shows a result of a secondary ion intensity
of silicon obtained by an analysis of a secondary ion mass
spectrometry on the thin £ilm of the mask blank of Comparative

Example 2 and Comparative Example 3.
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[Fig. 6] Fig. 6 shows a result of a secondary ion intensity
of oxygen obtained by an analysis of a secondary ion mass
spectrometry on the thin film of the mask blank of Comparative
Example 2 and Comparative Example 3.

Embodiments for Carrying Out the Invention

[0036]

Fach embodiment of this invention is explained below.

The inventors of this invention made diligent studies on
a structure of a thin film for pattern formation made of a
material containing a metal, silicon, and nitrogen having high
chemical resistance and high durability to dry etching by mixed
gas of chlorine-based gas and oxygen gas. It is possible to
improve chemical resistance and dry etchingdurability of a thin
film by forming the entire thin film into a crystalline, or
forming a surface layer of a thin film from a crystalline layer
(layer of crystal structure of silicon dioxide). However, a
crystalline layer existing in a thin film causes poor line edge
roughness (LER) of a pattern side wall when a pattern is formed
on the thin film and cannot satisfy the conditions required for
a transfer mask having a fine pattern. A thin film for pattern
formaticn should have an amorphous structure or a
microcrystalline structure.

[0037]

Thus, consideration was made to form a thin film into an
amorphous structure, while improving chemical resistance and
dry etching durability by increasing denseness of the thin film.
A thin film for pattern formation of a mask blank is generally
formed through sputtering method. Since it is indispensable
to generate plasma of gas such as noble gas in a film forming
chamber in formation of a thin film by the sputtering method,
it is necessary that the interior of a film forming chamber is

low in pressure. A thin film formed in such a low pressure film
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forming chamber tends to have low denseness. A method known
as improving denseness of a thin film formed through the
sputtering method is heat treatment (annealing). However, in
the case of heating a thin film at a temperature higher than
900°C which is a condition for heat treatment disclosed in
Publication 3, degradation is inevitable even if a transparent
substrate is made of a synthetic quartz glass with high heat
resistance. Thereisa limitation to simply subjecta thin film
on a transparent substrate under high-temperature heat
treatment to improve denseness of the thin film.

[0038]

The inventors of this invention performed heat treatments
on a thin film on a transparent substrate under various
conditions and verified chemical resistance and dry etching
durability on the thin film after the heat treatment. As a
result, conditions of heat treatment to obtain a thin film
having chemical resistance and dry etching durability higher
than conventional thin films were found. Concretely, a
two-stage heat treatment was carried out on a thin film made
of a metal silicide nitride-based material on a transparent
substrate, including initially performing a heat treatment at
a temperature of less than 300°C in the atmosphere (in
oxygen—-containing gas), and on the heated thin film, performing
a heat treatment at a temperature of 300°C or more in the
atmosphere (in oxygen-containing gas) as 1in conventional
methods. (Performing only the heat treatment at a temperature
of 300°C or more in the atmosphere (in oxygen-containing gas)
on the thin film is hereafter referred to as the conventional,
one-stage heat treatment.)

[0039]
Based on the result, difference in physical properties

of the thin film was verified between a thin film subjected to
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the two-stage heat treatment as mentioned above and a thin film
subjected to the conventional, one-stage heat treatment, the
thin films being made of a similar metal silicide nitride-based
material. However, no clear difference was found between the
two thin films when analyzed through composition analysis
(X-ray photoelectron spectroscopy, Rutherford Backscattering
Spectrometry). Further, film density of the thin films was
measured by X-ray reflectometry method, and no clear difference
was obtained between the two thin films. Moreover, while layers
under oxidation exist on the surface layers of the two thin films,
film density of those surface layers could not be measured
solely.

[0040]

As a result of further studies, the inventors of this
invention found out that when the two thin films are analyzed
by a secondary ion mass spectrometry (SIMS: Secondary Ion Mass
Spectrometry), a maximum peak of a secondary ion intensity of
silicon of the surface layer region of the thin film clearly
differs between the two thin films. Concretely, the maximum
peak of the secondary ion intensity of silicon is apparently
smaller in the thin film subjected to the two-stage heat
treatment compared to the thin film subjected to the
conventional, one-stage heat treatment, and the difference went
beyond the scope of measurement error. On the other hand, no
clear difference was found between the two thin films on the
secondary ion intensity of oxygen, nitrogen, and metal,
respectively, which are other primary elements forming the thin
film.

[0041]

A study was made on the reason that smaller maximum peak

of secondary ion intensity of silicon on a surface layer region

of a thin film causing improvements in chemical resistance and
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etching durability of the thin film, and the following
supposition was made. The following supposition is based on
suppositions of the inventors of this invention as of the filing,
which by no means limits the scope of this invention.

[0042]

In a secondary ion mass spectrometry, primary ions such
as cesium ion accelerated by applying accelerating voltage are
collided on a surface of an object to be measured, and the number
of secondary ions that are ejected from the surface due to the
collision of the primary ion is measured. The thin film
subjected to the two-stage heat treatment having less secondary
ion intensity of silicon irrespective of the compositions of
the two thin films being identical indicates that silicon in
the thin film subjected to the two-stage heat treatment is in
the state where siliconis less likely toeject out froma surface
of the thin film compared to silicon of the thin film subjected
to the conventional, one-stage heat treatment, or in the state
of being less likely to be ionized.

[0043]

Silicon that is less likely to be ionized is considered
as less likely to cause chemical reaction to chemicals. This
can be considered as a factor that the thin film subjected to
the two-stage heat treatment has higher chemical resistance
than the thin film subjected to the conventional, one-stage heat
treatment. Further, in the state where silicon is less likely
to eject out from a surface of the thin film, the surface of
the thin film is considered as having high durability to impact
of etching of a physical action when exposed to dry etching by
mixed gas of chlorine-based gas and oxygen gas. This can be
considered as a factor that the thin film subjected to the
two-stage heat treatment has higher durability to dry etching

by mixed gas of chlorine-based gas and oxygen gas than the thin
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film subjected to the conventicnal, one-stage heat treatment.
[0044]

On the other hand, through further verification, it was
discovered that depending on metal content of a metal silicide
nitride-based material, there are cases where high chemical
resistance and high etching durability cannot be obtained
through the two-stage heat treatment under the above conditions.
It was found that in the case where a ratio (percentage) of the
metal content [atom%] to the total content [atom%] of metal and
silicon in the thin film is greater than 15%, there is no
substantial difference in chemical resistance and etching
durability between the thin film subjected to the two-stage heat
treatment under the above conditions and the thin film subjected
to the conventional, one-stage heat treatment. On the thin film
where the ratio (percentage) of the metal content [atom%] to
total content [atom%] of metal and silicon is greater than 15%,
an analysis was made by a secondary ionmass spectrometry (SIMS)
on each of the thin films subjected to the two-stage heat
treatment under the above conditions and the thin film subjected
to the conventional, one-stage heat treatment, resulting in no
clear difference being observed in the maximum peak of the
secondary ion intensity of silicon of the surface layer region
of the thin film.

[0045]

On the other hand, a study was made on forming a thin film
having such characteristics of the surface layer region through
methods other than the two-stage heat treatment. As a result,
as far as the thin film is formed through the sputtering method,
a thin film made of a metal silicide nitride-~based material
having the above surface layer region could not be formed, even
if the conditions of the reactive sputtering were adjusted.

However, it was discovered that a thin film having a surface
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layer region similar to the above can be formed through a photo
irradiation treatment using a flash lamp, etc. Concretely, a
surface of a thin film made of a metal silicide nitride-based
material 1s subjected to a two-stage photo irradiation
treatment, in which photo irradiation treatment of relatively
weak irradiation intensity (e.g., 1less than 10J3/cm?) is
performed in the atmosphere (in oxygen-containing gas), and on
the thin film subjected to the photeo irradiation treatment,
photo irradiation treatment of relatively strong irradiation
intensity(e.g.,10J/cm20rmore)isperformedjjltheatmosphere
(in oxygen-containing gas).
[0046]

On the other hand, it was found that a thin film having
a surface layer region similar to the above can be formed by
subjecting a thin film made of a metal silicide nitride-based
material to a two-stage treatment combining the above heat
treatment and the photo irradiation treatment. For example,
a surface layer region of a thin film can be provided with the
above characteristics through a two-stage treatment where a
thin film made of a metal silicide nitride-based material is
subjected to a heat treatment at a temperature below 300°C in
the atmosphere and to a photo irradiation treatment through the
relatively strong irradiation intensity. Further, a surface
layer region of a thin film can be provided with the above
characteristics by subjecting a thin film made of a metal
silicide nitride-based material to a photo irradiation
treatment of relatively weak irradiation intensity in the
atmosphere, followed by a heat treatment at a temperature of
300°C or more in the atmosphere.
[0047]

As a result of the diligent study described above, the

mask blank of this invention was completed. Namely, this
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invention 1s a mask blank having a thin film for pattern
formation on a transparent substrate, in which the thin film
is made of amaterial containing a metal, silicon, and nitrogen,
in which a ratio (percentage) of ametal content [atom%] divided
by total content [atom%] of metal and silicon in the thin film
is 15% or less, and in which when the thin film is subjected
to an analysis of secondary ion mass spectrometry and a
distribution of a secondary ion intensity of silicon in depth
direction (film thickness direction) is obtained, a ratio of
a maximum peak [Counts/sec] of the secondary ion intensity of
silicon at a surface layer region, which i1s opposite from a
transparent substrate of the thin film divided by an average
value [Counts/sec] of the secondary ion intensity of silicon
in a depth direction of an inner region excluding the surface
layer region and a vicinity region with an interface of the
transparent substrate of the thin film is 1.6 or less.
[0048]

The mask blank of an embodiment of this invention at least
includes a thin film for pattern formation on a transparent
substrate. The mask blank is applicable to a mask blank for
manufacturing a binary mask, a dug-down Levenson type phase
shift mask or a CPL (Chromeless Phase Lithography) mask
(hereafter collectively referred to as binary mask, etc.), a
mask blank for manufacturing a half tone phase shift mask, etc.
In the case of a mask blank for manufacturing a binary mask,
etc. or a dug-down Levenson type phase shift mask, a thin film
for ©pattern formation is required to have optical
characteristics as a light shielding film. Further, in the case
of a mask blank for manufacturing a half tone phase shift mask,
a thin film for pattern formation is required to have optical
characteristics as a phase shift film.

