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PELLICLE FILM, PELLICLE FRAME, PELLICLE, METHOD FOR PRODUCING 

SAME, ORIGINAL PLATE FOR LIGHT EXPOSURE, LIGHT EXPOSURE 

APPARATUS AND METHOD FOR MANUFACTURING SEMICONDUCTOR 

DEVICE 

 5 

TECHNICAL FIELD 

[0001] 

 The present invention relates to a photomask or a reticle (hereinafter, 

collectively referred to as a "photomask") usable to produce a semiconductor 

device or the like by a lithography technology, and to a pellicle or the like acting as 10 

a dust-preventive cover for the photomask that prevents dust or the like from 

being attached to the photomask.  The present invention specifically relates to a 

pellicle film, which is a very thin film for extreme ultraviolet (EUV) lithography, a 

pellicle frame, a pellicle, a method for producing the same, an exposure pattern 

plate using the same, and a method for producing a semiconductor device. 15 

 

BACKGROUND ART 

[0002] 

 A semiconductor device is produced by a method including a step referred 

to as lithography.  In the step of lithography, an exposure device referred to as a 20 

scanner or a stepper is used to cause exposure light to irradiate a mask having a 

circuit pattern drawn thereon, so that the circuit pattern is transferred to a 

semiconductor wafer coated with a photoresist.  If, in this step, a foreign 

substance such as dust or the like is attached to the mask, the shadow of the 

foreign substance is transferred to the semiconductor wafer, and the circuit 25 

pattern is not transferred accurately.  As a result, the resultant semiconductor 

device may not operate normally and become defective. 

[0003] 
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 In order to avoid such a situation, it is known that a pellicle including a 

support frame and a pellicle film bonded to the frame is attached to the mask, so 

that a foreign substance such as dust or the like is attached to the pellicle film and 

is prevented from being attached to the mask.  A focal point of exposure light of 

the exposure device is set on a surface of the mask and a surface of the 5 

semiconductor wafer, but is not set on a surface of the pellicle film.  Therefore, 

an image of the shadow of the foreign substance attached to the pellicle film is not 

formed on the semiconductor wafer.  For this reason, in the case where the 

foreign substance is attached to the pellicle film, the degree at which the transfer 

of the circuit pattern is disturbed is significantly lower than in the case where the 10 

foreign substance is attached to the mask.  Thus, the ratio of defective products 

of the semiconductor device is significantly suppressed. 

[0004] 

 The pellicle film usable for the pellicle is required to transmit exposure 

light at a high transmittance, for the following reason.  If the light transmittance of 15 

the pellicle film is low, the intensity of the exposure light from the mask having the 

circuit pattern formed thereon is decreased, and thus the photoresist formed on 

the semiconductor wafer is not sufficiently exposed to the exposure light. 

[0005] 

 So far, the wavelength of light used for lithography has been progressively 20 

shortened.  As a next-generation lithography technology, EUV lithography is now 

being progressively developed.  "EUV light" refers to light having a wavelength in 

a soft x-ray range or a vacuum ultraviolet range; more specifically, a light beam 

having a wavelength of about 13.5 nm ± about 0.3 nm.  In photolithography, the 

resolution limit of a pattern is about 1/2 of the exposure wavelength, and is 25 

considered to be about 1/4 of the exposure wavelength even if an immersion 

method is used.  Even if an immersion method is used with ArF laser light 

(wavelength: 193 nm), the exposure wavelength is expected to be about 45 nm at 
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the minimum.  In such a situation, EUV lithography is anticipated as a 

revolutionary technology that realizes significant reduction in size as compared 

with the conventional lithography. 

[0006] 

 EUV light is easily absorbed by any substance.  When the exposure light 5 

such as EUV light or the like irradiates the pellicle film, a part of the energy 

thereof is absorbed by the pellicle film.  The energy of the EUV light absorbed by 

the pellicle film is converted into heat by various relaxation processes.  

Therefore, at the time of exposure, the temperature of the pellicle film is raised.  

In addition, in a pellicle for EUV, a pellicle film connected with the pellicle needs to 10 

have a very small thickness of a nanometer order.  Therefore, a pellicle film 

having a higher EUV transmittance is now desired from the points of view of heat 

releasability and heat resistance when the temperature is raised to a high level. 

[0007] 

 Patent Literature 1 discloses an invention relating to an "optical element 15 

for a lithographic apparatus", and specifically describes that a carbon nanotube 

sheet is used, that the carbon nanotube sheet may include a "single-walled 

carbon nanotube sheet" or a "multi-walled carbon nanotube sheet", and that the 

carbon nanotube sheet has an advantage of having a relatively low density. 

[0008] 20 

 Patent Literature 2 relates to a pellicle film and a pellicle, and describes 

that if the density of the pellicle film is increased in order to increase the strength 

thereof, a high transmittance is not provided, and that a carbon nanotube contains 

lots of impurities such as a metal material or the like incorporated thereto during 

the production thereof and thus has a low transmittance. 25 

[0009] 

 Patent Literature 3 discloses carbon nanotube sheets having carbon 

nanotube diameters of 3 nm to 8 nm and 10 nm to 15 nm. 
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[0010] 

 Patent Literature 4 discloses a carbon nanotube sheet having a cylinder 

diameter of about 1 nm to about 1000 nm, an axial direction length of about 

0.1 mm to about 1000 mm, and an L/D of about 100 to about 10000. 

 

CITATION LIST 

PATENT LITERATURE 

[0011] 

 Patent Literature 1: PCT Japanese National-Phase Laid-Open Patent 

Publication No. 2011-530184 

 Patent Literature 2: WO2014/142125 

 Patent Literature 3: Japanese Laid-Open Patent Publication 

No. 2001-48507 

 Patent Literature 4: Japanese Laid-Open Patent Publication 

No. 2006-69165 

 

SUMMARY OF INVENTION 

TECHNICAL PROBLEM 

[0012] 

 Embodiments of the present invention provide a pellicle film, a pellicle 

frame and a pellicle having a higher EUV transmittance and a higher heat 

resistance than those described in the above-described prior art documents.  

Embodiments of the present invention also provide an exposure pattern plate 

using the same to allow EUV lithography to be performed at a high precision and 

a method for producing a semiconductor device. 

 

 



- 5 - 

SOLUTION TO PROBLEM 

[0013] 

 According to a first aspect of the present invention, there is provided a 

pellicle film for exposure, the pellicle film being extendable over an opening of a 

support frame and having a thickness of 200 nm or less.  The pellicle film 

includes a carbon nanotube sheet.  The carbon nanotube sheet includes 

bundles each including a plurality of carbon nanotubes, the bundles each have a 

diameter of 100 nm or shorter, and the bundles are aligned in a planar direction in 

the carbon nanotube sheet. 

[0014] 

 With the above-described structure, a pellicle film fulfilling, at the same 

time, the conditions that the pellicle film has a thickness of 200 nm or less, that 

the pellicle film includes a carbon nanotube sheet, that the carbon nanotube sheet 

includes bundles each including a plurality of carbon nanotubes, that the bundles 

each have a diameter of 100 nm or shorter, and that the bundles are aligned in a 

planar direction in the carbon nanotube sheet is provided.  Such a pellicle film 

has a high EUV transmittance, has a high durability against EUV, and has a film 

strength that withstands the pellicle production process and the steps in which the 

pellicle film is subjected to an atmospheric pressure and also to a vacuum state in 

an EUV exposure system. 

