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[DOCUMENT] SPECIFICATION 

[TITLE OF THE INVENTION] REFLECTIVE MASK BLANK, REFLECTIVE MASK, 

AND METHOD OF MANUFACTURING SEMICONDUCTOR DEVICE 

[Technical Field] 

[0001] 

The present invention relates to a reflective mask blank 

which is an original form for manufacturing an exposure mask 

used for manufacturing a semiconductor device, etc., a 

reflective mask, and a method of manufacturing a semiconductor 

device. 

[Background Art] 

[0002] 

An exposure apparatus in manufacturing semiconductor 

devices has evolved by gradually shortening the wavelength of 

the light source. In order to realize finer pattern transfer, 

EUV lithography using an extreme ultraviolet ray (EUV: Extreme 

Ultra Violet; may hereafter be referred to as EUV light) having 

a wavelength around 13.5nm has been developed. In EUV 

lithography, a reflective mask is used since there are not many 

materials that are transparent to EUV light. Typical reflective 

masks include a reflective binary mask and a reflective phase 

shift mask (reflective halftone phase shift mask). A reflective 

binary mask has a relatively thick absorber pattern that 

sufficiently absorbs EUV light. A reflective phase shift mask 

has a relatively thin absorber pattern (phase shift pattern) 

that reduces EUV light by optical absorption and generates 

reflected light that is phase-reversed at a desired angle with 

respect to reflected light from a multilayer reflective film. A 

reflective phase shift mask can further improve resolution since 

the phase shift effect provides high transfer optical image 

contrast. In addition, the thin film thickness of an absorber 

pattern (phase shift pattern) of a reflective phase shift mask 

allows formation of a highly precise, fine phase shift pattern. 

[0003] 

A technique related to a reflective mask for such EUV 
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lithography and a mask blank for manufacturing the same is 

described in Patent Documents 1 and 2. 

[0004] 

Patent Document 1 describes a reflective exposure mask 

including a multilayer reflective film serving as a high-

reflection area to exposure light, and an absorber pattern which 

absorbs exposure light and serves as a low-reflection area to 

the exposure light. Patent Document 1 further describes that 

the phase difference between the reflected light of the exposure 

light from the multilayer reflective film and the reflected 

light of the exposure light from the absorber pattern is within 

180 degrees ±10 degrees. Furthermore, Patent Document 1 

describes using, as an absorber pattern, a single-layer absorber 

pattern formed of a Ru film containing Ru as a main component, 

or a multilayer absorber pattern formed of stacked films of a 

Ru film and a Cr film which is thinner than the Ru film and 

containing Cr as a main component. In addition, Patent Document 

1 describes, as materials for the Ru film containing Ru as a 

main component, using CrRu alloy and CrRuN alloy, for example. 

[0005] 

Patent document 2 describes a halftone EUV mask with a 

substrate, a high reflection part formed on the substrate, and 

a low reflection part formed on the high reflection part and 

which is patterned. Patent Document 2 further describes that 

the low reflection part is a stacked structure of a Ta 

(tantalum)-containing first layer and a Ru (ruthenium)-

containing second layer. 

[Prior Art Publications] 

[Patent Documents] 

[0006] 

[Patent Document 1] 

Japanese Patent Application Publication 2011-29334 

[Patent Document 2] 

Japan Patent No. 5282507 

[Summary of the Invention] 
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[Problems to be Solved by the Invention] 

[0007] 

The finer the pattern and the higher the precision of the 

pattern size and/or the pattern position, the higher the 

electrical characteristic and performance of the semiconductor 

device, and the higher the integration degree and the smaller 

the chip size. Therefore, a pattern transfer performance with a 

higher level of precision and fine dimension compared to 

conventional cases is expected for EUV lithography. At present, 

formation of ultrafine and high-precision patterns 

corresponding to the hp 16nm (half pitch 16nm) generation is 

required. To cope with these demands, a reflective phase shift 

mask using EUV light as exposure light and further using the 

phase shift effect is desired. 

[0008] 

In EUV lithography, a projection optical system consisting 

of numerous reflecting mirrors is used in association with a 

light transmittance. EUV light is entered obliquely on a 

reflective mask so that the plurality of reflecting mirrors does 

not block the projection light (exposure light). The incidence 

angle is currently generally 6 degrees to a plane perpendicular 

to a substrate of a reflective mask. 

[0009] 

Since exposure light enters obliquely in EUV lithography, 

there is an inherent problem called the shadowing effect. The 

shadowing effect is a phenomenon in which a shadow is formed 

when exposure light enters obliquely on an absorber pattern 

having a three-dimensional structure, and the size and/or 

position of the pattern to be transferred changes. The three-

dimensional structure of an absorber pattern acts as a wall so 

that a shadow is formed on the shade side, and the size and/or 

position of the pattern to be transferred changes. For example, 

a difference occurs in the size and position of transfer 

patterns depending on whether the orientation of an absorber 

pattern to be arranged is parallel or vertical to the direction 
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of the oblique incident light, causing reduction in transfer 

precision. 

[0010] 

In a reflective phase shift mask, there is a demand to 

reduce the shadowing effect for the requirement of ultra-fine 

and high-precision pattern formation. For this reason, there is 

a demand to further reduce the film thickness of an absorber 

film (phase shift film). However, it is necessary for the phase 

shift film to have a function to generate a predetermined phase 

difference to exposure light and also a function to reflect 

exposure light at a predetermined reflectance. 

[0011] 

As a material that can reduce the film thickness while 

satisfying these optical characteristics, Ru alone or a material 

containing Ru (hereinafter properly referred to as "Ru-based 

material") are being considered. A Ru-based material has 

characteristics that are suitable as a phase shift film for 

having less refractive index n and extinction coefficient k to 

EUV light compared to other materials. However, a Ru-based 

material tends to turn into a crystallized structure and is 

difficult to process when crystallized. In other words, 

crystalline particles of a crystallized Ru-based material tend 

to cause large sidewall roughness when forming a phase shift 

pattern. This may cause an adverse effect in forming a 

predetermined phase shift pattern. 

[0012] 

An object of the present invention is to provide a 

reflective mask blank having a phase shift film of a multilayer 

structure that can further reduce crystallinity (further enhance 

microcrystalline or amorphous property) while satisfying the 

optical characteristics of the phase shift film. 

[0013] 

Further, an object of the present invention is to provide 

a reflective mask manufactured using the reflective mask blank, 

and a method of manufacturing a semiconductor device using the 
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reflective mask. 

[Means for Solving the Problem] 

[0014] 

To solve the above problems, the present invention 

includes the following configurations. 

[0015] 

(Configuration 1) 

A reflective mask blank including a multilayer reflective 

film and a thin film for pattern formation in this order on a 

main surface of a substrate, 

in which the thin film consists of a single layer structure 

consisting of a ruthenium-containing layer at least containing 

ruthenium, nitrogen, and oxygen, or a multilayer structure 

containing the ruthenium-containing layer, 

in which when the ruthenium-containing layer is subjected 

to an analysis by an In-Plane measurement of an X-ray 

diffraction method to obtain an X-ray diffraction profile where, 

provided I_P1 is the maximum value of diffraction intensity 

degrees and I_avg is the average value of diffraction intensity 

degrees to 65 

degrees, I_P1/I_avg is greater than 1.0 and less than 3.0. 

[0016] 

(Configuration 2) 

The reflective mask blank according to Configuration 1, 

in which the ruthenium-containing layer has more nitrogen 

content than oxygen content. 

[0017] 

(Configuration 3) 

The reflective mask blank according to Configuration 1 or 

2, in which the ruthenium-containing layer contains chromium. 

[0018] 

(Configuration 4) 

The reflective mask blank according to any of 

Configurations 1 to 3, in which an element having the largest 



 
 

6 
 

content in the ruthenium-containing layer is ruthenium. 

[0019] 

(Configuration 5) 

The reflective mask blank according to any of 

Configurations 1 to 4, in which the thin film consists of a 

multilayer structure including an uppermost layer containing 

ruthenium on the ruthenium-containing layer. 

[0020] 

(Configuration 6) 

The reflective mask blank according to Configuration 5, 

in which an element having the largest content in the uppermost 

layer is oxygen. 

[0021] 

(Configuration 7) 

The reflective mask blank according to any of 

Configurations 1 to 6 including a protective film between the 

multilayer reflective film and the thin film. 

[0022] 

(Configuration 8) 

A reflective mask including a multilayer reflective film 

and a thin film having a transfer pattern in this order on a 

main surface of a substrate, 

in which the thin film consists of a single layer structure 

consisting of a ruthenium-containing layer at least containing 

ruthenium, nitrogen, and oxygen, or a multilayer structure 

containing the ruthenium-containing layer, 

in which when the ruthenium-containing layer is subjected 

to an analysis by an In-Plane measurement of an X-ray 

diffraction method to obtain an X-ray diffraction profile where, 

provided I_P1 is the maximum value of diffraction intensity 

degrees and I_avg is the average value of diffraction intensity 

s to 65 

degrees, I_P1/I_avg is greater than 1.0 and less than 3.0. 

[0023] 
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(Configuration 9) 

The reflective mask according to Configuration 8, in which 

the ruthenium-containing layer has more nitrogen content than 

oxygen content. 

[0024] 

(Configuration 10) 

The reflective mask according to Configuration 8 or 9, in 

which the ruthenium-containing layer contains chromium. 

[0025] 

(Configuration 11) 

The reflective mask according to any of Configurations 8 

to 10, in which an element having the largest content in the 

ruthenium-containing layer is ruthenium. 

[0026] 

(Configuration 12) 

The reflective mask according to any of Configurations 8 

to 11, in which the thin film consists of a multilayer structure 

including an uppermost layer containing ruthenium on the 

ruthenium-containing layer. 

[0027] 

(Configuration 13) 

The reflective mask according to Configuration 12, in 

which an element having the largest content in the uppermost 

layer is oxygen. 

[0028] 

(Configuration 14) 

The reflective mask according to any of Configurations 8 

to 13 including a protective film between the multilayer 

reflective film and the thin film. 

[0029] 

(Configuration 15) 

A method of manufacturing a semiconductor device including 

the step of transferring a transfer pattern to a resist film on 

a semiconductor substrate by exposure using the reflective mask 

according to any of Configurations 8 to 14. 
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[Effect of the Invention] 

[0030] 

According to the present invention, in a reflective mask 

blank having a phase shift film, a phase shift film can be 

provided which can further reduce crystallinity (further enhance 

microcrystalline or amorphous property) while satisfying the 

optical characteristics of the phase shift film. 

[0031] 

Further, according to the present invention, a reflective 

mask manufactured using the reflective mask blank, and a method 

of manufacturing a semiconductor device using the reflective 

mask can be provided. 

[Brief Description of the Drawings] 

[0032] 

[FIG. 1] FIG. 1 is a schematic cross-sectional view of a 

principal portion for explaining an example of a schematic 

configuration of the reflective mask blank according to an 

embodiment of the present invention. 

[FIG. 2] FIG. 2 is a schematic cross-sectional view of a 

principal portion for explaining another example of a schematic 

configuration of the reflective mask blank according to an 

embodiment of the present invention. 

[FIG. 3] FIG. 3 shows the step of manufacturing the reflective 

mask from the reflective mask blank in a schematic cross-

sectional view of a principal portion. 