[0049]
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A transparent substrate can be made from synthetic quartz
glass, and also from quartz glass, aluminosilicate glass,
soda-lime glass, low thermal expansion glass (5i0,~Ti0O; glass,
etc.), etc. Among the above, synthetic gquartz glass 1is
particularly preferable as a material for forming a transparent
substrate of the mask blank for having high transmittance to
ArF excimer laser light and having high heat resistance to a
heat treatment for forming a surface layer region of a thin film.
[0050]

A thin film for pattern formation is made of a material
containing a metal, silicon, and nitrogen. Metal elements to
be included in the material for making a thin film for pattern
formation are preferably transition metal elements. The

transition metal elements in this case can include one or more

metal elements among molybdenum (Mo), tantalum(Ta),
tungsten (W), titanium(Ti), chromium(Cr), hafnium (HE),
nickel (Ni), vanadium (V) , zirconium(Zzr), ruthenium(Ru),
rhodium (Rh), zinc (Zn), niobium(Nb), andpalladium(Pd). Metal

elements other than the transitionmetal elements to be included
in a material forming a thin film for pattern formation include
aluminum(Al), indium(In), tin(Sn), gallium(Ga), etc. In
addition to the elements above, a material forming a thin film
for pattern formation can include elements such as carbon(C},
hydrogen (H), boron(B), germanium(Ge), and antimony(Sb). A
material forming a thin film for pattern formation can include
inert gas such as helium(He), argon(Ar), krypton(Kr), and
xenon (Xe) .
[0051]

It is required for a thin film for pattern formation that
when an analysis of a secondary ion mass spectrometry is carried
out and a distribution of a secondary ion intensity of silicon

in depth direction is obtained, a ratio of a maximum peak
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Si max[Counts/sec] of a secondary ion intensity of silicon at
a surface layer region, which is cpposite from a transparent
substrate, of the thin film divided by an average value
Si avg[Counts/sec] of a secondary ion intensity of silicon in
a depth direction (film thickness direction) of an inner region,
which is a region excluding a surface layer region and a vicinity
region with an interface, of the transparent substrate of the
thin film (this ratio is hereafter referred to as "Si max/Si avg
ratio") is 1.6 or less. A thin film including a surface layer
region with Si max/Si avg ratio of 1.6 or less has an improved
chemical resistance and also has an improved durability to dry
etching by mixed gas of chlorine-based gas and oxygen gas.
Si max/Si avg ratio of a surface layer region of a thin film
for pattern formation is preferably 1.55 or less. Further,
Si max/Si avg ratio of a surface layer region of a thin film
for pattern formation is preferably 1.0 or more.

[0052]

Ratio (percentage) [%] where metal content [atom%] in a
thin film for pattern formation is divided by total content
[atom%] of metal and silicon (this ratio is hereafter referred
to as "M/ [M+Si] ratio") is required to be 15% or less. This
is because if a thin film for pattern formation has M/ [M+Si]
ratio of more than 15%, it is difficult to form a thin film of
a metal silicide nitride-based material satisfying the
condition of Si max/Si avg ratio being 1.6 or less. M/[M+Si]
ratio of a thin film for pattern formation is preferably 14%
or less, and more preferably 13% or less.

[0053]

On the other hand, M/[M+Si] ratio of a thin film for
pattern formation is preferably 1% or more, more preferably 2%
or more, and even more preferably 3% or more. This is because

in any case of a mask blank for a binary mask, when a thin film
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for pattern formation is made of a material with M/ [M+Si] ratio
less than 1%, it would be necessary to form a thin film thicker
to satisfy desired optical characteristics.

[0054]

In obtaining Si max/Si avg ratio of a thin film for
pattern formation, "surface layer region" of the thin film is
preferably a region ranging from a surface, which is opposite
from a transparent substrate, of the thin film toward the
transparent substrate up to a depth of 10nm. This is because
maximum peak Si max of a secondary ion intensity of silicon
appears in the range between the surface of the thin film and
a depth of 10nm. Another reason is that a secondary ion
intensity of silicon in a region ranging from the surface of
the thin film to a depth of 10nm is often affected by oxidation,
etc. of the surface of the thin film, and is to reduce the
influence on average value Si_avg of the secondary ion intensity
of silicon in the inner region of the thin film. The surface
layer region of a thin film is preferably a region ranging from
a surface opposite froma transparent substrate of the thin film
toward the transparent substrate up to a depth of 15nm.
[0055]

In obtaining Si max/Si avg ratio of a thin film for
pattern formation, "vicinity region" is preferably a region
ranging from an interface with the transparent substrate toward
the surface layer region up to a depth of 20nm. This is because
a secondary ion intensity of silicon in the region ranging from
an interface with the transparent substrate toward the surface
layer region up to a depth of 20nm is likely to be affected by
the transparent substrate, and is to reduce the influence on
average value Si avg of a secondary ion intensity of silicon
in the inner region of the thin film. The vicinity region of

a thin film is preferably a region ranging from an interface
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with the transparent substrate toward the surface layer region
up to a depth of 25nm.
[0056]

An inner region, which is a region of a thin film for
pattern formation excluding a surface layer region and a
vicinity region, preferably has less variation in a secondary
ion intensity of silicon in depth direction (film thickness
direction). For example, aratioof anabsolute value of a value
where an average value Si avg of a secondary ion intensity of
silicon is subtracted from a measured value Si_ms of a secondary
ion intensity of silicon measured at each depth in the inner
region divided by an average value Si avg of a secondary ion
intensity of silicon (this ratio is hereafter referred to as
"ABS[Si ms-Si avgl/Si avg ratio") is preferably less thanO.1.
Further, ABS[Si ms-Si avg]/Si_avg ratio of the inner region is
preferably 0.07 or less, and more preferably 0.05 or less. On
the other hand, the inner region, which is a region of a thin
film for pattern formation excluding a surface layer region and
a vicinity region, has a difference of content amount [atom%]
of each element forming the inner region in depth direction
(film thickness direction), which is preferably 5 atom$% or less
for each element, and more preferably 3 atom% or less for each
element.

[0057]

Distribution of a secondary ion intensity of silicon in
a depth direction (film thickness direction) obtained by
performing an analysis by a secondary ion mass spectrometry on
a thin film for pattern formation is preferably obtained under
a measurement condition where a primary ion species is Cs*, a
primary accelerating voltage is 2.0kV, and an irradiating
region of a primary ion is an inner region of a square having

a side of 120um. By deriving Si max/Si avg ratio from the
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distribution of a secondary ion intensity of silicon in a depth
direction of the thin film obtained from this measurement
condition, a precise distinction can be made on whether the thin
film has improved chemical resistance and etching durability.
[0058]

In a thin film for pattern formation, when the thin film
is subjected to an analysis of a secondary ionmass spectrometry
and a distribution of a secondary ion intensity of oxygen in
depth direction is also obtained, an average value of a
secondary ion intensity of oxygen in a depth direction an inner
region, which is a region in the depth direction excluding a
surface layer region and a vicinity region, is preferably
2000 [Counts/sec] or less. In the case where an average value
of a secondary ion intensity of oxygen in depth direction of
the 1inner region of the thin film is greater than
2000 [Counts/sec], the inner region of the thin film contains
a certailn amount or more oxygen. Such a thin film tends to have
smaller refractive index n and extinction coefficient k to an
exposure light. A thin film having an inner region where both
refractive index n and extinction coefficient k are small is
unpreferable, since more thickness is required to satisfy
desired conditions in both cases of using the thin film for the
purpose of a light shielding film and a phase shift film.
[0059]

In a transfer mask using the mask blank of this invention,
any of ArF excimer laser (wavelength: 193nm), KrF excimer laser
(wavelength: 248nm), and i-line (wavelength: 365nm) are
applicable as an exposure light used in exposure-transfer to
an object to be transferred by an exposure apparatus.
Generation of haze occurring on a transfer mask is conspicucus
when ArF excimer laser is used as the exposure light. Further,

in a transfer mask where ArF excimer laser is applied as an
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exposure light, a transfer pattern formed on a thin film for
pattern formation is extremely fine, and a higher durability
to dry etching by mixed gas of chlorine-based gas and oxygen
gas is required. Therefore, the mask blank of this invention
is particularly preferably for exposure-transfer using ArF
excimer laser as an exposure light.

[0060]

While a thin film for pattern formation is formed through
reactive sputtering, any sputtering method is applicabkle, such
as DC sputtering, RF sputtering, and ion beam sputtering. It
is preferable to apply DC sputtering considering deposition
rate. In the case of using a target with low conductivity
(target with less metal content), it is preferable to apply RF
sputtering and ion beam sputtering; however, it 1is more
preferable to apply RF sputtering considering deposition rate.
[0061]

A thin film for pattern formation is preferably a light
shielding film such as a binary mask, and a phase shift film
of a half tone phase shift mask. The light shielding film and
the phase shift film in these cases remain on a transparent
substrate as a thin film pattern having a transfer pattern
formed thereon when the transfer mask is completed. Namely,
chemical resistance of the light shielding film and the phase
shift film in these cases forms a significant determination
factor of use life of the transfer mask.

