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DESCRIPTION

Title of Invention: REFLECTIVE PHOTOMASK BLANK AND

REFLECTIVE PHOTOMASK

Technical Field
[0001]

The present invention relates to a reflective
photomask used in lithography using a light in the
ultraviolet region as a light source and a reflective

photomask blank for producing the same.

Background Art
[0002]

In a manufacturing process of semiconductor devices,
a demand for miniaturization by a photolithography
technology has increased with the miniaturization of the
semiconductor devices. The minimum resolution dimension
of a transfer pattern in the photolithography largely
depends on the wavelength of an exposure light source,
and the minimum resolution dimension can be made smaller
as the wavelength is shorter. Therefore, as the exposure
light source, a conventional ArF excimer laser light
having a wavelength of 193 nm has been replaced with a
light in the EUV (Extreme Ultra Violet) region having a
wavelength of 13.5 nm.
[0003]

The light in the EUV region is absorbed by most



10

15

20

25

materials at a high ratio, and therefore a reflective
photomask is used as a photomask for EUV exposure (EUV
mask) (see PTL 1, for example). PTL 1 discloses an EUV
photomask obtained by forming a reflective layer
containing a multi-layer film in which molybdenum (Mo)
layers and silicon (Si) layers are alternately deposited
on a glass substrate, forming an absorption layer
containing tantalum (Ta) as the main ingredient on the
reflective layer, and forming a pattern on the absorption
layer.

[0004]

Further, in the EUV lithography, a dioptric system
utilizing light transmission cannot be used as described
above, and therefore an optical system member of an
exposure machine is not a lens but a reflective type
(mirror). This poses a problem that an incident light
and a reflected light on a reflective photomask (EUV
mask) cannot be coaxially designed. Thus, in the EUV
lithography, a technique is commonly employed which
includes making the EUV light incident by tilting the
optical axis by 6° from the vertical direction of the EUV
mask and guiding a reflected light reflected at an angle
of -6° to a semiconductor substrate.

As described above, the optical axis is tilted
through the mirror in the EUV lithography, and therefore
it is known that a problem referred to as a so-called
“shadowing effect” occurs in which the EUV light incident

on the EUV mask creates a shadow of a mask pattern
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(patterned absorption layer) of the EUV mask.
[0005]

In a current EUV mask blank, a film containing
tantalum (Ta) as the main ingredient having a film
thickness of 60 nm to 90 nm is used as the absorption
layer. When the exposure of the pattern transfer is
performed with an EUV mask produced using the mask blank,
there is a risk of causing a reduction in the contrast in
an edge part to be shadowed by the mask pattern,
depending on the relationship between the incident
direction of the EUV light and the orientation of the
mask pattern. Consequently, problems, such as an
increase in line edge roughness of the transfer pattern
on the semiconductor substrate and an inability to form a
line width with a target dimension, occur, thereby
deteriorating the transfer performance in some cases.
[0006]

Thus, a reflective photomask blank in which a
material forming the absorption layer is changed from
tantalum (Ta) to a material having high absorptivity
(extinction coefficient) to the EUV light and a
reflective photomask blank in which a material having
high absorptivity to the EUV light is added to tantalum
(Ta) have been studied. For example, PTL 2 describes a
reflective photomask blank in which the absorption layer
is formed of a material containing 50 at% or more of Ta
as the main ingredient and further containing at least

one element selected from tellurium (Te), antimony (Sb),
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platinum (Pt), iodine (I), bismuth (Bi), iridium (Ir),
osmium (Os), tungsten (W), rhenium (Re), tin (Sn), indium
(In), polonium (Po), iron (Fe), gold (Au), mercury (Hg),
gallium (Ga), and aluminum (Al).

[0007]

Further, the mirror is known to be contaminated with
by-products (e.g., tin (Sn)) caused by the generation of
the EUV, carbon (C) or the like. The accumulation of
contaminants on the mirror reduces the reflectance of the
mirror surface and reduces the throughput of a
lithographic apparatus in some cases. To address this
problem, PTL 3 discloses a method for removing the
contaminants from the mirror by generating hydrogen
radicals in the apparatus and reacting the contaminants
with the hydrogen radicals.

[0008]

The method of PTL 3 also generates hydrogen ions and
the like in addition to the hydrogen radicals in the
apparatus, however the atomic hydrogen can also enter
between a capping layer and a low reflective part in a
photomask. The entering atomic hydrogen forms a high
hydrogen concentration region between layers, and the
atomic hydrogen can form hydrogen molecules by being
bonded in this region. The hydrogen molecules thus
generated become bubbles to increase the pore density
between the layers, and can cause delamination.

[0009]

To address this problem, a reflective photomask
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blank has been studied, which prevents the delamination
by providing a hydrogen absorption layer between layers
that can cause delamination. For example, in a photomask
blank described in PTL 4, a technique is disclosed which
includes providing a hydrogen absorption layer between a
multi-layer reflective film and a capping layer, thereby
capturing the atomic hydrogen, which can cause the
delamination, in the hydrogen absorption layer.

However, in the reflective photomask blank described
in PTL 4, the delamination between the capping layer and
the low reflective part is not described. Therefore, a
transfer pattern (mask pattern) formed on the absorption
layer by the introduction to the EUV exposure apparatus
cannot be stably maintained, and as a result, there is a

possibility that the transferability deteriorates.

Citation List
Patent Literatures
[0010]
PTL 1: JP 2011-176162
PTL 2: JP 2007-273678
PTL 3: JP 2011-530823

PTL 4: JP 2019-113825

Summary of Invention
Technical Problem
[0011]

Thus, it is an object of the present invention to
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provide a reflective photomask blank and a reflective
photomask suppressing or reducing the shadowing effect of
a reflective photomask for patterning transfer using a
light having a wavelength in the extreme ultraviolet
region as a light source and having high interlayer
adhesion between a capping layer and a low reflective

part.

Solution to Problem
[0012]

To solve the above-described problems, a photomask
blank according to one embodiment of the present
invention is a reflective photomask blank for producing a
reflective photomask for pattern transfer using an
extreme ultraviolet light as a light source, and
includes: a substrate; a reflective part formed on the
substrate and configured to reflect an incident light;
and a low reflective part formed on the reflective part
and configured to absorb an incident light, in which the
reflective part includes a multi-layer reflective film
and a capping layer, the capping layer contains at least
ruthenium (Ru), the low reflective part contains 40 at%
or more of at least one or more materials selected from
silver (Ag), cobalt (Co), indium (In), platinum (Pt), tin
(Sn), nickel (Ni), and tellurium (Te), and oxides,
nitrides, fluorides, borides, oxynitrides, boron oxides,
and boron oxynitrides thereof, a region at least 2 nm

thick from the capping layer side of the low reflective
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part contains 25 at%$ or more of at least one or more
materials selected from a first material group consisting
of ruthenium (Ru), titanium (Ti), wvanadium (V), chromium
(Cr), manganese (Mn), iron (Fe), niobium (Nb), molybdenum
(Mo), technetium (Tc), rhodium (Rh), tantalum (Ta),
tungsten (W), rhenium (Re), osmium (Os), and iridium
(Ir), and oxides, nitrides, fluorides, borides,
oxynitrides, boron oxides, and boron oxynitrides thereof
or contains 30 at% or more of at least one or more
materials selected from a second material group
consisting of scandium (Sc), copper (Cu), yttrium (Y),
zirconium (Zr), palladium (Pd), lanthanum (La), hafnium
(Hf), gold (Au), beryllium (Be), magnesium (Mg), calcium
(Ca), zinc (Zn), cadmium (Cd), and aluminum (Al), and
oxides, nitrides, fluorides, borides, oxynitrides, boron
oxides, and boron oxynitrides thereof, and the total film
thickness of the low reflective part is 45 nm or less.
[0013]

To solve the above-described problems, a reflective
photomask according to one embodiment of the present
invention includes: a substrate; a reflective part formed
on the substrate and configured to reflect an incident
light; and a low reflective part formed on the reflective
part and configured to absorb an incident light, in which
the reflective part includes a multi-layer reflective
film and a capping layer, the capping layer contains at
least ruthenium (Ru), the low reflective part contains 40

o)

at% or more of at least one or more materials selected
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from silver (Ag), cobalt (Co), indium (In), platinum
(Pt), tin (Sn), nickel (Ni), and tellurium (Te), and
oxides, nitrides, fluorides, borides, oxynitrides, boron
oxides, and boron oxynitrides thereof, a region at least
2 nm thick from the capping layer side of the low
reflective part contains 25 at%$ or more of at least one
or more materials selected from a first material group
consisting of ruthenium (Ru), titanium (Ti), vanadium
(V), chromium (Cr), manganese (Mn), iron (Fe), niobium
(Nb), molybdenum (Mo), technetium (Tc), rhodium (Rh),
tantalum (Ta), tungsten (W), rhenium (Re), osmium (Os),
and iridium (Ir), and oxides, nitrides, fluorides,
borides, oxynitrides, boron oxides, and boron oxynitrides
thereof or contains 30 at$% or more of at least one or
more materials selected from a second material group
consisting of scandium (Sc), copper (Cu), yttrium (Y),
zirconium (Zr), palladium (Pd), lanthanum (La), hafnium
(Hf), gold (Au), beryllium (Be), magnesium (Mg), calcium
(Ca), zinc (Zn), cadmium (Cd), and aluminum (Al), and
oxides, nitrides, fluorides, borides, oxynitrides, boron
oxides, and boron oxynitrides thereof, and the total film

thickness of the low reflective part is 45 nm or less.

Advantageous Effects of Invention
[0014]

According to one aspect of the present invention,
transfer performance to a semiconductor substrate is

improved in patterning using a light having a wavelength



in the extreme ultraviolet region as a light source, and
resistance to the external environment can be expected
when a photomask is manufactured and used. More
specifically, the reflective photomask blank and the
reflective photomask according to one embodiment of the
present invention suppress or reduce the shadowing effect
of the reflective photomask for patterning transfer using
a light having a wavelength in the extreme ultraviolet
region as a light source and have high interlayer
adhesion between the capping layer and the low reflective

part.