[Fig. 4] Fig. 4 shows the relationship between the diffraction 

angle and the diffraction intensity when the phase shift film 

using the material corresponding to the lower layer of Example 

1 was measured by an In-Plane measurement method of an X-ray 

diffraction analysis. 

[Fig. 5] Fig. 5 shows the relationship between the diffraction 

angle and the diffraction intensity when the phase shift film 

using the material corresponding to the lower layer of Example 

2 was measured by an In-Plane measurement method of an X-ray 

diffraction analysis. 
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[Fig. 6] Fig. 6 shows the relationship between the diffraction 

angle and the diffraction intensity when the phase shift film 

using the material corresponding to the lower layer of Example 

3 was measured by an In-Plane measurement method of an X-ray 

diffraction analysis. 

[Fig. 7] Fig. 7 shows the relationship between the diffraction 

angle and the diffraction intensity when the phase shift film 

using the material corresponding to the lower layer of 

Comparative Example 1 was measured by an In-Plane measurement 

method of an X-ray diffraction analysis. 

[Fig. 8] Fig. 8 shows the relationship between the diffraction 

angle and the diffraction intensity when the phase shift film 

using the material corresponding to the lower layer of 

Comparative Example 2 was measured by an In-Plane measurement 

method of an X-ray diffraction analysis. 

[Embodiments for Carrying Out the Invention] 

[0033] 

The embodiment of the present invention is explained below. 

First, the background of the present invention is explained. 

The inventors diligently studied means by which crystallinity 

can be further reduced while satisfying the optical 

characteristics for EUV light with respect to a phase shift film 

including a ruthenium-containing layer containing ruthenium. 

First, the inventors considered adding nitrogen to ruthenium as 

a material of the ruthenium-containing layer in the phase shift 

film. By adding nitrogen to the ruthenium-containing layer, the 

crystallite size in the ruthenium-containing layer was reduced. 

However, by only adding nitrogen to the ruthenium-containing 

layer, a sidewall roughness when the ruthenium-containing layer 

was patterned was still large and did not meet the sidewall 

roughness required for the creation of fine patterns. Next, the 

inventors considered adding oxygen in addition to nitrogen in 

the ruthenium-containing layer. The inventors found that this 

can further reduce the crystallite size in the ruthenium-

containing layer and reduce the sidewall roughness when the 
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ruthenium-containing layer was patterned. However, nitrogen and 

oxygen are elements that increase the refractive index n and 

the extinction coefficient k in the ruthenium-containing layer. 

In particular, oxygen further increases the refractive index n 

and the extinction coefficient k compared to nitrogen. Therefore, 

depending on the content amount of oxygen and nitrogen in the 

ruthenium-containing layer, it may not be possible to satisfy 

the optical characteristics such as the refractive index n and 

the extinction coefficient k required for the ruthenium-

containing layer. 

The refractive index n and the extinction coefficient k 

in the ruthenium-containing layer are not determined only by 

the composition of the ruthenium-containing layer. Film density 

and crystal state of the phase shift film are also factors that 

affect the refractive index n and the extinction coefficient k. 

Therefore, simply specifying the composition of the ruthenium-

containing layer may not be effective in reducing the 

crystallinity while satisfying the optical characteristics 

required for the ruthenium-containing layer. 

[0034] 

The inventors further changed the idea and developed an 

X-ray diffraction profile obtained by an In-Plane measurement 

of an X-ray diffraction analysis (which may hereinafter be 

referred to simply as X-ray diffraction profile). In other words, 

the inventors analyzed by an In-Plane measurement of an X-ray 

diffraction analysis to obtain an X-ray diffraction profile, 

and focused on the relationship between the maximum value of 

diffraction intensity 

65 degrees to 75 degrees and the average value of the diffraction 

intensity 

to 65 degrees, and found that when the relationship satisfies 

certain conditions, the crystallinity in the ruthenium-

containing layer can further be reduced while satisfying the 

optical characteristics required for the ruthenium-containing 

layer. 
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[0035] 

In an X-ray diffraction profile of a ruthenium-containing 

film with Ru (110) plane orientation, the maximum value (peak) 

is detected in the diffraction intensity within a diffraction 

. The larger the 

maximum value of the diffraction intensity, the greater the 

orientation of the Ru (110) plane of the ruthenium-containing 

film tends to be. It can be regarded that the greater the 

orientation of the Ru (110) plane of the ruthenium-containing 

film, the higher the crystallinity of the ruthenium-containing 

film. On the other hand, the background of the diffraction 

intensity of an X-ray diffraction profile varies depending on 

the measurement conditions, etc. for ruthenium-containing 

layers formed of the same material. Therefore, it is difficult 

to use the maximum value of the diffraction intensity as it is 

as an index of crystallinity of a ruthenium-containing film. In 

the case of an X-ray diffraction profile of a ruthenium-

containing film, the maximum value caused by crystallinity of 

ruthenium is hard to detect with a diffraction angle ranging 

from 55 degrees to 65 degrees. The inventors considered using 

the average value of each value of the diffraction intensity 

with the diffraction angle ranging from 55 degrees to 65 degrees 

to reduce the influence of the background of the measured X-ray 

diffraction profile. Specifically, the inventors realized that 

the value obtained by the maximum value of the diffraction 

intensity ranging from 55 degrees 

to 65 degrees divided by an average of the diffraction intensity 

ranging from 55 degrees to 65 

degrees can be used as an index of crystallinity of ruthenium 

in the ruthenium-containing film. 

[0036] 

As a result of the diligent study described above, to solve 

the aforementioned technical problem, the reflective mask blank 

of the present invention is a reflective mask blank having a 

multilayer reflective film and a thin film for pattern formation, 
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in this order, on a main surface of a substrate, featured in 

that the thin film is a single layer structure consisting of a 

ruthenium-containing layer at least containing ruthenium, 

nitrogen, and oxygen or a multilayer structure including the 

ruthenium-containing layer, the ruthenium-containing layer is 

subjected to an analysis by an In-Plane measurement of an X-ray 

diffraction analysis to obtain an X-ray diffraction profile 

where, provided I_P1 is the maximum value of a diffraction 

egrees 

to 75 degrees and I_avg is the average value of a diffraction 

s 

to 65 degrees, I_P1/I_avg is greater than 1.0 and less than 3.0. 

Next, the embodiment of the present invention is described 

concretely below together with the drawings. The embodiment 

given below is one of the embodiments upon embodying the present 

invention and is not intended to limit the present invention 

within such a scope. Same reference numerals are applied to 

identical or corresponding portions in the drawings of which 

descriptions may be simplified or omitted. 

[0037] 

<Configuration of reflective mask blank 100 and method of 

manufacturing the same> 

FIG. 1 is a schematic cross-sectional view of a principal 

portion for explaining the configuration of a reflective mask 

blank 100 according to this embodiment. As shown in FIG. 1, the 

reflective mask blank 100 includes a substrate 1, a multilayer 

reflective film 2, a protective film 3, and a phase shift film 

(thin film for pattern formation) 4, which are stacked in this 

order. The multilayer reflective film 2 is formed on a first 

main surface (front surface) side and reflects EUV light which 

is exposure light with a high reflectance. The protective film 

3 is provided to protect the multilayer reflective film 2, and 

is made of a material having resistance to etchant and cleaning 

liquid used in patterning the phase shift film 4 to be mentioned 

below. The phase shift film 4 absorbs EUV light. A conductive 
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film 5 for an electrostatic chuck is formed on a second main 

surface (back surface) side of the substrate 1. 

[0038] 

FIG. 2 is a schematic cross-sectional view of a principal 

portion for explaining another configuration of a reflective 

mask blank 100 according to this embodiment. The reflective mask 

blank 100 shown in FIG. 2 includes a substrate 1, a multilayer 

reflective film 2, a protective film 3, a phase shift film 4, 

and a conductive film 5 similar as the case of FIG. 1, and 

further includes an etching mask film 6. 

[0039] 

In this specification, the term “including a multilayer 

reflective film 2 on the main surface of the substrate 1” means 

that the multilayer reflective film 2 is disposed in contact 

with the surface of the substrate 1, and also includes the case 

where another film is provided between the substrate 1 and the 

multilayer reflective film 2. The same applies to other films. 

For example, “having a film B on a film A ” means that the film 

A and the film B are disposed in direct contact with each other, 

and also includes the case of having another film provided 

between the film A and the film B. Further in this specification, 

for example, “the film A is disposed in contact with a surface 

of the film B” means that the film A and the film B are disposed 

in direct contact with each other without an interposing film 

between the film A and the film B. 

[0040] 

The embodiment is explained below for each layer. 

[0041] 

<<Substrate 1>> 

The substrate 1 preferably has a low thermal expansion 

coefficient within the range of 0±5 ppb/°C in order to prevent 

distortion of a phase shift pattern 4a (FIG. 3) due to heat 

during exposure by EUV light. As a material having a low thermal 

expansion coefficient in this range, for example, SiO2-TiO2 

based glass, multicomponent glass ceramics, etc. can be used. 
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[0042] 

The first main surface of the substrate 1 on the side where 

a transfer pattern (corresponding to phase shift pattern 4a 

described below) is formed thereon is surface-processed to have 

a high flatness at least from the viewpoint of obtaining pattern 

transfer precision and position precision. In the case of EUV 

exposure, in a region of 132mm × 132mm on the main surface 

(first main surface) of the substrate 1 on the side where the 

transfer pattern is formed thereon, the flatness is preferably 

 On the second main surface of the 

opposite side where the transfer pattern is formed and which is 

subjected to an electrostatic chuck when set on an exposure 

apparatus, in a region of 132mm × 132mm, the flatness is 

The flatness of the 

second main surface side of the reflective mask blank 100 in a 

region of 142mm × 142mm is preferably 

preferably 0. .

less. 

[0043] 

A high surface smoothness of the substrate 1 is also a 

very important factor. The surface roughness of the first main 

surface of the substrate 1 on which a phase shift pattern 4a 

for transfer is formed is preferably a root mean square 

roughness (RMS) of 0.1nm or less. The surface smoothness can be 

measured by an atomic force microscope. 

[0044] 

Further, the substrate 1 preferably has high rigidity in 

order to restrain deformation of the film (such as multilayer 

reflective film 2) formed thereon due to film stress. In 

particular, the substrate 1 preferably has a high Young's 

modulus of 65GPa or more. 

[0045] 

<<Multilayer reflective film 2>> 
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The multilayer reflective film 2 provides a function of 

reflecting EUV light, and is a multilayer film in which layers 

respectively containing elements having different refractive 

indices as main components are stacked in cycles. 