[0062]

In the case where a thin film for pattern formation is
a light shielding film such as a binary mask, a transfer pattern
is often formed on a light shielding film through dry etching
using a hard mask film made of a material containing chromium
and having a transfer pattern formed thereon as a mask. After

the transfer pattern is formed on the light shielding film, the
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hard mask £film needs to be removed through dry etching by mixed
gas of chlorine-based gas and oxygen gas. Therefore, a surface
layer of the 1ight shielding filmpreferably has highdurability
to dry etching by mixed gas of chlorine-based gas and oxygen
gas.

[0063]

In the case where a thin film for pattern formation is
a phase shift film of a half tone phase shift mask, a transfer
pattern is often formed on a phase shift film through dry etching
by using a light shielding film made of a material containing
chromium and having a transfer pattern formed therecn as a mask.
After forming the transfer pattern on the phase shift film, the
light shielding film needs to be removed through dry etching
by mixed gas of chlorine-based gas and oxygen gas, excluding
a part of regions such as a light shielding band. Therefore,
a surface layer of the phase shift film is also required to have
high durability to dry etching by mixed gas of chlorine-based
gas and oxygen gas.

[0064]

A thin film for pattern formation is particularly
preferably a phase shift film of a half tone phase shift mask.
This is because there are more restrictions to the phase shift
film on desired optical characteristics than a light shielding
film.

[0065]
<Embodiments>

Fig. 1 is a cross-sectional view showing a structure of
a mask blank 100 for forming a phase shift mask according to
an embodiment of this invention. The mask blank 100 shown in
Fig. 1 1is for manufacturing a phase shift mask, having a
structure where a phase shift film (thin film for pattern

formation) 2, a light shielding film 3, and a hard mask film
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4 are stacked in this order on a transparent substrate 1.
[0066]

The phase shift film 2 is required to have a transmittance
to an exposure light of 1% or more. At least 1% transmittance
to an exposure light is necessary to generate sufficient phase
shifting effect between the exposure light transmitted through
the interior of the phase shift film and the exposure light
transmitted through the air. The transmittance of the phase
shift film to an exposure light is preferably 2% or more, and
more preferably 3% or more. On the other hand, the
transmittance of the phase shift film to an exposure light is
preferably 30% or less, more preferably 20% or less, and even
more preferably 10% or less.

[0067]

To obtain a proper phase shifting effect, it is necessary
for the phase shift film 2 to be adjusted so as to generate a
phase difference in the range of 150 degrees or more and 190
degrees or less between the transmitting exposure light and the
light transmitted through the air for the same distance as the
thickness of the phase shift film 2. The lower limit of the
phase difference in the phase shift film 2 is preferably 155
degrees or more, and more preferably 160 degrees or more. On
the other hand, the upper limit of the phase difference in the
phase shift film 2 is preferably 180 degrees or less, and more
preferably 179 degrees or less. This is for reducing the effect
of increase in phase difference caused by minute etching on the
transparent substrate 1 upon dry etching for forming a pattern
on the phase shift film 2. Another reason is that in recent
years, there has been an increasing application of irradiation
method of an exposure light on a phase shift mask using an
exposure apparatus where exposure light is entered from a

direction inclined at a predetermined angle relative to a
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vertical direction of a film surface of the phase shift film
2.
[0068]

From the viewpoint of reducing EMF (ElectroMagnetic
Field) bias of the phase shift mask manufactured from the mask
blank 100, the phase shift film2 is required to have a thickness
of less than 100nm, more preferably 90nm or less, and even more
preferably 80nm or less. On the other hand, it is necessary
for the thickness of the phase shift film 2 to obtain a proper
phase shifting effect as mentioned above, which is required to
be 50nm or more, and preferably 55nm or more.

[0069]

The phase shift film 2 is made of a material containing
a metal, silicon, and nitrogen. An inner region of the phase
shift film2 is preferably made of amaterial containing ametal,
silicon, and nitrogen. In this case, however, the inner region
can permit inclusion of elements that are inevitably mixed upon
forming the phase shift film 2 by sputtering. As nitrogen
content in the thin film increases, refractive index n of the
thin film tends to relatively increase, and extinction
coefficient k tends to relatively decrease. Nitrogen content
of the phase shift film 2 is preferably Z20atom% or more, more
preferably 25atom® or more, and even more preferably 30atom$
or more. On the other hand, nitrogen content of the material
forming the phase shift film 2 is preferably 50atom% or less,
more preferably 45atom% or less, and even more preferably
40atom% or less.

[0070]

The phase shift film 2 is often formed in contact with
a surface of the transparent substrate 1. Incidentally, the
phase shift film 2 does not have to be formed in contact with

a surface of the transparent substrate 1, and an etching stopper

28



film can be provided between the transparent substrate 1 and
the phase shift film 2. In this case, the thickness of the
etching stopper film should be 10nm or less, preferably 7nm or
less, and more preferably 5nm or less. Further, on the
viewpoint of effectively functioning as an etching stopper, the
thickness of the etching stopper film should be 3nm or more.
The etching stopper film is preferably made of a material
containing chromium, or a material containing silicon and
aluminum.

[0071]

In the case of applying an etching stopper film of a
material containing silicon and aluminum, extinction
coefficient k of the etching stopper film is preferably less
than 0.1, more preferably 0.05 or less, and even more preferably
0.01 or less. Further, refractive index n of the etching
stopper film in this case is preferably 1.9 or less, and more
preferably 1.7 or less. Refractive index n of the etching
stopper film is preferably 1.55 or more.

[0072]

The mask blank 100 has a light shielding film 3 on the
phase shift film 2. Optical density in an outer peripheral
region of a transfer mask including a phase shift mask is
required to be at least 2.0 or more, preferably 2.5 or more,
and more preferably 2.8 or more. The phase shift film 2 has
a function to transmit an exposure light at a predetermined
transmittance, and it is difficult to secure an optical density
of a predetermined value with the phase shift film 2 alone.
Therefore, it is necessary to stack the light shielding film
3 on the phase shift film 2 at the stage of manufacturing the
mask blank 100 to secure lacking optical density. With such
a structure of the mask blank 100, the phase shift mask 200

securing a predetermined value of optical density on the outer
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peripheral region can be manufactured by removing the light
shielding film 3 of the region using the phase shift effect
(basically transfer pattern forming region) during manufacture
of the phase shift mask 200.

[0073]

A single layer structure and a stacked structure of two
or more layers are applicable to the light shielding film 3.
Further, each layer in the light shielding filmof a single layer
structure and the light shielding film with a stacked structure
of two or more layers can be configured by approximately the
same composition in the thickness direction of the layer or the
film, or with a composition gradient in the thickness direction
of the layer.

[0074]

The mask blank 100 in Fig. 1 is configured as a structure
where the light shielding film 3 is stacked on the phase shift
film 2 without an intervening film. For the light shielding
film 3 in the case of this structure, it is necessary to apply
amaterial having sufficient etching selectivity to etching gas
used in forming a pattern on the phase shift film 2. The light
shielding film 3 in this case is preferably formed from a
material containing chromium. Materials containing chromium
for forming the light shielding film 3 can include, in addition
to chromium metal, a material containing chromium and one or
more elements selected from oxygen, nitrogen, carbon, boron,
and fluorine.

[0075]

While a chromium-based material is generally etched by
mixed gas of chlorine-based gas and oxygen gas, etching rate
of the chromium metal to the etching gas is not as high.
Considering enhancing etching rate of the mixed gas of

chlorine-based gas and oxygen gas to etching gas, the material
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forming the light shielding film 3 preferably includes chromium
and one cr more elements selected from oxygen, nitrogen, carbon,
boron, and fluorine. Further, one or more elements among
molybdenum, indium, and tin can be included in the material
containing chromium for forming the light shielding film 3.
Including one or more elements among molybdenum, indium, and
tin can increase etching rate to mixed gas of chlorine-based
gas and oxygen gas.

[0076]

On the other hand, this invention includes, as amaskblank
100 of another embodiment, a structure including another film
(etching stopper film) between the phase shift film 2 and the
light shielding film 3. In this case, it is preferable to form
the etching stopper film from the material containing chromium
mentioned above, and the light shielding film 3 from a material
containing silicon or a material containing tantalum.

[0077]

A material containing silicon for forming the light
shielding film 3 can include a transition metal, and metal
elements other than the transition metal can also be included.
The reason is that when a transition metal is included in the
light shielding film 3, light shielding performance is
significantly improved compared to the case without the
transition metal, and the thickness of the light shielding film
3 can be reduced. The transition metals to be included in the
light shielding film 3 include any one of a metal such as
molybdenum(Mo), tantalum(Ta), tungsten(W), titanium(Ti),
chromium(Cr), hafnium(HL), nickel (Ni), vanadium(V),
zirconium(Zr), ruthenium(Ru), rhodium (Rh), zinc (Zn),
niobium(Nb), and palladium(Pd), or a metal alloy thereof.
Metal elements other than transition metal elements to be

included in the light shielding film 3 include aluminum(Al),
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indium(In), tin(Sn), gallium(Ga), etc.
[0078]

In the mask blank 100, a preferable structure is that a
hard mask film 4 made of a material having etching selectivity
to etching gas used in etching the light shielding film 3 is
further stacked on the light shielding film 3. Since the light
shielding film 3 must have a function to secure a predetermined
optical density, there is a limitation to reduce its thickness.
The film thickness of the hard mask film 4 is sufficient if the
film thickness functions as an etchingmaskuntil the completion
of dry etching for forming a pattern on the 1ight shielding film
3 immediately below the hard mask film 4, and basically is not
limited with regard to optical density. Therefore, the
thickness of the hard mask film 4 can be reduced significantly
compared to the thickness of the light shielding film 3.
[0079]

In the case where the light shielding film 3 is made of
a material containing chromium, the hard mask film 4 is
preferably made of thematerial containing silicon given above.
Since the hard mask film 4 in this case tends to have low
adhesiveness with the resist film of an organic material, it
is preferable to treat the surface of the hard mask film 4 with
HMDS (Hexamethyldisilazane) to enhance surface adhesiveness.
The hard mask film 4 in this case is more preferably made of
Si0,, SiN, SiON, etc.

