PHOTOMASK BLANK, MANUFACTURING METHOD

OF PHOTOMASK AND PHOTOMASK

Technical Field
[0001]

The present invention relates to a photomask blank
used in the manufacture of a semiconductor device and the
like, a method of manufacturing a photomask using the same,
and a photomask.

[0002]

The present application claims the priority of
Japanese Patent Application No. 2019-220060 filed on
December 5, 2019, the contents of which are entirely

incorporated by reference.

Related Art
[0003]

In recent years, with the miniaturization of
semiconductor devices, particularly due to the high
integration of large-scale integrated circuits, high
pattern resolution is required for projection exposure.
Therefore, in the photomask, a phase shift mask has been
developed as a method of improving the resolution of the
transfer pattern. In the principle of the phase shift
method, by adjusting the phase of the transmitted light
that has passed through the opening of the photomask so

that it is inverted by about 180 degrees with respect to



the phase of the transmitted light that has passed through
the portion adjacent to the opening, the light intensity at
the boundary is weakened when the transmitted light
interferes with each other, and as a result, the resolution
and depth of focus of the transfer pattern is improved.

The photomask using this principle is generally called a
phase shift mask.

[0004]

The phase shift mask blank used for the phase shift
mask has most generally a structure in which a phase shift
film is laminated on a transparent substrate such as a
glass substrate, and a film containing chromium (Cr) is
laminated on the phase shift film. The phase shift film is
mainly formed of a film containing molybdenum (Mo) and
silicon (Si), having a phase difference of 175 to 185
degrees and a transmittance of about 6 to 30% with respect
to the exposure light. Further, generally, a chromium-
containing film is adjusted to have a film thickness having
a desired optical density together with the phase shift
film, and the chromium-containing film is used as a light-
shielding film and as a hard mask film for etching the
phase shift film.

[0005]

In a method of forming a phase shift mask pattern
from this phase shift mask blank, more specifically, a
resist film is formed on the chromium-containing film of

the phase shift mask blank, a pattern is drawn on this



resist film by light or electron beam, which is developed
to form a resist pattern, and a pattern is formed by
etching the chromium-containing film with this resist
pattern as an etching mask. Further, the phase shift film
is etched with the pattern of the chromium-containing film
as an etching mask to form the phase shift film pattern,
and then the resist pattern and the pattern of the
chromium-containing film are removed.

[0006]

Here, the light-shielding film is left outside the
portion where the circuit pattern of the phase shift film
pattern is formed, and becomes a light-shielding part
(light-shielding film pattern) on the outer peripheral edge
part of the phase shift mask so that the combined optical
density of the phase shift film and the light-shielding
film is 3 or more. This is to prevent unnecessary exposure
light from leaking and irradiating the resist film on the
adjacent chip located outside the circuit pattern when the
circuit pattern is transferred to the wafer using the wafer
exposure apparatus. A method of forming such a light-
shielding film pattern generally includes forming a phase
shift film pattern, newly forming a resist film, after
removing the resist pattern, etching a chromium-containing
film with the resist pattern formed by pattern drawing and
development as an etching mask, and forming a light-
shielding film pattern of the outer peripheral edge part.

[0007]



In a phase shift mask that requires highly accurate
pattern formation, dry etching using gas plasma is mainly
used. For dry etching of a chromium-containing film, dry
etching using oxygen-containing chlorine-based gas
(chlorine-based dry etching) is used, and for dry etching
of a film containing molybdenum and silicon, dry etching
using a fluorine-based gas (fluorine-based dry etching) is
used. In particular, in dry etching of a chromium-
containing film, it is known that by making an etching gas
that is a mixture of oxygen gas of 10 to 25% by volume with
respect to chlorine-based gas, the chemical reaction is
heightened to improve the etching rate.

[0008]

As the circuit pattern is finer, a technique for
forming finely the phase shift mask pattern is also
required. Specifically, the assist pattern of the line
pattern, which assists the resolution of the main pattern
of the phase shift mask, is required to be formed smaller
than the main pattern to prevent the transfer to the wafer
when the circuit pattern is transferred to the wafer using
the wafer exposure apparatus. In the phase shift mask of
the generation in which the pitch of the line and space
pattern of the circuit on the wafer is 10 nm, the line
width of the assist pattern of the line pattern on the
phase shift mask is required to be about 40 nm.

[0009]

The chemically amplified resist for forming a fine



pattern is composed of a base resin, an acid generator, a
surfactant, etc. Since many reactions in which the acid
generated by exposure acts as a catalyst can be applied,
high sensitivity is possible, and it is possible to form
the mask pattern such as the fine phase shift mask pattern
with a line width of 0.2 um or less using the chemically
amplified resist. However, in the chemically amplified
resist, when the pattern width is narrowed, the fine
pattern collapses due to the collision of the developer in
the development process to reach the resolution limit.
[0010]

For example, in the method described in JP 2014-
197215 A, in order to form a fine assist pattern, thinning
of the resist film, reduces the collapse of fine patterns
in the development process, and in this method, carbon is
added to a chromium-containing film, which is an etching
mask film to obtain a film having a high etching rate. 1In
etching using a resist film, during the etching of the
chromium-containing film, the resist film as well as the
chromium-containing film is etched. Since if the resist
film disappears during etching of the chromium-containing
film, pinholes are generated on the surface layer of the
chromium-containing film, it is necessary that a sufficient
resist film remains after etching the chromium-containing
film. Since the method described in JP 2014-197215 A has a
high etching rate for a chromium-containing film, the

etching of the chromium-containing film is completed



relatively quickly, so that the resist film can be thinned.

SUMMARY
[0011]

The cause of deteriorating the resolution of the
photomask comes from a problem caused by the chrome film in
addition to the above. In the dry etching process of the
chrome film, side etching occurs from the vicinity of the
center of the isolated line pattern in the thickness
direction toward the substrate, resulting in that a pattern
is produced in which the line width from the wvicinity of
the center of the pattern toward the substrate is thin and
the line width of the upper layer of the pattern is thick.
As a result, part of the chrome film is dissociated, which
does not function as a mask when dry etching the film
containing molybdenum and silicon in the lower layer,
thereby worsening the resolution limit. When the line
width of the isolated line pattern on the photomask is
smaller than 50 nm, the dissociation of the chrome film in
the dry etching process of the chrome film in addition to
the pattern collapse in the development process is a
problem. In addition, when removing the resist remaining
on the chrome film after dry etching of the chrome film,
the resist removal and cleaning is performed. At this
time, in the case of a pattern in which the line width is
narrow from the vicinity of the center of the pattern of

the chrome film toward the substrate and the line width in



the upper layer of the pattern is thick as described above,
the impact of the cleaning liquid makes it easier for the
pattern to collapse, worsening the resolution limit.

[0012]

For example, in the method described in JP 2014-
197215 A described above, the film thickness of the
chromium-containing film is formed as thin as 20 nm or
less, in addition, the composition of the chrome film is
oxide carbonized chromium nitride to improve the etching
rate, the dry etching of the chrome film finishes early,
and the loss of resist film due to etching can be reduced.
Although this makes it possible to make the resist film
thinner, due to the inclusion of carbon and nitrogen in the
chrome film, large side etching occurs in the vicinity of
the center of the isolated line pattern. It has been found
that as a result, part of the chrome film is dissociated
during the dry etching of the chrome film, which does not
function as a mask when etching the lower phase shift film,
so that the sufficient assist pattern resolution cannot be
obtained.

[0013]

In addition, in the method described in Japanese
Patent No. 2983020, a film made of a chromium-containing
material as a metal film laminated on the phase shift film
is made to change its composition toward a transparent
substrate in the thickness direction, and a structure in

which the etching rate increases stepwise or continuously



from the surface of the metal film toward the transparent
substrate makes it possible to prevent metal residue of the
metal film on the phase shift film. In this case, the
metal film can have a multi-layer structure, and a
structure having a layer having a high etching rate under
the thin outermost layer in contact with the resist film
can be employed. In this case, the resist film can be
formed to be thin. However, in this way, since nitrogen
contained in the metal film is a component that accelerates
the etching rate, the metal film contains nitrogen to
increase the dry etching rate. With such a metal film,
when a resist is applied on a chromium-containing film,
oxygen in the chromium-containing film, which contributes
to adhesion to the resist film, is not sufficiently
supplied to the interface between the chromium-containing
film and the resist film, so that sufficient assist pattern
resolution cannot be obtained.

Also, it has been found that in this case, the
etching rate is increased by nitrogen, side etching is
generated, part of the chrome film in the isolated pattern
is dissociated, which does not function as a mask when
etching the lower phase shift film, so that the sufficient
assist pattern resolution could not be obtained.

[0014]

The present invention has been made to solve the

problems, it is an object of the present invention to

provide a photomask blank capable of achieving a good



resolution limit, a method of manufacturing a photomask
using the same, and the photomask in the formation of a
line pattern assist pattern in which when dry etching the
chrome film, large side etching does not occur for isolated
line patterns, and part of the chrome film is not
dissociated, so that the resolution did not deteriorate
through the dry etching process and the subsequent resist
removal and cleaning process, and in addition, the resist
film has high adhesion to the chromium-containing film, the
resolution of the isolated line pattern does not
deteriorate through the development process, and the
resolution of the main pattern of a photomask such as a
phase shift mask is assisted.

[0015]

In order to solve the problems, the inventors has
diligently studied a photomask blank including a substrate
such as a transparent substrate, a film made of a chromium-
containing material, a film to be processed which is formed
in contact with the substrate side of the film made of the
chromium-containing material, and on which a pattern of the
film made of the chromium-containing material is processed
as an etching mask. As a result of consideration, it has
been found that the adhesion of the resist film to the
chromium-containing film is good in the oxygen-rich oxygen-
nitrogen-containing film, further, instead of using a
chromium oxynitride carbide film, which is a light-

shielding film, having a high dry etching rate as a single



layer, by inserting a chromium oxynitride film with a slow
etching rate in therebetween, a three-layer structure
consisting of a chromium oxynitride carbide film, a
chromium oxynitride film, and a chromium oxynitride carbide
film is formed in order from a side away from the
substrate, so that in the etching process, side etching is
suppressed and a rectangular pattern shape can be obtained
from the vicinity of the center of the isolated line
pattern in the thickness direction toward the substrate.

It has been found that it is effective that the film made
of the chromium-containing material is a four-layer
laminated film consisting of a first layer, a second layer,
a third layer, and a fourth layer in order from a side away
from the substrate, wherein the first layer, the second
layer, the third layer, and the fourth layer all contain
three or more kinds of elements of chromium, oxygen,
nitrogen, and carbon, wherein the first layer has a
chromium content of 40 atomic$% or less, an oxygen content
of 38 atomic% or more, and a nitrogen content of 22 atomic$
or less, and a thickness of 6 nm or less, wherein the
second layer has a chromium content of 38 atomic% or less,
an oxygen content of 30 atomic% or more, a nitrogen content
of 18 atomic% or less, and a carbon content of 14 atomic%
or less, and a film thickness of 22 nm or more and 32 nm or
less, wherein the third layer has a chromium content of 50
atomic% or less, an oxygen content of 30 atomic% or less,

and a nitrogen content of 20 atomic% or more, and a film
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thickness of 6 nm or less, and wherein the fourth layer has
a chromium content of 44 atomic% or less, an oxygen content
of 20 atomic% or more, a nitrogen content of 20 atomic% or
less, and a carbon content of 16 atomic% or less, and a
film thickness of 13 nm or more.