[0046] 

Generally, a multilayer film in which a thin film of a 

non-heavy element or a compound thereof as a high refractive 

index material (high refractive index layer) and a thin film of 

a heavy element or a compound thereof as a low refractive index 

material (low refractive index layer) are alternately stacked 

for about 40 to 60 cycles is used as the multilayer reflective 

film 2. The multilayer film can be formed by stacking a plurality 

of cycles, where one cycle consists of a stacked structure of 

high refractive index layer/low refractive index layer stacked 

in the order of the high refractive index layer and the low 

refractive index layer from the substrate 1 side. Further, the 

multilayer film can be formed by stacking a plurality of cycles, 

where one cycle consists of a stacked structure of low 

refractive index layer/high refractive index layer stacked in 

the order of the low refractive index layer and the high 

refractive index layer from the substrate 1 side. An uppermost 

layer of the multilayer reflective film 2, namely, the surface 

layer of the multilayer reflective film 2 on the side opposite 

to the substrate 1, is preferably the high refractive index 

layer. In the case of forming the aforementioned multilayer film 

by stacking a plurality of cycles, where one cycle consists of 

a stacked structure of high refractive index layer/low 

refractive index layer stacked in the order of the high 

refractive index layer and the low refractive index layer from 

the substrate 1, the uppermost layer is the low refractive index 

layer. In this case, the low refractive index layer configuring 

the uppermost surface of the multilayer reflective film 2 

facilitates oxidization and causes reduction in reflectance of 

the reflective mask 200. Therefore, it is preferable to further 

form a high refractive index layer on the uppermost low 
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refractive index layer to form the multilayer reflective film 

2. On the other hand, in the case of forming the aforementioned 

multilayer film by stacking a plurality of cycles, where one 

cycle consists of a stacked structure of low refractive index 

layer/high refractive index layer stacked in the order of the 

low refractive index layer and the high refractive index layer 

from the substrate 1 side, the high refractive index layer is 

disposed as the uppermost layer and therefore may be left as it 

is. 

[0047] 

In this embodiment, a layer containing silicon (Si) is 

employed as the high refractive index layer. The Si-containing 

material can contain Si alone, and can also be a Si compound 

containing Si and boron (B), carbon (C), nitrogen (N), and 

oxygen (O). By using a layer containing Si as the high refractive 

index layer, a reflective mask 200 for EUV lithography having 

an excellent reflectance to EUV light can be obtained. In this 

embodiment, a glass substrate is preferably used as the 

substrate 1. Si is also excellent in adhesion with a glass 

substrate. As the low refractive index layer, a single metal 

selected from molybdenum (Mo), ruthenium (Ru), rhodium (Rh), 

and platinum (Pt) or an alloy thereof is used. For example, as 

the multilayer reflective film 2 to EUV light having a 

wavelength of 13nm to 14nm, a Mo/Si cyclic stacked film in which 

Mo and Si films are alternately stacked for about 40 to 60 

cycles is preferably used. The high refractive index layer, 

which is the uppermost layer of the multilayer reflective film 

2, may be formed of silicon (Si). 

[0048] 

A reflectance of the multilayer reflective film 2 alone 

is usually 65% or more, and the upper limit is usually 73%. The 

film thickness and cycle of each constituent layer of the 

multilayer reflective film 2 may be properly selected according 

to the exposure wavelength, and are selected to satisfy the 

Bragg’s law of reflection. Although there are a plurality of 
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high refractive index layers and a plurality of low refractive 

index layers in the multilayer reflective film 2, the film 

thicknesses of the high refractive index layers with one another 

and the low refractive index layers with one another may not be 

the same. The film thickness of the Si layer on the uppermost 

surface of the multilayer reflective film 2 can be adjusted so 

as not to reduce the reflectance. The film thickness of the Si 

layer of the uppermost surface (high refractive index layer) 

can be in the range from 3nm to 10nm. 

[0049] 

A method of forming the multilayer reflective film 2 is 

known in this technical field. Each layer of the multilayer 

reflective film 2 can be formed by depositing the layers for 

example by ion beam sputtering method. In the case of the Mo/Si 

cyclic multilayer film described above, for example, a Si film 

having a thickness of about 4nm is first formed on the substrate 

1 by ion beam sputtering using a Si target. Thereafter, a Mo 

film having a thickness of about 3nm is formed by using a Mo 

target. With this Si film/Mo film as one cycle, the cycles are 

stacked for 40 to 60 cycles to form the multilayer reflective 

film 2 (Si layer for the uppermost surface layer). When the 

multilayer reflective film 2 has for example sixty cycles, a 

reflectance to EUV light can be enhanced while the number of 

steps is increased compared to forty cycles. Upon formation of 

the multilayer reflective film 2, it is preferable that the 

multilayer reflective film 2 is formed by supplying krypton (Kr) 

ion particles from an ion source and performing ion beam 

sputtering. 

[0050] 

<<Protective film 3>> 

The reflective mask blank 100 of this embodiment 

preferably has a protective film 3 between the multilayer 

reflective film 2 and the phase shift film 4. 

[0051] 

The protective film 3 can be formed on the multilayer 
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reflective film 2 or in contact with a surface of the multilayer 

reflective film 2 to protect the multilayer reflective film 2 

from dry etching and cleaning in the manufacturing process of 

the reflective mask 200 to be described later. The protective 

film 3 also serves to protect the multilayer reflective film 2 

upon black defect repair of a phase shift pattern 4a using an 

electron beam (EB). Although FIGS. 1 and 2 show the case where 

the protective film 3 has one layer, the protective film 3 can 

have a stacked structure of two or more layers. The protective 

film 3 is formed of a material having resistance to etchant and 

cleaning liquid used in patterning the phase shift film 4. By 

the protective film 3 being formed on the multilayer reflective 

film 2, it is possible to restrain damage on a surface of the 

multilayer reflective film 2 upon manufacturing a reflective 

mask 200 (EUV mask) using the substrate 1 having the multilayer 

reflective film 2 and the protective film 3. Therefore, an 

excellent reflectance property of the multilayer reflective film 

2 to EUV light can be achieved. 

[0052] 

Explanation is made below in the case where the protective 

film 3 has a single layer. When the protective film 3 includes 

multiple layers, the property of the material of the uppermost 

layer (layer in contact with the phase shift film 4) of the 

protective film 3 becomes important in relation to the phase 

shift film 4. Further, in this embodiment, since the phase shift 

film 4 includes multiple layers, the property of the material 

of the lowermost layer (layer in contact with the protective 

film 3, e.g., lower layer 41 when the phase shift film 4 consists 

of two layers) becomes important in relation to (the uppermost 

layer of) the protective film 3. 

[0053] 

In the reflective mask blank 100 of this embodiment, a 

material having durability to etching gas used in dry etching 

for patterning the phase shift film 4 formed on the protective 

film 3 can be selected as the material of the protective film 
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3. 

[0054] 

If the layer of the phase shift film 4 in contact with the 

surface of the protective film 3 is, for example, a thin film 

consisting of a material containing ruthenium (Ru) (Ru-based 

material) such as the lower layer 41 of this embodiment, the 

material of the protective film 3 can be selected from silicon-

based materials such as silicon (Si), a material containing 

silicon (Si) and oxygen (O), a material containing silicon (Si) 

and nitrogen (N), and a material containing silicon (Si), oxygen 

(O), and nitrogen (N). 

[0055] 

As described in this embodiment, when the lower layer 41 

of the phase shift film 4 in contact with the surface of the 

protective film 3 is a thin film consisting of a material 

containing ruthenium (Ru) (Ru-based material), chlorine-based 

gas containing oxygen can be used as dry etching gas when 

patterning the phase shift film 4. In this case, it is preferable 

to select a silicon-based material for the material of the 

protective film 3, such as silicon (Si), a material containing 

silicon (Si) and oxygen (O), or a material containing silicon 

(Si) and nitrogen (N). 

[0056] 

These silicon-based materials have durability to this dry 

etching gas, and the higher the oxygen content, the greater the 

durability. Therefore, the material of the protective film 3 is 

having greater x, and particularly preferably SiO2. In the case 

where the phase shift film 4 includes a layer of thin film other 

than the predetermined Ru-based material, and the layer of the 

phase shift film 4 in contact with the surface of the protective 

film 3 is a thin film layer other than the Ru-based material, 

the material of the protective film 3 can be selected according 

to the etching characteristics of that material. 

[0057] 
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In EUV lithography, since there are not many materials 

that are transparent to exposure light, an EUV pellicle for 

preventing foreign substances from adhering to a mask pattern 

surface is not technically easy. Therefore, pellicle-less 

operation without using a pellicle is the mainstream. In EUV 

lithography, exposure contamination occurs such as deposition 

of a carbon film or growth of an oxide film on a mask by EUV 

exposure light. Therefore, it is necessary to remove foreign 

substances and contamination on the mask by frequently cleaning 

the reflective mask 200 for EUV exposure at the stage when the 

reflective mask 200 for EUV exposure is used for manufacturing 

a semiconductor device. For this reason, the reflective mask 

200 for EUV exposure is expected to have an extraordinary mask 

cleaning resistance than that of a transmissive mask for optical 

lithography. By the reflective mask 200 including the protective 

film 3, cleaning resistance to cleaning solutions can be 

enhanced. 

[0058] 

The film thickness of the protective film 3 is not 

particularly limited as long as a function to protect the 

multilayer reflective film 2 can be exhibited. From the 

viewpoint of a reflectance of EUV light, the film thickness of 

the protective film 3 is preferably 1.0nm or more and 8.0nm or 

less, more preferably 1.5nm or more and 6.0nm or less. 

[0059] 

As a method of forming the protective film 3, a method 

similar to known film forming methods can be employed without 

any particular limitation. Concrete examples include sputtering 

and ion beam sputtering. 

[0060] 

<<Phase shift film (thin film 4)>> 

In the reflective mask blank 100 of this embodiment, a 

phase shift film 4 for shifting the EUV light phase is formed 

on the multilayer reflective film 2 or on the protective film 3 

formed on the multilayer reflective film 2. As shown in FIGS. 1 
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and 2, the phase shift film 4 of the reflective mask blank 100 

of this embodiment includes a lower layer 41 and an uppermost 

layer 42. 

[0061] 

In the reflective mask blank 100 of this embodiment, EUV 

light is absorbed and attenuated while a part of the light is 

reflected at a level that does not adversely affect pattern 

transfer in the area where the phase shift film 4 (phase shift 

pattern 4a) is provided. On the other hand, in an opening portion 

(area without the phase shift film 4), EUV light is reflected 

from the multilayer reflective film 2 (from the multilayer 

reflective film 2 through the protective film 3, if provided). 

The reflected light from the area where the phase shift film 4 

is formed forms a desired phase difference with the reflected 

light from the opening portion. The phase shift film 4 is formed 

so that the phase difference between the reflected light from 

the phase shift film 4 and the reflected light from the 

multilayer reflective film 2 is from 130 degrees to 230 degrees. 

An image contrast of a projected optical image is improved by 

light with an inverted phase difference around 180 degrees or 

around 220 degrees interfering with each other at a pattern 

edge. This improvement of image contrast leads to an increase 

in resolution, and increases various tolerances related to 

exposure, such as exposure amount tolerance and focus tolerance. 

[0062] 

Although it depends on the pattern and exposure conditions, 

to obtain the phase shift effect, a relative reflectance of the 

phase shift pattern 4a to EUV light is preferably 2% to 40%, 

more preferably 6 to 35%, further preferably 15% to 35%, and 

even more preferably 15% to 25%. A relative reflectance of the 

phase shift film 4 (phase shift pattern 4a) refers to a 

reflectance of EUV light reflected from the phase shift pattern 

4a when EUV light reflected from the multilayer reflective film 

2 (including multilayer reflective film 2 with protective film 

3) in a portion without the phase shift pattern 4a has a 
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reflectance of 100%. In this specification, the relative 

reflectance may be simply referred to as "reflectance”. 