[0080]

Further, in the case where the light shielding film 3 is
made of a material containing chromium, materials containing
tantalum are also applicable as the materials of the hard mask
film 4, in addition to the material containing silicon given
above. Thematerial containing tantalumin this case includes,

in addition to tantalum metal, a material containing tantalum
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and one or more elements selected from nitrogen, oxygen, boron,
and carbon, for example, Ta, TaN, TaO, TaON, TaBN, TaBO, TaBON,
TaCN, TaCO, TaCON, TaBCN, and TaBOCN. Further, in the case
where the 1ight shielding film 3 is made of amaterial containing
silicon, the hard mask film 4 is preferably made of the material
containing chromium given above.

[0081]

In themaskblank 100, a resist filmof an organicmaterial
is preferably formed in contact with the surface of the hard
mask film 4 at a film thickness of 100nm or less. In the case
of a fine pattern to meet DRAM hp32nm generation, a SRAF
(Sub-Resolution Assist Feature) with 40nm line width may be
provided on a transfer pattern (phase shift pattern) to be
formed on the hard mask film 4. However, even in this case,
cross—-sectional aspect ratio of the resist pattern can be
reduced down to 1:2.5 so that collapse and falling coff of the
resist pattern can be prevented in rinsing and developing, etc.
of the resist film. The resist film preferably has a film
thickness of 80nm or less.

[0082]

On the other hand, in a method for manufacturing the mask
blank of this invention, it is preferable to apply the two-stage
heat treatment described above. Namely, the method for
manufacturing the mask blank of an embodiment of this invention
is a method for manufacturing a mask blank including a thin film
for pattern formation on a transparent substrate, including the
steps of forming the thin film on the transparent substrate,
the thin filmmade of amaterial including a material containing
ametal, silicon, and nitrogen, in which a ratio (percentage)of
the metal content [atom%] divided by a total content [atom%]
of the metal and silicon is 15% or less; performing a first heat

treatment in which the thin film is subjected to a heat treatment
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in gas containing oxygen at a temperature below 300°C; and
performing a second heat treatment in which the thin film after
the first heat treatment is subjected to a heat treatment in
gas containing oxygen at a temperature of 300°C or more.
[0083]

The step of forming a thin film includes placing a
transparent substrate on a substrate stage in a film-forming
apparatus, introducing at least nitrogen-based gas and noble
gas in the film-forming apparatus, applying voltage on a target
containing a metal and silicon, and through reactive sputtering,
forming a thin film for pattern formation on a main surface of
the transparent substrate. The procedure of the reactive
sputtering is as mentioned above. Nitrogen gas or nitrogen
compound gas 1is applied as the nitrogen-based gas to be
introduced into the film-forming apparatus. The
nitrogen-based gas herein includes, e.g., Ny, NO, NO;, NHs;, and
HNO3;. Particularly, nitrogen-based gas herein is preferably
nitrogen gas.

[0084]

Noble gas to be introduced intc the film-forming
apparatus can include helium, neon, argon, krypton, and xenon.
Particularly, the noble gas herein is preferably mixed gas
including helium and one or more gases selected from argon,
krypton, and xenon. On the gas to be introduced into the film
forming chamber, gas that is difficult to completely avoid
mixture such as water vapor, gas in the atmosphere, outgas from
members in the film forming chamber, etc. may be included within
the scope of not affecting various properties required for a
thin film formed through reactive sputtering.

[0085]
A target of the film-forming apparatus 1is made of a

material containing a metal and silicon. The metal in the
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target is similar to the metal in the thin film for pattern
formation. M/ [M+Si] ratio of the target is similar to M/ [M+31i]

ratio in the thin film for pattern formation. In the case of
applying DC sputtering for reactive sputtering of the thin film,

the target requires a predetermined degree or more conductivity.
Considering this point, M/[M+Si] ratio of the target is

preferably 2% or more.

(0086]

In a first heat treatment, a thin film for pattern
formation formed in the step of forming the thin film is
subjected to heat treatment in gas containing oxygen at a
temperature below 300°C. Heating temperature of the heat
treatment on the thin film in the first heat treatment is more
preferably 290°C or less. This is because the greater the
difference between the heating temperature of heat treatment
on the thin film in the first heat treatment and the heating
temperature of heat treatment on the thin film in the second
heat treatment causes enhancement in silicon in the surface
layer region of the thin film less likely to be ionized, and
silicon being less likely to eject out when elements of the
etching gas collide on the surface of the thin film. Further,
the heating temperature of heat treatment on the thin film in
the first heat treatment is preferably 200°C or more. When the
heating temperature on the thin filmis less than 200°C, it would
be difficult to sufficiently incorporate oxygen in the surface
layer region of the thin film.

[0087]

The time for heat treatment in the first heat treatment
is preferably 5 minutes or more, and more preferably 10 minutes
or more. When the time of heat treatment on the thin film is
less than 5 minutes, it would be difficult to sufficiently

incorporate oxygen into the surface layer region of the thin
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film. The time for heat treatment in the first heat treatment
is preferably less than 20 minutes, and more preferably 15
minutes or less. When heat treatment with rather 1low
temperature is carried out for a long time, oxygen may penetrate
into the inner region of the thin film, which is not preferable.
[0088]

In the second heat treatment, the thin film for pattern
formation after the first heat treatment is subjected to a heat
treatment in gas containing oxygen at a temperature of 300°C
or more. The heating temperature of heat treatment on the thin
film in the second heat treatment is more preferably 350°C or
more, and more preferably 400°C or more. By elevating the
heating temperature of the second heat treatment, denseness of
the thin film can be improved and reduction of film stress can
be sought. The heating temperature of heat treatment on the
thin film in the second heat treatment is preferably 900°C or
less, more preferably 700°C or less, and even more preferably
600°C or less. In subjecting the thin film to heat treatment,
the transparent substrate is simultaneously heated at a same
temperature as the thin film. When heating temperature on the
transparent substrate is too high, the physical properties of
the transparent substrate may significantly change, which is
not preferable.

[0089]

The time for heat treatment in the second heat treatment
is preferably 30 minutes or more, and more preferably 45 minutes
or more. When the time of the high-temperature heat treatment
as the second heat treatment is less than 30 minutes, it would
be difficult to increase denseness of the thin film. The time
of the heat treatment in the second heat treatment is preferably
120 minutes or less.

[0090]
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The heat treatment on the thin film in the first heat
treatment and the second heat treatment is carried out in gas
containing oxygen. This is for incorporating a certain amount
or more oxygen in the surface layer region. These heat
treatments can be performed in the atmosphere, and more
preferably performed in the air passed through a chemical filter.
The heat treatment on the thin film in the first heat treatment
and the second heat treatment is preferably annealing. This
is because an internal structure of the thin film after the heat
treatment can be maintained at a state before the heat treatment
(amorphous structure or microcrystalline structure). Further,
the second heat treatment is preferably carried out after the
heat treatment of the first heat treatment, leaving it until
the internal temperature of the thin film reaches a normal
temperature (e.g., 25°C or less).

[0091]

A hot plate is preferably used in the heat treatment on
the thin film in the first heat treatment. Concretely, a
transparent substrate having the thin film for pattern
formation on a main surface is placed on the hot plate, and the
heat treatment is performed in oxygen-containing gas under the
heating conditions given above. On the other hand, the heat
treatment on the thin film in the second heat treatment is
preferably performed using the vertical furnace disclosed in
Japanese Patent Application Publication 2002-162726 or the
vertical furnace disclosed in Japanese Patent Application
Publication 2013-225109. Concretely, a transparent substrate
with a thin film after the first heat treatment is placed on
a quartz board placed in a heating/cooling chamber of a vertical
furnace, gas containing oxygen (preferably, air passed through
a chemical filter) is introduced into the heating/cooling

chamber, and a heat treatment is performed under the above

37



heating conditions. Incidentally, the vertical furnace
disclosed in Japanese Patent Application Publicaticn
2013-225109 has a cooling apparatus attached to an exterior of
the heating/cooling chamber, which is for quickly returning the
thin £film and the substrate after the heat treatment to a normal
temperature, and is not for gquenching.

[0092]

In addition to the above, other matters on the thin film
for pattern formation after the second heat treatment are
similar to the thin film for pattern formation of the mask blank
of this invention described above.

[0093]

In the case where the thin film for pattern formation is
a phase shift film, the method for manufacturing the mask blank
according to this invention preferably includes a step of
forming a light shielding film on the thin film (phase shift
film) after the second heat treatment. This is because, in the
case of manufacturing a phase shift mask using a mask blank
manufactured through the method for manufacturing a mask blank
according to this invention, a light shielding film is necessary
to form a light shielding band, etc. as mentioned above.
Further, in this case, the light shielding film is preferably
made of a material containing chromium.

[0094]

The step of forming a 1light shielding filmmentioned above
includes placing a transparent substrate having a phase shift
film on a substrate stage in a film-forming apparatus, at least
introducing reactive gas and noble gas in the film-forming
apparatus, applying voltage to a target containing chromium,
and forming a light shielding film on the phase shift film
through reactive sputtering. The method of the reactive

sputtering is similar as above. The reactive gas to be
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introduced into the film-forming apparatus can include, e.g.,
N,, 0, NO, NO;, and CH,. Noble gas is similar to the case
described above.

[0095]

On the other hand, the method for manufacturing a transfer
mask of the embodiment of this invention includes a step of
forming a transfer pattern on the mask blank of the above
embodiment, or the thin film for pattern formation of the mask
blank manufactured by the method for manufacturing a mask blank
of the above embodiment by dry etching. Fluorine-based gas is
used for etching gas in dry etching of the thin film for pattern
formation.