[0016]

It has been found that is such a photomask blank, for
example, in a phase shift mask blank in which a phase shift
film, which is a film made of a silicon-containing
material, is formed, and in a reflective mask blank in
which an absorption film, which is a film made of a
tantalum-containing material, is formed, as a film to be
processed, the resist film has high adhesion to the
chromium-containing film, and the side etching generated
from the vicinity of the center of the isolated line
pattern in the thickness direction toward the substrate is
suppressed during the dry etching of the chromium-
containing film, so that part of the micro-isolated line
pattern is prevented from disappearing, and even when a
photomask is manufactured by the general method of
manufacturing photomasks, a good resolution limit can be
achieved in the formation of the assist pattern of the line
pattern that assists the resolution of the main pattern of
the photomask, thereby making the present invention.

[0017]
Therefore, the present invention provides, as an

example, a photomask blank, a method of manufacturing a
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photomask, and a photomask as shown below.
[Concept 1]

A photomask blank may comprise:

a substrate;

a film made of a chromium-containing material; and

a film to be processed that is provided between the
film made of the chromium-containing material and the
substrate, and that is to be processed by using a pattern
of the film made of the chromium-containing material as an
etching mask, wherein

the film made of the chromium-containing material may
have a first layer, a second layer, a third layer, and a
fourth layer in order from a side away from the substrate,

each of the first layer, the second layer, the third
layer, and the fourth layer may contain three or more kinds
of elements of chromium, oxygen, nitrogen, and carbon,

the first layer may have a chromium content of 40
atomic% or less, an oxygen content of 38 atomic% or more,
and a nitrogen content of 22 atomic% or less, and a
thickness of 6 nm or less,

the second layer may have a chromium content of 38
atomic% or less, an oxygen content of 30 atomic% or more, a
nitrogen content of 18 atomic% or less, and a carbon
content of 14 atomic% or less, and a film thickness of 22
nm or more and 32 nm or less,

the third layer may have a chromium content of 50

atomic% or less, an oxygen content of 30 atomic% or less,
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and a nitrogen content of 20 atomic% or more, and a film
thickness of 6 nm or less, and

the fourth layer may have a chromium content of 44
atomic% or less, an oxygen content of 20 atomic% or more, a
nitrogen content of 20 atomic% or less, and a carbon
content of 16 atomic% or less, and a film thickness of 13
nm or more.

[Concept 2]

In the photomask blank according to concept 1, the
film to be processed may be a film made of a silicon-
containing material.

[Concept 3]

In the photomask blank according to concept 2,

the film made of the chromium-containing material may
be a light-shielding film,

the film made of the silicon-containing material may
be a phase shift film, and

the photomask blank may be a phase shift mask blank
in which a combined optical density of the light-shielding
film and the phase shift film with respect to exposure
light is 3 or more.

[Concept 4]

In the photomask blank according to concept 3, the
film made of the chromium-containing material may have a
film thickness of 39 nm or more and 94 nm or less.
[Concept 5]

In the photomask blank according to concept 3 or 4,

13



the phase shift film may have a phase difference of 175
degrees or more and 185 degrees or less with respect to the
exposure light, a transmittance of 6% or more and 30% or
less, and a film thickness of 60 nm or more and 85 nm or
less.

[Concept 6]

In the photomask blank according to concept 1, the
film to be processed may have a film made of a tantalum-
containing material.

[Concept 7]

In the photomask blank according to concept 6,

the film made of the tantalum-containing material may
be an absorption film for extreme ultraviolet region light,

the film to be processed may have a reflective film
for the extreme ultraviolet region light provided between
the absorption film and the substrate, and

the photomask blank may be a reflective mask blank.

[Concept 8]

The photomask blank according to any one of concepts
1 to 7, may further comprise a resist film provided on a
side, which is away from the substrate, of the film made of
the chromium-containing material, the resist film having a
film thickness of 50 nm or more and 200 nm or less.
[Concept 9]

A method of manufacturing a photomask having a
circuit pattern of a film made of a silicon-containing

material from the photomask blank according to concept 2,
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may comprise steps of:

(A) forming a resist film on a side, which is away
from the substrate, of the film made of the chromium-
containing material;

(C) patterning the resist film to form a resist
pattern;

(D) patterning the film made of the chromium-
containing material to form a pattern of the film made of
the chromium-containing material by dry etching using an
oxygen-containing chlorine-based gas with the resist
pattern as an etching mask;

(E) patterning a film made of a silicon-containing
material to form a pattern of the film made of the silicon-
containing material by dry etching using a fluorine-based
gas with the pattern of the film made of the chromium-
containing material as an etching mask; and

(F) after step (E), leaving the film made of the
chromium-containing material at a portion, located at an
outer peripheral edge part of the substrate, where the
circuit pattern is not formed, and removing the pattern of
the film made of the chromium-containing material in other
than the outer peripheral edge part by dry etching using an
oxygen-containing chlorine-based gas.

[Concept 10]

the method of manufacturing according to concept 9,

may further comprise:

after step (A) and before step (C),
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(B) removing the resist film using a mixture of
sulfuric acid and hydrogen peroxide solution, and newly
forming a resist film on a side, which is away from the
substrate, of the film made of the chromium-containing
material.

[Concept 11]

A photomask may comprise:

a substrate; and

a film to be processed provided on the substrate and
having an effective region including a circuit pattern,
wherein

a film made of a chromium-containing material may be
provided on the film to be processed at an outer peripheral
edge part located outside a peripheral edge of the
effective region, and the film made of the chromium-
containing material has a first layer, a second layer, a
third layer, and a fourth layer in order from a side away
from the substrate,

each of the first layer, the second layer, the third
layer, and the fourth layer may contain three or more kinds
of elements of chromium, oxygen, nitrogen, and carbon,

the first layer may have a chromium content of 40
atomic% or less, an oxygen content of 38 atomic% or more,
and a nitrogen content of 22 atomic% or less, and a
thickness of 6 nm or less,

the second layer may have a chromium content of 38

atomic% or less, an oxygen content of 30 atomic% or more, a
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nitrogen content of 18 atomic% or less, and a carbon
content of 14 atomic% or less, and a film thickness of 22
nm or more and 32 nm or less,

the third layer may have a chromium content of 50
atomic% or less, an oxygen content of 30 atomic% or less,
and a nitrogen content of 20 atomic% or more, and a film
thickness of 6 nm or less, and

the fourth layer may have a chromium content of 44
atomic% or less, an oxygen content of 20 atomic% or more, a
nitrogen content of 20 atomic% or less, and a carbon
content of 16 atomic% or less, and a film thickness of 13
nm or more.
[Concept 12]

In the photomask according to concept 11,

the film to be processed may be a film made of a
silicon-containing material,

the film made of the chromium-containing material may
be a light-shielding film,

the film made of the silicon-containing material may
be a phase shift film, and

the photomask may be a phase shift mask in which a
combined optical density of the light-shielding film and
the phase shift film with respect to exposure light is 3 or
more.
[Concept 13]

In the photomask according to concept 12, the film

made of the chromium-containing material may have a film
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thickness of 39 nm or more and 94 nm or less.
[Concept 14]

In the photomask according to concept 12 or 13, the
phase shift film may have a phase difference of 175 degrees
or more and 185 degrees or less with respect to the
exposure light, a transmittance of 6% or more and 30% or
less, and a film thickness of 60 nm or more and 85 nm or
less.

[0018]

The photomask blank of the present invention has high
adhesion of the resist film to the chromium-containing
film, and even when no special development process or
special dry etching process is used, and the photomask is
manufactured by the general method of manufacturing a
photomask, it is possible to prevent the fine line pattern
from collapsing due to collision of the developer in the
development process. Furthermore, in the dry etching
process of dry etching the chromium-containing film, a
rectangular isolated line pattern can be formed by
preventing large side etching from appearing from the
vicinity of the center of the isolated line pattern in the
thickness direction toward the substrate, and by preventing
part of the chromium-containing film from disappearing due
to the unstable pattern shape in the dry etching process, a
good resolution limit can be achieved in the formation of
the assist pattern of the line pattern, which assists the

resolution of the main pattern of the photomask.
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BRIEF DESCRIPTION OF DRAWINGS
[0019]

FIG. 1 is a cross-sectional view showing an example
of a first aspect (phase shift mask blank) of a photomask
blank of the present invention.

FIG. 2 is a cross-sectional view showing an example
of the first aspect (phase shift mask) of a photomask of
the present invention.

FIG. 3 is a cross-sectional view showing an example
of a second aspect (reflective mask blank) of the photomask
blank of the present invention.

FIG. 4 is a cross-sectional view showing an example
of the second aspect (reflective mask) of the photomask of
the present invention.

FIG. 5 is a cross-sectional view showing another
example of the first aspect (phase shift mask blank) of the
photomask blank of the present invention.

FIG. 6 is a cross-sectional view showing another
example of the second aspect (reflective mask blank) of the
photomask blank of the present invention.

FIG. 7A is a cross-sectional diagram for explaining a
step of manufacturing a phase shift mask from a phase shift
mask blank according to the first aspect of the present
invention.

FIG. 7B is a step following FIG. 7A, and is a Ccross-

sectional diagram for explaining a step of manufacturing
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shift mask from the phase shift mask blank

to the first aspect of the present invention.

7C is a step following FIG.

1B,

and is a cross-

diagram for explaining a step of manufacturing

shift mask from the phase shift mask blank

to the first aspect of the present invention.

8A is a step following FIG.

c,

and is a cross-

diagram for explaining a step of manufacturing

shift mask from the phase shift mask blank

to the first aspect of the present invention.

8B is a step following FIG.

8A,

and is a cross-

diagram for explaining a step of manufacturing

shift mask from the phase shift mask blank

to the first aspect of the present invention.

8C is a step following FIG.

8B,

and is a cross-

diagram for explaining a step of manufacturing

shift mask from the phase shift mask blank

to the first aspect of the present invention.

9A is a step following FIG.

8C,

and is a cross-

diagram for explaining a step of manufacturing

shift mask from the phase shift mask blank

to the first aspect of the present invention.

9B is a step following FIG.

94,

and is a cross-

diagram for explaining a step of manufacturing

shift mask from the phase shift mask blank

to the first aspect of the present invention.

9C is a step following FIG.
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9B,

and is a cross-



sectional diagram for explaining a step of manufacturing
the phase shift mask from the phase shift mask blank

according to the first aspect of the present invention.

DETAILED DESCRIPTION
[0020]

Hereinafter, the present embodiment will be
described.

The photomask blank of the present embodiment has, as
an example, a substrate, a film made of a chromium-
containing material, and a film to be processed which is
formed in contact with the substrate side of the film made
of the chromium-containing material and on which a pattern
of the film made of the chromium-containing material is
processed as an etching mask. That is, the photomask blank
of the present embodiment has a film to be processed and a
film made of a chromium-containing material on the
substrate in order from the substrate side. The film made
of the chromium-containing material is formed in contact
with the film to be processed. In the present embodiment,
the film made of the chromium-containing material is a
four-layer laminated film consisting of a first layer, a
second layer, a third layer, and a fourth layer in order
from a side away from the substrate. The film made of the
chromium-containing material may be composed of four or
more layers, and may be composed of, for example, five

layers or six layers.
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[0021]

From the photomask blank of the present embodiment, a
photomask having a circuit pattern of a film to be
processed, such as a film made of a silicon-containing
material and a film made of a tantalum-containing material,
can be manufactured on a substrate. Specifically, from
this photomask blank, it is possible to manufacture a
photomask in which a film made of a chromium-containing
material is formed in contact with a film made of a
silicon-containing material at a portion, located at the
outer peripheral edge part of the substrate, which is a
region where a circuit pattern is not formed (that is,
outside the region where the circuit pattern is formed
(effective region)) of the film made of the silicon-
containing material on the photomask.