Brief Description of Drawings
[0015]

FIG. 1 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
blank according to an embodiment of the present
invention;

FIG. 2 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
according to an embodiment of the present invention;

FIG. 3 is a map illustrating a refractive index n
and an extinction coefficient k at the wavelength of an
EUV light;

FIG. 4 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
according to a modification of the embodiment of the

present invention;
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FIG. 5 is a conceptual view illustrating an example
of the content (concentration) distribution of a material
belonging to a first material group and the content
(concentration) distribution of a high extinction
coefficient material in an absorption layer (low
reflective part) provided in the reflective photomask
blank and the reflective photomask according to the
embodiment of the present invention;

FIG. 6 is a conceptual view illustrating an example
of the content (concentration) distribution of a material
belonging to the first material group and the content
(concentration) distribution of a high extinction
coefficient material in the absorption layer (low
reflective part) provided in the reflective photomask
blank and the reflective photomask according to the
embodiment of the present invention;

FIG. 7 is a conceptual view illustrating an example
of the content (concentration) distribution of a material
belonging to the first material group and the content
(concentration) distribution of a high extinction
coefficient material in the absorption layer (low
reflective part) provided in the reflective photomask
blank and the reflective photomask according to the
embodiment of the present invention;

FIG. 8 is a conceptual view illustrating an example
of the content (concentration) distribution of a material
belonging to the first material group and the content

(concentration) distribution of a high extinction

_10_
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coefficient material in the absorption layer (low
reflective part) provided in the reflective photomask
blank and the reflective photomask according to the
embodiment of the present invention;

FIG. 9 is a schematic cross-sectional view
illustrating the structure of the reflective photomask
according to the embodiment of the present invention;

FIG. 10 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
blank according to Examples of the present invention;

FIG. 11 is a schematic cross-sectional view
illustrating a manufacturing process of a reflective
photomask according to Examples of the present invention;

FIG. 12 is a schematic cross-sectional view
illustrating a manufacturing process of the reflective
photomask according to Examples of the present invention;

FIG. 13 is a schematic cross-sectional view
illustrating a manufacturing process of the reflective
photomask according to Examples of the present invention;

FIG. 14 is a schematic cross-sectional view
illustrating a manufacturing process of the reflective
photomask according to Examples of the present invention;

FIG. 15 is a schematic plan view illustrating an LS
pattern with a line width of 64 nm for transfer
evaluation according to Examples of the present
invention;

FIG. 16 is a schematic cross-sectional view

illustrating the structure of a reflective photomask

_ll_
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blank according to Examples of the present invention;

FIG. 17 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
according to Examples of the present invention;

FIG. 18 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
blank according to Examples of the present invention;

FIG. 19 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
according to Examples of the present invention;

FIG. 20 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
blank according to Comparative Example of the present
invention;

FIG. 21 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
according to Comparative Example of the present
invention;

FIG. 22 is a conceptual view illustrating an example
of the content (concentration) distribution of a material
belonging to the first material group and the content
(concentration) distribution of a high extinction
coefficient material in an absorption layer (low
reflective part) provided in a reflective photomask blank
and a reflective photomask according to Example of the
present invention; and

FIG. 23 is a conceptual view illustrating an example

of the content (concentration) distribution of a material

_12_



belonging to the first material group and the content
(concentration) distribution of a high extinction
coefficient material in an absorption layer (low
reflective part) provided in a reflective photomask blank
and a reflective photomask according to Comparative

Example of the present invention.

Description of Embodiments
[0016]

Hereinafter, embodiments of the present invention
are described with reference to the drawings, but the
present invention is not limited to the following
embodiments. In the embodiments described below, a
technically preferable limitation is made to implement
the present invention, but this limitation is not a
requirement of the present invention.

FIG. 1 is a schematic cross-sectional view
illustrating the structure of a reflective photomask
blank 10 according to an embodiment of the present
invention. FIG. 2 is a schematic cross-sectional view
illustrating the structure of a reflective photomask 20
according to an embodiment of the present invention.
Herein, the reflective photomask 20 according to the
embodiment of the present invention illustrated in FIG. 2
is formed by patterning a low reflective part 4 of the
reflective photomask blank 10 according to the embodiment
of the present invention illustrated in FIG. 1.

[0017] (Entire configuration)

_13_
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As i1llustrated in FIG. 1, the reflective photomask
blank 10 according to the embodiment of the present
invention includes a substrate 1, a multi-layer
reflective film 2 formed on the substrate 1, and a
capping layer 3 formed on the multi-layer reflective film
2. Thus, a reflective part 5 having the multi-layer
reflective film 2 and the capping layer 3 is formed on
the substrate 1, and a low reflective part 4 is provided
on the reflective part 5. The low reflective part 4 may
contain an absorption layer or may contain an adhesion
layer and an absorption layer as illustrated in FIG. 4.
[0018] (Substrate)

For the substrate 1 according to the embodiment of
the present invention, a flat silicon (Si) substrate, a
synthetic quartz substrate, or the like is usable, for
example. Further, a low thermal expansion glass to which
titanium (Ti) is added is usable for the substrate 1.
However, this embodiment is not limited to the above, and
any material having a small thermal expansion coefficient
may be acceptable.

[0019] (Multi-layer reflective film)

The multi-layer reflective film 2 according to the
embodiment of the present invention may be one reflecting
an EUV light (extreme ultraviolet light), which is an
exposure light or may be a multi-layer reflective film
containing a combination of materials having greatly
different refractive indices to the EUV light. As the

multi-layer reflective film 2, one formed by repeatedly
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depositing a layer containing a combination of molybdenum
(Mo) and silicon (Si) or molybdenum (Mo) and beryllium
(Be) by about 40 cycles may be acceptable, for example.
[0020] (Capping layer)

The capping layer 3 according to the embodiment of
the present invention is formed of a material having
resistance to dry etching performed in forming a transfer
pattern (mask pattern) on the low reflective part 4 and
functions as an etching stopper to prevent damage to the
multi-layer reflective film 2 when the low reflective
part 4 is etched. The capping layer 3 is formed of a
material containing at least Ru (ruthenium). The content
of ruthenium (Ru) in the capping layer 3 is preferably
within the range of 30 mass% or more and 100 mass$% or
less, more preferably within the range of 50 mass% or
more and 100 mass% or less, and still more preferably
within the range of 80 mass% or more and 100 mass$% or
less based on the mass of the entire capping layer 3.
When the content of ruthenium (Ru) is 30 mass$% or more
based on the mass of the entire capping layer 3, the
above-described function as the etching stopper is
further improved.

Although not illustrated in the drawings, a back
surface conductive film can be formed on the surface on
which the multi-layer reflective film 2 is not formed of
the substrate 1. The back surface conductive film is a
film for fixing the reflective photomask 20 utilizing the

principle of an electrostatic chuck when the reflective

_15_
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photomask 20 is installed in an exposure machine.
[0021] (Low reflective part)

As illustrated in FIG. 2, a low reflective part
pattern 4a of the reflective photomask 20 is formed by
removing a part of the low reflective part 4 of the
reflective photomask blank 10, i.e., patterning the low
reflective part 4. 1In the EUV lithography, the EUV light
is obliquely incident and reflected by the reflective
part 5, but the transfer performance onto a wafer
(semiconductor substrate) sometimes deteriorates due to a
shadowing effect in which the low reflective pattern 4a
interferes with an optical path. This deterioration of
the transfer performance is reduced by reducing the
thickness of the low reflective part 4 absorbing the EUV
light. To reduce the thickness of the low reflective
part 4, a material having higher absorptivity to the EUV
light than that of a conventional material, i.e., a
material having a high extinction coefficient k to a
wavelength of 13.5 nm, is preferably applied.

[0022]

FIG. 3 is a graph showing the optical constants to
the wavelength of 13.5 nm of the EUV light of some metal
materials. The horizontal axis of FIG. 3 represents the
refractive index n and the vertical axis represents the
extinction coefficient k. The extinction coefficient k
of tantalum (Ta), which is a main material of the
conventional low reflective part 4, is 0.041. Materials

having a larger extinction coefficient k than 0.041 can

_16_
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reduce the thickness of the low reflective part 4
compared to that of the conventional low reflective part.

Examples of the materials satisfying the extinction
coefficient k described above include silver (Aqg),
platinum (Pt), indium (In), cobalt (Co), tin (Sn), nickel
(Ni), and tellurium (Te), as illustrated in FIG. 3.

[0023]

When the intensity of a reflected light from the
reflective part 5 is defined as Rm and the intensity of a
reflected light from the low reflective part 4 is defined
as Ra, an optical density (0OD) value, which is an index
representing the light intensity contrast between the
reflective part 5 and the low reflective part 4, is
defined by Expression (1) below.

OD = -log(Ra/Rm)-- Equation (1)

When the OD value is larger, the contrast is better
and higher transferability is obtained. Although OD > 1
is required for the pattern transfer, the OD value of 1.5
or more is more preferable as compared with the above-
described conventional one.

[0024]

As described above, compound materials containing Ta
as the main ingredient as described above have been
applied to the low reflective part 4 of a conventional
EUV reflective photomask. 1In this case, it has been
necessary to set the film thickness of the low reflective
part 4 to 40 nm or more to obtain the OD value of 1 or

more and set the film thickness of the low reflective
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part 4 to 70 nm or more to obtain the OD value of 2 or
more. The extinction coefficient k of tantalum (Ta) is
0.041, while, among the materials illustrated in FIG. 3,
silver (Ag), platinum (Pt), indium (In), cobalt (Co), tin
(Sn), nickel (Ni), and tellurium (Te) all have the
extinction coefficient of 0.041 or more, and therefore
the thickness of the film can be further reduced as
compared with the case of using tantalum (Ta). In
particular, an oxide of tin (Sn) and indium (In) is
desirable as a candidate material because the oxide
enables etching processing by a chlorine-based gas.
[0025]

For example, the application of a material
containing tin (Sn) having the extinction coefficient k
of 0.06 or more and oxygen (0O) or a material containing
indium (In) and oxygen (O) to the low reflective part 4
enables the reduction in the film thickness of the low
reflective part 4 to 17 nm when at least the OD value 1is
1 or more and enables the reduction in the film thickness
of the low reflective part 4 to 45 nm or less when the OD
value is 2 or more. However, when the film thickness of
the low reflective part 4 exceeds 45 nm, the shadowing
effect of the low reflective part 4 is substantially the
same as that of the low reflective part 4 having a film
thickness of 60 nm formed of the conventional compound
material containing Ta as the main ingredient.