[0096]

The above method for manufacturing a transfer mask is
suitable for the manufacture of a phase shift mask. The method
for manufacturing the phase shift mask 200 of this invention
according to the embodiment is explained below according to the
manufacturing steps shown in Fig. 2. The method explained
herein is the method for manufacturing the phase shift mask 200
using the mask blank 100 having the hard mask film 4 stacked
on the light shielding film 3. Further, a material containing
chromium is applied to the light shielding film 3, and amaterial
containing silicon is applied to the hard mask film 4.
[0087]

First, a resist film was formed in contact with the hard
mask film 4 of the mask blank 100 by spin coating. Next, a first
pattern, which is a transfer pattern (phase shift pattern) to
be formed on the phase shift film, was exposed and drawn with
an electron beam on the resist film, and predetermined
treatments such as developing were further conducted, to
thereby form a first resist pattern 5a having a phase shift

pattern (see Fig. 2(a)). Subsequently, dry etching was
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conducted using fluorine-based gas with the first resist
pattern 5a as a mask, and a first pattern (hard mask pattern
4a) was formed on the hard mask film 4 (see Fig. 2(b)).
f0098]

Next, after removing the first resist pattern 5a, dry
etching was conducted using mixed gas of chlorine-based gas and
oxygen gas with the hard mask pattern 4a as a mask, and a first
pattern (light shielding pattern 3a) was formed on the light
shielding film 3 (see Fig. 2(c)). Subsequently, dry etching
was conducted using fluorine-based gas with the 1ight shielding
pattern 3a as a mask, and a first pattern (phase shift pattern
2a) was formed on the phase shift film 2, and at the same time
the hard mask pattern 4a was removed (see Fig. 2(d)).

[0099]

Next, a resist film was formed on the mask blank 100 by
spin coating. Next, a secondpattern, whichis apattern (l1ight
shielding band pattern) to be formed on the 1light shielding film
3, was exposed and drawn with an electron beam on the resist
film, and predetermined treatments such as developing were
conducted, to thereby form a second resist pattern 6b having
a light shielding pattern (see Fig. 2(e)). Subsequently, dry
etching was conducted using mixed gas of chlorine-based gas and
oxygen gas with the second resist pattern 6b as a mask, and a
second pattern (light shielding pattern 3b) was formed on the
light shielding film 3 (see Fig. 2(f)). Further, the second
resist pattern 6b was removed, predetermined treatments such
as cleaning were conducted, and the phase shift mask 200 was
obtained (see Fig. 2(g)).

[0100]

There is no particular limitation to chlorine-based gas

used for the dry etching described above, as long as

chlorine(Cl) is included, for example, Cl,, SiCl,, CHCls, CH,Cl,,
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CCls, and BClsz. Further, there is no particular limitation to
fluorine-based gas to be used for the dry etching described
above, as long as fluorine(F) is included, for example, CHFj3,
CF4, CyFg, C4Fg, and SF¢. Particularly, flucrine-based gas free
of carbon(C) can further reduce damage on a glass substrate for
having a relatively low etching rate to a glass substrate, and
is preferable.

[0101]

The method for manufacturing a semiconductor device of
this invention is characterized in using a transfer mask
manufactured by using the mask blank described above, and
exposure-transferring a pattern on a resist film on a
semiconductor substrate. Therefore, a desired pattern can be
transferred to an object to be transferred at a high precision,
even if the transfer mask is set on an exposure apparatus and
an exposure light is irradiated from the side of the transparent
substrate 1 of the transfer mask to perform the
exposure-transfer on the object to be transferred (resist film
on semiconductor wafer, etc.).

[0102]

On the other hand, by applying a structure similar to the
thin film for pattern formation made of a material containing
a metal, silicon, and nitrogen to a thin film for pattern
formation made of a material containing silicon and nitrogen,
a similar effect can be obtained. Namely, the mask blank of
the second invention is a mask blank having a thin film for
pattern formation on a transparent substrate, the thin film
including a material containing silicon and nitrogen, or a
material containing one or more elements selected from a
metalloid element and a non—metallic element, and silicon and

nitrogen, and in which when the thin film is subjected to an

analysis of a secondary ionmass spectrometry and a distribution
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of a secondary ion intensity of silicon in depth direction (film
thickness direction) is obtained, a ratio of a maximum peak
[Counts/sec] of a secondary ion intensity of silicon at a
surface layer region, which is opposite from a transparent
substrate, of the thin film divided by an average value
[Counts/sec] of a secondary ion intensity of silicon in a depth
direction of an inner region, which is a region excluding the
surface layer region and a vicinity region with an interface,
of the transparent substrate of the thin film is 1.6 or less.
[0103]

This mask blank of the second invention has significantly
improved chemical resistance and durability to dry etching by
mixed gas of chlorine-based gas and oxygen gas, even in the case
where the thin film for pattern formation is made froma material
made of silicon and nitrogen, or a material made of one or more
elements selected from a metalloid element and a non-metallic
element, and silicon and nitrogen. Therefore, the transfer
mask manufactured from this mask blank can significantly extend
its use life compared to conventional transfer masks. Further,
a desired pattern can be transferred to an object to be
transferred at a high precision, even if the transfer mask is
set on an exposure apparatus and an exposure light is irradiated
from the side of the transparent substrate of the transfer mask
to perform the exposure-transfer on the object to be transferred
(resist film on semiconductor wafer, etc.).

[0104]

The thin film for pattern formation of the second
invention does not contain a transition metal that may be a
factor to reduce light fastness to an ArF exposure light.
Further, the thin film for pattern formation preferably
contains no metal element excluding transition metals, since

possibility of being a facter to reduce light fastness to an
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ArF exposure light cannot be denied. 1In addition to silicon,
this thin film for pattern formation can contain any metalloid
elements. Among themetalloidelements, containing one or more
elements selected from boron, germanium, antimony, and
tellurium is preferable, since enhancement can be expected in
conductivity of silicon used as a sputtering target.

[0105]

The thin film for pattern formation of the second
invention can include any non-metallic elements in addition to
nitrogen. The non-metallic elements in this invention
indicate those including non-metallic elements in a narrow
sense (nitrogen, carbon, oxygen, phosphate, sulfur,

selenium), halogen, and noble gas. Among the
non-metallic elements, it is preferable to include one or more
elements selected from carbon, fluorine, and hydrogen.
[0106]

This thin film for pattern formation of the second
invention can contain noble gas. Noble gas is an element that
can increase deposition rate and enhance productivity when
present in a film forming chamber upon forming a thin film
through reactive sputtering. In reactive sputtering, the
noble gas is plasmarized and collided on the target so that
target-forming particles eject out from the target, and while
incorporating reactive gas on the way, are stacked on the
transparent substrate to form a thin film. Moreover, while the
target-forming particles eject out from the target until
adhered on the transparent substrate, a small amount of noble
gas in the film forming chamber is incorporated. Preferable
noble gas required for the reactive sputtering includes argon,
krypton, and xenon. Further, to mitigate stress of the thin
film, neon and helium having small atomic weight can be

positively incorporated into the thin film.
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[0107]

Incidentally, the structures of the mask blank of the
second invention other than the thin film for pattern formation
are similar to the case of the mask blank of this invention.
[0108]

On the other hand, the method of manufacturing the mask
blank of the second invention is characterized in a methed for
manufacturing a mask blank including a thin film for pattern
formation on a transparent substrate, including the steps of
forming a thin film on a transparent substrate, the thin film
made of a material made of silicon and nitrogen, or a material
made of one or more elements selected from a metalloid element
and a non-metallic element and silicon and nitrogen; performing
a first heat treatment in which the thin film is subjected to
a heat treatment in gas containing oxygen at a temperature below
300°C; and performing a second heat treatment in which the thin
film after the first heat treatment 1s subjected to a heat
treatment in gas containing oxygen at a temperature of 300°C
Or more.

[0109]

The step of forming the thin film for pattern formation
of the second invention includes placing a transparent
substrate on a substrate stage in the film-forming apparatus,
at least introducing nitrogen-based gas and noble gas in the
film-forming apparatus, applying voltage on a silicon target
or a target made of silicon and cne or more elements selected
fromametalloid element and a non-metallic element, and through
reactive sputtering, forming a thin film for pattern formation
on a main surface of the transparent substrate. While the
procedﬁre of the reactive sputtering is similar to the case of
the step of forming the thin film for pattern formation of this

invention, it is preferable to apply RF sputtering or icn beam
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sputtering in the case of using a target with low conductivity
(e.g., silicon target, silicon compound target including less
or free of metalloid element). Nitrogen gas or nitrogen
compound gas 1is applied as the nitrogen-based gas to be
introduced into the film-forming apparatus. The
nitrogen-based gas herein includes, e.g., Nz, NO, NO,, NH3, and
HNOs;. Particularly, nitrogen-based gas herein is preferably
nitrogen gas. In the reactive sputtering of this case, it is
preferable to select a film-forming condition where the
sputtering gas has amixing ratio of nitrogen gas that is greater
than the scope of a mixing ratio of nitrogen gas that becomes
a transition mode in which film formation tends to be unstable
(film-forming condition in this case is a poison mode), or a
film—-forming condition where the sputtering gas has a mixing
ratio of nitrogen gas that is less than the scope of a mixing
ratio of nitrogen gas that becomes a transition mode
(film-forming condition in this case is a metal mode). Due to
the above, it will be possible to form a thin film for pattern
formation with stable film thickness and composition between
production lots.

[0110]

Noble gas to be introduced into the film-forming
apparatus can include helium, neon, argon, krypton, and xenon.
Particularly, the noble gas herein is preferably mixed gas
including helium and one or more gases selected from argon,
krypton, and xenon. On the gas to be introduced into the film
forming chamber, gas that is difficult to completely avoid
mixture such as water vapor, gas in the atmosphere, outgas from
a member in the film forming chamber, etc. may be included within
the scope of not affecting various properties required for a
thin film formed through reactive sputtering.