[0022]

For the substrate, the type of substrate and the size
of the substrate are not particularly limited, and the
reflective photomask blank and the reflective photomask do
not necessarily have to be transparent at the wavelength
used as the exposure wavelength. For the transmissive
photomask blank and the transmissive photomask, a
transparent substrate such as a quartz substrate, which is
transparent at the wavelength used as the exposure
wavelength, is applied, and for example, a substrate called
a 6-inch square, 0.25-inch thick 6025 substrate specified

in the SEMI standard is suitable. When the SI unit system
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is used, the 6025 substrate is usually described as a 152
mm square substrate with a thickness of 6.35 mm.
[0023]

When the film to be processed is a film made of a
silicon-containing material, as a film made of a silicon-
containing material, optical films such as a light-
shielding film, an anti-reflection film, and a phase shift
film such as a halftone phase shift film used for a
transmissive photomask are suitable.

[0024]

When the film made of the silicon-containing material
is a phase shift film (for example, a halftone phase shift
film), the photomask blank is a phase shift mask blank
(halftone phase shift mask blank), and a phase shift mask
(for example, a halftone phase shift mask) is manufactured
from the phase shift mask blank.

[0025]

From this phase shift mask blank, it is possible to
manufacture a phase shift mask having a pattern of a phase
shift film including a circuit pattern (photomask pattern)
on a transparent substrate. Further, from this phase shift
mask blank, it is possible to manufacture a phase shift
mask in which a film made of a chromium-containing material
is formed in contact with a phase shift film at a portion,
located at the outer peripheral edge part of a transparent
substrate, which is a region, where a circuit pattern is

not formed, of the phase shift films on the phase shift
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mask. The film made of the chromium-containing material is
preferably a light-shielding film, and when manufacturing a
phase shift mask from a phase shift mask blank, part of the
hard mask film used as the etching mask in the etching of
the phase shift film can be left as a light-shielding film.
[0026]

The phase difference of the phase shift film with
respect to the exposure light is preferably 175 degrees or
more and 185 degrees or less. The transmittance of the
phase shift film with respect to the exposure light is
preferably 6% or more and 30% or less, which is highly
effective in the resolution of the transfer pattern and the
depth of focus due to the phase shift effect according to
the exposure condition. The film thickness of the phase
shift film is preferably 60 nm or more and 85 nm or less
from the viewpoint of keeping the phase difference and the
transmittance within a predetermined range.

[0027]

Hereinafter, the structure of the photomask blank and
the photomask, and the method of manufacturing the
photomask from the photomask blank according to the
embodiment of the present embodiment will be described with
reference to the drawings. The same components may be
designated by the same reference numerals and duplicate
descriptions may be omitted. In addition, the drawings may
be expanded for convenience, and the dimensional ratios of

the respective components are not necessarily the same as
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the actual ones.
[0028]

FIG. 1 is a cross-sectional view showing an example
of a first aspect of the photomask blank of the present
embodiment. This photomask blank is a phase shift mask
blank. A phase shift mask blank 511 has a phase shift film
(film to be processed) 21 that is formed in contact with a
transparent substrate 1 on the transparent substrate 1 and
that is a film made of a silicon-containing material, and a
hard mask film 31 which is formed in contact with the phase
shift film 21, and that is a film made of a chromium-
containing material. The hard mask film 31 is composed of
a first layer 311, a second layer 312, a third layer 313,
and a fourth layer 314 in order from a side away from the
transparent substrate 1.

[0029]

FIG. 2 is a cross-sectional view showing an example
of the first aspect of the photomask of the present
embodiment. This photomask is a phase shift mask. A phase
shift mask 513 has a phase shift film pattern 21a that is
formed on the transparent substrate 1 in contact with the
transparent substrate 1, and which is a film made of a
silicon-containing material, and a light-shielding film
pattern 31b that is formed in contact with the phase shift
film pattern 2la at a portion, located at the outer
peripheral edge part of the transparent substrate 1, which

is a region where a circuit pattern is not formed, and that
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is a film made of a chromium-containing material, and a
circuit pattern is formed in an effective region 5. The
light-shielding film pattern 31b is composed of the first
layer 311, the second layer 312, the third layer 313, and
the fourth layer 314 in order from a side away from the
transparent substrate 1. The phase shift mask 513 shown in
FIG. 2 can be manufactured from the phase shift mask blank
511 shown in FIG. 1.
[0030]

The film made of the silicon-containing material may
be a single-layer film or a multilayer film (for example, a
film composed of 2 to 4 layers), and may be a film having a
gradient composition. The silicon-containing material is
preferably a material that is resistant to chlorine-based
dry etching and can be removed by fluorine-based dry
etching. In the present embodiment, an example of
fluorine-based dry etching includes typically dry etching
with a fluorine-containing etching gas such as CFs gas or
SFes gas, and an example of chlorine-based dry etching
includes typically dry etching with a chlorine- and oxygen-
containing etching gas such as a mixed gas with Clz gas and
02 gas. The silicon-containing material is preferably a
material containing silicon and not containing a transition
metal, or a material containing a transition metal (Me)
other than chromium and silicon, and not containing
chromium.

[0031]
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The material of the film containing silicon and not
containing the transition metal may be silicon alone (Si),
or any silicon compound containing silicon (Si) and one or
more selected from oxygen (0O), nitrogen (N) and carbon (C).
Examples of the material include a material made of silicon
(Si), a material made of silicon and oxygen (SiQO), a
material made of silicon and nitrogen (SiN), a material
made of silicon, oxygen and nitrogen (SiON), a material
made of silicon and carbon (SiC), a material made of
silicon, oxygen and carbon (SiOC), a material made of
silicon, nitrogen and carbon (SiNC), a material made of
silicon, oxygen, nitrogen and carbon (SiONC).

[0032]

On the other hand, a material of a film containing
transition metals (Me) other than chromium and silicon, and
not containing chromium may be a transition metal (Me)
silicon compound containing a transition metal (Me) and
silicon (Si), or a transition metal (Me) silicon compound
containing a transition metal (Me), silicon (Si), and one
or more selected from oxygen (0O), nitrogen (N) and carbon
(C). Examples of the material include a material made of a
transition metal and silicon (MeSi), a material made of a
transition metal, silicon, and oxygen (MeSiO), a material
made of a transition metal, silicon, and nitrogen (MeSiN),
a material made of a transition metal, silicon, oxygen, and
nitrogen (MeSiON), a material made of a transition metal,

silicon, and carbon (MeSiC), a material made of a
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transition metal, silicon, oxygen, and carbon (MeSiOC), a
material made of a transition metal, silicon, nitrogen, and
carbon (MeSiNC), and a material made of a transition metal,
silicon, oxygen, nitrogen, and carbon (MeSiONC) .

[0033]

Here, as the transition metal (Me) other than
chromium, one or more selected from molybdenum (Mo),
tungsten (W), tantalum (Ta), titanium (Ti), zirconium (Zr)
and hafnium (Hf) are suitable, and in particular,
molybdenum (Mo) is preferable from the viewpoint of dry
etching workability. The material of the film made of the
silicon-containing material may contain hydrogen or the
like.

[0034]

On the other hand, when the film to be processed is a
film made of a tantalum-containing material, an optical
film such as an absorption film used for a reflective
photomask is suitable as the film made of the tantalum-
containing material. In this case, the reflective
photomask blank and the reflective photomask have a
reflective film formed in contact with the substrate side
of the absorption film. In this case, the absorption film
and the reflective film can be an absorption film for
extreme ultraviolet region light and a reflective film for
extreme ultraviolet region light, respectively. The
wavelength of light in the extreme ultraviolet region is

usually 13 to 14 nm. Further, the reflective film is
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preferably a multilayer reflective film composed of a
plurality of layers.
[0035]

When the film made of the tantalum-containing
material is an absorption film, the photomask blank is a
reflective photomask blank (reflective mask blank), and a
reflective photomask (reflective mask) is manufactured from
the reflective photomask blank.

[0036]

A reflective mask having an absorption film pattern
including a circuit pattern (photomask pattern) can be
manufactured on the substrate from the reflective mask
blank. The film thickness of the absorption film is
preferably 50 nm or more, particularly preferably 60 nm or
more, and preferably 110 nm or less, particularly
preferably 100 nm or less. On the other hand, the film
thickness of the reflective film is preferably 200 nm or
more, particularly preferably 220 nm or more, and
preferably 340 nm or less, particularly preferably 280 nm
or less.

[0037]

FIG. 3 is a cross-sectional view showing an example
of a second aspect of the photomask blank of the present
embodiment. This photomask blank is a reflective mask
blank. A reflective mask blank 521 has a reflective film
22 formed on the substrate 1 in contact with the substrate

1, an absorption film (film to be processed) 23 which is

29



formed in contact with the reflective film 22, and that is
a film made of a tantalum-containing material, and the hard
mask film 31 which is formed in contact with the absorption
film 23, and that is a film made of a chromium-containing
material. Further, the hard mask film 31 is composed of
the first layer 311, the second layer 312, the third layer
313, and the fourth layer 314 in order from a side away
from the substrate 1.

[0038]

FIG. 4 is a cross-sectional view showing an example
of the second aspect of the photomask of the present
embodiment. This photomask is a reflective mask. A
reflective mask 523 has the reflective film 22 formed on
the substrate 1 in contact with the substrate 1 and
absorption film pattern 23a which is formed in contact with
the reflective film 22, and that is a film made of a
tantalum-containing material. The reflective mask 523
shown in FIG. 4 can be manufactured from the reflective
mask blank 521 shown in FIG. 3.

[0039]

The film made of the tantalum-containing material may
be a single-layer film or a multilayer film (for example, a
film composed of 2 to 4 layers), and may be a film having a
gradient composition. The tantalum-containing material is
preferably a material that can be removed by the dry
etching using only a chlorine-based gas (for example, Cl»

gas) or a mixed gas of a chlorine-based gas (for example,

30



Cl; gas) and a fluorine-based gas (for example, CFs gas or
SFes gas) as the etching gas. Examples of the tantalum-
containing material include tantalum alone (Ta) or the
tantalum compound containing tantalum (Ta) and one or more
selected from oxygen (0O), nitrogen (N), boron (B) and the
like. Examples of the material include a material made of
tantalum (Ta), a material made of tantalum and oxygen
(TaO), a material made of tantalum and nitrogen (TaN), a
material made of tantalum and boron (TaB), a material made
of tantalum, boron and oxygen (TaBO), and a material made
of tantalum, boron and nitrogen (TaBN).

[0040]

On the other hand, the material of the reflective
film is preferably a material that is resistant to
chlorine-based dry etching and can be removed by fluorine-
based dry etching. Examples of the material of the
reflective film include molybdenum (Mo) and silicon (Si),
and generally, a multilayer film in which about 20 to 60
layers of molybdenum layers and silicon layers are
alternately laminated. Further, a protective film for
protecting the reflective film may be formed between the
reflective film and the absorption film. The film
thickness of the protective film is preferably 2 nm or more
and 20 nm or less. An example of the material of the
protective film includes ruthenium (Ru).