[0015] 

 In an embodiment according to the present invention, the carbon 

nanotubes may each have a diameter of 0.8 nm or longer and 6 nm or shorter. 

[0016] 

 In an embodiment according to the present invention, the carbon 

nanotube sheet may have a mesh structure of the bundles in the planar direction. 
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[0017] 

 In an embodiment according to the present invention, the pellicle film for 

exposure may further include a protective layer in contact with the carbon 

nanotube sheet. 

[0018] 

 In an embodiment according to the present invention, the protective layer 

may contain at least one selected from the group consisting of SiOx (x £ 2), SiaNb 

(a/b is 0.7 to 1.5), SiON, Y2O3, YN, Mo, Ru, Rb, Sr, Y, Zr, Nb, B4C, SiC and Rh. 

[0019] 

 According to a second aspect of the present invention, there is provided a 

pellicle film including a carbon nanotube sheet including carbon nanotubes each 

having a diameter of 0.8 nm or longer and 6 nm or shorter, a length of 10 mm or 

longer and 10 cm or shorter, and a carbon content of 98% by mass or higher. 

[0020] 

 With the above-described structure, a pellicle film fulfilling, at the same 

time, the conditions that the carbon nanotubes have a high purity as represented 

by the carbon content as high as 98% by mass or higher, that the carbon 

nanotubes each have a diameter of 0.8 nm or longer and 6 nm or shorter, and 

that the carbon nanotubes each have a length of 10 mm or longer and 10 cm or 

shorter is provided.  Such a pellicle film has a high EUV transmittance, has a 

high durability against EUV, and has a film strength that withstands the pellicle 

production process and the steps in which the pellicle film is subjected to an 

atmospheric pressure and also to a vacuum state in an EUV exposure system. 

[0021] 

 In an embodiment according to the present invention, the ratio of the 

length with respect to the diameter of each of the carbon nanotubes 

(length/diameter) may be 1 ´ 104 or higher and 1 ´ 108 or lower. 
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[0022] 

 In the case where the diameter of the carbon nanotubes is short, the film 

strength of the pellicle film is improved but the EUV transmittance is decreased.  

In order to provide both of a high EUV transmittance and a high film strength, the 

ratio of the length with respect to the diameter of the nanotube (length/diameter) 

is important.  In the case where the ratio is 1 ´ 104 or higher and 1 ´ 108 or lower, 

both of a high EUV transmittance and a high film strength are provided. 

[0023] 

 In an embodiment according to the present invention, the pellicle film may 

further include a protective layer in contact with the carbon nanotube sheet.  The 

protective layer may be provided on a surface of the pellicle film closer to the 

exposure pattern plate or may be provided as an uppermost layer on the pellicle 

film. 

[0024] 

 In an embodiment according to the present invention, the protective layer 

may contain at least one selected from the group consisting of SiOx (x £ 2), SiaNb 

(a/b is 0.7 to 1.5), SiON, Y2O3, YN, Mo, Ru, Rb, Sr, Y, Zr, Nb, B4C, SiC and Rh. 

[0025] 

 In the case where protective layer is provided, the pellicle film is tolerant 

to both of hydrogen radical (i.e., reduction-tolerant) and oxidation. 

[0026] 

  According to a third aspect of the present invention, there is provided a 

pellicle including the above-described pellicle and a support frame supporting the 

pellicle film. 

[0027] 

 According to a fourth aspect of the present invention, there is provided a 

pellicle frame including the above-described pellicle film and a first frame 
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supporting the pellicle film. 

[0028] 

 According to a fifth aspect of the present invention, there is provided a 

pellicle including the above-described pellicle frame and a second frame 

connected with the pellicle frame. 

[0029] 

 According to a sixth aspect of the present invention, there is provided an 

exposure pattern plate including a pattern plate; and a pellicle attached to a 

surface, of the pattern plate, that has a pattern thereon. 

[0030] 

 According to a seventh aspect of the present invention, there is provided 

an exposure device including the above-described exposure pattern plate. 

[0031] 

  According to an eighth aspect of the present invention, there is provided 

an exposure device.  The exposure device includes a light source releasing 

exposure light; the above-described exposure pattern plate; and an optical 

system guiding the exposure light released from the light source to the exposure 

pattern plate.  The exposure pattern plate is located such that the exposure light 

released from the light source is transmitted through the pellicle film to irradiate 

the pattern plate. 

[0032] 

 In an embodiment according to the present invention, the exposure light 

may be EUV light. 

[0033] 

 According to a ninth aspect of the present invention, there is provided a 

method for producing a semiconductor device.  The method includes the steps of 

causing exposure light, released from a light source, to be transmitted through the 
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pellicle film of the exposure pattern plate and to irradiate, and to be reflected by, 

the pattern plate; and causing the exposure light, reflected by the pattern plate, to 

be transmitted through the pellicle film and to irradiate a sensitive substrate, so 

that the exposure light exposes the sensitive substrate while having a shape of a 

pattern. 

[0034] 

 In an embodiment according to the present invention, the exposure light 

may be EUV light. 

[0035] 

 Disclosed herein is a method for producing a pellicle.  The method 

includes incorporating water vapor of 10 ppm or higher and 10000 ppm or lower 

at a temperature of 600°C or higher and 1000°C or lower in the presence of a 

metal catalyst to form a carbon nanotube by chemical vapor deposition; putting 

the resultant carbon nanotube into a sheet to form a carbon nanotube sheet; and 

connecting the resultant carbon nanotube sheet to a support frame including an 

opening such that the resultant carbon nanotube sheet covers the opening. 

[0036] 

 In an embodiment, the method includes forming a carbon nanotube sheet 

from a dispersion containing a carbon nanotube, and connecting the resultant 

carbon nanotube sheet to a support frame including an opening such that the 

resultant carbon nanotube sheet covers the opening. 

[0037] 

 In an embodiment, the metal catalyst is located on a substrate for 

chemical vapor deposition. 

[0038] 

 Disclosed herein is a method for producing a pellicle.  The method 

includes patterning a metal catalyst on a substrate for chemical vapor deposition, 
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and incorporating water vapor of 10 ppm or higher and 10000 ppm or lower at a 

temperature of 600°C or higher and 1000°C or lower in the presence of the metal 

catalyst to form a plurality of single-walled carbon nanotubes by chemical vapor 

deposition and thus to form a carbon nanotube bulk structure; putting the 

resultant carbon nanotube bulk structure into a sheet to form a carbon nanotube 

sheet; and connecting the resultant carbon nanotube sheet to a support frame 

including an opening such that the resultant carbon nanotube sheet covers the 

opening.  The formation of the plurality of single-walled carbon nanotubes by 

CVD may be forming the plurality of single-walled carbon nanotubes standing 

perpendicularly to a surface of the substrate by CVD. 

[0039] 

 In an embodiment , the method includes forming a carbon nanotube sheet 

of a dispersion containing carbon nanotubes; and connecting the resultant carbon 

nanotubes to a support frame including an opening such that the resultant carbon 

nanotubes covers the opening. 