[0111]
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Incidentally, other matters in the method for
manufacturing the mask blank of the second invention are similar
to the case of the method for manufacturing the mask blank of
this invention. Further, the method for manufacturing a
transfer mask from the mask blank of the second invention, and
the method for manufacturing a semiconductor device using the
transfer mask of the second invention manufactured by the
manufacturing method are similar to the case of the method for
manufacturing a transfer mask of this invention, and the method
of manufacturing the semiconductor device of this invention.
Examples
[0112]

The embodiments for carrying out this invention will be
further explained concretely below by Example 1.

(Example 1 and Comparative Example 1)
[Manufacture of Mask Blank]

Four transparent substrates 1 made of a synthetic quartz
glass with a size of a main surface of about 152mm x about 152mm
and a thickness of about 6.35mm were prepared. End surfaces
and the main surfaces of the transparent substrates 1 were
polished to a predetermined surface roughness, and thereafter
subjected to predetermined cleaning treatment and drying
treatment.

[0113]
Next, the transparent substrates 1 were placed in a

single-wafer DC sputtering apparatus, and by reactive

sputtering (DC  sputtering) wusing a mixed target of
molybdenum (Mo) and silicon(Si) (Mo:Si=12atom%:88atom%) and

with mixed gas of argon(Ar), nitrogen(N;), and helium(He) as
sputtering gas, a phase shift film (thin film for pattern
formation) 2 made of molybdenum, silicon, nitrogen, and oxygen

was formed on each of the four transparent substrates 1 at a
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thickness of 69nm. Among the four transparent substrates 1
having the phase shift films 2 (hereafter referred to as the
substrate with thin film), two are used to manufacture the mask
blank of Example 1, and the remaining two are used tomanufacture
the mask blank of Comparative Example 1.

[0114]

Next, the two substrates with thin film of Example 1 were
each subjected to a first heat treatment on a hot plate.
Concretely, the substrates with thin film of Example 1 were
placed on a hot plate, and subjected to annealing under the
treatment conditions of heating temperature of 280°C and
heating time of 5minutes in the atmosphere. The two substrates
with thin film of Example 1 after the annealing were left in
the atmosphere until they reached a normal temperature (25°C
or less).

[0115]

Next, the two substrates with thin film of Example 1
subjected to the first heat treatment and the two substrates
with thin film of Comparative Example 1 were subjected to a
second heat treatment. Concretely, the above substrates were
placed vertically and spaced apart from each other on substrate
supports of each stage on a gquartz board positioned in a
heating/cooling chamber of a vertical furnace disclosed in
Japanese Patent Application Publication 2013-225109. 1In this
occasion; a transparent substrate without a phase shift film
(dummy substrate) was placed on the substrate supports of the
topmost stage and the bottommost stage of the quartz becard. The
reason for placing the dummy substrate is that the topmost stage
and the bottommost stage are 1likely to be affected by
disturbance, etc.

[0116]

The heat treatment (annealing) on the four substrates
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with thin film was performed for one hour from initiation of
heating by a heater (heating apparatus) until the temperature
in the heating/cooling chamber reached 450°C, under the
condition where gas in the heating/cooling chamber is regularly
exchanged with the air passed through a chemical filter.
Immediately after the heating from the heater was stopped,
injection of a cooling medium from a coolant tube was started,
and compulsory cooling was made until inside of the
heating/cooling chamber reached a normal temperature.

[0117]

On each substrate with thin film of Example 1 and
Comparative Example 1 after the second heat treatment,
transmittance and phase difference of the phase shift film 2
to a light of 193nm wavelength were measured using a phase shift
measurement device (MPM193 manufactured by Lasertec),
resulting in a transmittance of 6.1% and phase difference of
177.0 degrees. There was substantially no difference in
optical characteristics between the phase shift film 2 of
Example 1 and the phase shift film 2 of Comparative Example 1.
[0118]

Next, one substrate with thin film of Example 1 and one
phase shift film 2 of the substrate with thin film of Comparative
Example 1 were analyzed on the depth direction (film thickness
direction) with a secondary ion mass spectrometry (SIMS). The
analysis was performed using a quadrupole secondary ion mass
spectrograph (PHI ADEPT1010 manufactured by ULVAC-PHI, Inc.)
as an analysis device, under the analysis conditions where
primary ion species is Cs*, primary accelerating voltage is
2.0kV, and an irradiating region of a primary ion is an inner
region of a square having a side of 120um. The result c¢f the
analysis of the secondary ion intensity of silicon(Si) in depth

direction in each phase shift film 2 of Example 1 and Comparative
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Example 1 obtained as a result of the analysis is shown in Fig.
3 (Example 1 is expressed in bold lines, Comparative Example
1 in thin lines). Further, the result of the analysis of the
secondary ion intensity of oxygen (0) in depth direction in each
phase shift film 2 of Example 1 and Comparative Example 1 is
shown in Fig. 4 (Example 1 1is expressed in bold lines,
Comparative Example 1 in thin lines).

[0119]

In view of the result of Fig. 3, it can be understood that
in both of the phase shift films 2 of Example 1 and Comparative
Example 1, clear maximum peak is detected in a secondary ion
intensity of silicon in the region (surface layer region) from
the surface of the phase shift film 2 up to a depth of 10nm.
However, maximum peak Si max of a secondary ion intensity of
silicon of the phase shift film 2 of Example 1 clearly shows
a smaller value compared to maximum peak Si max of a secondary
ion intensity of silicon of the phase shift film 2 of Comparative
Example 1. There was substantially no difference between the
phase shift film 2 of Example 1 and the phase shift film 2 of
Comparative Example 1 in the distribution of a secondary ion
intensity of silicon in depth direction in the phase shift film
2 from an interface of the transparent substrate 1 to the region
(vicinity region) up to 20nm toward the surface layer region.
On the other hand, in view of the result of Fig. 4, it was found
that there is no substantial difference in the result of
analysis of a secondary ion intensity of oxygen(0) in depth
direction between each phase shift film 2 of Example 1 and
Comparative Example 1 (bold lines of Example 1 and thin lines
of Comparative Example 1 are almost superimposed).

[0120]
There was substantially no difference between the phase

shift film 2 of Example 1 and the phase shift film 2 of
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Comparative Example 1 in the distribution of a secondary ion
intensity of silicon in depth direction in the phase shift film
2 in the region (inner region) in depth direction excluding the
surface layer region and the vicinity region, and also in the
average value Si avg of a secondary ion intensity of silicon
in depth direction of the inner region. Further, Si max/Si_avg
ratio of the phase shift film 2 of Example 1 was calculated,
and the value was 1.53. On the other hand, Si max/Si avg ratio
of the phase shift film 2 of Comparative Example 1 was calculated,
and the value was 1.65.

[0121]

On each of the substrates with thin film of Example 1 and
Comparative Example 1 subjected to the analysis by SIMS in depth
direction, composition analysis Dby X-ray photoelectron
spectroscopy was conducted on a region other than the region
inplain view of the phase shift film 2 subjected to the analysis
by SIMS. As a result, there was substantially nc difference
in the result of composition analysis between the phase shift
film 2 of Example 1 and the phase shift film 2 of Comparative
Example 1. Incidentally, the compositions of the inner regions

of the phase shift films 2 of Example 1 and Comparative Example

1 were both molybdenum (Mo)=5.7[atom3], silicon
(Si)=45.4[atom%], and nitrogen(N)=48.9[atom¥%]. Further,

ratio (percentage; the ratio is hereafter referred to as
"Mo/ [Mo+Si] ratio") of molybdenum content [atom%] divided by
a total content [atom%] of molybdenum and silicon in the phase
shift film 2 was 11.2%.

[0122]

Next, on each of the remaining substrates with thin film
of Example 1 and Comparative Example 1 that were not subjected
to the analysis, etc. in depth direction by SIMS, the light
shielding film 3 and the hard mask film 4 were formed by the
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following procedure. The transparent substrate 1 having the
phase shift film 2 formed thereon was placed in a single-wafer
DC sputtering apparatus, and by reactive sputtering (DC
sputtering) using a chromium(Cr) target, with mixed gas of
argon (Ar), carbon dioxide (CO:), nitrogen(N;), and helium(He)
(flow ratio Ar:C0O;:N;:He=22:39:6:33, pressure=0.2Pa) as
sputtering gas, and with electric power from DC power source
at 1.9kW, a lowermost layer of the light shielding film 3 made
of CrOCN was formed on the phase shift film 2 at a thickness
of 30nm.

[0123]

Next, by reactive sputtering (DC sputtering) using the
same chromium(Cr) target with mixed gas of argon(Ar) and
nitrogen(N;) (flow ratio Ar:N,=83:17, pressure=0.1lPa) as a
sputtering gas, and with electric power from DC power source
at 1.4kW, a lower layer of the light shielding film 3 made of
CrN was formed on the lowermost layer of the light shielding
film 3 at a thickness of 4nm.

[0124]

Next, by reactive sputtering (DC sputtering) using the
same chromium (Cr) target, with mixed gas of argon{(Ar), carbon
dioxide (CO05), nitrogen(N;), and helium(He) (flow ratio
Ar:COz:N;:He=21:37:11:31, pressure=0.2Pa) as sputtering gas,
and with electric power from DC power source at 1.9kW, an upper
layer of the light shielding film 3 made of CrOCN was formed
on the lower layer of the light shielding film 3 at a thickness
of l4nm. By the above procedure, the light shielding film 3
made of a chromium-based material of a three-layer structure
including the lowermost layer of CrOCN, the lower layer of CrN,
and the upper layer of CrOCN, in order from the phase shift film
2 side, was formed at a total film thickness of 48nm. The

optical density (OD) to light of 193nm wavelength of the stacked
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structure of the phase shift film 2 and the 1light shielding film
3 was 3.0 or more.
[0125]

Further, the transparent substrate 1 with the phase shift
film 2 and the light shielding film 3 stacked thereon in this
order was placed in a single-wafer RF sputtering apparatus, and
by RF sputtering using a silicon dioxide (Si0O;) target with
argon(Ar) gas as sputtering gas, a hard mask film 4 made of
silicon and oxygen was formed on the light shielding film 3 at
a thickness of 5nm. Through the above procedure, the mask blank
100 of Example 1 and the mask blank Comparative Example 1, one
for each, were formed, each having a structure where the phase
shift film 2, the light shielding film 3, and the hard mask film
4 are stacked on the transparent substrate 1.