[0026]
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Therefore, the low reflective part 4 in the
embodiment of the present invention contains at least 40
at% or more of at least one or more materials
(hereinafter referred to as high extinction coefficient
materials) selected from silver (Ag), cobalt (Co), indium
(In), platinum (Pt), tin (Sn), nickel (Ni), and tellurium
(Te), and oxides, nitrides, fluorides, borides,
oxynitrides, boron oxides, and boron oxynitrides thereof,
and has a film thickness of 45 nm or less. More
specifically, when the film thickness of the low
reflective part 4 is within the range of 45 nm or less,
the shadowing effect can be sufficiently reduced and the
transfer performance can be further improved as compared
with the conventional low reflective part 4 formed of the
compound material containing tantalum (Ta) as the main
ingredient. Herein, when the content of the above-
described high extinction coefficient materials is 40 at%
or more based on the number of atoms of the entire low
reflective part 4, it becomes easy to set the film
thickness of the low reflective part 4 to 45 nm or less.
When the content of the high extinction coefficient
materials is 75 at% or less based on the number of atoms
of the entire low reflective part 4, the adhesion with
the capping layer 3 is improved. The content of the
above-described high extinction coefficient materials is
preferably within the range of 45 at% or more and 65 at$
or less and more preferably within the range of 50 at% or

more and 60 at% or less based on the number of atoms of
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the entire low reflective part 4.

Further, to transfer a fine pattern, the contrast of
the intensities of a light reflected from the reflective
part 5 and a light reflected from the low reflective part
4 is desirably high. Therefore, the OD value of the low
reflective part 4 is more preferably 1.5 or more.

[0027]

Materials belonging to a first material group and
materials belonging to a second material group described
later satisfy the condition as materials for enhancing
the adhesion between the capping layer 3 and the low
reflective part 4. This is because the materials
belonging to the first material group and the materials
belonging to the second material group each have a
surface free energy value close to that of ruthenium (Ru)
contained in the capping layer 3. 1In particular, the
materials belonging to the first material group have a
surface free energy value closer to that of ruthenium
(Ru) as compared with the materials belonging to the
second material group, and therefore further strengthen
the adhesion between the capping layer 3 and the low
reflective part 4.

[0028]

The materials belonging to the first material group
are materials having a surface free energy of less than
0.5 [J/m?] with the surface free energy of ruthenium
(Ru) as a reference. The materials belonging to the

second material group are materials having a surface free
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energy of +£0.5 [J/m?] or more and less than +2 [J/m?]
with the surface free energy of ruthenium (Ru) as a
reference.

Thus, as a material contained in a region at least 2
nm or more thick from the capping layer 3 side of the low
reflective part 4, materials mixed with other materials
are usable in addition to the materials belonging to the
first material group or the materials belonging to the
second material group. Not to lower the adhesion with
the capping layer 3, materials are preferable which
contain at least one or more materials selected from the
first material group or at least one or more materials
selected from the second material group in a proportion
of at least 25 at% or more or 30 at% or more,
respectively. More specifically, it is preferable in
this embodiment that 25 at%$ or more of at least one or
more materials selected from the first material group are
added or 30 at% or more of at least one or more materials
selected from the second material group are added to the
region having a thickness up to at least 2 nm from the
surface on the capping layer 3 side (back surface) of the
low reflective part 4 and that the total film thickness
of the low reflective part 4 is 45 nm or less.

[0029]

The above-described first material group as used
herein refer to a material group consisting of ruthenium
(Ru), titanium (Ti), vanadium (V), chromium (Cr),

manganese (Mn), iron (Fe), niobium (Nb), molybdenum (Mo),
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technetium (Tc), rhodium (Rh), tantalum (Ta), tungsten
(W), rhenium (Re), osmium (0Os), and iridium (Ir), and
oxides, nitrides, fluorides, borides, oxynitrides, boron
oxides, and boron oxynitrides thereof.

[0030]

The above-described second material group refers to
a material group consisting of scandium (Sc), copper
(Cu), yttrium (YY), zirconium (Zr), palladium (Pd),
lanthanum (La), hafnium (Hf), gold (Au), beryllium (Be),
magnesium (Mg), calcium (Ca), zinc (Zn), cadmium (Cd),
and aluminum (Al), and oxides, nitrides, fluorides,
borides, oxynitrides, boron oxides, and boron oxynitrides
thereof.

[0031]

When the content of at least one or more materials
selected from the first material group is 25 at% or more
based on the number of atoms of the entire material
constituting the region at least 2 nm or more thick from
the capping layer 3 side of the low reflective part 4,
the adhesion between the capping layer 3 and the low
reflective part 4 is further strengthened. The content
of at least one or more materials selected from the first
material group is preferably 40 at% or more and more
preferably 50 at% or more based on the number of atoms of
the entire material constituting the region at least 2 nm
or more thick from the capping layer 3 side of the low
reflective part 4.

[0032]
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When the content of at least one or more materials
selected from the second material group is 30 at% or more
based on the number of atoms of the entire material
constituting the region at least 2 nm or more thick from
the capping layer 3 side of the low reflective part 4,
the adhesion between the capping layer 3 and the low
reflective part 4 is further strengthened. The content
of at least one or more materials selected from the
second material group 1is preferably 45 at% or more and
more preferably 55 at% or more based on the number of
atoms of the entire material constituting the region at
least 2 nm or more thick from the capping layer 3 side of
the low reflective part 4.

[0033]

The above-described embodiment gives a description
of the case where the content of at least one or more
materials selected from the first material group is 25
at% or more based on the number of atoms of the entire
material constituting the region at least 2 nm or more
thick from the capping layer 3 side of the low reflective
part 4 and the case where the content of at least one or
more materials selected from the second material group is
30 at% or more based on the number of atoms of the entire
material constituting the region at least 2 nm or more
thick from the capping layer 3 side of the low reflective
part 4, but the present invention is not limited thereto.

For example, the content of at least one or more

materials selected from the first material group may be
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25 at% or more based on the number of atoms of a material
constituting the entire low reflective part 4 containing
only the absorption layer, and the content of at least
one or more materials selected from the second material
group may be 30 at%$ or more based on the number of atoms
of a material constituting the entire low reflective part
4 containing only the absorption layer.

[0034]

More specifically, when the content of at least one
or more materials selected from the first material group
is 25 at% or more based on the number of atoms of the
entire low reflective part 4, the adhesion between the
capping layer 3 and the low reflective part 4 is further
strengthened. When the content of at least one or more
materials selected from the first material group is 60
at% or less based on the number of atoms of the entire
low reflective part 4, there is little possibility that
the shadowing effect is adversely affected. The content
of at least one or more materials selected from the first
material group is preferably within the range of 30 at$
or more and 55 at% or less and more preferably within the
range of 35 at% or more and 50 at% or less based on the
number of atoms of the entire low reflective part 4.

The composition of the second material group in the
entire low reflective part 4 is preferably 30 at% or more
and 60 at% or less, more preferably within the range of
35 at% or more and 55 at% or less, and most preferably

within the range of 40 at% or more and 50 at% or less.
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[0035]

The content of at least one or more materials
selected from the first material group may be 25 at$%$ or
more based on the number of atoms of a material
constituting the entire low reflective part 4 containing
the adhesion layer and the absorption layer described
later. The content of at least one or more materials
selected from the second material group may be 30 at% or
more based on the number of atoms of a material
constituting the entire low reflective part 4 containing
the adhesion layer and the absorption layer described
later.

[0036] (First form)

A first form in the present embodiment is described
with reference to FIG. 2.

To facilitate the etching processability, the
absorption layer constituting the low reflective part 4
is effectively a film having a uniform composition.

Therefore, to facilitate the etching processability,
the absorption layer is preferably a structural body
having a uniform composition containing at least 40 at%
or more of one or more materials (high extinction
coefficient materials) selected from silver (Ag), cobalt
(Co), indium (In), platinum (Pt), tin (Sn), nickel (Ni),
and tellurium (Te), and oxides, nitrides, fluorides,
borides, oxynitrides, boron oxides, and boron oxynitrides
thereof, and at least 25 at% or more of one or more

materials selected from the first material group or at
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least 30 at% or more of one or more materials selected
from the second material group, based on the number of
atoms of the entire absorption layer.

[0037]

The absorption layer according to the present
embodiment may contain a plurality of layers, and may be
provided with a hard mask (HM) layer serving as an
etching mask, an AR (antireflection) film for improving
the inspection light contrast, or the like on the
absorption layer. Even in this case, the total film
thickness obtained by summing the film thickness of each
layer constituting the absorption layer is preferably 45
nm or less. More specifically, even when the low
reflective part 4 includes a single layer, the film
thickness thereof is preferably 45 nm or less, and even
when the low reflective part 4 is divided into a
plurality of layers, the total film thickness thereof is
preferably 45 nm or less.

[0038] (Second form)

A second form in this embodiment is described with
reference to FIG. 4.

To reduce the shadowing effect and prevent the
atomic hydrogen from entering between the capping layer
and the absorption layer, it is effective to add the
material having a high extinction coefficient k to an
absorption layer 542 and to provide an adhesion layer 541
for more firm adhesion of the capping layer 3 and the

absorption layer 542 as illustrated in FIG. 4. It is
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desirable that a material forming the adhesion layer 541
is the same as the material forming the absorption layer
(low reflective part 4) illustrated in FIG. 1 and has a
surface free energy value close to that of ruthenium (Ru)
forming the capping layer 3.