[0041]

In the present embodiment, the film made of the
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chromium-containing material is a four-layer laminated film
composed of a first layer, a second layer, a third layer,
and a fourth layer in order from a side away from the
substrate, and of the first layer, the second layer, the
third layer and the fourth layer, the first layer and the
third layer may be made of a chromium-, oxygen- and
nitrogen-containing material, and the second layer and the
fourth layer may be made of a chromium-, oxygen-, nitrogen-
and carbon-containing material. The chromium-containing
material is preferably a material that is resistant to
fluorine-based dry etching and can be removed by chlorine-
based dry etching. The chromium-, oxygen- and nitrogen-
containing material of the first layer and the third layer
preferably do not contain silicon. As the chromium-,
oxygen—- and nitrogen-containing material of the first layer
and the third layer, a material (CrON) material made of
chromium (Cr), oxygen (0O) and nitrogen (N) is suitable. On
the other hand, the chromium-, oxygen-, nitrogen- and
carbon-containing material of the second layer and the
fourth layer also preferably do not contain silicon. As
the chromium-, oxygen-, nitrogen- and carbon-containing
material in the second layer and the fourth layer, a
material (CrONC) material made of chromium (Cr), oxygen
(O), nitrogen (N) and carbon (C) is suitable.
[0042]

As a film made of a chromium-containing material, an

optical film such as a light-shielding film of a
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transmissive photomask and an anti-reflection film, and a
hard mask film that functions as an etching mask when
etching a film made of a silicon-containing material in
contact with a film made of a chromium-containing material
are suitable. When the film made of the chromium-
containing material is a light-shielding film, each layer
can be selected from a light-shielding layer and an anti-
reflection layer, and for example, the first layer can be
an anti-reflection layer, the second layer and the fourth
layer can be a light-shielding layer, and the third layer
can be an anti-reflection layer. Preferably, a film made
of a chromium-containing material functions as a hard mask
film particularly when etching a film made of a silicon-
containing material, and then is left at a portion of the
film made of the silicon-containing material.
Specifically, it is preferable that for a photomask, a film
made of a chromium-containing material is left at a
portion, located at the outer peripheral edge part of the
substrate, which is a region, where a circuit pattern is
not formed, of a film made of a silicon-containing
material, and used as a light-shielding film.

[0043]

In addition, as a film made of a chromium-containing
material, an optical film such as an absorption film of a
reflective photomask, and a hard mask film that functions
as an etching mask when etching a film made of a tantalum-

containing material in contact with a film made of a
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chromium-containing material are suitable.
[0044]

In the film made of the chromium-containing material
of the present embodiment, the first layer (upper layer),
which is a layer away from the substrate, has, for example,
a chromium content of 40 atomic% or less, an oxygen content
of 38 atomic% or more, and a nitrogen content of 22 atomic$
or less.

The chromium content of the first layer is preferably
36 atomic% or less, and preferably 30 atomic% or more,
particularly preferably 32 atomic% or more. The oxygen
content of the first layer is preferably 48 atomic% or
more, and preferably 60 atomic% or less, particularly
preferably 55 atomic% or less. The nitrogen content of the
first layer is preferably 17 atomic% or less, and
preferably 5 atomic% or more, particularly preferably 10
atomic% or more. The thickness of the first layer is 6 nm
or less. The thickness of the first layer is preferably 2
nm or more.

[0045]

When manufacturing a photomask from a photomask
blank, the first layer is a layer that comes into direct
contact with the cleaning liquid and is a layer in contact
with the resist film. In exposure using a photomask, it is
a layer on which the exposure light is incident, and that
is located away from the substrate in a film made of a

chromium-containing material. Therefore, the first layer
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is required to have high chemical resistance to the
cleaning liquid, high adhesion to the resist film, and
difficulty in reflecting the exposure light.

[0046]

Compared to chromium oxide (CrO), chromium oxynitride
(CrON) does not dissolve in a mixture of sulfuric acid and
hydrogen peroxide solution or ammonia-added water (ammonia-
added hydrogen peroxide solution, APM), and can keep stable
optical characteristics. In addition, chromium oxynitride
(CrON) has a lower reflectance with respect to exposure
light than chromium nitride (CrN), and when exposed using a
photomask (when transferring a photomask pattern), it is
possible to suppress the reflection of the exposure light
to the object to be transferred. Therefore, it is
advantageous when a film made of a chromium-containing
material is a light-shielding film. Furthermore, chromium
oxynitride (CrON) has good adhesion to the resist film, and
in addition, compared with chromium nitride (CrN), chromium
oxide (Cr0O) is good in that even when the resist film is
removed from a film made of a chromium-containing material
using a mixture of sulfuric acid and hydrogen peroxide
solution, sulfate ions are unlikely to remain on the
surface, so that adhesion with the resist film is unlikely
to deteriorate even when the resist film is formed again.
From such a viewpoint, it is beneficial that the first
layer is made of a chromium-, oxygen- and nitrogen-

containing material, and has the above-mentioned
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predetermined composition which is an oxygen-rich
composition having a relatively high oxygen content.
[0047]

Also, since the first layer is in contact with the
second layer, the thinner the first layer, the more it is
affected by the oxygen in the second layer, which has a
relatively high oxygen content, when the first layer is
formed, so that it is likely that the first layer has a
composition having a high oxygen content and a low nitrogen
content as described above. Therefore, from this point of
view, it is beneficial to make the thickness of the first
layer 6 nm or less.

[0048]

In the film made of the chromium-containing material
of the present embodiment, the second layer, which is the
layer sandwiched between the first layer and the third
layer, has, for example, a chromium content of 38 atomic%
or less, an oxygen content of 30 atomic% or more, a
nitrogen content of 18 atomic% or less, and a carbon
content of 14 atomic% or less, and a film thickness of 22
nm or more and 32 nm or less. The chromium content of the
second layer is preferably 36 atomic% or less, and
preferably 30 atomic% or more, particularly preferably 32
atomic% or more.

The oxygen content of the second layer is preferably
34 atomic% or more, and preferably 42 atomic% or less,

particularly preferably 39 atomic% or less. The nitrogen
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content of the second layer is preferably 17 atomic% or
less, and preferably 10 atomic% or more, particularly
preferably 12 atomic% or more. The carbon content of the
second layer is preferably 12 atomic% or less, and
preferably 5 atomic% or more, particularly preferably 8
atomic% or more. The thickness of the second layer is
preferably 24 nm or more, and preferably 30 nm or less.
[0049]

In order to assist the process of a minute space
pattern by plasma during chlorine-based dry etching of a
film made of a chromium-containing material, sufficient
oxygen 1is required to be supplied from the film. For this
reason, the second layer is a film having a relatively high
oxygen content. Further, in order to improve the etching
rate, it is effective that the second layer contains carbon
and has properties such as those of chromium carbide (CrC)
that lowers the film density. Further, in order to improve
the etching rate, it is necessary that the oxygen content
is relatively high. From these viewpoints, the second
layer is made of a material containing carbon together with
oxygen, and has the above-mentioned predetermined
composition having a relatively high oxygen content.

[0050]

Also, since the first layer has the restriction
mentioned above and the third layer has the restriction
described later, when it is required to ensure higher

optical density for the entire film made of chromium-
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containing material, the optical density will be
compensated by the second layer or the fourth layer. From
this point of view, it is beneficial to make the thickness
of the second layer 22 nm or more.

[0051]

In the film made of the chromium-containing material
of the present embodiment, the third layer, which is a
layer toward the substrate, has, for example, a chromium
content of 50 atomic% or less, an oxygen content of 30
atomic% or less, and a nitrogen content of 20 atomic% or
more.

The chromium content of the third layer is preferably
46 atomic% or less, and preferably 30 atomic% or more,
particularly preferably 35 atomic% or more. The oxygen
content of the third layer is preferably 26 atomic$% or
less, and preferably 10 atomic% or more, particularly
preferably 18 atomic% or more. The nitrogen content of the
third layer is preferably 24 atomic% or more, and
preferably 32 atomic% or less, particularly preferably 30
atomic% or less. The thickness of the third layer is
preferably 4 nm or less, and preferably 2 nm or more.
[0052]

A resist film is formed on the surface of a film made
of a chromium-containing material. In a case where the
sheet resistance of the film made of the chromium-
containing material is high, when a pattern is drawn on the

resist film using an electron beam, the surface layer part
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of the film made of the chromium-containing material is
charged by the electron beam, and the radiation position of
the electron beam shifts, so that the electron beam may not
be radiated at a predetermined position. In this case, the
pattern is not formed at a predetermined position, and as a
result, the circuit of the device to be manufactured is not
formed correctly, which causes a malfunction of the device.
Therefore, the sheet resistance of the film made of the
chromium-containing material is preferably low. For the
reason mentioned above, the first layer is made of a
chromium-, oxygen- and nitrogen-containing material, and
has an oxygen-rich composition with a relatively high
oxygen content. Chromium oxide (CrO) has a higher sheet
resistance than chromium nitride (CrN), and the first
layer, which is made of chromium oxynitride (CrON) having
an oxygen-rich composition, has a relatively high sheet
resistance. In addition, for the reasons mentioned above,
the second layer is made of a chromium-, oxygen-, nitrogen-
and carbon-containing material, and has a composition
having a relatively high oxygen content. The second layer,
which is made of chromium oxynitride carbide (CrONC), also
has a relatively high sheet resistance. Therefore, from
the viewpoint of sheet resistance of the entire film made
of a chromium-containing material, it is beneficial that
the third layer in contact with the second layer is
provided, and the third layer is made of a chromium-,

oxygen—- and nitrogen-containing material, and has the
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above-mentioned predetermined composition having a
relatively high nitrogen content.
[0053]

In addition, the third layer has a composition having
a reasonably high nitrogen content, compared with the first
layer and the second layer. Chromium nitride (CrN) has a
low etching rate in chlorine-based dry etching, compared
with chromium oxide (CrO), and the third layer, which is
made of chromium oxynitride (CrON) having a composition
having a relatively high nitrogen content, has a relatively
low etching rate. The longer time it takes to etch a film
made of a chromium-containing material, the thicker the
resist film is required to be, and the thicker the resist
film, the more the resolution of the line pattern,
particularly the resolution of the assist pattern of the
line pattern deteriorates. From the viewpoint of
shortening the etching time of the second layer as
described above, the thickness of the third layer is
preferably 4 nm or less, and in this way, the film
thickness of the resist film formed on the film made of the
chromium-containing material can be relatively reduced.
[0054]

In the sheet resistance of the film made of the
chromium-containing material, the combined sheet resistance
of the first layer, the second layer, and the third layer,
preferably the combined sheet resistance of the first

layer, the second layer, the third layer, and the fourth
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layer is preferably 350 kQ/O or less, particularly
preferably 250 kQ/0O or less. Due to the above-mentioned
characteristics of the first layer, the second layer and
the third layer, it is possible to obtain the film made of
the chromium-containing material having such sheet
resistance. Even when the first layer and the second layer
are films having high sheet resistance, the sheet
resistance of the entire film can be reduced by inserting
the third layer.

Further, since the third layer is in contact with the
first layer and the second layer, the thinner the total of
the first layer and the second layer is, the more the film
is affected by the third layer having a higher conductivity
when the first layer and the second layer are formed, so
that it is easy to make the first layer and the second
layer have a composition with a low conductivity.
Therefore, from this point of view, it is beneficial to set
the thickness of the second layer to 32 nm or less.

[0055]

Further, as an example, as will be described later,
the fourth layer having a high etching rate is disposed
adjacent to the third layer. When etching a chromium-
containing material, in the case of a thick film having a
high etching rate, large side etching occurs in the
vicinity of the center of the film. As a result, in the
dry etching process, the line width from the vicinity of

the center of the isolated line pattern in the thickness
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direction toward the substrate is smaller than the line
width the vicinity of the center of the isolated line
pattern in the thickness direction toward a direction away
from the substrate, and the pattern shape is unstable, so
that part of the chromium-containing film disappears.
Therefore, by inserting the third film with a relatively
slow etching rate between the second and the fourth films
with a high etching rate, it is possible to divide a film
into two, a thick film with a high etching rate, and a thin
film with a high etching rate. As a result, the amount of
side etching can be reduced, and a more rectangular
isolated line pattern can be formed. By preventing part of
the chromium-containing film from disappearing due to the
unstable pattern shape in the dry etching process, a good
resolution limit can be achieved in the formation of the
assist pattern of the line pattern, which assists the
resolution of the main pattern of the photomask.