 

ADVANTAGEOUS EFFECTS OF INVENTION 

[0040] 

 Provided are a pellicle film, a pellicle frame and a pellicle having a high 

EUV transmittance and a high heat resistance.  With an exposure pattern plate 

using the pellicle film, the pellicle frame and or the pellicle, a microscopic pattern 

(e.g., having a line width of 32 nm or less) is formed by the EUV light or the like.  

Such an exposure pattern plate and a method for producing a semiconductor 

device capable of performing patterned exposure in the state where the resolution 

failure caused by a foreign substance is suppressed are provided. 
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BRIEF DESCRIPTION OF DRAWINGS 

[0041] 

 [FIG. 1] FIG. 1 provides schematic (cross-sectional) views showing steps 

for producing a pellicle film, a pellicle frame and a pellicle in an embodiment 

according to the present invention. 5 

 [FIG. 2] FIG. 2 provides schematic (cross-sectional) views showing steps 

for producing the pellicle film, the pellicle frame and the pellicle in an embodiment 

according to the present invention. 

 [FIG. 3] FIG. 3 is a flowchart showing a method for producing the pellicle 

film, the pellicle frame and the pellicle in an embodiment according to the present 10 

invention. 

 [FIG. 4] FIG. 4 shows a selected area electron diffraction image of a 

cross-section of a carbon nanotube sheet in an embodiment according to the 

present invention. 

 [FIG. 5] FIG. 5 shows the diffraction strength in a thickness direction and 15 

the diffraction strength in a planar direction of a carbon nanotube sheet in an 

embodiment according to the present invention, plotted with respect to the 

reciprocal lattice vector g. 

 [FIG. 6] FIG. 6 shows a transmission electron micrograph (TEM) of a 

cross-section of the carbon nanotube sheet in an embodiment according to the 20 

present invention. 

 [FIG. 7] FIG. 7 shows a fast fourier transform (FFT) image of the electron 

micrograph of the cross-section of the carbon nanotube sheet in an embodiment 

according to the present invention. 

 [FIG. 8] FIG. 8 shows the intensity in the thickness direction and the 25 

intensity in the planar direction of the fast fourier transform (FFT) image of the 

electron micrograph of the cross-section of the carbon nanotube sheet in an 

embodiment according to the present invention, plotted with respect to the pixel 
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distance from the center. 

 [FIG. 9] FIG. 9 provides schematic (cross-sectional) views showing steps 

for producing a pellicle film, a pellicle frame and a pellicle in an embodiment 

according to the present invention. 

 [FIG. 10] FIG. 10 is a schematic cross-sectional view of an EUV exposure 5 

device 180, which is an example of exposure device in an embodiment. 

 [FIG. 11] FIG. 11 provides schematic (cross-sectional) views showing 

steps for producing a pellicle film, a pellicle frame and a pellicle in a modification 

according to the present invention. 

 [FIG. 12] FIG. 12 is a schematic (cross-sectional) view of a pellicle in an 10 

embodiment according to the present invention. 

 [FIG. 13] FIG. 13 shows a selected area electron diffraction image of a 

cross-section of a carbon nanotube sheet in an example according to the present 

invention. 

 [FIG. 14] FIG. 14 shows a scanning electron micrograph of the carbon 15 

nanotube sheet in the example according to the present invention. 

 [FIG. 15] FIG. 15 shows a scanning electron micrograph of a carbon 

nanotube sheet in an example according to the present invention. 

 [FIG. 16] FIG. 16 shows a transmission electron micrograph (TEM) of a 

cross-section of a carbon nanotube sheet in a comparative example to the 20 

present invention. 

 [FIG. 17] FIG. 17 shows a selected area electron diffraction image of the 

cross-section of the carbon nanotube sheet in the comparative example to the 

present invention. 

 [FIG. 18] FIG. 18 shows a fast fourier transform (FFT) image of the 25 

electron micrograph of the cross-section of the carbon nanotube sheet in the 

comparative example to the present invention. 

 [FIG. 19] FIG. 19 shows a scanning electron micrograph of the carbon 
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nanotube sheet in the comparative example to the present invention. 

 

DESCRIPTION OF EMBODIMENTS 

[0042] 

 Hereinafter, embodiments of the present invention will be described with 5 

reference to the drawings and the like.  The present invention may be carried out 

in various forms, and is not to be construed as being limited to any of the following 

embodiments.  In the drawings, components may be shown schematically 

regarding the width, thickness, shape and the like, instead of being shown in 

accordance with the actual sizes, for the sake of clearer illustration.  The 10 

drawings are merely examples and do not limit the interpretations of the present 

invention in any way.  In the specification and the drawings, components that 

have substantially the same functions as those described before with reference to 

a previous drawing(s) bear the identical reference signs thereto, and detailed 

descriptions thereof may be omitted. 15 

[0043] 

[Definitions] 

 In this specification, an expression that a component or area is "above" 

(or “below”) another component or area encompasses a case where such a 

component or area is over (under) the another component or area and also a 20 

case where such a component or area is on the another component or area, 

namely, a case where still another component or area is provided between such a 

component or area and the another component or area, unless otherwise 

specified. 

[0044] 25 

 In this specification, "EUV light" refers to light having a wavelength of 

5 nm or longer and 30 nm or shorter.  It is preferred that the wavelength of the 

EUV light is 5 nm or longer and 14 nm or shorter. 



- 14 - 

[0045] 

 In this specification, a "pellicle film" refers to a thin film usable for a 

pellicle.  It is preferred that the pellicle film is a self-standing film.  The 

"self-standing film" is a thin film retaining the shape thereof without a support or a 

substrate. 5 

[0046] 

 A "pellicle" is an assembly of a pellicle film and a support frame 

supporting the pellicle film.  A "pellicle frame" refers to an assembly of the 

pellicle film and a first frame connected with the pellicle film.  The "pellicle" 

encompasses an assembly of the pellicle frame and a second frame connected 10 

with the pellicle frame.  In this case, the first frame and the second frame 

correspond to a support frame supporting the pellicle film. 

[0047] 

 In this specification, "trimming" refers to cutting a substrate, or an 

assembly of the substrate and the pellicle film formed above the substrate, in 15 

accordance with a desired pellicle shape.  The shape of the pellicle is often 

rectangular.  Therefore, in this specification, an example of cutting the substrate, 

or an assembly of the substrate and the pellicle film formed above the substrate, 

into a rectangular shape is shown as a specific example of trimming. 

[0048] 20 

 In this specification, "back-etching" refers to a step of removing a part of 

the substrate while leaving the pellicle film.  In this specification, etching of the 

substrate from a rear surface thereof (surface opposite to a surface having the 

pellicle film formed thereon) is shown as an example of back-etching. 

[0049] 25 

 In this specification, an "end portion" refers to a side surface, a corner 

edge and a corner area.  Specifically, the "end portion" encompasses a corner 

edge formed by side surfaces of a substrate (first frame in the case where the 



- 15 - 

substrate is used as the first frame) or a support frame, a corner edge formed by a 

top surface of the substrate (surface in contact with the pellicle film) and a side 

surface of the substrate, and a corner area including a point at which the top 

surface and two side surfaces of the substrate cross each other. 

[0050] 5 

 In the present invention, a "bundle" refers to a bundle formed of a plurality 

of carbon nanotubes. 