Therefore, the adhesion layer 541 preferably has a
film thickness of 2 nm or more and 20 nm or less, and
contains 25 at% or more of one or more materials selected
from the first material group or 30 at% or more of one or
more materials selected from the second material group
described above.

When the film thickness of the adhesion layer 541 is
2 nm or more, the analysis of constituent elements
(content measurement of constituent elements) using a
commercially available XPS apparatus can be performed.
When the film thickness of the adhesion layer 541 is 20
nm or less, the thickness is sufficiently small as the
entire thickness of the low reflective part 54, reducing
the possibility of deteriorating the transfer performance
(possibility of adversely affecting the shadowing
effect).

[0039] (Third form)

A third form in this embodiment is described with
reference to FIG. 2.

The cross-sectional side wall angle of the
absorption layer (low reflective part 4) after the
absorption layer (low reflective part 4) is patterned is

desirably a rectangular shape close to the perpendicular
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to the surface of the capping layer 3. When the cross-
sectional side wall of the absorption layer (low
reflective part 4) has a stepped shape or a tapered
shape, there is a concern for deterioration of the
transfer performance due to unintended attenuation
amplification of an exposure light and a change in the
reflected light intensity in a pattern end part.
Therefore, it is desirable that there is no step in the
cross section of the absorption layer (low reflective
part 4) after the absorption layer (low reflective part
4) is patterned.

[0040]

Therefore, it is desirable that a large amount of
the material having a surface free energy value close to
that of ruthenium (Ru) forming the capping layer 3 is
contained in the region on the capping layer 3 side of
the low reflective part 4 and the composition ratio of
the material continuously changes to decrease toward a
region (outermost surface side) on the opposite side to
the capping layer 3 of the low reflective part 4, so that
the composition is changed without forming a layer
boundary.

Therefore, the capping layer 3 side of the low
reflective part 4 is preferably a structural body which
contains 25 at% or more of one or more materials selected
from the first material group or 30 at% or more of one or
more materials selected from the second material group in

a film thickness (region) of at least 2 nm or more and in
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which the composition ratio of the first material group
or the second material group continuously changes to be
smaller in the region (outermost surface side) on the
opposite side to the capping layer 3 than on the capping
layer 3 side of the low reflective part 4.

[0041]

Hereinafter, the distributions of the content
(concentration) of the materials belonging to the first
material group and the content (concentration) of the
high extinction coefficient materials, which
“continuously change”, in the low reflective part 4 are
described. 1In this embodiment, the distribution of the
content (concentration) of the materials belonging to the
first material group and the distribution of the content
(concentration) of the materials belonging to the second
material group are qualitatively the same. Therefore,
the description of the distribution of the content
(concentration) of the materials belonging to the second
material group 1s omitted herein.

In this embodiment, the content of the materials
belonging to the first material group preferably
decreases straight (linearly), curvedly (e.g., S-curve),
or exponentially from the capping layer 3 side toward the
outermost surface side of the low reflective part 4.

In this embodiment, the content of the high
extinction coefficient materials preferably increases

straight (linearly), curvedly (e.g., S-curve), or



10

15

20

25

exponentially from the capping layer 3 side toward the
outermost surface side of the low reflective part 4.
[0042]

At least either the materials belonging to the first
material group or the high extinction coefficient
materials preferably has a uniform composition in at
least one region of a region on the capping layer 3 side
and a region on the outermost surface side of the low
reflective part 4. 1In this embodiment, the “region on
the capping layer 3” means a region of a 10% lower layer
in the entire capping layer 3, and the “region on the
outermost surface side” means a region of a 10% upper
layer in the entire low reflective part 4.

A point (position) where the content (concentration)
of the materials belonging to the first material group
and the content (concentration) of the high extinction
coefficient materials become the same may be located on
the capping layer 3 side or the outermost surface side of
the low reflective part 4 when the low reflective part 4
is divided into two equal parts in the thickness
direction.

The region on the capping layer 3 side (region of
the 10% lower layer in the entire low reflective part 4)
may not contain only the materials belonging to the first
material group, and the region on the outermost surface
side (region of the 10% upper layer in the entire low
reflective part 4) may not contain only the high

extinction coefficient materials. More specifically, the
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region on the capping layer 3 side may contain the high
extinction coefficient materials, and the region on the
outermost surface side may contain the materials
belonging to the first material group.

[0043]

Hereinafter, the distributions of the content
(concentration) of the materials belonging to the first
material group and the content (concentration) of the
high extinction coefficient materials in the low
reflective part 4 are described with reference to FIGS. 5
to 8.

FIGS. 5 to 8 are conceptual views illustrating the
content distribution (concentration distribution) of the
materials belonging to the first material group and the
content distribution (concentration distribution) of the
high extinction coefficient materials. In FIGS. 5 to 8§,
the vertical axis represents the contents (%) of the
materials belonging to the first material group and the
high extinction coefficient materials in the entire low
reflective part 4, and the horizontal axis represents the
depth direction of the entire low reflective part 4.

FIG. 5 illustrates a form in which the content
(solid line) of the materials belonging to the first
material group straight (linearly) decreases from the
capping layer 3 side to the outermost surface side of the
low reflective part 4 and the content (broken line) of
the high extinction coefficient materials straight

(linearly) increases from the capping layer 3 side to the
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outermost surface side of the low reflective part 4.
[0044]

FIG. 6 illustrates a form in which the content
(solid line) of the materials belonging to the first
material group straight (linearly) decreases from the
capping layer 3 side to the outermost surface side of the
low reflective part 4 and the content (broken line) of
the high extinction coefficient materials straight
(linearly) increases from the capping layer 3 side to the
outermost surface side of the low reflective part 4, and
the point (position) where the content (concentration) of
the materials belonging to the first material group and
the content (concentration) of the high extinction
coefficient materials become the same is located on the
capping layer 3 side when the low reflective part 4 is
divided into two equal parts in the thickness direction.
[0045]

FIG. 7 illustrates a form in which the content
(solid line) of the materials belonging to the first
material group exponentially decreases from the capping
layer 3 side to the outermost surface side of the low
reflective part 4 and the content (broken line) of the
high extinction coefficient materials exponentially
increases from the capping layer 3 side to the outermost
surface side of the low reflective part 4, the region on
the capping layer 3 side and the region on the outermost
surface side each have a uniform composition, and the

point (position) where the content (concentration) of the
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materials belonging to the first material group and the
content (concentration) of the high extinction
coefficient materials become the same is located on the
outermost surface side when the low reflective part 4 is
divided into two equal parts in the thickness direction.
[0046]

FIG. 8 illustrates a form in which the content
(solid line) of the materials belonging to the first
material group curvedly (as if drawing an inverted S-
curve) decreases from the capping layer 3 side to the
outermost surface side of the low reflective part 4 and
the content (broken line) of the high extinction
coefficient materials curvedly (as if drawing an S-curve)
increases from the capping layer 3 side to the outermost
surface side of the low reflective part 4, and the region
on the capping layer 3 side and the region on the
outermost surface side each have a uniform composition.
[0047]

In the case of the above-described forms, the low
reflective part 4 is provided in which the content of
compound materials having high absorptivity to the EUV
light (high extinction coefficient materials) increases
from the capping layer 3 side toward the outermost
surface side of the low reflective part 4, and the
content of compound materials having a surface free
energy value close to that of ruthenium (Ru) (materials
belonging to the first material group or materials

belonging to the second material group) contained in the
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capping layer 3 decreases from the capping layer 3 side
toward the outermost surface side of the low reflective
part 4, and therefore the shadowing effect decreases and
the adhesion between the capping layer 3 and the low
reflective part 4 is further strengthened. As a result,
a photomask can be produced in which the dimensional
accuracy and the shape accuracy of a pattern to be
transferred onto a wafer are improved and which is usable
for a long period of time.

The distributions of the content of the materials
belonging to the first material group and the high
extinction coefficient materials in this embodiment are
not limited to the distributions described above, and may
be distributions obtained by combining the distributions.
[0048]

Materials constituting the low reflective part 4
contain, for example, beryllium (Be), calcium (Ca),
scandium (Sc), wvanadium (V), manganese (Mn), iron (Fe),
copper (Cu), germanium (Ge), arsenic (As), strontium
(Sr), technetium (Tc), rhodium (Rh), barium (Ba),
tungsten (W), rhenium (Re), osmium (Os), gold (Au), and
the like, and thus can be materials in which the
roughness, in-plane dimensional uniformity, and in-plane
uniformity of a transferred image are improved and which
are sufficiently amorphous.

The materials constituting the low reflective part 4
contain, for example, silver (Ag), cobalt (Co), indium

(In), platinum (Pt), tin (Sn), nickel (Ni), tellurium
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(Te), and the like, and thus can be materials having the
extinction coefficient k larger than that of tantalum
(Ta), which is a conventional main material.

[0049]

The materials constituting the low reflective part 4
contain, for example, tantalum (Ta), chromium (Cr),
titanium (Ti), aluminum (Al), silicon (Si), zirconium
(Zr), vanadium (V), hafnium (Hf), niobium (Nb), yttrium
(Y), lead (Pb), gallium (Ga), and the like, and thus can
be materials less likely to react with hydrogen radicals
and having higher hydrogen radical resistance.

The materials constituting the low reflective part 4
contain, for example, tantalum (Ta), chromium (Cr),
titanium (Ti), aluminum (Al), vanadium (V), hafnium (Hf),
and the like, and thus an oxide film 6 having hydrogen
radical resistance can be formed to cover the exposed
surface of the low reflective part 4 as illustrated in
FIG. 9.

[0050]

The materials constituting the low reflective part 4
contain, for example, aluminum (Al), chromium (Cr),
zirconium (Zr), and the like, and thus can be materials
having low reactivity to chemical solutions, such as SPM
and APM, which are generally used for mask cleaning, and
having higher cleaning resistance.