[0126]
[Manufacture of Phase Shift Mask]

Next, the phase shift mask 200 of Example 1 and the phase
shift mask of Comparative Example 1 were each manufactured
through the following procedure using the mask blank 100 of
Example 1 and the mask blank of Comparative Example 1. First,
a surface of the hardmask film 4 was subjected to HMDS treatment.
Subsequently, a resist film of a chemically amplified resist
for electron beam writing was formed in contact with a surface
of the hard mask film 4 by spin coating at a film thickness of
80nm. Next, a first pattern, which is a phase shift pattern
to be formed on the phase shift film 2, was drawn on the resist
film with electron beam, predetermined cleaning and developing
treatments were conducted, and a first resist pattern 5a having
the first pattern was formed (see Fig. 2(a)).

[0127]
Next, dry etching using CF,; gas was conducted with the

first resist pattern 5a as a mask, and the first pattern (hard
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mask pattern 4a) was formed on the hard mask film 4 (see Fig.
2(b)).
[0128]

Subsequently, the first resist pattern 5a was removed.
Next, dry etching (high bias etching with 50[W] power when bias
voltage is applied) was conducted using mixed gas of chlorine
and oxygen (gas flow ratio Cl,:0,=13:1) with the hard mask
pattern 4a as a mask, and a first pattern (light shielding
pattern 3a) was formed on the light shielding film 3 (see Fig.
2(c)). Next, dry etching was conducted using fluorine-based
gas (SF¢tHe) with the light shielding pattern 3a as a mask, and
a first pattern (phase shift pattern 2a) was formed on the phase
shift film 2, and at the same time the hard mask pattern 4a was
removed (see Fig. 2(d)).

[0129]

Next, a resist film of a chemically amplified resist for
electron beam writing was formed on the light shielding pattern
3a by spin coating at a £ilm thickness of 150nm. Next, a second
pattern, which is a pattern (light shielding band pattern) to
be formed on the light shielding film, was exposed and drawn
on the resist film, further subjected to predetermined
treatments such as developing, and a second resist pattern 6b
having a light shielding pattern was formed (see Fig. 2Z2(e)).
Subsequently, dry etching (high bias etching with 50[W] power
when bias voltage is applied) was conducted using mixed gas of
chlorine and oxygen (gas flow ratio Cl,:0,=13:1) with the second
resist pattern 6b as a mask, and a second pattern (light
shielding pattern 3b) was formed on the light shielding film
3 (see Fig. 2(f)). Further, the second resist pattern 6b was
removed, predetermined treatments such as cleaning were carried
out, and the phase shift mask 200 of Example 1 and the phase

shift mask of Comparative Example 1 were obtained (see Fig.
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2(g)) .
[0130]

Next, for each of the manufactured phase shift mask 200
of Example 1 and the phase shift mask of Comparative Example
1, a cleaning step (cleaning of phase shift mask) was conducted
using an alkaline solution under the same condition. The
alkaline solution to be used in the cleaning step is a solution
of ammonium hydroxide (NH4OH concentration 25wt%) :hydrogen
peroxide (H;0; concentration 30wt%) :water (Hp,0)=2:1:4 (volume
ratio). Cleaning time in the cleaning step was 60 minutes.
Further, each phase shift mask 200 after the cleaning step using
the alkaline solution was rinsed using DIW (Delonized Water).
As a result, regardless of the same cleaning condition, the
amount of film loss of the phase shift mask 200 of Example 1
was reduced down to 1/2 or less than the amount of film loss
of the phase shift mask of Comparative Example 1. Namely, the
amount of film loss by mask cleaning is reduced in the phase
shift mask 200 of Example 1, which is considered as having
improved chemical resistance.

[0131]
[Evaluation of Pattern Transfer Performance]

On the phase shift mask 200 of Example 1 after the cleaning
step, a simulation of a transfer image was made when an exposure
transfer was made on a resist film on a semiconductor device
using ATMS193 (manufactured by Carl Zeiss) at an exposure light
of wavelength 193nm. The simulated exposure transfer image was
inspected, and the design specification was fully satisfied.
It can be considered from this result that a circuit pattern
to be finally formed on the semiconductor device can be formed
at a high precision, even if the phase shift mask 200 of Example
1 after the cleaning step was set on a mask stage of an exposure

apparatus and a resist film on the semiconductor device was
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subjected to exposure transfer.
[0132]

On the other hand, on the phase shift mask of Comparative
Example 1 after the cleaning step as well, a simulation of a
transfer image was made when an exposure transfer was made on
a resist film on a semiconductor device wusing AIMS193
(manufactured by Carl Zeiss) at an exposure light of wavelength
193nm, similarly as Example 1. The exposure transfer image of
this simulation was verified, and a transfer defect was
confirmed. Generation factor of the transfer defect 1is
inferred as a large amount of film loss of the phase shift pattern
2a. From this result, it can be considered that when the phase
shift mask of Comparative Example 1 was set on a mask stage of
an exposure apparatus and exposure-transferred to a resist £film
on a semiconductor device, a defected area will generate on a
circuit pattern to be finally formed on the semiconductor
device.

[0133]
(Comparative Example 2, Comparative Example 3)
[Manufacture of mask blank]

The mask blanks of Comparative Example 2 and Comparative
Example 3 were manufactured through the same procedure as the
mask blanks of Example 1 and Comparative Example 1, except for
the phase shift film 2. The phase shift film 2 of Comparative
Example 1 significantly differs from the phase shift films 2
of Example 1 and Comparative Example 1 in that Mo/ [Mo+Si] ratio
of the target 1is changed. Concretely, the transparent
substrate 1 was placed in a single-wafer DC sputtering apparatus,
and by reactive sputtering (DC sputtering) using a mix-sintered
target of molybdenum(Mo) and silicon(Si) (Mo:Si=21 atom% :79
atom%) withmixed gas of argon(Ar), nitrogen(N;), and helium(He)

as sputtering gas, the phase shift film 2 made of molybdenum,
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silicon, nitrogen, and oxygen was formed at a thickness of 93nm.
Among the four transparent substrates 1 having phase shift films
2 (hereafter referred to as the substrate with thin f£film), two
are used to manufacture the mask blank of Comparative Example
2, and the remaining two are used to manufacture the mask blank
of Comparative Example 3.

[0134]

Next, the two substrates with thin film of Comparative
Example 2 were each subjected to a first heat treatment on a
hot plate, similarly as Example 1. Subsequently, the two
substrates with thin film of Comparative Example 2 subjected
to the first heat treatment and the two substrates with thin
film of Comparative Example 3 were subjected to a second heat
treatment similar to Example 1 and Comparative Example 1.
[0135]

On each substrate with thin film of Comparative Example
2 and Comparative Example 3 after the second heat treatment,
transmittance and phase difference of the phase shift film 2
to a light of 248nm wavelength were measured using a phase shift
measurement device (MPM248 manufactured by Lasertec), both
resulting in a transmittance of 5.5% and phase difference of
177.0 degrees. There was substantially no difference in
optical characteristics between the phase shift film 2 of
Comparative Example 2 and the phase shift £film 2 of Comparative
Example 3.

[0136]

Next, the phase shift films 2 of cne substrate with thin
film of Comparative Example 2 and one substrate with thin film
of Comparative Example 3 were analyzed on the depth direction
(film thickness direction) with a secondary i1on mass
spectrometry (SIMS), similar to the case of Example 1. The

result of the analysis of the secondary ion intensity of

56



silicon(Si) in depth direction in each phase shift film 2 of
Comparative Example 2 and 3 is shown in Fig. 5 (Comparative
Example 2 is expressed in bold lines, Comparative Example 3 in
thin lines).

[0137]

In view of the result of Fig. 5, it can be understood that
in both of the phase shift films 2 of Comparative Example 2 and
Comparative Example 3, clear maximum peak is detected in a
secondary ion intensity of silicon in the region (surface layer
region) from the surface of the phase shift film 2 up to a depth
of 10nm. However, no substantial difference was observed in
maximum peak Si max of a secondary ion intensity of silicon of
the phase shift film 2 of Comparative Example 2 and the phase
shift film 2 of Comparative Example 3. Further, there was
substantially no difference between the phase shift film 2 of
Comparative Example 2 and the phase shift film 2 of Comparative
Example 3 in the distribution of a secondary ion intensity of
silicon in depth direction in the phase shift film 2 from an
interface of the transparent substrate 1 to the region (vicinity
region) up to 20nm toward the surface layer region (bold lines
of Comparative Example 2 and thin lines of Comparative Example
3 are almost superimposed). On the other hand, in view of the
result of Fig. 6, it was found that there is no substantial
difference between the phase shift film 2 of Comparative Example
2 and the phase shift film 2 of Comparative Example 3 in the
result of analysis of a secondary ion intensity of oxygen(0)
in depth direction (bold lines of Comparative Example 2 and thin
lines of Comparative Example 3 are almost superimposed).
[0138]

There was substantially no difference between the phase
shift film 2 of Comparative Example 2 and the phase shift film

2 of Comparative Example 3 in the distribution of a secondary
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ion intensity of silicon in depth direction in the phase shift
film 2 in the region (inner region) in depth direction excluding
the surface layer region and the vicinity region, and also in
the average value Si_avg of a secondary ion intensity of silicon
in depth direction of the inner region. Si max/Si avg ratio
for each of the phase shift film 2 of Comparative Example 2 and
the phase shift film 2 of Comparative Example 3 were calculated,
and the value for both was 2.45.