[0051] 

 In the present invention, regarding a two-dimensional diffraction image of 

a cross-section of a carbon nanotube, a direction along the film surface will be 10 

referred to as a "planar direction", and a direction perpendicular to the planar 

direction will be referred to as a "thickness direction". 

[0052] 

 In the present invention, the expression that the bundle is "aligned in the 

planar direction" indicates that a longer axis direction of the carbon nanotube 15 

bundle and of the carbon nanotubes is the same as the planar direction of the 

carbon nanotube sheet.  In other words, the expression indicates that the length 

direction of the bundles is not the thickness direction (Z-axis direction) but is the 

planar direction (XY direction).  The length direction of the bundles does not 

need to match an X-axis direction or a Y-axis direction, and may form a mesh 20 

structure. 

[0053] 

 In the present invention, the expression that the bundle is "aligned in the 

thickness direction" indicates that the longer axis direction of the carbon nanotube 

bundle and of the carbon nanotubes is the same as the thickness direction of the 25 

carbon nanotube sheet. 

[0054] 

[Problems of the conventional technology found in the process of conceiving the 
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present invention] 

 A pellicle film for a EUV pellicle is usually produced by stacking SiN 

(silicon nitride) or the like above a silicon wafer.  Another type of pellicle film for a 

EUV pellicle is a carbon nanotube sheet (Patent Literature 1).  However, Patent 

Literature 2 describes that if the density of the pellicle film is increased in order to 5 

increase the strength thereof, a high transmittance is not provided, and that a 

carbon nanotube contains lots of impurities such as a metal material or the like 

incorporated thereto during the production thereof and thus has a low 

transmittance. 

[0055] 10 

 A low purity of the carbon nanotube sheet indicates that the carbon 

nanotube sheet contains lots of impurities.  In this case, the carbon nanotube 

sheet has a low EUV transmittance and easily absorbs EUV.  When the pellicle 

film absorbs the EUV, the energy of the EUV is converted into heat.  Therefore, a 

portion of the pellicle film irradiated with the EUV becomes of a high temperature, 15 

and as a result, the durability of the pellicle film is decreased.  Namely, it has 

been found that in the case where the purity of the carbon nanotube sheet is low, 

the strength and the EUV transmittance of the pellicle film are decreased.  The 

present inventors conceived a pellicle film according to the present invention 

having a high EUV transmittance using a carbon nanotube sheet. 20 

[0056] 

[EMBODIMENT 1] 

 With reference to FIG. 1, FIG. 2 and FIG. 3, a method for producing a 

pellicle 10 according to the present invention will be described.  The pellicle 10 to 

be produced by the present invention is a pellicle for EUV photolithography.  25 

First, above a substrate 100 (FIG. 1(a); for example, a silicon wafer), a pellicle 

film 102 is formed (FIG. 1(b); S101 in FIG. 3).  According to the present 

invention, a carbon nanotube sheet described below is used as the pellicle film 
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102. 

[0057] 

 Carbon nanotubes (or a carbon nanotube bulk structure) to be used for 

the pellicle film 102 are formed above a substrate for chemical vapor deposition in 

the state where a metal catalyst is present in a reaction system and by use of a 5 

CVD method (e.g., LP-CVD film formation, PE-CVD film formation or the like) of 

incorporating an oxidant to a reaction atmosphere.  In this step, the oxidant may 

be a water vapor.  The water vapor may have a concentration of 10 ppm or 

higher and 10000 ppm or lower.  The water vapor may be incorporated at a 

temperature of 600°C or higher and 1000°C or lower.  The metal catalyst may be 10 

located or patterned on the substrate for chemical vapor deposition to synthesize 

the carbon nanotubes.  The resultant carbon nanotubes may each be of a single 

walled or a multiple walled, and may stand perpendicularly to a surface of the 

substrate for chemical vapor deposition.  The carbon nanotubes may be 

produced by, for example, a super growth method described in detail in 15 

WO2006/011655. 

[0058] 

 The carbon nanotubes (or the carbon nanotube bulk structure) peeled off 

from the substrate for chemical vapor deposition are used to produce a carbon 

nanotube sheet.  The carbon nanotube sheet may be formed in substantially the 20 

same manner as that of a conventional carbon nanotube sheet.  Specifically, the 

resultant carbon nanotubes or carbon nanotube bulk structure is dispersed in a 

liquid to form a dispersion, and the dispersion is used to form the carbon 

nanotube sheet. 

[0059] 25 

 The dispersion may contain a dispersant.  In the case where the 

dispersant is contained, the bundle is thinner and thus is easily aligned in the 

planar direction, which is preferred.  Examples of usable dispersant include 
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organic side-chain flavin, flavin derivative, sodium dodecylsulfate, sodium 

cholate, sodium deoxycholate, sodium dodecylbenzenesulfonate, and the like. 

[0060] 

 As a solvent for the dispersant, an appropriate solvent may be selected in 

accordance with the solubility of the dispersant.  In the case where, for example, 5 

organic chain flavin is used as the dispersant, the solvent may be toluene, xylene 

or ethylbenzene.  In the case where no dispersant is used, the solvent may be 

N-methylpyrrolidone (NMP), N,N-dimethylformamide, propyleneglycol, 

methylisobutylketone (MIBK) or the like. 

[0061] 10 

 In the case where  the carbon nanotubes by the super growth method is 

dispersed in a dispersion as thin and uniform bundles, it is desired to use organic 

chain flavin as the dispersant. 

[0062] 

 As a method of dispersion, any method may be appropriately selected.  15 

Ultrasonic dispersion, a ball mill, a roller mill, a vibration mill, a kneader, a jet mill, 

a nanomizer or the like is usable. 

[0063] 

 The substrate 100 is coated with the dispersion, and then the liquid used 

for the dispersion is removed.  As a result, the carbon nanotube sheet is formed 20 

on the substrate 100.  In the case where the substrate is coated with a 

dispersion containing the carbon nanotubes, according to the present invention, 

dispersed in a liquid, a film in which the carbon nanotubes are generally parallel to 

the surface of the substrate is obtained while the liquid used for the dispersion is 

evaporated and thus is removed (namely, the carbon nanotube sheet does not 25 

contain any carbon nanotube standing perpendicular to the surface of the 

substrate).  In this manner, the carbon nanotube sheet is formed.  There is no 

specific limitation on the method of coating.  The method of coating may be, for 
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example, spin coating, dip coating, bar coating, spray coating, electrospray 

coating or the like. 

[0064] 

 The carbon nanotube sheet formed on the substrate 100 in this manner is 

used as the pellicle film 102.  The metal catalyst used to form the carbon 5 

nanotubes may decrease the EUV transmittance.  However, since the carbon 

nanotubes are peeled off from the substrate for chemical vapor deposition, the 

pellicle film 102 does not contain the metal catalyst used to form the carbon 

nanotubes almost at all.  This is preferred. 

[0065] 10 

 A mask 104 is stacked on a surface of the substrate 100 opposite to the 

surface on which the pellicle film 102 is formed (a rear surface) (FIG. 1(b)).  

Then, the mask is removed from an exposure area (FIG. 1(c)).  Etching is 

performed to remove a part of the substrate while the pellicle film 102 is left in the 

exposure area (FIG. 2(a); S103 in FIG. 3). 15 

[0066] 

 The part of the substrate is removed by back-etching.  As described 

above, "back-etching" is performed from the rear surface (surface of the substrate 

opposite to the surface on which the pellicle film is formed). 