The materials constituting the low reflective part 4
contain, for example, silicon nitride (SiN), tantalum

oxide (TaO), and the like, and thus can be materials
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having high optical absorption at a wavelength of 190 nm
to 260 nm and inspection light contrast improvability.

The materials constituting the low reflective part 4
contain, for example, cobalt (Co), ruthenium (Ru),
iridium (Ir), gold (Au), palladium (Pd), platinum (Pt),
molybdenum (Mo), and the like, and thus can be materials
having a refractive index n to a wavelength of 13.5 nm of
less than 0.95 and improving the phase shift property.

Although examples of the effects of the materials
that can be contained in the low reflective part 4 are
described above, the effects of the materials are not
limited to the examples, and may have two or more of the
effects.

[0051]

The reflective photomask 20 is exposed to an
environment in which atomic hydrogen, such as hydrogen
radicals or hydrogen ions, is present, and therefore the
reflective photomask 20 cannot withstand long-term use
unless it is formed of a material having high interlayer
adhesion to the atomic hydrogen. In this embodiment, the
reflective photomask 20 is exposed to a hydrogen radical-
rich environment for a certain period of time by
generating hydrogen plasma using a microwave plasma with
a power of 1 kw in a vacuum of 0.36 millibar (mbar) or
less, and then cut. Then, the cross sections of the
capping layer 3 and the low reflective part 4 are
observed by transmission electron microscope (TEM).

Thus, a material in which no holes are visually observed
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is defined as a material having high interlayer adhesion
to the atomic hydrogen.

In the TEM observation results of the holes shown in
Table 1 described later, as a result of observing a 200
nm area a plurality of times at a magnification of 600000
times, a case where no holes were visually observed was
evaluated as “0” and a case where holes were visually
observed was evaluated as “x”.

[0052]

Hereinafter, Examples of the reflective photomask
blank and the photomask according to the present
invention are described.

[Example 1]

As illustrated in FIG. 10, a multi-layer reflective
film 12 formed by depositing 40 multi-layer films each
containing a pair of silicon (Si) and molybdenum (Mo) is
formed on a synthetic quartz substrate 11 having a low
thermal expansion property. The film thickness of the
multi-layer reflective film 12 was 280 nm.

Next, a capping layer 13 formed of ruthenium (Ru) as
an intermediate film was formed to have a film thickness
of 2.5 nm on the multi-layer reflective film 12. Thus, a
reflective part 16 having the multi-layer reflective film
12 and the capping layer 13 is formed on the substrate
11.

[0053]
Next, an absorption layer 14 was formed to have a

film thickness of 40 nm on the capping layer 13 using a
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material in which tin oxide (high extinction coefficient
material) and tantalum oxide (material belonging to the
first material group) were homogeneous in the proportion
of 75:25. The atomic number ratio of tin (Sn) and oxygen
(O) was 1:2.5 as measured by EDX (energy dispersive X-ray
analysis). The crystallinity of the absorption layer 14
was found to be amorphous as measured by XRD (X-ray
diffractometer). Thus, the absorption layer 14 is formed
on the reflective part 16.

[0054]

Next, a back surface conductive film 15 formed of
chromium nitride was formed with a thickness of 100 nm on
the side where the multi-layer reflective film 12 was not
formed of the substrate 11 to produce the reflective
photomask blank 100 of Example 1.

A multi-source sputtering apparatus was used for the
formation of each film on the substrate 11. The film
thickness of each film was controlled by a sputtering
time.

[0055]

Next, a method for producing a reflective photomask
200 is described using FIGS. 11 to 14.

As illustrated in FIG. 11, a positive chemically
amplified resist (SEBP9012: manufactured by Shin-Etsu
Chemical Co., Ltd.) was formed on the absorption layer 14
provided in the reflective photomask blank 100 to have a
film thickness of 120 nm by spin coating and baked at

110°C for 10 minutes to form a resist film 17.
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Next, a predetermined pattern was drawn on the
resist film 17 formed of the positive chemically
amplified resist by an electron beam drawing machine
(JBX3030: manufactured by JEOL Ltd.). Thereafter, baking
treatment was performed at 110°C for 10 minutes, and then
spray development (SFG3000: manufactured by SIGMAMELTEC
LTD.) was performed. Thus, a resist pattern 17a was
formed as illustrated in FIG. 12.

[0056]

Next, the absorption layer 14 was patterned by dry
etching mainly using a chlorine-based gas to form a low
reflective part pattern. Thus, a low reflective part
pattern 14a was formed as illustrated in FIG. 13.

Next, the remaining resist pattern 17a was peeled
off, thereby producing the reflective photomask 200 of
this example as illustrated in FIG. 14.

Next, the reflective photomask 200 according to this
example was dipped in sulfuric acid at 80°C for 10
minutes, dipped in a cleaning tank filled with a cleaning
liquid obtained by mixing 30 mass% of ammonia, hydrogen
peroxide water, and water in a ratio of 1:1:20 for 10
minutes using a 500 W megasonic waves, and then cleaned
by flowing water for 10 minutes. Thereafter, the film
thickness was measured by atomic force microscope (AFM)
and compared with the film thickness in the film
formation, but no changes in the film thickness were
observed.

[0057]
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In this example, the low reflective part pattern 1l4a
formed on the absorption layer 14 contains an LS (line
and space) pattern with a line width of 64 nm, an LS
pattern with a line width of 200 nm for film thickness
measurement of the absorption layer 14 using AFM, and a 4
mm square low reflective part removed part for EUV
reflectance measurement on the reflective photomask 200
for transfer evaluation. The LS pattern with a line
width of 64 nm was designed in each of the x-direction
and the y-direction as illustrated in FIG. 15 such that
the effect of the shadowing effect by EUV oblique
irradiation was able to be easily viewed.

[0058] [Example 2]

As illustrated in FIG. 16, an adhesion layer 241
formed of tantalum oxide (material belonging to the first
material group) was formed to have a film thickness of 2
nm on the capping layer 13. At this time, the atomic
number ratio of tantalum (Ta) and oxygen (0) was found to
be 1:1.9 as measured by EDX (energy dispersive X-ray
analysis). It was found to be amorphous as measured by
XRD (X-ray diffractometer).

Next, an absorption layer 242 formed of tin oxide
(high extinction coefficient material) was formed to have
a film thickness of 38 nm on the layer formed on the
capping layer 13. As a result, the film thickness of the
low reflective part 24 was 40 nm in total.

However, with respect to the low reflective part 24,

tantalum oxide and tin oxide are separated in the upper
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layer and the lower layer, and the low reflective part 24
is not a film in which the compositions continuously
change.

The atomic number ratio of tin (Sn) and oxygen (O)
was 1:2.5 as measured by EDX (energy dispersive X-ray
analysis). It was found to be amorphous as measured by
XRD (X-ray diffractometer).

A reflective photomask blank 101 and a reflective
photomask 201 including a low reflective part pattern 24a
of Example 2 illustrated in FIG. 16 and FIG. 17,
respectively, were produced in the same manner as in
Example 1, except for the formation of the adhesion layer
241 and the absorption layer 242.

[0059] [Example 3]

As illustrated in FIG. 18, a material containing
tantalum (Ta) and oxygen (0O) was formed into a film to
have a film thickness of 2 nm on the capping layer 13.
The atomic number ratio of tantalum (Ta) and oxygen (O)
was found to be 1:1.9 as measured by EDX (energy
dispersive X-ray analysis). It was found to be amorphous
as measured by XRD (X-ray diffractometer).

Next, a material containing tantalum (Ta), tin (Sn),
and oxygen (0O) was formed into a film to have a film
thickness of 38 nm on the layer formed on the capping
layer 13.

Thus, an absorption layer 34 was formed on the
capping layer 13.

The absorption layer 34 was formed by continuously
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changing the target sputtering voltage not to generate a
layer boundary in the film formation.
[0060]

Further, when the composition was analyzed by XPS
(X-ray photoelectron spectroscopy), it was found that the
composition changes as illustrated in FIG. 22 were
observed. More specifically, the contents (solid line)
of tantalum (Ta) and oxygen (O) belonging to the first
material group are 25 at% or more based on the number of
atoms of the entire absorption layer 34 and curvedly (as
if drawing an inverted S-curve) decrease from the capping
layer 13 side toward the outermost surface side of
absorption layer 34, and the contents (broken line) of
tin (Sn) and oxygen (0O) belonging to the high extinction
coefficient materials are 40 at% or more based on the
number of atoms of the entire absorption layer 34 and
curvedly (as if drawing an S-curve) increase from the
capping layer 13 side toward the outermost surface side
of the absorption layer 34. Further, the compositions in
the region on the capping layer 13 side and the region on
the outermost surface side of the absorption layer 34
each are uniform.

However, the depth resolution of the XPS used in
this experiment is 2 nm, and therefore the composition
changes in the depth direction in the film thickness
range of 2 nm on the capping layer 13 side of the
absorption layer 34 are unmeasurable.

[0061]



The atomic number ratio of tantalum (Ta), tin (Sn),
and oxygen (0O) on the opposite side (outermost surface
side) to the capping layer 13 side of the absorption
layer 34 was found to be 0:1:1.25 as measured by EDX
(energy dispersive X-ray analysis). It was found to be
amorphous as measured by XRD (X-ray diffractometer).

A reflective photomask blank 102 and a reflective
photomask 202 including a low reflective part pattern 34a
of Example 3 illustrated in FIG. 18 and FIG. 19,
respectively, were produced in the same manner as in
Example 1, except for the formation of the absorption
layer 34.

[0062] [Example 4]

The reflective photomask blank 100 and the
reflective photomask 200 including the low reflective
part pattern 1l4a of Example 4 illustrated in FIG. 10 and
FIG. 14, respectively, were produced in the same manner
as in Example 1, except for changing tantalum oxide
(material belonging to the first material group) to
zirconium oxide (material belonging to the second
material group).