[0056]

In the film made of the chromium-containing material
of the present embodiment, the fourth layer, which is the
layer toward the substrate, has, as an example, a chromium
content of 44 atomic% or less, an oxygen content of 20
atomic% or more, a nitrogen content of 20 atomic% or less,
and a carbon content of 16 atomic$% or less, and a film
thickness of 13 nm or more.

The chromium content of the fourth layer is

preferably 36 atomic% or less, and preferably 30 atomic% or
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more, particularly preferably 32 atomic% or more. The
oxygen content of the fourth layer is preferably 30 atomic$
or more, and preferably 42 atomic% or less, particularly
preferably 38 atomic% or less. The nitrogen content of the
fourth layer is preferably 18 atomic% or less, and
preferably 10 atomic% or more, particularly preferably 12
atomic% or more. The carbon content of the fourth layer is
preferably 15 atomic% or less, and preferably 6 atomic% or
more, particularly preferably 9 atomic% or more. The
thickness of the fourth layer is preferably 14 nm or more,
and preferably 50 nm or less, particularly preferably 40 nm
or less.

[0057]

In order to assist the process of a minute space
pattern by plasma during chlorine-based dry etching of a
film made of a chromium-containing material, sufficient
oxygen 1is required to be supplied from the film. For this
reason, the fourth layer is a film having a relatively high
oxygen content. Further, in order to improve the etching
rate, it is effective that the fourth layer contains carbon
and has properties such as those of chromium carbide (CrC)
that lowers the film density. Further, in order to improve
the etching rate, it is necessary that the oxygen content
is relatively high. From these viewpoints, it is
beneficial that the fourth layer is made of a material
containing carbon together with oxygen, and has the above-

mentioned predetermined composition having a relatively
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high oxygen content.
[0058]

Also, since the fourth layer has the restriction
mentioned above and the first layer, the second layer, and
the third layer have the restriction described later, when
it is required to ensure higher optical density for the
entire film made of chromium-containing material, the
optical density will be compensated by the second layer or
the fourth layer. From this point of view, the thickness
of the fourth layer is set to 13 nm or more.

[0059]

When the film made of the chromium-containing
material is a light-shielding film, particularly when it is
a photomask, when a film is left as a light-shielding film
at a portion, located at the outer peripheral edge part of
the substrate, which is a region, where a circuit pattern
is not formed, of a film made of a silicon-containing
material, the combined optical density (OD) of a film made
of a silicon-containing material, which is a phase shift
film, and the light-shielding film is set to over 2.0,
particularly 2.5 or above, usually preferably 3 or more
with respect to exposure light, for example, light with a
wavelength of 250 nm or less, particularly light with a
wavelength of 200 nm or less such as ArF excimer laser (193
nm) and F, laser (wavelength 157 nm). For example, when
the film made of the silicon-containing material is a phase

shift film having a transmittance of 6% or more and 30% or
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less (optical density of 0.53 or more and 1.22 or less)
with respect to exposure light, in order to set the
combined optical density of the phase shift film and the
light-shielding film to 3 or more, the optical density of
the film made of the chromium-containing material (the
total of the first layer, the second layer, the third layer
and the fourth layer) with respect to exposure light is
required to be 1.78 or more. It is possible to obtain a
film made of a chromium-containing material having such an
optical density due to the above-mentioned characteristics
of the first layer, the second layer, the third layer and
the fourth layer. The upper limit of the optical density
of the film (the total of the first layer, the second
layer, the third layer, and the fourth layer) made of the
chromium-containing material with respect to exposure light
is usually 3.2 or less.

[0060]

The film thickness (the total thickness of the first
layer, the second layer, the third layer, and the fourth
layer) of the film made of the chromium-containing material
is preferably 39 nm or more, particularly preferably 48 nm
or more, and preferably 94 nm or less, particularly
preferably 85 nm or less. Specifically, when a film made
of a chromium-containing material is a photomask, in a case
where a film is left as a light-shielding film at a
portion, located at the outer peripheral edge part of the

substrate, which is a region, where a circuit pattern is
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not formed, of a film made of a silicon-containing
material, the film thickness of the film made of the
chromium-containing material is preferably 48 nm or more,
and preferably 85 nm or less.

[0061]

Both the first layer and the third layer may contain
carbon when the amount thereof is small. The carbon
content is preferably less than 5 atomic%, particularly
preferably 3 atomic% or less, still particularly preferably
2 atomic% or less, and it is more preferable that the layer
does not contain carbon. Examples of the chromium-,
oxygen—-, nitrogen- and carbon-containing material of the
first layer and the third layer include a material (CrONC)
made of chromium (Cr), oxygen (0), nitrogen (N) and carbon
(C) .

[0062]

The photomask blank of the present embodiment may
further have a resist film in contact with a side, of the
film made of the chromium-containing material, which is
away from the substrate. The resist film may be an
electron beam resist drawn with an electron beam or a
photoresist drawn with light, and a chemically amplified
resist is particularly preferable. The chemically
amplified resist may be positive or negative, contains, for
example, an acid generator and a base resin such as a
hydroxystyrene-based resin and a (meth) acrylic acid-based

resin, and when necessary, adds a cross-linking agent, a
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quencher, a surfactant and the like. From the viewpoint of
preventing the resist pattern from collapsing in the
development process and the rinsing process after
development when a fine pattern is formed, the film
thickness of the resist film is preferably 50 nm or more,
particularly preferably 70 nm or more, and 200 nm or less,
particularly preferably 150 nm or less.

[0063]

FIG. 5 is a cross-sectional view showing another
example of the first aspect of the photomask blank of the
present embodiment. This photomask blank is a phase shift
mask blank. A phase shift mask blank 512 has a resist film
4 in contact with the hard mask film 31 of the photomask
blank shown in FIG. 1. The phase shift mask 513 shown in
FIG. 2 can also be manufactured from the phase shift mask
blank 512 shown in FIG. 5.

[0064]

On the other hand, FIG. 6 is a cross-sectional view
showing another example of the second aspect of the
photomask blank of the present embodiment. This photomask
blank is a reflective mask blank. A reflective mask blank
522 has a resist film 4 in contact with the hard mask film
31 of the photomask blank shown in FIG. 3. The reflective
mask 523 shown in FIG. 4 can also be manufactured from the
reflective mask blank 522 shown in FIG. 6.

[0065]

The formation of the film made of the chromium-
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containing material, the film made of the silicon-
containing material, the film made of the tantalum-
containing material, and the reflective film of the present
embodiment is not particularly limited, but since it is
easy to form a film having good controllability and
predetermined characteristics, the formation by the
sputtering method is preferable. The sputtering method
includes DC sputtering, RF sputtering and the like, and has
no particular limitation.

[0066]

When a film containing chromium but not containing
silicon is formed as a film made of a chromium-containing
material, a chromium target can be used as the sputter
target. On the other hand, when a film containing silicon
but not containing a transition metal is formed as a film
made of a silicon-containing material, a silicon (Si)
target can be used as the sputter target. In addition,
when a film containing a transition metal (Me) other than
chromium and silicon but not containing chromium is formed
as a film made of a silicon-containing material, a target
containing a transition metal (Me) other than chromium and
silicon can be used as the sputter target. In this case,
it is possible to perform co-sputtering using a plurality
of targets containing transition metals (Me) other than
chromium and silicon using a silicon (Si) target and
transition metal (Me) targets other than chromium, and

having different compositions (some or all of the
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constituent elements are different, or the constituent
elements are the same but their concentrations are
different), or using a silicon (Si) target or a transition
metal (Me) target other than chromium, and a target
containing a transition metal (Me) other than chromium and
silicon. When forming a film made of a tantalum-containing
material, a tantalum (Ta) target, a (TaB) target made of
tantalum and boron, or the like can be used as the sputter
target. Further, when forming a reflective film, in a case
where a molybdenum (Mo) target, a silicon (Si) target, and
a protective film are usually formed, a ruthenium (Ru)
target is usually used.

[0067]

The electric power applied to the sputter target may
be appropriately set according to the size of the sputter
target, cooling efficiency, ease of controlling film
formation, and the like. Usually, the power per area of
the sputtered surface of the sputter target may be 0.1 to
10 W/cm?.

[0068]

When forming a film of a material made of only
silicon, or silicon and a transition metal only, only a
rare gas such as a helium gas (He), a neon gas (Ne), or an
argon gas (Ar) is used as the sputter gas. On the other
hand, when forming a film of a material containing oxygen,
nitrogen or carbon, the sputtering is preferably reactive

sputtering. Examples of the sputter gas include a rare gas
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such as a helium gas (He), a neon gas (Ne), and an argon
gas (Ar), and a reactive gas. For example, when forming a
film of a material containing oxygen, oxygen gas (02 gas)
is used as the reactive gas, and when forming a film of a
material containing nitrogen, nitrogen gas (N2 gas) is used
as the reactive gas. Also, when forming a film of a
material containing both nitrogen and oxygen, the oxygen
gas (02 gas) and the nitrogen gas (N2 gas) may be used at
the same time, or the nitric oxide gas such as a nitric
oxide gas (NO gas), a nitrogen dioxide gas (NO2z gas), and a
nitrous oxide gas (N20 gas) may be used as the reactive
gas. When forming a film of a material containing carbon,
a gas containing carbon such as a methane gas (CHi), a
carbon monoxide gas (CO gas), and a carbon dioxide gas (COz
gas) may be used as the reactive gas.

[0069]

The pressure at the time of film formation may be
appropriately set in consideration of film stress, chemical
resistance, cleaning resistance, etc., and is usually 0.01
Pa or more, particularly 0.03 Pa or more, and 1 Pa or less,
particularly 0.3 Pa or less, so that chemical resistance is
improved. Further, each gas flow rate may be appropriately
set so as to have a desired composition, and is usually 0.1
to 100 sccm.

[0070]
In the process of manufacturing the photomask blank,

the substrate, or the substrate and the film formed on the
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substrate may be heat-treated. The heat treatment method
includes infrared heating, resistance heating and the like,
and the treatment conditions are not particularly limited.
The heat treatment can be carried out, for example, in a
gas atmosphere containing oxygen. The concentration of the
gas containing oxygen is not particularly limited, and for
example, in the case of oxygen gas (02 gas), it can be 1 to
100% by volume. The temperature of the heat treatment is
preferably 200°C or higher, particularly preferably 400°C
or higher. Further, in the process of manufacturing a
photomask blank, a film formed on a substrate, particularly
a film made of a chromium-containing material, may be
subjected to ozone treatment, plasma treatment, or the
like, and the treatment conditions are also not
particularly limited. Any of the treatments can be carried
out for the purpose of increasing the oxygen concentration
on the surface part of the film, and in this case, the
treatment conditions may be appropriately adjusted so as to
obtain a predetermined oxygen concentration. When forming
the film by sputtering, it is also possible to increase the
oxygen concentration on the surface part of the film by
adjusting the ratio of a rare gas in sputter gas to an
oxygen—-containing gas (oxidizing gas) such as an oxygen gas
(O2 gas), a carbon monoxide gas (CO gas), and a carbon
dioxide gas (CO2 gas).

[0071]

In the process of manufacturing the photomask blank,

51



a cleaning treatment may be performed in order to remove
particles existing on the substrate or the surface of the
film formed on the substrate. The cleaning can be carried
out using one or both of ultrapure water and functional
water which is ultrapure water containing ozone gas,
hydrogen gas and the like. Further, after cleaning with
ultrapure water containing a surfactant, further cleaning
may be performed with one or both of ultrapure water and
functional water. The cleaning can be carried out while
irradiating ultrasonic waves as needed, and further, the UV
light irradiation can be combined.