[0067] 20 

 The substrate 100 does not need to be a silicon wafer substrate.  The 

shape of the substrate is not limited to a true circle, and the substrate may have 

an orientation flat, a notch or the like formed therein.  The pellicle film does not 

need to be formed on the entire surface of the substrate.  It is preferred that the 

substrate 100, on which the pellicle film is to be formed, is formed of a material 25 

containing any one of silicon, sapphire and silicon carbide, instead of an 

aluminum alloy or the like used for an ArF laser pellicle.  Silicon, sapphire and 

silicon carbide each have a coefficient of linear thermal expansion close to that of 
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the pellicle film, and this is preferred to decrease the thermal strain of the entirety 

of the pellicle.  More preferably, the substrate 100 is formed of silicon. 

[0068] 

 At the time of back-etching, the silicon wafer may be left, except for the 

exposure area, in a frame shape for the purpose of concurrently forming a first 5 

frame 107 to be connected with the pellicle film 102 (FIG. 2(a)).  In this case, the 

portion of the substrate that is not removed is referred to as the first frame 107.  

The resultant silicon wafer in the frame shape may be used as the frame in this 

manner, so that the pellicle frame is produced while a step of extending the 

pellicle on the first frame is omitted. 10 

[0069] 

 There is no specific limitation on the shape of the first frame.  A relatively 

large portion of the substrate may be left as the first frame from the point of view 

of increasing the strength.  Before the etching, a different frame may be bonded 

to the portion of the substrate that is to become the first frame, and etching may 15 

be performed in this state.  The bonding of the different frame reinforces the first 

frame.  As the different frame, a second frame 108, for example, may be used.  

In a later step, the second frame 108 may be connected in addition to the first 

frame 107 (FIG. 2(b); S105 in FIG. 3).  It should be noted that since the pellicle 

for EUV is limited in the height thereof, it is preferred that the pellicle film and the 20 

support frame have a total height of 2.6 mm or less.  The second frame 108 to be 

connected may have a jig hole formed therein, with which the pellicle is secured 

to an exposure pattern plate or the second frame 108 is connected with the first 

frame. 

[0070] 25 

 There is no specific limitation on the shape, size or material of the second 

frame 108.  It is preferred that the material of the second frame 108 has a high 

tolerance to the EUV light, a high level of flatness, and a low ion elution property.  
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In order to remove carbon-derived contaminants, hydrogen gas is supplied to an 

exposure device.  Therefore, it is preferred that the material of the second frame 

108 is tolerant to hydrogen radical.  There is no specific limitation on the material 

of the second frame 108.  Any material generally usable for a pellicle frame is 

usable.  Specific examples of the material of the second frame 108 include 5 

aluminum, aluminum alloy (5000-type, 6000-type, 7000-type, etc.), stainless 

steel, silicon, silicon alloy, iron, iron-based alloy, carbon steel, tool steel, ceramic 

material, metal-ceramic composite material, resin, and the like.  Among these 

materials, aluminum and aluminum alloy, which are lightweight and rigid, are 

more preferred.  The second frame 108 may include a protective film at a surface 10 

thereof. 

[0071] 

 In the pellicle film including the carbon nanotube sheet that includes the 

bundles, the protective film may cover each of the bundles in the carbon nanotube 

sheet. 15 

[0072] 

 The pellicle frame (assembly of the pellicle film and the first frame 

connected with the pellicle film) is connected with the second frame 108 to 

produce the pellicle (FIG. 2(b)).  The assembly of the first frame 107 and the 

second frame 108 corresponds to a support frame 109 supporting the pellicle film 20 

and including an opening.  The pellicle frame (assembly of the pellicle film and 

the first frame connected with the pellicle film) and the second frame 108 may be 

secured to each other with an adhesive or may be connected with each other by a 

pin.  More specifically, a pin hole may be formed at a corner edge, along a side 

or the like of the pellicle frame, a pin hole may be formed at a position in the 25 

second frame that overlaps the pin hole of the pellicle frame, and the pellicle 

frame and the second frame may be connected with each other by a pin. 

[0073] 
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 At the time of lithography, the pellicle 10 is used as being connected with 

an exposure pattern plate 181 (FIG. 2(c); S107 in FIG. 3). 

[0074] 

 The pellicle film 102 has a thickness of 200 nm or less.  The pellicle film 

includes a carbon nanotube sheet.  The carbon nanotube sheet includes 5 

bundles each including a plurality of carbon nanotubes.  The bundles each have 

a diameter of 100 nm or less.  In the carbon nanotube sheet, the bundles are 

aligned in the planar direction. 

[0075] 

 The carbon nanotube sheet includes the bundles each including a 10 

plurality of carbon nanotubes.  The carbon nanotubes are assembled together 

by the van der Waals force to form each bundle.  The bundle has a thick fiber 

structure, and is stronger than single carbon nanotubes. 

[0076] 

 In this embodiment, each of the bundles of the carbon nanotubes included 15 

in the carbon nanotube sheet needs to have a diameter of 100 nm or less.  A 

reason for this is that if the diameter of the bundle exceeds 100 nm, the film is 

thick in a region where the bundles are stacked, and thus it is difficult that the film 

has a small thickness of 200 nm or less.  In this case, a high EUV transmittance 

is not provided.  It is more preferred that the diameter of the bundle is 20 nm or 20 

less.  As the diameter of each bundle is shorter, the film is thinner in a region 

where the bundles are stacked.  Therefore, the pellicle film has a higher EUV 

transmittance. 

[0077] 

 The diameter of the bundle is found as follows. 25 

 1) A scanning electron micrograph (SEM) or an atomic force 

micrograph (AFM) of a range (region) of 0.2 µm × 0.2 µm or larger and 2 µm × 

2 µm or smaller that is captured at an observation ratio of 50000x or higher and 
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300000x or lower is used. 

 2) Contours of the bundle are drawn. 

 3) A distance between two contours of the same bundle in a direction 

perpendicular to the contours is measured. 

 4) A node at which the bundle is branched or the branches are joined 5 

together, or the vicinity thereof, is not counted for the diameter. 

 5) An image fulfilling the condition that the two contours each cross, 

at an angle of 15 degrees or less, a tangential line at a point for which the 

diameter of the bundle is to be found, or are each parallel to the tangential line, is 

used. 10 

 6) A straight line is drawn from one end to the other end, and the 

diameter of the bundle is found for each of the contours crossed by straight line. 

[0078] 

 The bundles forming the pellicle film are aligned in the planar direction of 

the film.  In the present invention, regarding a two-dimensional diffraction image 15 

of a cross-section of a carbon nanotube, a direction along the film surface will be 

referred to as a "planar direction", and a direction perpendicular to the planar 

direction will be referred to as a "thickness direction". 

[0079] 

 In the case where the longer axis direction of the carbon nanotube bundle 20 

and of the carbon nanotubes is the same as the planar direction of the carbon 

nanotube sheet, the bundle is aligned in the planar direction.  In the case where 

the longer axis direction of the carbon nanotube bundle and of the carbon 

nanotubes is in the thickness direction of the carbon nanotube sheet, the bundle 

is aligned in the thickness direction. 25 

[0080] 

 The alignment of the bundle may be found by an electron micrograph and 

a selected area electron diffraction image of a cross-section of the carbon 
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nanotube sheet. 