The ratio of tin oxide (high extinction coefficient
material) and zirconium oxide (material belonging to the
second material group) in the absorption layer 14 formed
on the capping layer 13 was 75:25. The atomic number
ratio of tin (Sn) and oxygen (0O) was 1:2.5 as measured by
EDX (energy dispersive X-ray analysis). The

crystallinity of the absorption layer 14 was found to be

_43_



10

15

20

25

amorphous as measured by XRD (X-ray diffractometer).
[0063] [Example 5]

The reflective photomask blank 101 and the
reflective photomask 201 including the low reflective
part pattern 24a of Example 5 illustrated in FIG. 16 and
FIG. 17, respectively, were produced in the same manner
as in Example 2, except for changing tantalum oxide
(material belonging to the first material group) to
zirconium oxide (material belonging to the second
material group).

The atomic number ratio of zirconium (Zr) and oxygen
(O) in the layer formed on the capping layer 13 was 1:1.9
as measured by EDX (energy dispersive X-ray analysis).

It was found to be amorphous as measured by XRD (X-ray
diffractometer).

Next, the absorption layer 242 formed of tin oxide
(high extinction coefficient material) was formed to have
a film thickness of 38 nm on the layer formed on the
capping layer 13. As a result, the film thickness of the
low reflective part 24 was 40 nm in total.

However, with respect to the low reflective part 24,
zirconium oxide and tin oxide are separated in the upper
layer and the lower layer, and the low reflective part 24
is not a film in which the compositions continuously
change.

The atomic number ratio of tin (Sn) and oxygen (O)
was 1:2.5 as measured by EDX (energy dispersive X-ray

analysis). It was found to be amorphous as measured by

_44_



10

15

20

25

XRD (X-ray diffractometer).
[0064] [Example 6]

The reflective photomask blank 102 and the
reflective photomask 202 including the low reflective
part pattern 34a of Example 6 illustrated in FIG. 18 and
FIG. 19, respectively, were produced in the same manner
as in Example 3, except for changing tantalum oxide
(material belonging to the first material group) to
zirconium oxide (material belonging to the second
material group).

The atomic number ratio of zirconium (Zr) and oxygen
(O) in the layer formed on the capping layer 13 was 1:1.9
as measured by EDX (energy dispersive X-ray analysis).
It was found to be amorphous as measured by XRD (X-ray
diffractometer).

The atomic number ratio of zirconium (Zr), tin (Sn),
and oxygen (O) on the opposite side (outermost surface
side) to the capping layer 13 side of the absorption
layer 34 was found to be 0:1:1.25 as measured by EDX
(energy dispersive X-ray analysis). It was found to be
amorphous as measured by XRD (X-ray diffractometer).
[0065] [Example 7]

The reflective photomask blank 101 and the
reflective photomask 201 including the low reflective
part pattern 24a of Example 7 illustrated in FIG. 16 and
FIG. 17, respectively, were produced in the same manner
as in Example 2, except for changing the adhesion layer

241 formed of tantalum oxide (material belonging to the
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first material group) and having a film thickness of 2 nm
to the adhesion layer 241 formed of zirconium oxide
(material belonging to the second material group) and
having a film thickness of 20 nm.

[0066] [Comparative Example 1]

The absorption layer 14 was formed to have a film
thickness of 40 nm on the capping layer 13 using a
material in which tin oxide (high extinction coefficient
material) and tantalum oxide (material belonging to the
first material group) were homogeneous in the proportion
of 90:10. The atomic number ratio of tin (Sn) and oxygen
(O) was 1:2.5 as measured by EDX (energy dispersive X-ray
analysis). The crystallinity of the absorption layer 14
was found to be amorphous as measured by XRD (X-ray
diffractometer).

The reflective photomask blank 100 and the
reflective photomask 200 of Comparative Example 1
illustrated in FIG. 10 and FIG. 14, respectively, were
produced in the same manner as in Example 1, except for
the formation of the absorption layer 14.

[0067] [Comparative Example 2]

The adhesion layer 241 formed of tantalum oxide was
formed to have a film thickness of 16 nm on the capping
layer 13. At this time, the atomic number ratio of
tantalum (Ta) and oxygen (0O) was found to be 1:1.9 as
measured by EDX (energy dispersive X-ray analysis). It
was found to be amorphous as measured by XRD (X-ray

diffractometer).
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Next, the absorption layer 242 formed of tin oxide
was formed to have a film thickness of 36 nm on the layer
formed on the capping layer 13. As a result, the film
thickness of the low reflective part 24 was 52 nm in
total.

However, with respect to the low reflective part 24,
tantalum oxide and tin oxide are separated in the upper
layer and the lower layer, and the low reflective part 24
is not a film in which the compositions continuously
change.

The atomic number ratio of tin (Sn) and oxygen (O)
was 1:2.5 as measured by EDX (energy dispersive X-ray
analysis). It was found to be amorphous as measured by
XRD (X-ray diffractometer).

The reflective photomask blank 101 and the
reflective photomask 201 of Comparative Example 2
illustrated in FIG. 16 and FIG. 17, respectively, were
produced in the same manner as in Example 1, except for
the formation of the adhesion layer 241 and the
absorption layer 242.

[0068] [Comparative Example 3]

A material containing tantalum (Ta), tin (Sn), and
oxygen (0O) was formed into a film to have a film
thickness of 2 nm on the capping layer 13. The atomic
number ratio of tantalum (Ta), tin (Sn), and oxygen (O)
was found to be 3.5:25.7:70.8 as measured by EDX (energy
dispersive X-ray analysis). It was found to be amorphous

as measured by XRD (X-ray diffractometer).
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Next, tantalum (Ta), tin (Sn), and oxygen (0O) were
formed into a film to have a film thickness of 38 nm on
the layer formed on the capping layer 13.

Thus, the absorption layer 34 was formed on the
capping layer 13.

The absorption layer 34 was formed by continuously
changing the target sputtering voltage not to generate a
layer boundary in the film formation.

[0069]

When the composition was analyzed by XPS (X-ray
photoelectron spectroscopy), it was found that the
composition changes as illustrated in FIG. 23 were
observed. More specifically, the contents (solid line)
of tantalum (Ta) and oxygen (0O) belonging to the first
material group are 25 at% or less based on the number of
atoms of the entire absorption layer 34. The
compositions are uniform in the region on the substrate
11 side and in the region on the outermost surface side
of the absorption layer 34.

However, the depth resolution of the XPS used in
this experiment is 2 nm, and therefore the composition
changes in the depth direction in the film thickness
range of 2 nm on the capping layer 13 side of the
absorption layer 34 are unmeasurable.

The atomic number ratio of tantalum (Ta), tin (Sn),
and oxygen (O) on the opposite side (outermost surface
side) to the capping layer 13 side of the absorption

layer 34 was found to be 0:1:1.25 as measured by EDX
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(energy dispersive X-ray analysis). It was found to be
amorphous as measured by XRD (X-ray diffractometer).

The reflective photomask blank 102 and the
reflective photomask 202 of Comparative Example 3
illustrated in FIG. 18 and FIG. 19, respectively, were
produced in the same manner as in Example 1, except for
the formation of the absorption layer 34.

[0070] [Comparative Example 4]

As illustrated in FIG. 20, an absorption layer 441
was formed of nitrided tantalum to have a film thickness
of 58 nm. An outermost layer 442 was formed of tantalum
oxide to have a film thickness of 2 nm. This comparative
example assumes a reflective photomask using an existing
Ta-based film as the main ingredient.

However, tantalum nitride and tantalum oxide are
separated in the upper layer and the lower layer, and the
film is not a film in which the compositions continuously
change.

A reflective photomask blank 103 and a reflective
photomask 203 including a low reflective part pattern 44a
of Comparative Example 4 illustrated in FIG. 20 and FIG.
21, respectively, were produced in the same manner as in
Example 1, except for the formation of the absorption
layer 441 and the outermost layer 442.

[0071]

The reflectance Rm of a reflective part region and

the reflectance Ra of a low reflective part region of the

reflective photomask produced in each of Examples and
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Comparative Examples was measured by a reflectance
measuring device using the EUV light. The reflectance Rm
was measured in the 4 mm square low reflective part
removed part. From the measurement results, the OD wvalue
was calculated using Equation (1) above.

[0072] (Wafer exposure evaluation)

Using an EUV exposure apparatus (NXE3300B:
manufactured by ASML), the low reflective part patterns
l4a, 24a, 34a, 44a of the reflective photomasks produced
in Examples and Comparative Examples each were
transferred and exposed onto a semiconductor wafer coated
with an EUV positive chemically amplified resist. At
this time, the exposure amount was adjusted such that the
x-direction LS pattern illustrated in FIG. 15 was
transferred as designed. Thereafter, a transferred
resist pattern was observed and measured for the line
width by an electron beam dimension measuring machine,
thereby confirming the resolution.

At this time, a case where the H-Vbias was 6.1 nm of
the existing Ta-based film was evaluated as “A”, a case
where the HV-bias was less than 6.1 nm was evaluated as
“o”, and a case where the HV-bias was 4.9 nm or less was
evaluated as “O”. A case where the OD value was 1.5 or
more was evaluated as “o” and a case where the OD value
was 2 or more was evaluated as “O”. For the HV-bias,
those having the evaluation equal to or higher than “A”
have no problems in use, and therefore were accepted.

For the OD wvalue, those having the evaluation equal to or
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higher than “o” have no problems in use, and therefore
were accepted.
Table 1 shows these evaluation results.

[0073] [Table 1]
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[0074]

Table 1 shows, in Comparative Example 4, the resist
pattern dimension on a wafer and the mask characteristics
of the photomask having the existing Ta-based film in
which the absorption layer 441 contains tantalum nitride
and has a film thickness of 58 nm and the outermost layer
442 contains tantalum oxide and has a film thickness of 2
nm. In the reflective photomask 203 of Comparative
Example 4, first, there was no vacancies visually
observed from the TEM observation of the cross section
area, which suggested that the interlayer adhesion was
good. Next, the OD value was measured to be 1.5, which
suggested that a pattern transferable contrast can be
obtained. Finally, the result of EUV light patterning
showed that the H-V bias (horizontal-vertical dimensional
difference) was 6.1 nm, which suggested that although the
pattern was resolved, the transferability was low due to
the large influence of the shadowing effect.