[0139]

On each of the substrates with thin film of Comparative
Example 2 and Comparative Example 3 subjected to the analysis
by SIMS in depth direction, composition analysis by X-ray
photoelectron spectroscopy was conducted on a region other than
the region in plain view of the phase shift film 2 subjected
to the analysis by SIMS. As a result, there was substantially
no difference in the result of composition analysis between the
phase shift films 2 of Comparative Example 2 and Comparative
Example 3. Further, ratio of molybdenum content [atom%]
divided by a total content [atom%] of molybdenum and silicon
(the ratio is hereafter referred to as "Mo/[Mo+Si] ratio") in
the phase shift film 2 of Comparative Example 2 and 3 was 20.2%
in each instance.

[0140]

Next, the light shielding film 3 was formed on each of
the remaining substrates with thin film of Comparative Example
2 and Comparative Example 3 that were not subjected to analysis
by SIMS in depth direction, etc. This light shielding film 3
is similar to the light shielding film 3 of Example 1 except
for the thickness of the lower layer (CrN) which has been changed
to 1l4nm (i.e., thickness of the 1ight shielding film 3 is 58nm) .
Incidentally, an optical density (OD) to a light of wavelength
248nm in the stacked structure of the phase shift film 2 and
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the light shielding film 3 was measured, and the value was 3.0
or more. Moreover, a hard mask film 4 was formed on the light
shielding film 3 under the same condition as Example 1. Through
the above procedure, the mask blanks of Comparative Example 2
and Comparative Example 3 having a structure where the phase
shift film 2, the light shielding film 3, and the hard mask film
4 are stacked on the transparent substrate were formed.
[0141]

[Manufacture of phase shift mask]

Next, the mask blanks of Comparative Example 2 and
Comparative Example 3 were used to manufacture the phase shift
masks of Comparative Example 2 and Comparative Example 3 through
the procedure similar to Example 1.

[0142]

Next, on each of the manufactured phase shift mask of
Comparative Example 2 and the phase shift mask of Comparative
Example 3, a cleaning step (cleaning of phase shift mask) was
performed using an alkaline scolution similarly as Example 1.
As a result, the amount of film loss in the phase shift mask
of Comparative Example 2 and the phase shift mask of Comparative
Example 3 was further increased compared to the amount of film
loss in the phase shift mask of Comparative Example 1.
[0143]

[Evaluation of Pattern Transfer Performance]

On each of the phase shift masks of Comparative Example
2 and Comparative Example 3 after the cleaning step, a
simulation of a transfer image was made when an exposure
transfer was made on a resist film on a semiconductor device
using AIMS248 (manufactured by Carl Zeiss) at an exposure light
of wavelength 248nm. The exposure transfer image of this
simulation was verified, and a transfer defect was confirmed.

Generation factor of the transfer defect is inferred as a large
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amount of film loss in the phase shift pattern Z2a. From this
result, it can be considered that when the phase shift masks
of Comparative Example 2 and Comparative Example 3 were set on
a mask stage of an exposure apparatus and exposure-transferred
to a resist film on a semiconductor device, a defected area will
generate on a circuit pattern to be finally formed on the
semiconductor device.

REFERENCE NUMERALS

[0144]

1 transparent substrate

2 phase shift film (thin film for pattern formation)

2a phase shift pattern

3 light shielding film

3a,3b light shielding pattern

4 hard mask film

4a hard mask pattern

5a first resist pattern

6b second resist pattern

100 mask blank

200 phase shift mask
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[CLAIMS]
[Claim 1]

A mask blank comprising a thin film for pattern formation
on a transparent substrate,

wherein the thin film is made of a material containing
a metal, silicon, and nitrogen,

wherein a ratio of a content [atom%] of the metal divided
by a total content [atom%] of the metal and silicon in the thin
film is 15% or less, and

wherein when the thin film is subjected to an analysis
of a secondary ion mass spectrometry and a distribution of a
secondary ion intensity of silicon in depth direction 1is
obtained, a ratio of a maximum peak [Counts/sec] of the
secondary ion intensity of silicon at a surface layer region,
which is opposite from a transparent substrate, of the thin film
divided by an average value [Counts/sec] of the secondary ion
intensity of silicon in a depth direction of an inner region,
which is a region excluding the surface layer region and a
vicinity regionwith an interface of the transparent substrate,
of the thin film is 1.6 or less.

[Claim 2]

The mask blank according to claim 1, wherein the surface
layer region is a region ranging from a surface on the thin film
opposite from the transparent substrate to a regionup to a depth
of 10nm toward the transparent substrate.

[Claim 3]

The mask blank according to claim 1 or 2, wherein the
vicinity region is a region ranging from an interface with the
transparent substrate to a region up tec a depth of 20nm toward
the surface layer region.

[Claim 4]

The mask blank according to any one of claims 1 to 3,
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wherein a distribution of the secondary ion intensityof silicon
in a depth direction is obtained under a measurement condition
where a primary ion species is Cs*, a primary accelerating
voltage is 2.0kV, and an irradiating region of a primary ion
is an inner region of a square having a side of 120um.
[Claim 5]

The mask blank according to any one of claims 1 to 4,
wherein when the thin film is subjected to an analysis of a
secondary ion mass spectrometry and a distribution of a
secondary ion intensity of oxygen in depth direction is obtained,
an average value of the secondary ion intensity of oxygen of
the inner region in a depth direction is 2000[Counts/sec] or
less.

[Claim 6]

The mask blank according to any one of claims 1 to 5,
wherein the thin film is a phase shift film having a function
to transmit an ArF excimer 1laser exposure light at a
transmittance of 1% or more, and a function to generate a phase
difference of 150 degrees or more and 190 degrees or less between
the exposure light transmitted through the thin film and the
exposure light transmitted through air for a same distance as
a thickness of the thin film.

[Claim 7]

The mask blank according to claim 6, wherein a light
shielding film is provided on the phase shift film.
[Claim 8]

The mask blank according to claim 7, wherein the light
shielding film is made of a material containing chromium.
[Claim 9]

A method for manufacturing a mask blank comprising a thin
film for pattern formation on a transparent substrate,

comprising steps of:
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forming the thin film on the transparent substrate, the
thin film made of a material containing a metal, silicon, and
nitrogen, wherein a ratio of a content [atom%] of the metal
divided by a total content [atom®] of the metal and silicon is
15% or less;

performing a first heat treatment wherein the thin film
is subjected to a heat treatment in gas containing oxygen at
a temperature below 300°C; and

performing a second heat treatment wherein the thin film
after the first heat treatment is subjected to a heat treatment
in gas containing oxygen at a temperature of 300°C or more.
[Claim 10]

The method for manufacturing a mask blank according to
claim 9 wherein the thin film, when subjected to an analysis
of a secondary ion mass spectrometry and a distribution of a
secondary ion intensity of silicon in depth direction of the
thin film is obtained, has a ratio of a maximum peak [Counts/sec]
of the secondary ion intensity of silicon at a surface layer
region, which is oppcosite from a transparent substrate, of the
thin film divided by an average value [Counts/sec] of the
secondary ion intensity of silicon in a depth direction of an
inner region, which is a region excluding the surface layer
region and a vicinity region with an interface of the
transparent substrate, of the thin film of 1.6 or less.
[Claim 11]

The method for manufacturing a mask blank according to
claim 10, wherein the surface layer region is a region ranging
from a surface on the thin film opposite from the transparent
substrate toa regionup to adepth of 10nm toward the transparent
substrate.

[Claim 12]

The method for manufacturing a mask blank according to
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claim 10 or 11, wherein the vicinity region is a region ranging
from an interface with the transparent substrate to a region
up to a depth of 20nm toward the surface layer region.
[Claim 13]

The method for manufacturing a mask blank according to
any one of claims 10 to 12, wherein a distribution of the
secondary ion intensity of silicon in depth direction 1is
obtained under a measurement condition where a primary ion
species is Cs*, a primary accelerating voltage is 2.0kV, and
an irradiating region of a primary ion is an inner region of
a square having a side of 120um.

[Claim 14]

The method for manufacturing a mask blank according to
any one of claims 10 to 13, wherein the thin film, when subjected
to an analysis of a secondary ion mass spectrometry and a
distribution of a secondary ion intensity of oxygen in depth
direction is obtained, has an average value of the secondary
ion intensity of oxygen of the inner region in depth direction
of 2000 [Counts/sec] or less.

[Claim 15]

The method for manufacturing a mask blank according to
any one of claims 9 to 14, wherein the thin film is a phase shift
filmhaving a function to transmit an ArF excimer laser exposure
light at a transmittance of 1% or more and a function to generate
a phase difference of 150 degrees or more to 190 degrees or less
between the exposure light transmitted through the thin film
and the exposure light transmitted through air for a same
distance as a thickness of the thin film.

[Claim 16]

The method for manufacturing a mask blank according to

claim 15, comprising a step of forming a light shielding film

on a thin film which is a phase shift film after performing the
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second heat treatment.
[Claim 17]

The method for manufacturing a mask blank according tc
claim 16, wherein the light shielding film is made of a material
containing chromium.

[Claim 18]

A method for manufacturing a transfer mask comprising a
step of forming a transfer pattern on the thin film of a mask
blank according to any one of claims 1 to 8 by dry etching.
[Claim 19]

A method for manufacturing a transfer mask comprising a
step of forming a transfer pattern on the thin film of a mask
blank manufactured by the method for manufacturing a mask blank
according to any one of claims 9 to 17 by dry etching.
[Claim 20]

A method for manufacturing a semiconductor device
comprising a step of exposure-transferring a transfer pattern
on a resist film on a semiconductor substrate using a transfer
mask manufactured by the method for manufacturing a transfer

mask according to claim 18 or 19.
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