[0063] 

Although it depends on the pattern and exposure conditions, 

to obtain the phase shift effect, an absolute reflectance of 

the phase shift film 4 (or phase shift pattern 4a) to EUV light 

is preferably 4% to 27%, and more preferably 10% to 17%. 

[0064] 

The phase shift film 4 of the present embodiment includes 

a lower layer 41 and an uppermost layer 42. The uppermost layer 

42 is the layer in the phase shift film 4 that is located on 

the topmost surface opposite to the multilayer reflective film 

2. The lower layer 41 is the layer located in any position in 

the phase shift film 4 between the uppermost layer 42 and the 

multilayer reflective film 2. From the viewpoint of simplifying 

the film forming process, it is preferable that the phase shift 

film 4 consists of two layers, the lower layer 41 and the 

uppermost layer 42. 

[0065] 

The phase shift film 4 of the reflective mask blank 100 

of this embodiment includes a lower layer 41. The lower layer 

41 is made of ruthenium (Ru) alone or a material containing 

ruthenium (Ru). The crystal structure of the lower layer 41 of 

the phase shift film 4 of the reflective mask blank 100 of this 

embodiment is preferably amorphous or microcrystalline. 

Concretely, it is preferable that when the lower layer 41 is 

subjected to an analysis by an In-Plane measurement of an X-ray 

diffraction method to obtain an X-ray diffraction profile where, 

provided I_P1 is the maximum value of diffraction intensity 

degrees and I_avg is the average value of diffraction intensity 

within a diffrac s to 65 

degrees, I_P1/I_avg is greater than 1.0 and less than 3.0. 

[0066] 

I_P1/I_avg of 3.0 or more means that the maximum value 
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ranging from 65 degrees to 75 degrees is large. In this case, 

the lower layer 41 is highly crystalline and does not have a 

microcrystalline structure. In addition, I_P1/I_avg of 1.0 or 

less means that I_P1 is lower than the background level. In this 

case, there is a possibility of containing a significant amount 

of oxygen to amorphize the lower layer 41. In this case, it will 

be necessary to significantly increase the overall film 

thickness of the phase shift film 4, and is not preferable. From 

the viewpoint of making the lower layer 41 more amorphous or 

microcrystalline, I_P1/I_avg is more preferably 2.9 or less, 

and further preferably 2.8 or less. 

[0067] 

Further, with the conditions of the diffraction intensity 

satisfied, in obtaining an X-ray diffraction profile of the 

lower layer 41, and provided I_P2 is the maximum value of 

35 degrees to 45 degrees and I_avg is the average value of 

55 degrees to 65 degrees, I_P2/I_avg is preferably 1.0 or more 

and 6.0 or less. I_P2/I_avg of greater than 6.0 means that the 

maximum value I_P2 of diffraction intensity within a diffraction 

is large. In this 

case, the lower layer 41 is highly crystalline and does not have 

a microcrystalline structure. In addition, I_P2/I_avg of 1.0 or 

less means that I_P2 is lower than the background level. In this 

case, there is a possibility of containing a significant amount 

of oxygen to amorphize the lower layer 41. In this case, it will 

be necessary to significantly increase the overall film 

thickness of the phase shift film 4. 

[0068] 

The lower layer 41 contains nitrogen and oxygen. If the 

lower layer 41 contains only nitrogen and free of oxygen, it is 

difficult to make the lower layer 41 amorphous or 

microcrystalline, and it is difficult to satisfy the above range 
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of I_P1/I_avg. Further, if the lower layer 41 contains only 

oxygen and is free of nitrogen, it is possible to make the lower 

layer 41 amorphous or microcrystalline to satisfy the above 

range of I_P1/I_avg. In that case, however, it would be 

necessary to include a large amount of oxygen in the lower layer 

41. In this case, it will be necessary to significantly increase 

the overall film thickness of the phase shift film 4. 

[0069] 

On the other hand, the lower layer 41 is formed by 

sputtering method as described below. However, even if the 

formed thin films have the same composition, the crystallinity 

of the thin films may change depending on conditions such as 

the configuration of the sputtering apparatus used to form the 

thin film and the atmosphere in the sputtering chamber during 

film formation. Therefore, it is preferable to select the film 

forming conditions of the lower layer 41 by forming a thin film 

attempted to be applied to the lower layer 41 with a sputtering 

apparatus used in forming the lower layer 41, obtaining an X-

ray diffraction profile of the thin film, and verifying whether 

I_P1/I_avg falls within the above range. 

[0070] 

By making the lower layer 41 microcrystalline or amorphous, 

a line edge roughness of the sidewalls can be reduced when 

patterns were formed by dry etching. As the crystallinity of 

the lower layer 41 increases, the surface roughness of the lower 

layer 41 increases. Since the surface roughness of the lower 

layer 41 is reflected on the topmost surface layer, the larger 

the surface roughness of the lower layer 41, the larger the 

surface roughness of the phase shift film 4. The large surface 

roughness of the phase shift film 4 results in an increase of a 

so-called pseudo-defect, in which areas without defects are 

mistakenly detected as defects when defect inspection was 

performed using a defect inspection apparatus for mask blanks. 

By including nitrogen and oxygen in the lower layer 41 of the 

phase shift film 4, generation of these pseudo defects can be 
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restrained. 

[0071] 

By using a predetermined material as the lower layer 41 

of the phase shift film 4 of the reflective mask blank 100 of 

this embodiment, a phase shift pattern 4a having a relative 

reflectance within a predetermined range can be obtained. By 

using a predetermined material as the lower layer 41 of the 

phase shift film 4 of the reflective mask blank 100 of this 

embodiment, an absolute reflectance of the phase shift film 4 

to EUV light can be set within a predetermined range. Further, 

in the phase shift film 4 of the reflective mask blank 100 of 

this embodiment, the film thickness for obtaining a 

predetermined phase difference (phase difference between 

reflected light from the multilayer reflective film 2 (including 

multilayer reflective film 2 with protective film 3) in the 

opening portion and reflected light from the phase shift pattern 

4a) can be reduced. Therefore, the shadowing effect caused by 

the phase shift pattern 4a can be further reduced in the 

reflective mask 200. In addition, by using the reflective mask 

200 manufactured from the reflective mask blank 100 of this 

embodiment, the throughput in manufacturing semiconductor 

devices can be improved. 

[0072] 

A ruthenium content of the lower layer 41 is preferably 

30atom% or more, more preferably 35atom% or more, and even more 

preferably 40atom% or more. Further, a ruthenium content of the 

lower layer 41 is preferably 95atom% or less, more preferably 

90atom% or less, and even more preferably 80atom% or less. The 

lower layer 41 can include metal elements other than ruthenium 

(Ru). These metal elements include chromium (Cr) and iridium 

(Ir), and chromium (Cr) is particularly preferable from the 

viewpoint of etching rate and crystallinity. When the lower 

layer 41 contains metal elements other than ruthenium (Ru), the 

content of the metal elements is preferably 5atom% or more, and 

more preferably 10atom% or more. Further, the content of metal 
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elements in the lower layer 41 other than ruthenium (Ru) is 

preferably 40atom% or less, and more preferably 30atom% or less. 

By the content of the metal elements falling under the above 

composition range, the lower layer 41 of the phase shift film 4 

having a predetermined reflectance and phase difference can be 

obtained. The metal element having the largest content in the 

lower layer 41 is preferably ruthenium. 

[0073] 

The lower layer 41 preferably has more nitrogen content 

than the oxygen content. With the above condition satisfied, 

the oxygen content of the lower layer 41 is preferably 2atom% 

or more, and more preferably 5atom% or more. Further, the oxygen 

content of the lower layer 41 is preferably 30atom% or less, 

and more preferably 20atom% or less. Similarly, the nitrogen 

content of the lower layer 41 is preferably 5atom% or more, and 

more preferably 10atom% or more. Further, the nitrogen content 

of the lower layer 41 is preferably 50atom% or less, and more 

preferably 40atom% or less. Nitrogen and oxygen falling within 

the above composition range facilitates promotion of crystalline 

structure of the lower layer 41 to be amorphous or 

microcrystalline. 

[0074] 

In this specification, the material of the lower layer 41 

containing ruthenium (Ru), nitrogen (N), and oxygen (O) may be 

referred to as RuNO-based material. Further, the material of 

the lower layer 41 containing ruthenium (Ru), chromium (Cr), 

nitrogen (N), and oxygen (O) may be referred to as RuCrNO-based 

material. Since the material of the uppermost layer 42 described 

below also contains ruthenium (Ru), the materials of the lower 

layer 41 and the uppermost layer 42 in this embodiment may be 

collectively referred to as Ru-based materials. 

[0075] 

In the phase shift film 4 of the reflective mask blank 100 

of this embodiment, the element having the largest content in 

the lower layer 41 which is the ruthenium-containing layer is 
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preferably ruthenium (Ru). 

[0076] 

The refractive index n of Ru to EUV light is n=0.886 

(extinction coefficient k=0.017), and is preferable as a 

material for the phase shift film 4 with high reflectance. 

Therefore, by including Ru as the element with the largest 

content in the lower layer 41 of the phase shift film 4, the 

phase shift film 4 with high reflectance to EUV light can be 

obtained. 

[0077] 

A binary material with Cr added to Ru has superior 

processing characteristics compared to a conventional RuTa 

material. Ta is difficult to etch with chlorine-based gas and 

oxygen gas when oxidized. 

[0078] 

The material of the lower layer 41 of the phase shift film 

4 (predetermined RuNO-based material or RuCrNO-based material) 

can contain elements other than ruthenium (Ru), nitrogen (N), 

and oxygen (O) (and chromium (Cr)) within the range of not 

significantly affecting the refractive index and extinction 

coefficient. The material of the lower layer 41 can include 

elements such as carbon (C) or boron (B). Carbon (C), boron (B), 

etc. can be added to the material of the lower layer 41 within 

the range of not significantly affecting the refractive index n 

and extinction coefficient k in order to stabilize the lower 

layer 41, etc. If the material of the lower layer 41 of the 

phase shift film 4 contains Ru, N, and O (and Cr) and other 

elements, the content of such other elements is preferably 

10atom% or less, and more preferably 5atom% or less. 

[0079] 

The phase shift film 4 of the reflective mask blank 100 

of this embodiment includes an uppermost layer 42. The uppermost 

layer 42 is preferably made of a material containing ruthenium 

(Ru). The same etching gas can be used in patterning the phase 

shift film 4 by dry etching. The uppermost layer 42 preferably 
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contains oxygen. By including oxygen in a Ru-based compound, 

the crystalline structure can be more amorphous. The uppermost 

layer 42 can include metal elements other than ruthenium (Ru). 

These metal elements include chromium (Cr) and iridium (Ir), 

and chromium (Cr) is particularly preferable from the viewpoint 

of etching rate and crystallinity. Similarly, the crystal 

structure of the uppermost layer 42 is preferably amorphous or 

microcrystalline. When the uppermost layer 42 is formed of a 

material containing ruthenium (Ru), chromium (Cr), and oxygen 

(O), the total content of ruthenium (Ru), chromium (Cr), and 

oxygen (O) is preferably 70atom% or more, more preferably 

80atom% or more, and even more preferably 90atom% or more. The 

material of the uppermost layer 42 containing ruthenium (Ru), 

chromium (Cr), and oxygen (O) may be referred to as RuCrO-based 

material. 