[0072]

When a resist film is formed in the photomask blank
of the present embodiment, the method of applying the
resist film is not particularly limited, and a known method
can be applied.

[0073]

A photomask can be manufactured from the photomask
blank of the present embodiment. FIGS. 7A to 9C are cross-
sectional diagrams for explaining a process of
manufacturing a phase shift mask from the phase shift mask
blank of the first aspect of the present embodiment. 1In
this case, first, as shown in FIG. 7A, a resist film
(preferably having a film thickness of 50 nm or more and
200 nm or less) 4 is formed in contact with a side, of the
film (hard mask film 31) made of a chromium-containing

material, which is away from the transparent substrate 1
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(step (A)). Next, as shown in FIG. 7B, the resist film 4
is patterned to form a resist pattern 41 (step (C)). After
step (A) and before step (C), the resist film 4 may be
removed using a mixture of sulfuric acid and hydrogen
peroxide solution to form a new resist film 4 (step (B)).
[0074]

Then, as shown in FIG. 7C, using the resist pattern
41 as the etching mask, a film (hard mask film 31) made of
a chromium-containing material composed of the first layer
311, the second layer 312, the third layer 313, and the
fourth layer 314 is patterned by chlorine-based dry etching
to form a pattern (hard mask film pattern 31la) of the film
made of a chromium-containing material (step (D)). Then,
as shown in FIG. 8A, a pattern (hard mask film pattern 31la)
of the film made of a chromium-containing material is used
as an etching mask, and a film (phase shift film 21) made
of a silicon-containing material is patterned by fluorine-
based dry etching to form a pattern (phase shift film
pattern 21a) of the film made of a silicon-containing
material (step (E)). Then, a photomask (phase shift mask)
can be obtained by appropriately removing the remaining
resist pattern 41 and the pattern of the film made of the
chromium-containing material (hard mask film pattern 3la)
when necessary.
[0075]

When leaving a film made of a chromium-containing

material at the outer peripheral edge part of a transparent
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substrate which is a region, where a circuit pattern is not
formed, of a film made of a silicon-containing material,
after step (E), a film made of a chromium-containing
material is left at a portion, located at the outer
peripheral edge part of the transparent substrate, which is
a region, where a circuit pattern is not formed, of a film
made of a silicon-containing material, and a pattern of the
film made of the chromium-containing material in other than
the outer peripheral edge part is removed by dry etching
using an oxygen-containing chlorine-based gas (step (F)).
In this case, in step (F), after step (E), first, as shown
in FIG. 8B, the remaining resist pattern 41 is removed.
Next, as shown in FIG. 8C, a new resist film 4 is formed on
the transparent substrate 1 and a pattern (hard mask film
pattern 3la) of the film made of a chromium-containing
material. Then, as shown in FIG. 9A, the resist film 4 is
patterned so that the resist film 4 is left at a portion,
located at the outer peripheral edge part of the
transparent substrate 1, which is a region, where the
circuit pattern (phase shift film pattern 2la) is not
formed, of the film made of the silicon-containing material
to form the resist pattern 41. Then, as shown in FIG. 9B,
using the resist pattern 41 as the etching mask, a pattern
(hard mask film pattern 3la) of the film made of a
chromium-containing material in the circuit pattern (mask
pattern) forming region is removed by chlorine-based dry

etching. Finally, as shown in FIG. 9C, by removing the
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remaining resist pattern 41, a circuit pattern (phase shift
film pattern 2la) of a film made of a silicon-containing
material is formed in the effective region 5, and it is
possible to obtain a photomask (phase shift mask) in which
the light-shielding film pattern 31b remains at a portion,
located at the outer peripheral edge part of the
transparent substrate, which is a region, where a circuit
pattern is not formed, of a film made of a silicon-
containing material.

[0076]

As a method of manufacturing a photomask from the
photomask blank of the present embodiment, in FIGS. 7A to
9C, the method of manufacturing the phase shift mask from
the phase shift mask blank is described as an example.
When manufacturing the reflective mask from the reflective
mask blank, etching conditions are selected according to
the etching characteristics of each film, an absorption
film pattern is formed by a conventionally known method,
and a reflective mask having a reflective film and an
absorption film pattern can be manufactured from a
reflective mask blank with the reflective film and the
absorption film.

[0077]

In photolithography for forming a pattern having a
half pitch of 50 nm or less, preferably 30 nm or less, more
preferably 20 nm or less, and further preferably 10 nm or

less on a substrate to be processed, the photomask of the
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present embodiment is particularly effective in exposure in
which a pattern is transferred on the photoresist film
formed on the substrate to be processed using exposure
light with a wavelength of 250 nm or less, particularly a
wavelength of 200 nm or less, such as an ArF excimer laser
(wavelength 193 nm) or an F; laser (wavelength 157 nm), or
an extreme ultraviolet region light with a wavelength of 13
to 14 nm as exposure light.

[0078]

In the pattern exposure method using the photomask of
the present embodiment, a photomask manufactured from a
photomask blank is used, the photomask pattern is
irradiated with exposure light to transfer the photomask
pattern to the photoresist film on which exposure of the
photomask pattern formed on the substrate to be processed
is to be performed. The radiation of the exposure light
may be exposure under dry conditions or immersion exposure,
and in particular, it can be suitably used when immersion
exposure of a photomask pattern is performed on a wafer of
300 mm or more as a substrate to be processed.

[0079]
[Examples]

Hereinafter, the present embodiment will be
specifically described with reference to Examples and
Comparative Examples, but the present embodiment is not
limited to the following Examples.

[0080]
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[Example 1]

A photomask blank (halftone phase shift mask blank)
was manufactured by laminating a phase shift film (halftone
phase shift film) as a film made of a silicon-containing
material on a transparent substrate made of quartz with a
size of 152 mm square and a thickness of about 6 mm and a
hard mask film as a film made of a chromium-containing
material.

[0081]

First, the power applied to the target was adjusted
using a molybdenum target and a silicon target as a target
on a transparent substrate, and sputtering was performed in
these gas atmospheres using an argon gas and a nitrogen gas
as a sputter gas, and a MoSi-based phase shift film, made
of MoSiN, (thickness 70 nm) having a phase difference of
177 degrees and a transmittance of 6% (optical density 1.2)
with respect to light having a wavelength of 193 nm was
formed as a single-layer film.

[Example 2]

Example 2 was the same as Example 1 except that the
composition and thickness of each of the first layer, the
second layer, the third layer, and the fourth layer of the
hard mask film were changed so that the fourth layer of the
hard mask film had reduced chromium atom%, and increased
oxygen atom%, nitrogen atom%, and carbon atom%, compared
with that of Example 1, and the optical density of the

entire hard mask film was the same as that of Example 1,
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and a phase shift film and a hard mask film were formed on
the transparent substrate to obtain a photomask blank
without a resist film. A resist film was further formed on
the hard mask film to obtain a photomask blank having a
resist film. Table 1 shows the composition and thickness
of each layer of the hard mask film, and the optical
density of the entire hard mask film with respect to light
having a wavelength of 193 nm.

[Example 3]

Example 3 was the same as Example 1 except that the
composition and thickness of each of the first layer, the
second layer, the third layer, and the fourth layer of the
hard mask film were changed so that the fourth layer of the
hard mask film had reduced chromium atom%, and increased
oxygen atom%, nitrogen atom%, and carbon atom%, compared
with that of Example 1, and the optical density of the
entire hard mask film was the same as that of Example 1,
and a phase shift film and a hard mask film were formed on
the transparent substrate to obtain a photomask blank
without a resist film. A resist film was further formed on
the hard mask film to obtain a photomask blank having a
resist film. Table 1 shows the composition and thickness
of each layer of the hard mask film, and the optical
density of the entire hard mask film with respect to light
having a wavelength of 193 nm.

[Example 4]

Example 4 was the same as Example 1 except that the
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composition and thickness of each of the first layer, the
second layer, the third layer, and the fourth layer of the
hard mask film were changed so that the fourth layer of the
hard mask film had increased chromium atom% and nitrogen
atom%, and decreased oxygen atom%, compared with that of
Example 1, and the optical density of the entire hard mask
film was the same as that of Example 1, and a phase shift
film and a hard mask film were formed on the transparent
substrate to obtain a photomask blank without a resist
film. A resist film was further formed on the hard mask
film to obtain a photomask blank having a resist film.
Table 1 shows the composition and thickness of each layer
of the hard mask film, and the optical density of the
entire hard mask film with respect to light having a
wavelength of 193 nm.

[Example 5]

Example 5 was the same as Example 1 except that the
composition and thickness of each of the first layer, the
second layer, the third layer, and the fourth layer of the
hard mask film were changed so that the fourth layer of the
hard mask film had reduced chromium atom%, and increased
oxygen atom% and nitrogen atom%, compared with that of
Example 1, and the optical density of the entire hard mask
film was the same as that of Example 1, and a phase shift
film and a hard mask film were formed on the transparent
substrate to obtain a photomask blank without a resist

film. A resist film was further formed on the hard mask
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film to obtain a photomask blank having a resist film.
Table 1 shows the composition and thickness of each layer
of the hard mask film, and the optical density of the
entire hard mask film with respect to light having a
wavelength of 193 nm.

[0082]

Next, the power applied to the target was adjusted
using a chromium target on the phase shift film as a
target, and the sputter gas ratio was adjusted using an
argon gas, an oxygen gas, and a nitrogen gas as a sputter
gas to perform sputtering on the fourth layer, the third
layer, the second layer, and the first layer in this order
in these gas atmospheres to form a hard mask film
consisting of the first layer, the second layer, the third
layer, and the fourth layer in order from a side away from
the transparent substrate, where the first layer was made
of chromium oxynitride (CrON), the second layer was made of
chromium oxynitride carbide (CrONC), the third layer was
made of chromium oxynitride (CrON), and the fourth layer
was made of chromium oxynitride carbide (CrONC), so that a
photomask blank without a resist film was obtained as shown
in FIG. 1. Table 1 shows the composition and thickness of
each layer of the hard mask film, and the optical density
of the entire hard mask film with respect to light having a
wavelength of 193 nm. The composition was measured using
X-ray photoelectron spectroscopy analyzer K-Alpha

manufactured by Thermo Fisher Scientific K.K., the
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thickness of the film (layer) was measured using needle-
contact type step meter P-16+ manufactured by KLA-Tencor
Corporation, and the optical density was measured using X-
ray visible near infrared spectrophotometer SolidSpec-3700
manufactured by Shimadzu Corporation (the same applies
hereinafter).

[0083]

[Comparative Example 1]

Comparative Example 1 was the same as Example 1
except that the composition and thickness of each of the
first layer, the second layer, and the third layer of the
hard mask film were changed so that the second layer of the
hard mask film was made of chromium oxynitride (CrON)
instead of chromium oxynitride carbide (CrONC), and the
optical density of the entire hard mask film was the same
as that of Example 1 without using the fourth layer, and a
phase shift film and a hard mask film were formed on the
transparent substrate to obtain a photomask blank without a
resist film. A resist film was further formed on the hard
mask film to obtain a photomask blank having a resist film.
Table 1 shows the composition and thickness of each layer
of the hard mask film, and the optical density of the
entire hard mask film with respect to light having a
wavelength of 193 nm.