[0081] 

 In the case where the carbon nanotubes or the carbon nanotube bundle of 

the carbon nanotube sheet is aligned, anisotropy appears in the diffraction image. 

[0082] 5 

 It is preferred that the bundle is aligned in the planar direction in an 

electron micrograph of a cross-section of a range of 50 nm × 50 nm or larger of 

the carbon nanotube sheet.  In the electron diffraction, the lattice distance d is 

expressed by the reciprocal number of the reciprocal lattice vector g. 

[Expression 1] 10 

 d = 1/g 

[0083] 

 The reciprocal lattice vector g is found by the following expression by use 

of the distance L from the target (carbon nanotube sheet) to a detection surface of 

the detector of the microscope, the wavelength λ of the electron beam, and the 15 

distance r from the center of the film to the diffraction spot. 

[Expression 2] 

 g = r/�L 

[0084] 

[Direction of the diffraction in the carbon nanotube] 20 

 In the selected area electron diffraction image of the cross-section of the 

carbon nanotube sheet, a peak appears at the position of d = 0.21 nm (g = 

4.6 nm-1), which corresponds to 3/2 of the C-C bond distance d derived from the 

unit lattice of a graphene sheet structure.  This diffraction peak is derived from 

the unit lattice of the graphene sheet, and therefore, appears along the longer 25 

axis direction of the carbon nanotube bundle and of the carbon nanotubes. 

[0085] 

 A peak derived from a triangular lattice of the carbon nanotube bundle 
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appears at, or in the vicinity of, d = 0.37 nm (g = 2.7 nm-1).  The strength and the 

scattering angle of this diffraction depends on the diameter or the set state of the 

nanotubes.  In a nanotube sheet including carbon nanotubes synthesized by the 

super growth method (SG method), a peak appears at, or in the vicinity of, d = 

0.37 nm, and exhibits a broad shape.  A carbon nanotube sheet including carbon 5 

nanotubes synthesized by the eDIPS method has a diameter and a distribution 

different from those of the carbon nanotubes synthesized by the SG method.  

Therefore, in the latter carbon nanotube sheet, the position and the shape of the 

peak are different from those of the former nanotube sheet. 

[0086] 10 

 This diffraction peak reflects the lattice derived from the bundle, namely, 

the interval between the carbon nanotubes in the bundle.  Therefore, the 

diffraction peak appears in a direction perpendicular to the longer axis direction of 

the carbon nanotube bundle and of the carbon nanotubes. 

[0087] 15 

[Relationship between the alignment direction of the carbon nanotube sheet and 

the anisotropy of the diffraction peak] 

 In the case where the carbon nanotube bundle and the carbon nanotubes 

are completely aligned in the planar direction, the peak at d = 0.21 nm (g = 

4.6 nm-1) derived from the unit lattice of the graphene sheet structure strongly 20 

appears in the planar direction.  By contrast, the peak at, or in the vicinity of, d = 

0.37 nm (g = 2.7 nm-1) derived from the triangular lattice of the carbon nanotube 

bundle strongly appears in the thickness direction. 

[0088] 

 In the case where the carbon nanotube bundle and the carbon nanotubes 25 

are aligned randomly in the planar direction and the thickness direction, both of 

the diffraction peaks appear in the planar direction and the thickness direction at 

substantially the same strength. 
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[0089] 

 In the case where the carbon nanotube bundle and the carbon nanotubes 

are completely aligned in a direction perpendicular to the film surface, the peak at 

d = 0.21 nm (g = 4.6 nm-1) derived from the unit lattice of the graphene sheet 

structure strongly appears in the thickness direction.  By contrast, the peak at, or 5 

in the vicinity of, d = 0.37 nm (g = 2.7 nm-1) derived from the triangular lattice of 

the carbon nanotube bundle strongly appears in the planar direction. 

[0090] 

[Conversion into numerical values of the degree of alignment in the case where 

the carbon nanotube bundle and the carbon nanotubes are aligned in an 10 

intermediate state] 

 A strength profile in the planar direction and a strength profile in the 

thickness direction of a two-dimensional electron diffraction image may be 

compared against each other and analyzed, so that the degree of alignment is 

found.  FIG. 4 shows an example of selected area electron diffraction image of a 15 

cross-section of a carbon nanotube sheet. 

[0091] 

 FIG. 5 shows the diffraction strength in the thickness direction and the 

diffraction strength in the planar direction in FIG. 4, plotted with respect to the 

reciprocal lattice vector g.  The vertical axis of FIG. 5 represents the intensity 20 

(relative intensity), and shows the diffraction strength of the diffraction image by a 

gray scale representation in a numerical range of 256 stages of 0 to 255.  The 

diffraction strength may be the detection strength (arbitrary unit) of the detector of 

the electron microscope, or may be the intensity (relative intensity), of an image 

obtained from the detection strength distribution of the detector, that is shown by, 25 

for example, a gray scale representation in the numerical range of 256 stages of 0 

to 255. 

[0092] 
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(Definition of the degree of alignment of the graphene sheet structure (g = 

4.6 nm-1)) 

 Regarding the diffraction peak at d = 0.21 nm (g = 4.6 nm-1) derived from 

the unit lattice of the graphene sheet structure, the ratio Rc-c between the peak 

strength in the planar direction and the peak strength in the thickness direction is 5 

defined by use of the following expression. 

[Expression 3] 

  

[0093] 

 and  are respectively the diffraction strengths in the 10 

thickness direction at g = 4.6 nm-1 and g = 5.0 nm-1, and  

 and  are respectively the diffraction strengths in the 

planar direction at g = 4.6 nm-1 and g = 5.0 nm-1. 

[0094] 

 The difference in the strength at g = 5.0 nm-1
 is found in order to subtract 15 

a strength as a base line at a position not overlapping the peak at g = 4.6 nm-1 

and thus to calculate only the magnitude of the diffraction strength derived from 

the unit lattice of the graphene sheet structure. 

[0095] 

 It is preferred to calculate Rc-c in the state where the diffraction strength at 20 

g = 4.6 nm-1 is not saturated, by a certain addition condition at the time of 

measurement or a certain contrast processing on the image. 
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[0096] 

 A value of Rc-c of 0.20 or smaller indicates that the alignment is in the 

planar direction.  A value of Rc-c exceeding 0.20 indicates that the alignment is 

not in the planar direction. 

[0097] 5 

 The value of Rc-c is preferably 0.20 or smaller, and more preferably 0.15 

or smaller. 

[0098] 

 In FIG. 5, Rc-c is 0.129, which indicates that the alignment is strong in the 

planar direction.  This is preferred for a pellicle film. 10 

[0099] 

[Definition of the degree of alignment of the bundle structure (g = 2.7 nm-1)] 

 Regarding the peak at, or in the vicinity of, d = 0.37 nm (g = 2.7 nm-1) 

derived from the triangular lattice of the carbon nanotube bundle, the ratio RB 

between the peak strength in the planar direction and the peak strength in the 15 

thickness direction is defined by use of the following expression. 