[0080] 

The material of the uppermost layer 42 of the phase shift 

film 4 of the reflective mask blank 100 of this embodiment is 

further explained. 

[0081] 

In the phase shift film 4 of the reflective mask blank 100 

of this embodiment, the element with the largest content in the 

uppermost layer 42 is preferably oxygen (O). 

[0082] 

The uppermost layer 42 of the phase shift film 4 will 

contact the atmosphere, since the uppermost layer 42 is the 

topmost layer of the reflective mask 200. Containing oxygen (O) 

as the element with the largest content in the uppermost layer 

42 of the phase shift film 4 of the reflective mask 200 restrains 

the change in optical characteristics due to oxidation of the 

topmost layer, so that chronological change in the phase 

difference and reflectance of the phase shift film 4 of the 

reflective mask 200 can be restrained. 

[0083] 

The ruthenium (Ru) content of the uppermost layer 42 is 
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preferably 2atom% or more and 48atom% or less, and more 

preferably 4atom% or more and 46atom% or less. Further, the 

chromium (Cr) content of the uppermost layer 42 is preferably 

2atom% or more and 48atom% or less, and more preferably 4atom% 

or more and 46atom% or less. Further, the oxygen (O) content of 

the uppermost layer 42 is preferably 40atom% or more and 75atom% 

or less, and more preferably 45atom% or more and 70atom% or 

less. Applying the above composition range to Ru, Cr, and O can 

provide a function as an anti-reflective film against both EUV 

light (e.g., EUV light of 13.5nm wavelength) and DUV light (e.g., 

DUV light of 193nm wavelength). 

[0084] 

Relatively high chromium (Cr) content (atom%) in the 

uppermost layer 42 compared to the lower layer 41 makes the 

crystallinity of the uppermost layer 42 more microcrystalline, 

and more durable to processes such as dry etching when removing 

the etching mask film 6. 

[0085] 

In the reflective mask blank 100 of this embodiment, the 

refractive index n of the uppermost layer 42 to light of 13.5nm 

wavelength is preferably greater than the refractive index n of 

the lower layer 41 to light of 13.5nm wavelength. 

[0086] 

In the reflective mask blank 100 of this embodiment, the 

refractive index n of the uppermost layer 42 to light of 13.5nm 

wavelength of greater than the refractive index n of the lower 

layer 41 to light of 13.5nm wavelength can provide the uppermost 

layer 42 with a function as an anti-reflective film against EUV 

light of 13.5nm wavelength. 

[0087] 

In the reflective mask blank 100 of this embodiment, the 

refractive index n of the uppermost layer 42 to light of 13.5nm 

wavelength is preferably 0.94 or less. 

[0088] 

In the reflective mask blank 100 of this embodiment, the 
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refractive index n of the uppermost layer 42 to light of 13.5nm 

wavelength of within a predetermined range can provide more 

proper function as an anti-reflective film to EUV light of 

13.5nm wavelength. 

[0089] 

In the reflective mask blank 100 of this embodiment, the 

verticality of the pattern sidewall shape can be enhanced in 

patterning the phase shift film 4 by dry etching in 

manufacturing the reflective mask 200 as explained below. 

[0090] 

As described in this embodiment, forming the uppermost 

layer 42 of the phase shift film 4 with a RuCrO-based material 

can reduce an etching rate of the uppermost layer 42 to dry 

etching using chlorine-based gas containing oxygen. Therefore, 

it is possible to suppress rounding of an edge of the uppermost 

layer 42 when a layer of the multilayer reflective film 2 side 

(e.g., lower layer 41) was over-etched than the uppermost layer 

42 of the RuCrO-based material. 

[0091] 

The phase difference and reflectance of the phase shift 

film 4 can be adjusted by changing the refractive index n, 

extinction coefficient k, and film thickness. Further, the film 

thickness of the phase shift film 4 is preferably 60nm or less, 

more preferably 50nm or less, and even more preferably 45nm or 

less. The film thickness of the phase shift film 4 is preferably 

25nm or more. In the case of having the protective film 3, the 

phase difference and reflectance of the phase shift film 4 can 

be adjusted considering the refractive index n, extinction 

coefficient k, and film thickness of the protective film 3. 

[0092] 

The thin film (e.g., lower layer 41 and uppermost layer 

42) configuring the phase shift film 4 of the predetermined 

materials described above can be formed by known methods, such 

as sputtering methods including DC sputtering and RF sputtering, 

and reactive sputtering methods using oxygen gas or the like. 
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An alloy target of Ru and Cr can be used as the target. The thin 

film forming the phase shift film 4 can be formed by co-

sputtering using a Ru target and a Cr target. 

[0093] 

The phase shift film 4 can be a multilayer film further 

including a layer or layers other than the lower layer 41 and 

the uppermost layer 42. For example, the phase shift film 4 can 

further include a layer between the lower layer 41 and the 

protective film 3 to enhance etching selectivity with the 

protective film 3. The phase shift film 4 can further include a 

layer between the uppermost layer 42 and the lower layer 41 to 

enhance the optical characteristics. From the viewpoint of 

productivity, it is preferable that there are not too many 

layers in the phase shift film 4. Therefore, it is preferable 

that the phase shift film 4 of this embodiment consists of two 

layers, the lower layer 41 and the uppermost layer 42. However, 

the phase shift film 4 of the present invention only needs to 

include at least the lower layer 41, and may be configured as a 

single layer structure using the material that constitutes the 

lower layer 41 described above. 

[0094] 

Even if the film thickness of the phase shift film 4 varied 

slightly from the designed value (e.g., within ±0.5% of the 

designed film thickness), it is preferable that the phase 

difference has a variation between planes in the range of 

predetermined phase difference ±2 degrees (e.g., within 180 

degrees ±2 degrees for the phase difference of 180 degrees), 

and the reflectance has a variation between planes in the range 

of predetermined reflectance ±0.2% (e.g., within 6%±0.2% for 

the relative reflectance of 6%). When the phase shift film 4 is 

formed as a multilayer film, it is easier to control the phase 

difference variation and reflectance variation between planes 

to be within the predetermined range. Thus, by forming the phase 

shift film 4 into a multilayer film, it is possible to add 

various functions to each layer. 
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[0095] 

<<Etching mask film 6>> 

An etching mask film 6 can be formed on the phase shift 

film 4 or in contact with a surface of the phase shift film 4. 

As a material of the etching mask film 6, a material having high 

etching selectivity ratio of the phase shift film 4 to the 

etching mask film 6 is used. “Etching selectivity ratio of B to 

A” herein refers to the ratio of etching rate between A, a layer 

that does not need to be etched (mask layer), and B, a layer 

that needs to be etched. Specifically, the ratio is defined by 

the formula “etching selectivity ratio of B to A=etching rate 

of B / etching rate of A”. Further, “high selectivity ratio” 

means that the value of the above-defined selectivity ratio is 

greater than the target to be compared. An etching selectivity 

ratio of the phase shift film 4 to the etching mask film 6 is 

preferably 1.5 or more and further preferably 3 or more. 

[0096] 

The phase shift film 4 formed of a Ru-based material of 

this embodiment can be etched by dry etching using chlorine-

based gas containing oxygen, or oxygen gas. As a material with 

high etching selectivity ratio of the phase shift film 4 of a 

Ru-based material to the etching mask film 6, a material of 

silicon (Si) or a silicon compound can be used. 

[0097] 

Examples of silicon compounds that can be used in the 

etching mask film 6 include materials containing silicon (Si) 

and at least one element selected from nitrogen (N), oxygen (O), 

carbon (C), and hydrogen (H), and materials such as metal 

silicon (metal silicide) or metal silicon compound (metal 

silicide compound) containing metal in silicon or silicon 

compound. A metal silicon compound can include a material 

containing a metal and Si, and at least one element selected 

from N, O, C, and H. 

[0098] 

A film thickness of the etching mask film 6 is preferably 
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2nm or more from the viewpoint of obtaining a function as an 

etching mask for precisely forming a transfer pattern in the 

phase shift film 4. The film thickness of the etching mask film 

6 is preferably 15nm or less from the viewpoint of reducing the 

film thickness of a resist film 8. 

[0099] 

<<Conductive film 5>> 

A conductive film 5 for an electrostatic chuck is generally 

formed on the second main surface (back surface) side of the 

substrate 1 (opposite to the surface on which the multilayer 

reflective film 2 is formed). Electrical characteristic (sheet 

resistance) required for the conductive film 5 for an 

/Square) or less. The 

conductive film 5 can be formed by, for example, magnetron 

sputtering or ion beam sputtering, using a metal and alloy 

target of chromium (Cr), tantalum (Ta), etc. 

[0100] 

The material containing chromium (Cr) of the conductive 

film 5 is preferably a Cr compound containing Cr and further 

containing at least one element selected from boron (B), 

nitrogen (N), oxygen (O), and carbon (C). 

[0101] 

As the material containing tantalum (Ta) of the conductive 

film 5, it is preferable to use Ta (tantalum), an alloy 

containing Ta, or a Ta compound containing any of the above and 

at least one of boron, nitrogen, oxygen, and carbon. 

[0102] 

The thickness of the conductive film 5 is not particularly 

limited as long as the function as an electrostatic chuck is 

satisfied. The thickness of the conductive film 5 is generally 

from 10nm to 200nm. The conductive film 5 also has a function 

to adjust the stress on the second main surface side of the mask 

blank 100. Therefore, the conductive film 5 is adjusted so as 

to obtain a flat reflective mask blank 100 in balance with 

stresses from various films formed on the first main surface 
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side. 

[0103] 

<Reflective mask 200 and its manufacturing method> 

This embodiment is a reflective mask 200 including a 

multilayer reflective film 2 and a phase shift film 4 with a 

transfer pattern in this order on a main surface of a substrate 

1. The phase shift film 4 with a transfer pattern (phase shift 

pattern 4a) is a phase shift film 4 that is the same as the 

phase shift film 4 of the reflective mask blank 100 of the 

embodiment described above. By patterning the phase shift film 

4 of the reflective mask blank 100 of this embodiment, a phase 

shift pattern 4a (transfer pattern) can be formed. The 

patterning of the phase shift film 4 can be done by predetermined 

dry etching gas. The phase shift pattern 4a of the reflective 

mask 200 absorbs EUV light, and some EUV light can be reflected 

with a predetermined phase difference with respect to an opening 

portion (portion without phase shift pattern 4a). The 

predetermined dry etching gas can be mixture gas of chlorine-

based gas and oxygen gas, and oxygen gas, etc. To pattern the 

phase shift film 4, an etching mask film 6 can be provided on 

the phase shift film 4 if necessary. In such a case, an etching 

mask pattern 6a can be used as a mask to dry-etch the phase 

shift film 4 to form the phase shift pattern 4a. 

[0104] 

Explanation is made on a method of manufacturing a 

reflective mask 200 using the reflective mask blank 100 of this 

embodiment. Only an outline is explained herein, and a detailed 

description is made later in the examples, referring to the 

drawings. Further, an explanation is made on an example using a 

reflective mask blank 100 having an etching mask film 6 as shown 

in FIG. 2. 