[0075]

Table 1 shows, in Example 1, the resist pattern
dimension on a wafer and the mask characteristics in the
photomask in which the absorption layer 14 contains a
material containing tin oxide and tantalum oxide (mixing
ratio: 75:25) and has a film thickness of 40 nm. In the
reflective photomask 200 of Example 1, first, there was
no vacancies visually observed from the TEM observation
results of the mask cross section area, which suggested

that the interlayer adhesion was good. Next, the OD
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value was measured 6to be 2.4, which suggested that a
pattern transferable contrast can be obtained. Finally
the result of EUV light patterning showed that the H-V
bias was 5.3 nm, which suggested that the pattern
transferability superior to that of Comparative Example 4
was obtained.

[0076]

Table 1 shows, in Example 2, the resist pattern
dimension on a wafer and the mask characteristics in the
photomask in which the absorption layer 242 contains tin
oxide and has a film thickness of 38 nm and the adhesion
layer 241 contains tantalum oxide and has a film
thickness of 2 nm. In the reflective photomask 201 of
Example 2, first, there was no vacancies visually
observed from the TEM observation results of the mask
cross section area, which suggested that the interlayer
adhesion was good. Next, the OD value was measured to be
2.7, which suggested that a pattern transferable contrast
can be obtained. Finally the result of EUV light
patterning showed that the H-V bias was 5.4 nm, which
suggested that the pattern transferability superior to
that of Comparative Example 4 was obtained.

[0077]

Table 1 shows, in Example 3, the resist pattern
dimension on a wafer and the mask characteristics in the
photomask in which the absorption layer 34 having a total
film thickness of 40 nm was formed on the capping layer

13 by forming the layer having a film thickness of 2 nm
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using tantalum oxide on the capping layer 13, and forming
the layer having a film thickness of 38 nm using the
material containing tantalum (Ta), tin (Sn), and oxygen
(O) on the layer formed on the capping layer 13 by
continuously changing the target sputtering voltage. In
the reflective photomask 202 of Example 3, first, there
was no vacancies visually observed from the TEM
observation results of the mask cross section area, which
suggested that the interlayer adhesion was good. Next,
the OD value was measured to be 2.1, which suggested that
the pattern transferable contrast can be obtained.
Finally the result of EUV light patterning showed that
the H-V bias was 4.9 nm, which suggested that the pattern
transferability superior to that of Comparative Example 4
was obtained.

[0078]

Table 1 shows, in Example 4, the resist pattern
dimension on a wafer and the mask characteristics in the
photomask in which the absorption layer 14 contains a
material containing tin oxide and zirconium oxide (mixing
ratio: 75:25) and has a film thickness of 40 nm. In the
the reflective photomask 200 of Example 4, first, there
was no vacancies visually observed from the TEM
observation results of the mask cross section area, which
suggested that the interlayer adhesion was good. Next,
the OD value was measured to be 1.7, which suggested that
a pattern transferable contrast can be obtained.

Finally, the result of EUV light patterning showed that
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the H-V bias was 4.5 nm, which suggested that the pattern
transferability superior to that of Comparative Example 4
was obtained.

[0079]

Table 1 shows, in Example 5, the resist pattern
dimension on a wafer and the mask characteristics in the
photomask in which the absorption layer 242 contains tin
oxide and has a film thickness of 38 nm and the adhesion
layer 241 contains zirconium oxide and has a film
thickness of 2 nm. In the reflective photomask 201 of
Example 5, first, there was no vacancies visually
observed from the TEM observation results of the mask
cross section area, which suggested that the interlayer
adhesion was good. Next, the OD value was measured to be
2.6, which suggested that a pattern transferable contrast
can be obtained. Finally the result of EUV light
patterning showed that the H-V bias was 5.5 nm, which
suggested that the pattern transferability superior to
that of Comparative Example 4 was obtained.

[0080]

Table 1 shows, in Example 6, the resist pattern
dimension on a wafer and the mask characteristics in the
photomask in which the absorption layer 34 having a total
film thickness of 40 nm was formed on the capping layer
13 by forming the layer having a film thickness of 2 nm
using zirconium oxide on the capping layer 13, and
forming the layer having a film thickness of 38 nm using

the material containing zirconium (Zr), tin (Sn), and
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oxygen (0O) on the layer formed on the capping layer 13 by
continuously changing the target sputtering voltage. 1In
the reflective photomask 202 of Example 6, first, there
was no vacancies visually observed from the TEM
observation results of the mask cross section area, which
suggested that the interlayer adhesion was good. Next,
the OD value was measured to be 1.6, which suggested that
a pattern transferable contrast can be obtained.

Finally, the result of EUV light patterning showed that
the H-V bias was 4.5 nm, which suggested the pattern
transferability superior to that of Comparative Example 4
was obtained.

[0081]

Table 1 shows, in Example 7, the resist pattern
dimension on a wafer and the mask characteristics in the
photomask in which the absorption layer 242 contains tin
oxide and has a film thickness of 20 nm and the adhesion
layer 241 contains zirconium oxide and has a film
thickness of 20 nm. In the reflective photomask 201 of
Example 7, first, there was no vacancies visually
observed from the TEM observation results of the mask
cross section area, which suggested that the interlayer
adhesion was good. Next, the OD value was measured to be
1.7, which suggested that a pattern contrastable
transferable contrast can be obtained. Finally, the
result of EUV light patterning showed that the H-V bias
was 4.6 nm, which suggested the pattern transferability

superior to that of Comparative Example 4 was obtained.
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[0082]

Table 1 shows, in Comparative Example 1, the resist
pattern dimension on a wafer and the mask characteristics
in the photomask in which the absorption layer 14
contains the material containing tin oxide and tantalum
oxide (mixing ratio: 90:10) and has a film thickness of
40 nm. In the reflective photomask 200 of Comparative
Example 1, first, there were vacancies visually observed
from the TEM observation results of the mask cross
section area, which suggested that the interlayer
adhesion was not good. Next, the OD value was measured
to be 2.4, which suggested that a pattern transferable
contrast can be obtained. Finally the result of EUV
light patterning showed that the H-V bias was 5.4 nm,
which suggested that the pattern transferability superior
to that of Comparative Example 4 was obtained.

[0083]

Table 1 shows, in Comparative Example 2, the resist
pattern dimension on a wafer and the mask characteristics
in the photomask in which the absorption layer 242
contains tin oxide and has a film thickness of 36 nm and
the adhesion layer 241 contains tantalum oxide and has a
film thickness of 16 nm. In the reflective photomask 201
of Comparative Example 2, first, there was no vacancies
visually observed from the TEM observation results of the
mask cross section area, which suggested the interlayer
adhesion was good. Next, the OD value was measured to be

2.0, which suggested that a pattern transferable contrast
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can be obtained. Finally, the result of EUV light
patterning showed that the H-V bias was 7.6 nm, which
suggested that the pattern transferability inferior to
that of Comparative Example 4 was obtained.

[0084]

Table 1 shows, in Comparative Example 3, the resist
pattern dimension on a wafer and the mask characteristics
in the photomask in which the absorption layer 34 having
a total film thickness of 40 nm was formed on the capping
layer 13 by forming the layer having a film thickness of
2 nm using the material containing tantalum (Ta), tin
(Sn), and oxygen (0O) (3.5:25.7:70.8) on the capping layer
13, and forming the layer having a film thickness of 38
nm using the material containing tantalum (Ta), tin (Sn),
and oxygen (0O) on the layer formed on the capping layer
13 by continuously changing the target sputtering
voltage. In the reflective photomask 202 of Comparative
Example 3, first, there were vacancies visually observed
from the TEM observation results of the mask cross
section area, which suggested that the interlayer
adhesion was not good. Next, the OD value was measured
to be 2.5, which suggested that a pattern transferable
contrast can be obtained. Finally, the result of EUV
light patterning showed that the H-V bias was 5.4 nm,
which suggested that the pattern transferability superior
to that of Comparative Example 4 was obtained.

[0085]
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Comparing Examples 1 to 7 with the existing Ta-based
film (Comparative Example 4), the adhesion of the
reflective photomask of each of Examples 1 to 7 was
substantially the same as that of the reflective
photomask using the existing Ta-based film, and the
pattern transferability was able to be improved. The
reflective photomasks of Examples 1 to 7 are superior in
both the adhesion and the pattern transferability to
those of the existing Ta-based film (Comparative Example
4), and therefore the determination results are indicated
as “o”, “O” and treated as “pass”. The reflective
photomasks of Comparative Example 1 to 3 are inferior in
either the adhesion or the pattern transferability to
that of the existing Ta-based film (Comparative Example
4), and therefore the determination results were
indicated as “x” and treated as “failure”.

[0086]

Thus, a result was obtained that the reflective
photomask has the low reflective part including the
absorption layer containing the material having a high k
value or the like on the capping layer containing at
least ruthenium (Ru) and has the material having a
surface free energy value close to that of ruthenium (Ru)
in the region at least 2 nm thick from the capping layer
side of the low reflective part is excellent in
transferability and irradiation resistance, reduces the
shadowing effect, and has a long life and high transfer

performance. More specifically, the reflective photomask
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has the low reflective part including the absorption
layer containing the material having a high k wvalue or
the like on the capping layer containing at least
ruthenium (Ru) and has the material having a surface free
energy value close to that of ruthenium (Ru) in the
region at least 2 nm thick from the capping layer side of
the low reflective part has properties of suppressing or
reducing the shadowing effect and strengthening the
interlayer adhesion between the capping layer and the low

reflective part

Industrial Applicability
[0087]

The reflective photomask blank and the reflective
photomask according to the present invention can be
suitably used for forming a fine pattern by EUV exposure
in a manufacturing process of a semiconductor integrated

circuit and the like.