[Expression 4] 

  

[0100] 

  and  are respectively the diffraction strengths in the 20 

thickness direction at g = 2.7 nm-1 and g = 2.2 nm-1, and 

  and  are respectively the diffraction strengths in the 

planar direction at g = 2.7 nm-1 and g = 2.2 nm-1.  g = 2.7 nm-1 is the value of g at 
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which the diffraction peak in FIG. 5 is provided.  g = 2.2 nm-1 represents the 

position used to subtract the strength as the base line at a position not 

overlapping this diffraction peak. 

[0101] 

 It is preferred to calculate RB in the state where the diffraction strength at 5 

g = 2.7 nm-1 or g = 2.2 nm-1 as the base line is not saturated, by a certain addition 

condition at the time of measurement or a certain contrast processing on the 

image. 

[0102] 

 The value of g for calculating RB is not limited to 2.7 nm-1 or 2.2 nm-1, and 10 

may be appropriately selected.  Specifically, it is preferred to use the value of g 

at which the position of the peak is maximum and to use the value of g at which 

the strength as the base line may be subtracted at a position not overlapping this 

diffraction peak. 

[0103] 15 

 In the case of random alignment, the diffraction strength in the planar 

direction and the diffraction strength in the thickness direction are equal to each 

other.  The sign of  and the sign of  

are opposite to each other.  Therefore, RB = -1.  When  is increased 

to realize , RB has a positive value.  As the alignment in 20 

the planar direction is stronger, the value of RB, which is a positive value, is larger. 

[0104] 

 A value of RB of 0.40 or larger indicates that the alignment is in the planar 

direction.  A value of RB smaller than 0.40 indicates that the alignment is not in 

the planar direction.  The value of RB is preferably 0.40 or larger, and more 25 
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preferably 0.6 or larger.  In FIG. 5, RB is 1.02, which indicates that the alignment 

is strong in the planar direction.  This is preferred for a pellicle film. 

[0105] 

[Analysis on alignment by fast fourier transform (FFT) of an electron micrograph 

of a cross-section] 5 

 The degree of alignment in the planar direction of the pellicle film may be 

found by the fast fourier transform (FFT) of an electron micrograph of a 

cross-section.  In the case where the bundle is aligned in the planar direction, it 

is preferred that in an FFT image, a strong streak-like pattern appears along the 

axis in the thickness direction from the center. 10 

[0106] 

 FIG. 6 and FIG. 7 are respectively a TEM image and an FFT image of a 

cross-section of the carbon nanotube sheet in which the bundle is aligned in the 

planar direction.  It is seen that a strong streak-like pattern appears along the 

axis in the thickness direction from the center. 15 

[0107] 

 FIG. 8 shows the intensity in the thickness direction and the intensity in 

the planar direction in FIG. 7, plotted with respect to the pixel distance from the 

center. 

[0108] 20 

 The vertical axis of FIG. 8 represents the intensity (relative intensity), and 

shows the FFT image by a gray scale representation in a numerical range of 256 

stages of 0 to 255.  There is no specific limitation on the unit of the intensity of 

the FFT image.  For example, the intensity (relative intensity) may be shown by a 

gray scale representation in the numerical range of 256 stages of 0 to 255. 25 

[0109] 

 The following expression is used to define the ratio RFFT between the total 

intensity in the planar direction and the total intensity in the thickness direction. 
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[Expression 5] 

  

[0110] 

  and  are respectively the intensities in the planar direction and 

the thickness direction at a distance of the i'th pixel from the center.   5 

and  respectively represent the intensities as the base line at a position 

distanced from the center.  In FIG. 8,  and  are within the range 

of 450 to 550 pixels, and are each 45 in the case where the intensity (relative 

intensity) shown by a gray scale representation in the numerical range of 256 

stages of 0 to 255 is used. 10 

[0111] 

 A value of RFFT of 0.60 or smaller indicates that the alignment is in the 

planar direction.  A value of RFFT exceeding 0.60 indicates that the alignment is 

not in the planar direction.  The value of RFFT is preferably 0.60 or smaller.  In 

FIG. 8, RFFT is 0.519, which indicates that the bundle is aligned in the planar 15 

direction.  This is preferred for a pellicle film. 

[0112] 

 The carbon nanotube sheet in which the bundles are aligned in the planar 

direction may have a thickness equivalent to the diameter of the bundles.  

Therefore, a high EUV transmittance is realized.  In addition, the carbon 20 

nanotube sheet (or the pellicle film) in which the bundles are aligned in the planar 

direction may have a mesh structure in which the bundles are intertwined with 
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each other in the planar direction.  Therefore, the carbon nanotube sheet (or the 

pellicle film) may be a self-standing film although having a thickness of 100 nm or 

less. 

[0113] 

 The carbon nanotube sheet (or the pellicle film) has a mesh structure in 5 

which the bundles are intertwined with each other.  The mesh structure may be 

observed in an SEM image or an AFM image of 0.2 µm × 0.2 µm or larger and 

2 µm × 2 µm or smaller captured at an observation ratio of 50000x or or higher 

and 300000x or lower.  In the SEM image or the AFM image, a point at which 

three or more bundles are coupled to each other is considered as a coupling 10 

point.  The mesh structure includes straight portions of the bundles, such 

coupling points and gaps not including the straight portions or the coupling points. 

[0114] 

 The carbon nanotube sheet having a mesh structure of the bundles 

aligned in the planar direction, when being supplied with a stress, disperses the 15 

stress and also suppresses the deformation or the translation movement of the 

bundles.  Therefore, the carbon nanotube sheet maintains the mesh structure 

and the self-standing shape thereof even when being supplied with a stress. 

[0115] 

 The pellicle film 102 includes the carbon nanotube sheet, and the carbon 20 

nanotube sheet includes the carbon nanotubes.  The carbon nanotubes have a 

metal catalyst or a light element other than carbon, for example, oxygen or the 

like, incorporated thereto as impurities during a synthesis step thereof.  Herein, 

the "light element" refers to an element having an atomic number of 18 (argon) or 

smaller. 25 

[0116] 

 The carbon nanotubes in the pellicle film 102 have a carbon content of 

98% by mass or higher.  For the pellicle film, carbon nanotubes synthesized by a 
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method described in a known document, for example, WO2006/011655 or the like 

may be used.  The amount of the metal material contained in the carbon 

nanotubes may be measured by use of a fluorescent x ray. Alternatively, carbon 

nanotubes deprived of a metal catalyst by acid cleaning may be used.  The 

carbon nanotube sheet has a very high purity (carbon content of the carbon 5 

nanotube sheet) of 98% by mass or higher, and thus has a high EUV 

transmittance.  Since the EUV transmittance is high, the durability of the pellicle 

to EUV is high.  The light element such as oxygen or the like contained in the 

carbon nanotubes may be measured by XPS. 