[Comparative Example 2]
Comparative Example 2 was the same as Example 1

except that the composition and thickness of each of the
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first layer, the second layer, the third layer, and the
fourth layer of the hard mask film were changed so that the
second layer of the hard mask film had increased chromium
atom%, and decreased oxygen atom%, nitrogen atom%, and
carbon atom%, compared with that of Example 1, and the
optical density of the entire hard mask film was the same
as that of Example 1, and a phase shift film and a hard
mask film were formed on the transparent substrate to
obtain a photomask blank without a resist film. A resist
film was further formed on the hard mask film to obtain a
photomask blank having a resist film. Table 1 shows the
composition and thickness of each layer of the hard mask
film, and the optical density of the entire hard mask film
with respect to light having a wavelength of 193 nm.
[Comparative Example 3]

Comparative Example 3 was the same as Example 1
except that the composition and thickness of each of the
first layer, the second layer, the third layer, and the
fourth layer of the hard mask film were changed so that the
fourth layer of the hard mask film had reduced chromium
atom% and carbon atom%, and increased oxygen atom% and
nitrogen atom%, compared with that of Example 1, and the
optical density of the entire hard mask film was the same
as that of Example 1, and a phase shift film and a hard
mask film were formed on the transparent substrate to
obtain a photomask blank without a resist film. A resist

film was further formed on the hard mask film to obtain a
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photomask blank having a resist film. Table 1 shows the
composition and thickness of each layer of the hard mask
film, and the optical density of the entire hard mask film
with respect to light having a wavelength of 193 nm.
[Comparative Example 4]

Comparative Example 4 was the same as Example 1
except that the composition and thickness of the first
layer of the hard mask film were changed so that chromium
oxynitride carbide was formed into a single layer, and the
optical density of the entire hard mask film was the same
as that of Example 1, and a phase shift film and a hard
mask film were formed on the transparent substrate to
obtain a photomask blank without a resist film. A resist
film was further formed on the hard mask film to obtain a
photomask blank having a resist film. Table 1 shows the
composition and thickness of each layer of the hard mask
film, and the optical density of the entire hard mask film
with respect to light having a wavelength of 193 nm.

[0084]
[Example 6]

In order to evaluate the time (clear time) until the
chrome film disappears in the dry etching process of the
hard mask film, the evaluation was performed using the
photomask blanks obtained in Example 1, Example 2, Example
3, Example 4, Example 5, Comparative Example 1, Comparative
Example 2, Comparative Example 3, and Comparative Example

4.
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[0085]

Chlorine-based dry etching was performed on the hard
mask film using chlorine-based gas containing oxygen gas
under the following conditions, and the time for end point
detection (endpoint) was evaluated. The results are shown
in Table 2.

[0086]
<Chlorine-based dry etching conditions>

Equipment: inductively coupled plasma (ICP) method

Gas: Clz gas + 02 gas

Gas pressure: 3.0 m Torr (0.40 Pa)

ICP power: 350 W
[0087]

As shown in Table 2, it was confirmed that the phase
shift mask blank of Comparative Example 1 had a slow clear
time, whereas the phase shift mask blanks of Example 1,
Example 2, Example 3, Example 4, and Example 5 which were
the photomask blanks of the present embodiment had a fast
clear time. It is conceivable that this is because the
second layer and the fourth layer of the hard mask film
contain chromium carbide (CrC), the film density is
lowered, and the oxygen content for improving the etching
rate is relatively high.

[0088]

Next, 1n order to evaluate the resist film thickness

that is etched and disappears together with the chrome film

in the dry etching process of the hard mask film, the
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evaluation was performed using the photomask blanks
obtained in Example 1, Example 2, Example 3, Example 4,
Example 5, Comparative Example 1, Comparative Example 2,
Comparative Example 3, and Comparative Example 4.

[0089]

Negative type chemically amplified electron beam
resist SEBN3015 (manufactured by Shin-Etsu Chemical Co.,
Ltd.) was spin-coated on the hard mask film of the
photomask blanks obtained in Example 1, Example 2, Example
3, Example 4, Example 5, Comparative Example 1, Comparative
Example 2, Comparative Example 3, and Comparative Example 4
to form a resist film having a film thickness of 150 nm to
obtain a photomask blank having a resist film as shown in
FIG. 5.

[0090]

The evaluation was performed according to the steps
from FIG. 7A to FIG. 7C.
[0091]

A photomask blank having a resist film was prepared
(FIG. 7A). DNext, a total of 20 isolated line patterns with
a long side dimension of 100,000 nm and a short side
dimension of 200 nm were drawn using an electron beam
drawing apparatus with a dose amount of 35 uC/cm?. Then,
using a heat treatment apparatus, heat treatment (PEB: Post
Exposure Bake) was performed at 110°C for 14 minutes.

Next, paddle development was performed for 100 seconds to

form a resist pattern (FIG. 7B). Next, chlorine-based dry
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etching was performed on the hard mask film under the
following conditions using a chlorine-based gas containing
oxygen gas to form a hard mask film pattern (FIG. 7C). The
remaining resist film thickness was measured to evaluate
the resist film thickness which has disappeared by dry
etching of the hard mask film. The results are shown in
Table 2. The thickness of the resist film was measured
using needle-contact type step meter P-16+ manufactured by
KLA-Tencor Corporation.

[0092]

Further, when the resist film thickness required
after dry etching of the hard mask film was 35 nm, the
required initial resist film thickness was evaluated. When
the resist film thickness required after dry etching of the
hard mask film is 35 nm or less, since the plasma that
penetrates the resist reaches the chrome hard mask and
causes pinhole defects, the resist film thickness required
after dry etching of the hard mask film was set to 35 nm.
The results are shown in Table 2.

[0093]

As shown in Table 2, it was confirmed that the phase
shift mask blank of Comparative Example 1 required a thick
initial film thickness because the clear time was slow,
whereas the phase shift mask blanks of Example 1, Example
2, Example 3, Example 4, and Example 5, which are the
photomask blanks of the present embodiment had a thin

initial resist film thickness because the clear time was
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fast. It is conceivable that this is because the second
layer and the fourth layer of the hard mask film contains
chromium carbide (CrC), the film density decreases, and the
oxygen content for improving the etching rate is relatively
high.

[0094]

<Chlorine-based dry etching conditions>

Equipment: inductively coupled plasma (ICP) method

Gas: Clz gas + 02 gas

Gas pressure: 3.0 m Torr (0.40 Pa)

ICP power: 350 W

Overetching amount: 100%

[0095]

Next, negative type chemically amplified electron
beam resist SEBN3015 (manufactured by Shin-Etsu Chemical
Co., Ltd.) was spin-coated on the hard mask film of Example
1, Example 2, Example 3, Example 4, Example 5, Comparative
Example 2, Comparative Example 3, and Comparative Example 4
to form a resist film having a film thickness of 130 nm to
obtain a photomask blank having a resist film as shown in
FIG. 5.

[0096]

Since Comparative Example 1 has a relatively slow
clear time, the resist damage due to dry etching of the
chrome film is larger than that of Example 1, Example 2,
Example 3, Example 4, Example 5, Comparative Example 2,

Comparative Example 3, and Comparative Example 4, and a
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relatively thicker resist is required to be applied.
Therefore, negative type chemically amplified electron beam
resist SEBN3015 (manufactured by Shin-Etsu Chemical Co.,
Ltd.) was spin-coated on the hard mask film of Comparative
Example 1 to form a resist film having a film thickness of
160 nm to obtain a photomask blank having a resist film as
shown in FIG. 5.

[0097]

[Example 7]

To evaluate the resolution limit of the fine pattern
corresponding to the assist pattern of the line pattern,
photomasks (halftone phase shift masks) as shown in FIG. 2
were manufactured according to the steps shown in FIGS. 7A
to 9C using the photomask blanks having the resist films
obtained in Example 1, Example 2, Example 3, Example 4,
Example 5, Comparative Example 1, Comparative Example 2,
Comparative Example 3, and Comparative Example 4.

[0098]

First, a photomask blank having a resist film was
prepared (FIG. 7A). Next, using an electron beam drawing
apparatus, a total of 200,000 isolated patterns with
different short side dimensions were drawn with the long
side dimension of 140 nm and the short side dimension being
changed by 2 nm from 20 nm to 100 nm as a test pattern
corresponding to the assist pattern of the line pattern
with a dose amount of 35 puC/cm?. Then, using a heat

treatment apparatus, heat treatment (PEB: Post Exposure
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Bake) was performed at 110°C for 14 minutes. Next, paddle
development was performed for 100 seconds to form a resist
pattern (FIG. 7B). Next, chlorine-based dry etching was
performed on the hard mask film under the following
conditions using a chlorine-based gas containing oxygen gas
to form a hard mask film pattern (FIG. 7C). Next,
fluorine-based dry etching was performed on the phase shift
film under the following conditions using a fluorine-based
gas to form a phase shift film pattern (FIG. 8A).

[0099]

<Chlorine-based dry etching conditions>

Equipment: inductively coupled plasma (ICP) method

Gas: Clz gas + 02 gas

Gas pressure: 3.0 m Torr (0.40 Pa)

ICP power: 350 W

<Fluorine-based dry etching conditions>

Equipment: ICP

Gas: SFs gas + He gas

Gas pressure: 4.0 m Torr (0.53Pa)

ICP power: 400W
[0100]

Next, the resist pattern was removed by washing with
sulfuric acid hydrogen peroxide (a mixture of sulfuric acid
and hydrogen peroxide solution (sulfuric acid : hydrogen
peroxide solution = 3 : 1), the same applies hereinafter)
(FIG. 8B). Next, laser drawing resist IP3000 (manufactured

by Tokyo Ohka Kogyo Co., Ltd.) was spin-coated on the
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transparent substrate and the hard mask film pattern to
form a resist film (FIG. 8C). Next, using a laser drawing
apparatus, an effective region including the circuit
pattern of the phase shift film was drawn so as to leave
the resist film at the portion located at the outer
peripheral edge part of the transparent substrate. Then,
heat treatment (PEB) was performed at 110°C for 20 minutes
using a heat treatment apparatus. Next, spray development
was performed for 200 seconds to form a resist pattern
(FIG. 9A). Next, chlorine-based dry etching was performed
on the hard mask film pattern under the above conditions
using a chlorine-based gas containing oxygen gas to remove
a hard mask film pattern (FIG. 9B). Next, the resist
pattern was removed by washing with sulfuric acid hydrogen
peroxide (FIG. 9C) to obtain a photomask.

[0101]

Next, the resolution limit of the test pattern of the
obtained photomask was evaluated using a visual inspection
device. For all isolated patterns with different short
side dimensions with the long side dimension of 140 nm and
the short side dimension being changed by 2 nm from 20 nm
to 100 nm, the pattern disappearance, the pattern collapse
and the pattern shape defect were evaluated. An isolated
pattern in which the visual inspection device detects any
of the pattern disappearance, the pattern collapse, and the
pattern shape defect was regarded as a defect, and the

smallest short side dimension in which there was no
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isolated pattern in which a defect was detected was
regarded as the resolution limit. The results are shown in
Table 3.

[0102]

As shown in Table 3, the phase shift mask blanks of
Example 1, Example 2, Example 3, Example 4, and Example 5,
which are the photomask blanks of the present embodiment,
have the resolution limit of the line pattern reaching a
fine line width, compared with the phase shift mask blanks
of Comparative Example 1, Comparative Example 2,
Comparative Example 3, and Comparative Example 4, and it
was confirmed that the present embodiment was superior in
resolution. The resolution of Example 1, Example 2,
Example 3, Example 4, and Example 5 is better than that of
Comparative Example 1 because the initial resist film
thickness is thin. The resolution of Example 1, Example 2,
Example 3, Example 4, and Example 5 is better than that of
Comparative Example 2, Comparative Example 3, and
Comparative Example 4. It is conceivable that this is
because side etching is suppressed during the dry etching
of the hard mask film, and the pattern shape is
rectangular, so that the pattern disappearance does not
occur.