[0105] 

A reflective mask blank 100 is prepared, and a resist film 

8 is formed on an etching mask film 6 of a first main surface 

(not necessary if resist film 8 is provided as reflective mask 
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blank 100). A desired pattern is written (exposed) in the resist 

film 8, and further developed and rinsed to form a predetermined 

resist pattern 8a. 

[0106] 

Next, the etching mask film 6 is etched with the resist 

pattern 8a as a mask to form an etching mask pattern 6a. 

Thereafter, the resist pattern 8a is removed by ashing or by 

resist peeling liquid. With the etching mask pattern 6a as a 

mask, the phase shift film 4 is etched to form a phase shift 

pattern 4a. Next, by removing the etching mask pattern 6a, the 

phase shift pattern 4a is formed. Finally, wet cleaning using 

an acidic or alkaline aqueous solution is performed. 

[0107] 

Since the material of the phase shift film 4 is a Ru-based 

material, chlorine-based gas containing oxygen or oxygen gas is 

used as the etching gas for the phase shift film 4. In using 

this etching gas, the protective film 3 being formed of silicon 

(Si) or a material containing silicon (Si) and oxygen (O) can 

prevent the occurrence of roughness on the surface of the 

protective film 3 during etching of the phase shift film 4. 

[0108] 

By the above process, the reflective mask 200 with a highly 

precise, fine phase shift pattern 4a with less shadowing effect 

and less sidewall roughness can be obtained. 

[0109] 

<Method of manufacturing semiconductor device> 

This embodiment is a method of manufacturing a 

semiconductor device including the use of the aforementioned 

reflective mask 200. The semiconductor device can be 

manufactured by setting the reflective mask 200 of this 

embodiment on an exposure apparatus having an exposure light 

source of EUV light, and transferring a transfer pattern onto a 

resist film formed on a substrate to be transferred. 

[0110] 

Concretely, by performing an EUV exposure using the 
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reflective mask 200 of this embodiment, a desired transfer 

pattern based on the phase shift pattern 4a can be formed on 

the semiconductor substrate. Even if the film thickness of the 

phase shift film of the reflective mask 200 has changed, since 

the phase shift film of the reflective mask 200 has a small 

variation in the phase difference and/or reflectance of the 

phase shift film, a desired pattern can be formed on the 

semiconductor substrate in high dimensional precision. Further, 

since the phase shift pattern 4a is a fine, highly precise 

pattern with little sidewall roughness, it is advantageous to 

form a desired pattern on the semiconductor substrate with high 

dimensional precision. In addition to the lithography step, a 

semiconductor device having a desired electronic circuit formed 

thereon can be manufactured by performing various steps such as 

etching of a film to be processed, formation of an insulating 

film and a conductive film, introduction of a dopant, and 

annealing. 

[0111] 

The reflective mask blank 100 of this embodiment is 

featured in having a phase shift film 4 with a lower layer 41 

consisting of a ruthenium-containing layer at least containing 

ruthenium, nitrogen, and oxygen in which, when the lower layer 

41 is subjected to an analysis by an In-Plane measurement of an 

X-ray diffraction method to obtain an X-ray diffraction profile 

where, provided I_P1 is the maximum value of diffraction 

to 75 degrees and I_avg is the average value of diffraction 

s 

to 65 degrees, I_P1/I_avg is greater than 1.0 and less than 3.0. 

Accordingly, a reflective mask blank 100 can be provided which 

has a phase shift film 4 which can further reduce crystallinity 

(further enhance microcrystalline or amorphous characteristics) 

of the lower layer 41 of the phase shift film 4 while satisfying 

optical characteristics of the lower layer 41. As a result, the 

reflective mask 200 of this embodiment has less sidewall 
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roughness of the lower layer pattern 41a in the phase shift 

pattern 4a, and has a stable cross-sectional shape. Therefore, 

by using the reflective mask blank 100 of this embodiment, a 

semiconductor device having a fine, highly precise transfer 

pattern can be manufactured. 

[Examples] 

[0112] 

The examples are described below together with the 

drawings. This embodiment is not limited to these examples. In 

the examples, an identical reference numeral is applied to 

similar components and explanation thereof is omitted or 

simplified. 

[0113] 

[Example 1] 

As Example 1, a reflective mask blank 100 having the 

structure shown in FIG. 2 was manufactured. The reflective mask 

blank 100 includes a conductive film 5, a substrate 1, a 

multilayer reflective film 2, a protective film 3, a phase shift 

film 4, and an etching mask film 6. The phase shift film 4 of 

Example 1 has an uppermost layer 42 and a lower layer 41. First, 

explanation is made below on the method of manufacturing the 

reflective mask blank 100 of Example 1. 

[0114] 

A SiO2-TiO2-based glass substrate which is a low thermal 

expansion glass substrate of 6025 size (about 

152mm×152mm×6.35mm) having both of a first main surface and a 

second main surface polished was prepared as the substrate 1. 

To obtain flat, smooth main surfaces, polishing steps including 

a rough polishing process, a precision polishing process, a 

local process, and a touch polishing process were performed. 

[0115] 

Next, a conductive film 5 consisting of a CrN film was 

formed on the second main surface (back surface) of the SiO2-

TiO2-based glass substrate 1 by magnetron sputtering (reactive 

sputtering) under the following conditions. The conductive film 
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5 was formed with the film thickness of 20nm using a Cr target 

under a mixed gas atmosphere of argon (Ar) gas and nitrogen (N2) 

gas. 

[0116] 

Next, the multilayer reflective film 2 was formed on the 

main surface (first main surface) on the substrate 1 that is 

opposite to the side on which the conductive film 5 was formed. 

The multilayer reflective film 2 formed on the substrate 1 was 

formed as a cyclic multilayer reflective film consisting of 

molybdenum (Mo) and silicon (Si) so that the multilayer 

reflective film 2 is suitable for EUV light of 13.5nm wavelength. 

The multilayer reflective film 2 was formed by alternately 

stacking a Mo layer and a Si layer on the substrate 1 using a 

Mo target and a Si target and by ion beam sputtering in krypton 

(Kr) gas atmosphere. First, a Si film was formed with the film 

thickness of 4.2nm and a Mo film with the film thickness of 

2.8nm. With the above as one cycle, forty cycles were stacked 

similarly, and finally a Si film was formed with the film 

thickness of 4.0nm and the multilayer reflective film 2 was 

formed. 

[0117] 

Next, the protective film 3 consisting of a SiO2 film was 

formed with the thickness of 2.6nm on a surface of the multilayer 

reflective film 2 in an Ar gas atmosphere using a SiO2 target 

by RF sputtering. 

[0118] 

Next, a thin film consisting of ruthenium (Ru), chromium 

(Cr), nitrogen (N), and oxygen (O) (RuCrNO film) was formed as 

the lower layer 41 of the phase shift film 4 of Example 1 by DC 

magnetron sputtering. The lower layer 41 was formed with the 

film thickness of 33.5nm using a Ru target and a Cr target, 

under a mixed gas atmosphere of krypton (Kr) gas, nitrogen (N2) 

gas, and oxygen (O2) gas. The gas flow ratio during film 

formation was Kr:N2:O2=12:8:1. The film was formed by applying 

1500W power supply to the Ru target and 500W power supply to 
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the Cr target, respectively. 

[0119] 

An RuCrNO film formed by the same procedure on another 

substrate was subjected to an In Plane measurement of an X-ray 

diffraction analysis using an X-ray diffraction apparatus (XRD) 

to analyze the crystalline structure of the film, and an X-ray 

diffraction profile was obtained. FIG. 4 shows the relationship 

between the diffraction angle and the diffraction intensity when 

the phase shift film using the material corresponding to the 

lower layer of Example 1 was measured by an In-Plane measurement 

method of an X-ray diffraction analysis. Based on the result of 

the measurement, provided I_P1 is the maximum value of 

65 degrees to 75 degrees and I_avg is the average value of 

55 degrees to 65 degrees, I_P1/I_avg was 2.554, satisfying the 

condition of greater than 1.0 and less than 3.0. 

[0120] 

Further, based on the result of the measurement, provided 

I_P2 is the maximum value of diffraction intensity within a 

I_avg is the average value of diffraction intensity within a 

55 degrees to 65 degrees, 

I_P2/I_avg was 4.180, satisfying the condition of 1.0 or more 

and 6.0 or less. 

Further, a cross-sectional TEM (Transmission Electron 

Microscope) image of the RuCrNO film formed on another substrate 

by the same procedure as the lower layer of Example 1 was taken, 

and a columnar structure was not found in the crystal condition 

of the RuCrNO film, and was confirmed as a microcrystalline or 

amorphous structure. 

[0121] 

The refractive index n and extinction coefficient 

(imaginary part of refractive index) k of the lower layer 41 of 

Example 1 thus formed (RuCrNO film) in 13.5nm wavelength were 
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as shown below, respectively. 

RuCrNO film: n=0.894, k=0.019 

[0122] 

Next, a thin film consisting of ruthenium (Ru), chromium 

(Cr), and oxygen (O) (RuCrO film) was formed as the uppermost 

layer 42 of the phase shift film 4 by DC magnetron sputtering 

(reactive sputtering). The uppermost layer 42 was formed with 

the film thickness of 8.5nm using a Ru target and a Cr target 

under a mixed gas atmosphere of krypton (Kr) gas and oxygen (O2) 

gas by reactive sputtering. A RuCrO film formed on another 

substrate by the same procedure was analyzed by an X-ray 

photoelectron spectroscopy, and the composition of the RuCrO 

film (atomic ratio) was Ru:Cr:O=18.1:29.5:52.4. 

[0123] 

Only a RuCrO film was formed on another substrate by the 

same procedure as the uppermost layer 42. The RuCrO film was 

subjected to an In Plane measurement of an X-ray diffraction 

analysis by an X-ray diffraction apparatus (XRD), and the RuCrO 

film was found to have an amorphous structure. 

[0124] 

The refractive index n and extinction coefficient 

(imaginary part of refractive index) k of the uppermost layer 

42 of Example 1 thus formed (RuCrO film) in 13.5nm wavelength 

were as shown below, respectively. 

RuCrO film: n=0.931, k=0.027 

[0125] 

Next, an etching mask film 6 consisting of a Si3N4 film 

was formed on the phase shift film 4. The Si3N4 film was formed 

with the film thickness of 20nm using a Si target in a nitrogen 

gas atmosphere by reactive sputtering. By the above procedure, 

the reflective mask blank 100 of Example 1 was manufactured. 

[0126] 

Next, a reflective mask 200 of Example 1 was manufactured 

using the reflective mask blank 100. 

[0127] 
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FIG. 3 is a schematic cross-sectional view of a principal 

portion showing the step of manufacturing a reflective mask 200 

from the reflective mask blank 100. First, the reflective mask 

blank 100 of Example 1 was prepared (FIG. 3(a)). 

[0128] 

A resist film 8 was formed with the thickness of 100nm on 

the etching mask film 6 of the reflective mask blank 100 (FIG. 