Reference Signs List

[0088]

1 substrate

2 multi-layer reflective film

3 capping layer

4 low reflective part

4a low reflective part pattern (absorption
pattern)

5 reflective part
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10
20
11
12
13
14
1l4a
pattern)
24
241
242
24a
34
34a
pattern)
44
441
442
44a
54
541
542
54a
15
16
17

17a

oxide film

reflective photomask blank

reflective photomask

substrate

multi-layer reflective film

capping layer

absorption layer (low reflective part)

low reflective part pattern (absorption

low reflective part

adhesion layer

absorption layer

low reflective part pattern
absorption layer (low reflective part)

low reflective part pattern (absorption

low reflective part
absorption layer

outermost layer

low reflective part pattern
low reflective part
adhesion layer

absorption layer

low reflective part pattern
back surface conductive film
reflective part

resist film

resist pattern



100

200

101

201

102

202

103

203

reflective

reflective

reflective

reflective

reflective

reflective

reflective

reflective

photomask
photomask
photomask
photomask
photomask
photomask
photomask

photomask

blank

blank

blank

blank
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CLAIMS

1. A reflective photomask blank for producing a
reflective photomask for pattern transfer using an
extreme ultraviolet light as a light source, comprising:

a substrate;

a reflective part formed on the substrate and
configured to reflect an incident light; and

a low reflective part formed on the reflective part
and configured to absorb an incident light, wherein

the reflective part includes a multi-layer
reflective film and a capping layer,

the capping layer contains at least ruthenium (Ru),

the low reflective part contains 40 at% or more of
at least one or more materials selected from silver (Ag),
cobalt (Co), indium (In), platinum (Pt), tin (Sn), nickel
(Ni), and tellurium (Te), and oxides, nitrides,
fluorides, borides, oxynitrides, boron oxides, and boron
oxynitrides of silver (Ag), cobalt (Co), indium (In),
platinum (Pt), tin (Sn), nickel (Ni), or tellurium (Te),

a region at least 2 nm thick from a side of the
capping layer of the low reflective part contains 25 at%
or more of at least one or more materials selected from a
first material group consisting of ruthenium (Ru),
titanium (Ti), wvanadium (V), chromium (Cr), manganese
(Mn), iron (Fe), niobium (Nb), molybdenum (Mo),
technetium (Tc), rhodium (Rh), tantalum (Ta), tungsten

(W), rhenium (Re), osmium (Os), and iridium (Ir), and
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oxides, nitrides, fluorides, borides, oxynitrides, boron
oxides, and boron oxynitrides of ruthenium (Ru), titanium
(Ti), wvanadium (V), chromium (Cr), manganese (Mn), iron
(Fe), niobium (Nb), molybdenum (Mo), technetium (Tc),
rhodium (Rh), tantalum (Ta), tungsten (W), rhenium (Re),
osmium (Os), or iridium (Ir) or

contains 30 at% or more of at least one or more
materials selected from a second material group
consisting of scandium (Sc), copper (Cu), yttrium (Y),
zirconium (Zr), palladium (Pd), lanthanum (La), hafnium
(Hf), gold (Au), beryllium (Be), magnesium (Mg), calcium
(Ca), zinc (Zn), cadmium (Cd), and aluminum (Al), and
oxides, nitrides, fluorides, borides, oxynitrides, boron
oxides, and boron oxynitrides of scandium (Sc), copper
(Cu), yttrium (YY), zirconium (Zr), palladium (Pd),
lanthanum (La), hafnium (Hf), gold (Au), beryllium (Be),
magnesium (Mg), calcium (Ca), zinc (Zn), cadmium (Cd),
and aluminum (Al), and

a total film thickness of the low reflective part is

45 nm or less.

2. The reflective photomask blank according to
claim 1, wherein

the low reflective part includes an absorption layer
formed on the capping layer or includes an adhesion layer
formed on the capping layer and an absorption layer
formed on the adhesion layer,

the absorption layer contains 40 at% or more of at
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least one or more materials selected from silver (Ag),
cobalt (Co), indium (In), platinum (Pt), tin (Sn), nickel
(Ni), and tellurium (Te), and oxides, nitrides,
fluorides, borides, oxynitrides, boron oxides, and boron
oxynitrides of silver (Ag), cobalt (Co), indium (In),
platinum (Pt), tin (Sn), nickel (Ni), or tellurium (Te),
and

the absorption layer and the adhesion layer contain
25 at% or more of at least one or more materials selected
from the first material group or

contains 30 at% or more of at least one or materials

selected from the second material group.

3. The reflective photomask blank according to
claim 1 or 2, wherein

the low reflective part has a film thickness of 45
nm or less even when the low reflective part contains a
single layer, and

the low reflective part contains 25 at% or more of
at least one or more materials selected from the first
material group or

contains 30 at% or more of at least one or more

materials selected from the second material group.

4. The reflective photomask blank according to
claim 1 or 2, wherein
the low reflective part has a total film thickness

of 45 nm or less even when the low reflective part is
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divided into a plurality of layers,

the adhesion layer provided on the side of the
capping layer of the low reflective part has a film
thickness within a range of 2 nm or more and 20 nm or
less, and

the adhesion layer contains 25 at% or more of at
least one or more materials selected from the first
material group or

contains 30 at% or more of at least one or more

materials selected from the second material group.

5. The reflective photomask blank according to
any one of claims 1 to 4, wherein the low reflective part
is a structural body in which a composition ratio of the
first material group or the second material group
continuously changes to decrease from the side of the
capping layer toward an opposite side to the side of the

capping layer.

6. A reflective photomask comprising:

a substrate;

a reflective part formed on the substrate and
configured to reflect an incident light; and

a low reflective part formed on the reflective part
and configured to absorb an incident light, wherein

the reflective part includes a multi-layer
reflective film and a capping layer,

the capping layer contains at least ruthenium (Ru),
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the low reflective part contains 40 at%$ or more of
at least one or more materials selected from silver (Ag),
cobalt (Co), indium (In), platinum (Pt), tin (Sn), nickel
(Ni), and tellurium (Te), and oxides, nitrides,
fluorides, borides, oxynitrides, boron oxides, and boron
oxynitrides of silver (Ag), cobalt (Co), indium (In),
platinum (Pt), tin (Sn), nickel (Ni), or tellurium (Te),

a region at least 2 nm thick from a side of the
capping layer of the low reflective part contains 25 at$%
or more of at least one or more materials selected from a
first material group consisting of ruthenium (Ru),
titanium (Ti), vanadium (V), chromium (Cr), manganese
(Mn), iron (Fe), niobium (Nb), molybdenum (Mo),
technetium (Tc), rhodium (Rh), tantalum (Ta), tungsten
(W), rhenium (Re), osmium (Os), and iridium (Ir), and
oxides, nitrides, fluorides, borides, oxynitrides, boron
oxides, and boron oxynitrides of ruthenium (Ru), titanium
(Ti), wvanadium (V), chromium (Cr), manganese (Mn), iron
(Fe), niobium (Nb), molybdenum (Mo), technetium (Tc),
rhodium (Rh), tantalum (Ta), tungsten (W), rhenium (Re),
osmium (Os), or iridium (Ir) or

contains 30 at% or more of at least one or more
materials selected from a second material group
consisting of scandium (Sc), copper (Cu), yttrium (Y),
zirconium (Zr), palladium (Pd), lanthanum (La), hafnium
(Hf), gold (Au), beryllium (Be), magnesium (Mg), calcium
(Ca), zinc (Zn), cadmium (Cd), and aluminum (Al), and

oxides, nitrides, fluorides, borides, oxynitrides, boron
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oxides, and boron oxynitrides of scandium (Sc), copper
(Cu), yttrium (YY), zirconium (Zr), palladium (Pd),
lanthanum (La), hafnium (Hf), gold (Au), beryllium (Be),
magnesium (Mg), calcium (Ca), zinc (Zn), cadmium (Cd), or
aluminum (Al), and

a total film thickness of the low reflective part is

45 nm or less.

7. The reflective photomask according to claim
6, wherein

the low reflective part includes an absorption layer
formed on the capping layer or includes an adhesion layer
formed on the capping layer and an absorption layer
formed on the adhesion layer,

the absorption layer contains 40 at% or more of at
least one or more materials selected from silver (Ag),
cobalt (Co), indium (In), platinum (Pt), tin (Sn), nickel
(Ni), and tellurium (Te), and oxides, nitrides,
fluorides, borides, oxynitrides, boron oxides, and boron
oxynitrides of silver (Ag), cobalt (Co), indium (In),
platinum (Pt), tin (Sn), nickel (Ni), or tellurium (Te),
and

the absorption layer and the adhesion layer contain
25 at% or more of at least one or more materials selected
from the first material group or

contain 30 at%$ or more of at least one or materials

selected from the second material group.



8. The reflective photomask according to claim 6
or 7, wherein

the low reflective part has a film thickness of 45
nm or less even when the low reflective part contains a
single layer, and

the low reflective part contains 25 at%$ or more of
at least one or more materials selected from the first
material group or

contains 30 at% or more of at least one or more

materials selected from the second material group.

9. The reflective photomask according to claim 6
or 7, wherein

the low reflective part has a total film thickness
of 45 nm or less even when the low reflective part is
divided into a plurality of layers,

the adhesion layer provided on the side of the
capping layer of the low reflective part has a film
thickness within a range of 2 nm or more and 20 nm or
less, and

the adhesion layer contains 25 at% or more of at
least one or more materials selected from the first
material group or

contains 30 at% or more of at least one or more

materials selected from the second material group.

10. The reflective photomask according to any one

of claims 6 to 9, wherein the low reflective part is a
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structural body in which a composition ratio of the first
material group or the second material group continuously
changes to decrease from the side of the capping layer

toward an opposite side to the side of the capping layer.