[0103]

[Table 1]
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Chromium | Oxygen |Nitrogen| Carbon Thickness | Optical
Content (atomic$%) (nm) density
First 33.0 52.0 15.0 0.0 5
layer
iécoﬂ? 34.9 37.8 16.6 10.6 28
Example 1 Tiyed 1.8
tr 41.7 22.6 26.8 9.0 3
layer
Fourth 41.6 29.4 14.9 14.1 15
layer
First 33.0 52.0 15.0 0.0 5
layer
iifi:f 34.9 37.8 16.6 10.6 28
Example 2 Thy 3 1.8
tr 41.7 22.6 26.8 9.0 3
layer
Fourth 35.1 35.7 17.6 11.6 20
layer
First 33.0 52.0 15.0 0.0 5
layer
iifi:f 34.9 37.8 16.6 10.6 28
Example 3 Thy 3 1.8
1 41.7 22.6 26.8 9.0 3
layer
Fourth 36.0 34.9 16.3 12.9 17.5
layer
First 33.0 52.0 15.0 0.0 5
layer
%ﬁfi:f 34.9 37.8 16.6 10.6 28
Example 4 Thy 3 1.8
i 41.7 22.6 26.8 9.0 3
layer
Fourth 43.0 27.0 15.9 14.1 24
layer
First 33.0 52.0 15.0 0.0 5
layer
%ﬁfi:f 34.9 37.8 16.6 10.6 28
Example 5 Thy 3 1.8
tr 41.7 22.6 26.8 9.0 3
layer
Fourth 34.0 36.0 15.9 14.1 34
layer
First 42.0 46.0 12.0 0.0 10
layer
Comparative | Second 52.0 12.0 36.0 0.0 4 1.8
Example 1 layer
Third 37.0 55.0 8.0 0.0 20
layer
First 33.0 52.0 15.0 0.0 5
layer
. Second 45.0 31.0 14.0 10.0 22
Comparative layer 1.3
Example 2 Third 41.7 22.6 26.8 9.0 3
layer
Fourth 41.6 29.4 14.9 14.1 15
layer
Comparative | First 33.0 52.0 15.0 0.0 5 1.8
Example 3 layer
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Second

34. 37.8 16. 10. 28
layer
Third 41. 22.6 26. 9. 3
layer
Fourth 32. 30.0 28. 10. 26
layer
Comparative First 60. 16.0 50. 4. 20
Example 4 layer
[0104]

73




v oTdwexy

9°¢€¢- 7 6CT 7 76 9°68 (A 89T saTIETRAWOD
el . . 3 ¢ oTdwexy
LT€EE €'6TT €°78 L*S9 09- 0GT sat3eIedUo)
et . A 3 z oTdwexyg
S'€T G'6€ET S'¥0T S GV (A% 98T sATIRIRAWOD
00 ‘ecT . . T ordwexy
0°¢ 0°8TT 0°¢¢ 0 0T¢ saTIRTEAWOD
0°ze- 0"1¢T 0°98 0°%9 LS— €GT G ordwexy
97 €¢C- 7 6CT /AR 9769 A7k 89T p oTduexy
S LC- SRRy G706 S°6S 67— 191 ¢ oTdwexy
26— 8'¢€CT 8°88 2 19 (A 8GT Z ordwexy
1°8¢- 6°FCT 6°68 T°09 0G6- 09T T ordwexy
[uu] [wu] butyo3zs Aap (ud 06T [puooas]
poppe ST DbuTynisisno [wu] poppe JO SSSUXOTUl WTTT
ID I93Je WU GE JO WTTJF T oTdwexy [puooas]
00T usym T oTdwexy ST butydjlsxsno | TeT3TUT) [wu] psppe Jyuetq
aanT3eIedwo) WOIJF ASTSSL TBNPTSSL 94N09S °00T USyM 3Junoue ST buTyo3®Ian0 SAt3eIEduc) SuTa 3} sewoloyd
' 03 paxtnbsx ssauyotyl | ° ' ' WOIJ SWT} IeSTO IeaTd

[wu] Junowe SsSOT
1STSSI UT 20UaI9IITJ

WTTF 3ISTSeI TRTITUI

SSOT asTsay

%007 uUSyM wWTTJ
1sTSex Tenprsoy

UT 90uUaI23III(

[Z =T9el]

74



[0105]

[Table 3]
Resolution limit Difference in resolution
Photomask blank limit from Comparative
[nm]
Example 1 [nm]
Example 1 32 -28
Example 2 36 -24
Example 3 34 -26
Example 4 30 -30
Example 5 38 =22
Comparative
Example 1 60 0
Comparative _
Example 2 o0 10
Comparative
Example 3 a4 16
Comparative
Example 4 46 14
Reference Signs List
[0106]
1 substrate (transparent substrate)
21 film made of silicon-containing material (phase shift
film)

21a pattern film made of silicon-containing material

(phase shift film pattern)

22 reflective film
23 film (absorption film) made of tantalum-containing
material

23a absorption film pattern

31 film made of chromium-containing material (hard mask
film)

3la pattern of film made of chromium-containing material
(hard mask film pattern)

31b pattern of film made of chromium-containing material
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(light-shielding film pattern)
311 first layer
312 second layer
313 third layer

314 fourth layer

4 resist film
41 resist pattern
5 effective region

511, 512 phase shift mask blank
513 phase shift mask
521, 522 reflective mask blank

523 reflective mask
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What is claimed is:
1. A photomask blank comprising:

a substrate;

a film made of a chromium-containing material; and

a film to be processed that is provided between the
film made of the chromium-containing material and the
substrate, and that is to be processed by using a pattern
of the film made of the chromium-containing material as an
etching mask, wherein

the film made of the chromium-containing material has
a first layer, a second layer, a third layer, and a fourth
layer in order from a side away from the substrate,

each of the first layer, the second layer, the third
layer, and the fourth layer contains three or more kinds of
elements of chromium, oxygen, nitrogen, and carbon,

the first layer has a chromium content of 40 atomic$%
or less, an oxygen content of 38 atomic% or more, and a
nitrogen content of 22 atomic% or less, and a thickness of
6 nm or less,

the second layer has a chromium content of 38 atomic$
or less, an oxygen content of 30 atomic% or more, a
nitrogen content of 18 atomic% or less, and a carbon
content of 14 atomic% or less, and a film thickness of 22
nm or more and 32 nm or less,

the third layer has a chromium content of 50 atomic$%
or less, an oxygen content of 30 atomic®% or less, and a

nitrogen content of 20 atomic% or more, and a film
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thickness of 6 nm or less, and

the fourth layer has a chromium content of 44 atomic$%
or less, an oxygen content of 20 atomic% or more, a
nitrogen content of 20 atomic% or less, and a carbon
content of 16 atomic% or less, and a film thickness of 13

nm Oor more.

2. The photomask blank according to claim 1, wherein the
film to be processed is a film made of a silicon-containing

material.

3. The photomask blank according to claim 2, wherein

the film made of the chromium-containing material is
a light-shielding film,

the film made of the silicon-containing material is a
phase shift film, and

the photomask blank is a phase shift mask blank in
which a combined optical density of the light-shielding
film and the phase shift film with respect to exposure

light is 3 or more.

4. The photomask blank according to claim 3, wherein the
film made of the chromium-containing material has a film

thickness of 39 nm or more and 94 nm or less.

5. The photomask blank according to claim 3 or 4, wherein

the phase shift film has a phase difference of 175 degrees
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or more and 185 degrees or less with respect to the
exposure light, a transmittance of 6% or more and 30% or
less, and a film thickness of 60 nm or more and 85 nm or

less.

6. The photomask blank according to claim 1, wherein the
film to be processed has a film made of a tantalum-

containing material.

7. The photomask blank according to claim 6, wherein
the film made of the tantalum-containing material is
an absorption film for extreme ultraviolet region light,
the film to be processed has a reflective film for
the extreme ultraviolet region light provided between the
absorption film and the substrate, and

the photomask blank is a reflective mask blank.

8. The photomask blank according to any one of claims 1 to
7, further comprising a resist film provided on a side,
which is away from the substrate, of the film made of the
chromium-containing material, the resist film having a film

thickness of 50 nm or more and 200 nm or less.

9. A method of manufacturing a photomask having a circuit
pattern of a film made of a silicon-containing material
from the photomask blank according to claim 2, the method

comprising steps of:
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(A) forming a resist film on a side, which is away
from the substrate, of the film made of the chromium-
containing material;

(C) patterning the resist film to form a resist
pattern;

(D) patterning the film made of the chromium-
containing material to form a pattern of the film made of
the chromium-containing material by dry etching using an
oxygen-containing chlorine-based gas with the resist
pattern as an etching mask;

(E) patterning a film made of a silicon-containing
material to form a pattern of the film made of the silicon-
containing material by dry etching using a fluorine-based
gas with the pattern of the film made of the chromium-
containing material as an etching mask; and

(F) after step (E), leaving the film made of the
chromium-containing material at a portion, located at an
outer peripheral edge part of the substrate, where the
circuit pattern is not formed, and removing the pattern of
the film made of the chromium-containing material in other
than the outer peripheral edge part by dry etching using an

oxygen-containing chlorine-based gas.

10. The method of manufacturing according to claim 9,
further comprising:
after step (A) and before step (C),

(B) removing the resist film using a mixture of
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sulfuric acid and hydrogen peroxide solution, and newly
forming a resist film on a side, which is away from the
substrate, of the film made of the chromium-containing

material.

11. A photomask comprising:

a substrate; and

a film to be processed provided on the substrate and
having an effective region including a circuit pattern,
wherein

a film made of a chromium-containing material is
provided on the film to be processed at an outer peripheral
edge part located outside a peripheral edge of the
effective region, and the film made of the chromium-
containing material has a first layer, a second layer, a
third layer, and a fourth layer in order from a side away
from the substrate,

each of the first layer, the second layer, the third
layer, and the fourth layer contains three or more kinds of
elements of chromium, oxygen, nitrogen, and carbon,

the first layer has a chromium content of 40 atomic$%
or less, an oxygen content of 38 atomic% or more, and a
nitrogen content of 22 atomic% or less, and a thickness of
6 nm or less,

the second layer has a chromium content of 38 atomic$%
or less, an oxygen content of 30 atomic% or more, a

nitrogen content of 18 atomic% or less, and a carbon
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content of 14 atomic% or less, and a film thickness of 22
nm or more and 32 nm or less,

the third layer has a chromium content of 50 atomic$%
or less, an oxygen content of 30 atomic®% or less, and a
nitrogen content of 20 atomic% or more, and a film
thickness of 6 nm or less, and

the fourth layer has a chromium content of 44 atomic$%
or less, an oxygen content of 20 atomic% or more, a
nitrogen content of 20 atomic% or less, and a carbon
content of 16 atomic% or less, and a film thickness of 13

nm Oor more.

12. The photomask according to claim 11, wherein

the film to be processed is a film made of a silicon-
containing material,

the film made of the chromium-containing material is
a light-shielding film,

the film made of the silicon-containing material is a
phase shift film, and

the photomask is a phase shift mask in which a
combined optical density of the light-shielding film and
the phase shift film with respect to exposure light is 3 or

more.

13. The photomask according to claim 12, wherein the film
made of the chromium-containing material has a film

thickness of 39 nm or more and 94 nm or less.
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14. The photomask according to claim 12 or 13, wherein the
phase shift film has a phase difference of 175 degrees or
more and 185 degrees or less with respect to the exposure
light, a transmittance of 6% or more and 30% or less, and a

film thickness of 60 nm or more and 85 nm or less.
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