3(b)). A desired pattern was written (exposed) on the resist 

film 8, and further developed and rinsed to form a predetermined 

resist pattern 8a (FIG. 3(c)). Next, with the resist pattern 8a 

as a mask, the etching mask film 6 (Si3N4 film) was subjected 

to dry etching using CF4 gas and an etching mask pattern 6a was 

formed (FIG. 3(d)). Thereafter, the resist pattern 8a was peeled 

by oxygen ashing. Next, with the etching mask pattern 6a as a 

mask, the RuCrO film (uppermost layer 42) and the RuCrNO film 

(lower layer 41) of the phase shift film 4 were subjected to 

dry etching using mixed gas of Cl2 gas and O2 gas, and a phase 

shift pattern 4a including a lower layer pattern 41a and an 

uppermost layer pattern 42a was formed (FIG. (3e)). 

[0129] 

Thereafter, the etching mask pattern 6a was removed. 

Finally, wet cleaning using pure water (DIW) was performed and 

the reflective mask 200 of Example 1 was manufactured (FIG. 

3(f)). A mask defect inspection can be made after the wet 

cleaning if necessary, and a mask defect repair can be performed 

properly. 

[0130] 

The phase shift film 4 (phase shift pattern 4a) of Example 

1 having the uppermost layer 42 and the lower layer 41 had a 

relative reflectance of 14.3% in 13.5nm wavelength. Further, 

the film thickness of the phase shift film 4 is 43.0nm. This 

film thickness corresponds to when the phase difference when 

the phase shift film 4 was patterned is about 220 degrees.  

[0131] 

In the reflective mask blank 100 used in manufacturing the 
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reflective mask 200 of Example 1, the lower layer 41 of the 

phase shift film 4 satisfied the condition of I_P1/I_avg of 

greater than 1.0 and less than 3.0. Therefore, there was less 

sidewall roughness of the lower layer pattern 41a in the phase 

shift pattern 4a, and had a stable cross-sectional shape. 

Therefore, the resist pattern 8a transferred using the 

reflective mask 200 having this phase shift pattern 4a had high 

transfer precision with less in-plane variation of LER and 

dimension. In addition, since the relative reflectance of the 

phase shift film (reflectance relative to reflectance of surface 

of multilayer reflective film 2 with protective film 3) is 

within a predetermined range, a sufficient phase shifting effect 

can be obtained, and an EUV exposure with high exposure 

tolerance and focus tolerance could be performed. 

[0132] 

The reflective mask 200 manufactured in Example 1 was set 

on an EUV scanner, and an EUV exposure was made on a wafer 

having a film to be processed and a resist film formed on a 

semiconductor substrate. By developing the exposed resist film, 

a resist pattern was formed on the semiconductor substrate 

having a film to be processed. A semiconductor device having 

desired characteristics was manufactured by transferring the 

resist pattern on the film to be processed by etching, and 

through various steps such as formation of an insulating film 

and a conductive film, introduction of a dopant, and annealing. 

[0133] 

[Example 2] 

In Example 2, a reflective mask blank 100 and a reflective 

mask 200 were manufactured by the structure and method similar 

to Example 1 except for the lower layer 41 of the phase shift 

film 4, and a semiconductor device was manufactured by the 

method similar to Example 1. 

A thin film consisting of ruthenium (Ru), chromium (Cr), 

nitrogen (N), and oxygen (O) (RuCrNO film) was formed as a lower 

layer 41 of a phase shift film 4 of Example 2 by DC magnetron 
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sputtering. The lower layer 41 was formed with the film 

thickness of 33.5nm using a Ru target and a Cr target, under a 

mixed gas atmosphere of krypton (Kr) gas, nitrogen (N2) gas, 

and oxygen (O2) gas. The gas flow ratio during film formation 

was Kr:N2:O2=6:4:1. The film was formed by applying 1500W power 

supply to the Ru target and 500W power supply to the Cr target, 

respectively. 

[0134] 

A RuCrNO film formed by the same procedure on another 

substrate was subjected to an In Plane measurement of an X-ray 

diffraction analysis using an X-ray diffraction apparatus (XRD) 

to analyze the crystalline structure of the film, and an X-ray 

diffraction profile was obtained. FIG. 5 shows the relationship 

between the diffraction angle and the diffraction intensity when 

the phase shift film using the material corresponding to the 

lower layer of Example 2 was measured by an In-Plane measurement 

method of an X-ray diffraction analysis. Based on the result of 

the measurement, provided I_P1 is the maximum value of 

65 degrees to 75 degrees and I_avg is the average value of 

55 degrees to 65 degrees, I_P1/I_avg was 1.712, satisfying the 

condition of greater than 1.0 and less than 3.0. 

[0135] 

Further, based on the result of the measurement, provided 

I_P2 is the maximum value of diffraction intensity within a 

 degrees to 45 degrees and 

I_avg is the average value of diffraction intensity within a 

55 degrees to 65 degrees, 

I_P2/I_avg was 4.422, satisfying the condition of 1.0 or more 

and 6.0 or less. 

Further, a cross-sectional TEM image of the RuCrNO film 

formed on another substrate by the same procedure as the lower 

layer of Example 2 was taken, and a columnar structure was not 

found in the crystal condition of the RuCrNO film, and was 
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confirmed as a microcrystalline or amorphous structure.  

[0136] 

The refractive index n and extinction coefficient 

(imaginary part of refractive index) k of the lower layer 41 of 

Example 2 thus formed (RuCrNO film) in 13.5nm wavelength were 

as shown below, respectively. 

RuCrNO film: n=0.899, k=0.019 

[0137] 

The phase shift film 4 (phase shift pattern 4a) of Example 

2 having the uppermost layer 42 and the lower layer 41 had a 

relative reflectance of 14.1% in 13.5nm wavelength. Further, 

the film thickness of the phase shift film 4 is 43.0nm. This 

film thickness corresponds to when the phase difference when 

the phase shift film 4 was patterned is about 220 degrees.  

[0138] 

In the reflective mask blank 100 used in manufacturing the 

reflective mask 200 of Example 2, the lower layer 41 of the 

phase shift film 4 satisfied the condition of I_P1/I_avg of 

greater than 1.0 and less than 3.0. Therefore, there was less 

sidewall roughness of the lower layer pattern 41a in the phase 

shift pattern 4a, and had a stable cross-sectional shape. 

Therefore, the resist pattern 8a transferred using the 

reflective mask 200 having this phase shift pattern 4a had high 

transfer precision with less in-plane variation of LER and 

dimension. In addition, since the relative reflectance of the 

phase shift film (reflectance relative to reflectance of surface 

of multilayer reflective film 2 with protective film 3) is 

within a predetermined range, a sufficient phase shifting effect 

can be obtained, and an EUV exposure with high exposure 

tolerance and focus tolerance could be performed. 

[0139] 

The reflective mask 200 manufactured in Example 2 was set 

on an exposure apparatus, and a wafer having a film to be 

processed and a resist film formed on a semiconductor substrate 

was subjected to an EUV exposure. By developing the exposed 
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resist film, a resist pattern was formed on the semiconductor 

substrate having a film to be processed. A semiconductor device 

having desired characteristics was manufactured by transferring 

the resist pattern on the film to be processed by etching, and 

through various steps such as formation of an insulating film 

and a conductive film, introduction of a dopant, and annealing. 

[0140] 

[Example 3] 

In Example 3, a reflective mask blank 100 and a reflective 

mask 200 were manufactured by the structure and method similar 

to Example 1 except for the lower layer 41 of the phase shift 

film 4, and a semiconductor device was manufactured by the 

method similar to Example 1. 

A thin film consisting of ruthenium (Ru), nitrogen (N), 

and oxygen (O) (RuNO film) was formed as a lower layer 41 of a 

phase shift film 4 of Example 3 by DC magnetron sputtering. The 

lower layer 41 was formed with the film thickness of 29.5nm 

using a Ru target with a mixed gas atmosphere of xenon (Xe) gas 

and nitrogen (N2) gas. The gas flow ratio during film formation 

was Xe:N2:O2=6:3:1. The film was formed by applying 1500W power 

supply to the Ru target. 

[0141] 

A RuNO film formed by the same procedure on another 

substrate was subjected to an In Plane measurement of an X-ray 

diffraction analysis using an X-ray diffraction apparatus (XRD) 

to analyze the crystalline structure of the film, and an X-ray 

diffraction profile was obtained. FIG. 6 shows the relationship 

between the diffraction angle and the diffraction intensity when 

the phase shift film using the material corresponding to the 

lower layer of Example 3 was measured by an In-Plane measurement 

method of an X-ray diffraction analysis. Based on the result of 

the measurement, provided I_P1 is the maximum value of 

65 degrees to 75 degrees and I_avg is the average value of 
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55 degrees to 65 degrees, I_P1/I_avg was 1.749, satisfying the 

condition of greater than 1.0 and less than 3.0. 

[0142] 

Further, based on the result of the measurement, provided 

I_P2 is the maximum value of diffraction intensity within a 

degrees to 45 degrees and 

I_avg is the average value of diffraction intensity within a 

55 degrees to 65 degrees, 

I_P2/I_avg was 5.888, satisfying the condition of 1.0 or more 

and 6.0 or less. 

Further, a cross-sectional TEM image of the RuNO film 

formed on another substrate by the same procedure as Example 3 

was taken, and a columnar structure was not found in the crystal 

condition of the RuNO film, and was confirmed as a 

microcrystalline structure or an amorphous. 

[0143] 

The refractive index n and extinction coefficient 

(imaginary part of refractive index) k of the lower layer 41 of 

Example 3 thus formed (RuNO film) in 13.5nm wavelength were as 

shown below, respectively. 

RuNO film: n=0.896, k=0.015 

[0144] 

The phase shift film 4 (phase shift pattern 4a) of Example 

3 having the uppermost layer 42 and the lower layer 41 had a 

relative reflectance of 17.0% in 13.5nm wavelength. Further, 

the film thickness of the phase shift film 4 is 38nm. This film 

thickness corresponds to when the phase difference when the 

phase shift film 4 was patterned is about 220 degrees. 

[0145] 

In the reflective mask blank 100 used in manufacturing the 

reflective mask 200 of Example 3, the lower layer 41 of the 

phase shift film 4 satisfied the condition of I_P1/I_avg of 

greater than 1.0 and less than 3.0. Therefore, there was less 

sidewall roughness of the lower layer pattern 41a in the phase 

shift pattern 4a, and had a stable cross-sectional shape. 



 
 

47 
 

Therefore, the resist pattern 8a transferred using the 

reflective mask 200 having this phase shift pattern 4a had high 

transfer precision with less in-plane variation of LER and 

dimension. In addition, since the relative reflectance of the 

phase shift film (reflectance relative to reflectance of surface 

of multilayer reflective film 2 with protective film 3) is 

within a predetermined range, a sufficient phase shifting effect 

can be obtained, and an EUV exposure with high exposure 

tolerance and focus tolerance could be performed. 

[0146] 

The reflective mask 200 of Example 3 was set on an EUV 

scanner, and an EUV exposure was made on a wafer having a film 

to be processed and a resist film formed on a semiconductor 

substrate. By developing the exposed resist film, a resist 

pattern was formed on the semiconductor substrate having a film 

to be processed. A semiconductor device having desired 

characteristics was manufactured by transferring the resist 

pattern on the film to be processed by etching, and through 

various steps such as formation of an insulating film and a 

conductive film, introduction of a dopant, and annealing. 

[0147] 

[Comparative Example 1] 

In Comparative Example 1, a reflective mask blank 100 and 

a reflective mask 200 were manufactured by the structure and 

method similar to Example 1 except for the lower layer 41 of 

the phase shift film 4, and a semiconductor device was 

manufactured by the method similar to Example 1. 

A thin film consisting of ruthenium (Ru), chromium (Cr), 

and nitrogen (N) (RuCrN film) was formed as a lower layer 41 of 

a phase shift film 4 of Comparative Example 1 by DC magnetron 

sputtering. The lower layer 41 was formed with the film 

thickness of 33.5nm using a Ru target and a Cr target under a 

mixed gas atmosphere of krypton (Kr) gas and nitrogen (N2) gas. 

The gas flow ratio during film formation was Kr:N2=4:3. The film 

was formed by applying 1500W power supply to the Ru target and 
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500W power supply to the Cr target, respectively. 

[0148] 

A RuCrN film formed by the same procedure on another 

substrate was subjected to an In Plane measurement of an X-ray 

diffraction analysis using an X-ray diffraction apparatus (XRD) 

to analyze the crystalline structure of the film, and an X-ray 

diffraction profile was obtained. FIG. 7 shows the relationship 

between the diffraction angle and the diffraction intensity when 

the phase shift film using the material corresponding to the 

lower layer of Comparative Example 1 was measured by an In-Plane 

measurement method of an X-ray diffraction analysis. Based on 

the result of the measurement, provided I_P1 is the maximum 

ranging from 65 degrees to 75 degrees and I_avg is the average 

ranging from 55 degrees to 65 degrees, I_P1/I_avg was 3.046 and 

did not satisfy the condition of greater than 1.0 and less than 

3.0. 

[0149] 

Further, based on the result of the measurement, provided 

I_P2 is the maximum value of diffraction intensity within a 

grees and I_avg is 

the average value of diffraction intensity within a diffraction 

55 degrees to 65 degrees, I_P2/I_avg was 

6.167 and did not satisfy the condition of 1.0 or more and 6.0 

or less. 

Further, a cross-sectional TEM image of the RuCrN film 

formed on another substrate by the same procedure as Comparative 

Example 1 was taken, and a columnar structure was found in the 

crystal condition of the thin film, and was confirmed as a 

crystalline structure. 

[0150] 

The refractive index n and extinction coefficient 

(imaginary part of refractive index) k of the lower layer 41 of 

Comparative Example 1 thus formed (RuCrN film) in 13.5nm 
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wavelength were as shown below, respectively. 

RuCrN film: n=0.896, k=0.020 

[0151] 

The phase shift film 4 (phase shift pattern 4a) of 

Comparative Example 1 having the uppermost layer 42 and the 

lower layer 41 had a relative reflectance of 14.4% in 13.5nm 

wavelength. Further, the film thickness of the phase shift film 

is 43nm. This film thickness corresponds to when the phase 

difference when the phase shift film 4 was patterned is about 

220 degrees. 

[0152] 

In the reflective mask blank 100 used in manufacturing the 

reflective mask 200 of Comparative Example 1, the lower layer 

41 of the phase shift film 4 did not satisfy the condition of 

I_P1/I_avg of greater than 1.0 and less than 3.0. 

Therefore, in Comparative Example 1 compared to Example 1, 

a step difference was generated in a sidewall of the lower layer 

pattern 41a of the phase shift pattern 4a of the reflective mask 

200 that was manufactured and obtained. Therefore, the resist 

pattern 8a transferred using the reflective mask 200 having this 

phase shift pattern 4a had significant in-plane variation of 

LER and dimension, and transfer precision was not so high. 

[0153] 

Unlike Example 1, in the case where the reflective mask 

200 of Comparative Example 1 was used, a semiconductor device 

having desired characteristics could not be manufactured. 

[0154] 

[Comparative Example 2] 

In Comparative Example 2, a reflective mask blank 100 and 

a reflective mask 200 were manufactured by the structure and 

method similar to Example 1 except for the lower layer 41 of 

the phase shift film 4, and a semiconductor device was 

manufactured by the method similar to Example 1. 

A thin film consisting of ruthenium (Ru) and nitrogen (N) 

(RuN film) was formed as a lower layer 41 of a phase shift film 
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4 of Comparative Example 2 by DC magnetron sputtering. The lower 

layer 41 was formed with the film thickness of 29.5nm using a 

Ru target under a mixed gas atmosphere of xenon (Xe) gas and 

nitrogen (N2) gas. The gas flow ratio during film formation was 

Kr:N2=2:1. The film was formed by applying 1500W power supply 

to the Ru target. 

[0155] 

A RuN film formed by the same procedure on another 

substrate was subjected to an In Plane measurement of an X-ray 

diffraction analysis using an X-ray diffraction apparatus (XRD) 

to analyze the crystalline structure of the film, and an X-ray 

diffraction profile was obtained. FIG. 8 shows the relationship 

between the diffraction angle and the diffraction intensity when 

the phase shift film using the material corresponding to the 

lower layer of Comparative Example 2 was measured by an In-Plane 

measurement method of an X-ray diffraction analysis. Based on 

the result of the measurement, provided I_P1 is the maximum 

ranging from 65 degrees to 75 degrees and I_avg is the average 

ranging from 55 degrees to 65 degrees, I_P1/I_avg was 5.361 and 

did not satisfy the condition of greater than 1.0 and less than 

3.0. 

[0156] 

Further, based on the result of the measurement, provided 

I_P2 is the maximum value of diffraction intensity within a 

degrees to 45 degrees and 

I_avg is the average value of diffraction intensity within a 

55 degrees to 65 degrees, 

I_P2/I_avg was 14.658 and did not satisfy the condition of 1.0 

or more and 6.0 or less. 

Further, a cross-sectional TEM image of the RuN film formed 

on another substrate by the same procedure as Comparative 

Example 2 was taken, and a columnar structure was found in the 

crystal condition of the thin film, and was confirmed as a 
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crystalline structure. 

[0157] 

The refractive index n and extinction coefficient 

(imaginary part of refractive index) k of the lower layer 41 of 

Comparative Example 2 thus formed (RuN film) in 13.5nm 

wavelength were as shown below, respectively. 

RuN film: n=0.888, k=0.017 

[0158] 

The phase shift film 4 (phase shift pattern 4a) of 

Comparative Example 2 having the uppermost layer 42 and the 

lower layer 41 had a relative reflectance of 17.4% in 13.5nm 

wavelength. Further, the film thickness of the phase shift film 

is 38nm. This film thickness corresponds to when the phase 

difference when the phase shift film 4 was patterned is about 

220 degrees. 

[0159] 

In the reflective mask blank 100 used in manufacturing the 

reflective mask 200 of Comparative Example 2, the lower layer 

41 of the phase shift film 4 did not satisfy the condition of 

I_P1/I_avg of greater than 1.0 and less than 3.0. 

Therefore, in Comparative Example 2 compared to Example 1, 

a step difference was generated in a sidewall of the lower layer 

pattern 41a of the phase shift pattern 4a of the reflective mask 

200 that was manufactured and obtained. Therefore, the resist 

pattern 8a transferred using the reflective mask 200 having this 

phase shift pattern 4a had significant in-plane variation of 

LER and dimension, and transfer precision was not so high. 

[0160] 

Unlike Example 1, in the case where the reflective mask 

200 of Comparative Example 2 was used, a semiconductor device 

having desired characteristics could not be manufactured. 

 

[Description of Reference Numerals] 

[0161] 

1. substrate 
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2. multilayer reflective film 

3. protective film 

4. phase shift film (thin film for pattern formation) 

4a. phase shift pattern (thin film having transfer pattern) 

5. conductive film 

6. etching mask film 

6a. etching mask pattern 

8. resist film 

8a. resist pattern 

41. lower layer 

41a. lower layer pattern 

42. uppermost layer 

42a. uppermost layer pattern 

100. reflective mask blank 

200. reflective mask 
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[DOCUMENT] CLAIMS 

[Claim 1] 

A reflective mask blank comprising a multilayer reflective 

film and a thin film for pattern formation in this order on a 

main surface of a substrate, 

wherein the thin film consists of a single layer structure 

consisting of a ruthenium-containing layer at least containing 

ruthenium, nitrogen, and oxygen, or a multilayer structure 

containing the ruthenium-containing layer, 

wherein when the ruthenium-containing layer is subjected 

to an analysis by an In-Plane measurement of an X-ray 

diffraction method to obtain an X-ray diffraction profile where, 

provided I_P1 is the maximum value of diffraction intensity 

ging from 65 degrees to 75 

degrees and I_avg is the average value of diffraction intensity 

s to 65 

degrees, I_P1/I_avg is greater than 1.0 and less than 3.0. 

[Claim 2] 

The reflective mask blank according to claim 1, wherein 

the ruthenium-containing layer has more nitrogen content than 

oxygen content. 

[Claim 3] 

The reflective mask blank according to claim 1 or 2, 

wherein the ruthenium-containing layer contains chromium. 

[Claim 4] 

The reflective mask blank according to any of claims 1 to 

3, wherein an element having the largest content in the 

ruthenium-containing layer is ruthenium. 

[Claim 5] 

The reflective mask blank according to any of claims 1 to 

4, wherein the thin film consists of a multilayer structure 

comprising an uppermost layer containing ruthenium on the 

ruthenium-containing layer. 

[Claim 6] 

The reflective mask blank according to claim 5, wherein 
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an element having the largest content in the uppermost layer is 

oxygen. 

[Claim 7] 

The reflective mask blank according to any of claims 1 to 

6 comprising a protective film between the multilayer reflective 

film and the thin film. 

[Claim 8] 

A reflective mask comprising a multilayer reflective film 

and a thin film having a transfer pattern in this order on a 

main surface of a substrate, 

wherein the thin film consists of a single layer structure 

consisting of a ruthenium-containing layer at least containing 

ruthenium, nitrogen, and oxygen, or a multilayer structure 

containing the ruthenium-containing layer, 

wherein when the ruthenium-containing layer is subjected 

to an analysis by an In-Plane measurement of an X-ray 

diffraction method to obtain an X-ray diffraction profile where, 

provided I_P1 is the maximum value of diffraction intensity 

within a diffraction an

degrees and I_avg is the average value of diffraction intensity 

s to 65 

degrees, I_P1/I_avg is greater than 1.0 and less than 3.0. 

[Claim 9] 

The reflective mask according to claim 8, wherein the 

ruthenium-containing layer has more nitrogen content than oxygen 

content. 

[Claim 10] 

The reflective mask according to claim 8 or 9, wherein the 

ruthenium-containing layer contains chromium. 

[Claim 11] 

The reflective mask according to any of claims 8 to 10, 

wherein an element having the largest content in the ruthenium-

containing layer is ruthenium. 

[Claim 12] 

The reflective mask according to any of claims 8 to 11, 
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wherein the thin film consists of a multilayer structure 

comprising an uppermost layer containing ruthenium on the 

ruthenium-containing layer. 

[Claim 13] 

The reflective mask according to claim 12, wherein an 

element having the largest content in the uppermost layer is 

oxygen. 

[Claim 14] 

The reflective mask according to any of claims 8 to 13 

comprising a protective film between the multilayer reflective 

film and the thin film. 

[Claim 15] 

A method of manufacturing a semiconductor device 

comprising the step of transferring a transfer pattern to a 

resist film on a semiconductor substrate by exposure using the 

reflective mask according to any of claims 8 to 14. 

 

 