[0117] 10 

 In the present invention, the carbon nanotubes in the pellicle film 102 

each have a length of 10 µm or longer and 10 cm or shorter and a diameter of 

0.8 nm or longer and 6 nm or shorter.  Alternatively, the carbon nanotubes have 

a center size of the diameter of 1 nm or longer and 4 nm or shorter, a length of 

10 µm or longer and 10 cm or shorter, and a carbon content of 98% by mass or 15 

higher.  In this specification, the center size of the diameter of the carbon 

nanotubes is found as follows.  A transmissive electron image of a film surface of 

the carbon nanotube sheet is captured by a transmission electron microscope 

(hereinafter, referred to as a "TEM").  From the transmissive electron image, the 

outer diameter, namely, the diameter, of each of the carbon nanotubes is 20 

measured.  Based on the data obtained by the measurement, a histogram is 

created.  From the histogram, the diameter of carbon nanotubes occupying 90% 

of all the carbon nanotubes is calculated.  Therefore, the center size of the 

diameter of the carbon nanotubes of 1 nm or longer and 4 nm or shorter indicates 

that the diameter of 90% of the carbon nanotubes on the film surface is 1 nm or 25 

longer and 4 nm or shorter.  The diameter of the remaining 10% of the carbon 

nanotubes does not need to be in the range of 1 nm or longer and 4 nm or 

shorter. 
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[0118] 

 In the present invention, the carbon nanotubes are as long as 10 µm or 

longer and 10 cm or shorter.  Therefore, the carbon nanotubes are intertwined 

with each other to form a tough film (sheet).  In addition, the carbon nanotubes 

have a diameter a long as 0.8 nm or longer and 6 nm or shorter (or the center size 5 

of the diameter of the carbon nanotubes is as long as 1 nm or longer and 4 nm or 

shorter).  Therefore, the carbon nanotube sheet has a low density and thus has a 

high EUV transmittance.  The carbon nanotube sheet has a high EUV 

transmittance, and therefore, is highly resistant against heat and highly durable 

against EUV.  The entirety of the carbon nanotube sheet has a high physical 10 

strength.  Therefore, the carbon nanotube sheet has a film strength that 

withstands the pellicle production process and the steps in which the carbon 

nanotube sheet is subjected to an atmospheric pressure and also to a vacuum 

state in an EUV exposure system. 

[0119] 15 

 In the present invention, it is preferred that the ratio of the length with 

respect to the diameter of the carbon nanotubes (length/diameter) is 1 × 104 or 

higher and 1 × 108 or lower in the above-described ranges of the diameter and the 

length of the carbon nanotubes.  The ratio may be within such a range, so that 

the EUV transmittance and the film strength are further increased. 20 

[0120] 

[EMBODIMENT 2] 

 In embodiment 2, a substrate for chemical vapor deposition that is used 

for forming the carbon nanotubes to be used for the pellicle film 102 by a CVD 

method is used as the substrate 100. 25 

[0121] 

 A film of the carbon nanotubes obtained herein includes carbon 

nanotubes standing perpendicularly to a surface of the substrate.  Thus, another 



- 35 - 

substrate is prepared to physically lay down the standing carbon nanotubes; the 

carbon nanotube film is immersed in a liquid to physically lay down the standing 

carbon nanotubes; a liquid is caused to flow into the carbon nanotubes to 

physically lay down the standing carbon nanotubes; or the generated carbon 

nanotube structure is peeled off and held between two substrates to lay down the 5 

standing carbon nanotubes to a horizontal direction.  In the present invention, 

the carbon nanotube sheet in which the carbon nanotubes (or the carbon 

nanotube structure) is generally parallel to the surface of the substrate is used as 

the pellicle film 102. 

[0122] 10 

 Embodiment 2 is substantially the same as embodiment 1 except for the 

above. 

[0123] 

[EMBODIMENT 3] 

 In embodiment 3, a pellicle film 202 is supported by a support frame 209 15 

with no use of the first frame or the second frame as the support frame.  A 

method for producing a pellicle 20 according to the present invention will be 

described with reference to FIG. 12. 

[0124] 

 Above a substrate for chemical vapor deposition that is formed of a silicon 20 

wafer, glass, a metal material, a polymer film or the like, carbon nanotubes (or a 

carbon nanotube bulk structure) are formed.  The resultant carbon nanotubes 

are caused to float at a liquid surface of a liquid such as water, an organic solvent 

or the like, and are peeled off from the substrate for chemical vapor deposition.  

A film of the carbon nanotubes floating at the liquid surface is scooped up by a 25 

support frame coated with an adhesive or the like, and thus is secured to the 

support frame.  The film of the resultant carbon nanotubes acts as the pellicle 

film 202. 
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[0125] 

 As a method for obtaining a self-standing film by causing the carbon 

nanotubes to float on the liquid and scooping up the carbon nanotubes, a transfer 

technology of graphene or the like may be used.  For example, the film of the 

carbon nanotubes floating on the liquid surface may be scooped up while the film 5 

is supported by a substrate such as a polymer film or the like and in this state is 

secured to the support frame coated with an adhesive or the like.  The substrate 

such as the polymer film or the like may be removed by etching to produce a 

carbon nanotube sheet. 

[0126] 10 

 In the case where the carbon nanotube bulk structure formed above the 

substrate for chemical vapor deposition has a sufficiently high strength as a film, 

the carbon nanotube bulk structure may be mechanically peeled off from the 

substrate for chemical vapor deposition and used as the pellicle film 202.  There 

is no specific limitation on the method for supporting the pellicle film 202 by the 15 

support frame 209.  The pellicle film 202 may be supported by a method 

substantially the same as that for a conventional pellicle film. 

[0127] 

 The metal catalyst used to form the carbon nanotubes may decrease the 

EUV transmittance.  However, since the carbon nanotubes are peeled off from 20 

the substrate for chemical vapor deposition, the pellicle film 202 does not contain 

the metal catalyst used to form the carbon nanotubes almost at all.  This is 

preferred. 

[0128] 

 There is no specific limitation on the shape, size or material of the support 25 

frame 209.  The support frame 209 may be formed of a material substantially the 

same as that of the second frame. 

[0129] 
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[Protective layer] 

 The pellicle film for EUV lithography needs to be tolerant to hydrogen 

radical (i.e., reduction-tolerant) and tolerant to oxidation.  Therefore, a protective 

layer may be provided to protect the carbon nanotube tubes against hydrogen 

radical or oxidation.  A protective layer 106 may be provided in contact with the 5 

carbon nanotube sheet.  For example, the protective layer 106 may be provided 

on a surface of the pellicle film 102 or 202 closer to the exposure pattern plate; 

may be provided between the pellicle film 102 and the substrate 100 (FIG. 9(a)); 

may be stacked as an uppermost layer on the pellicle film 102 or 202; or such 

manners of provision may be combined.  Hydrogen radical may be generated on 10 

both of two surfaces of the pellicle film.  Therefore, it is preferred to combine the 

above-described manners of provision; namely, it is preferred that the protective 

layer 106 is formed on the surface of the pellicle film 102 or 202 closer to the 

exposure pattern plate and is also stacked as an uppermost layer on the pellicle 

film 102 or 202. 15 

[0130] 

 FIG. 9 shows a pellicle including the protective layer 106 provided on the 

surface of the pellicle film 102 or 202 closer to the exposure pattern plate 

(FIG. 9(b)), and a pellicle 10 including the protective layer 106 provided between 

the pellicle film 102 and the substrate 100 (FIG. 9(c)).  In FIG. 9(c), the exposure 20 

pattern plate 181 is connected with the pellicle 10 shown The protective layer 106 

may be formed of a material selected from SiOx (x ≤ 2), SiaNb (a/b is 0.7 to 1.5), 

SiON, Y2O3, YN, Mo, Ru, Rb, Sr, Y, Zr, Nb, B4C, SiC and Rh. 

[0131] 

 In order not to inhibit the transmission of EUV light, the protective layer 25 

has a thickness of preferably about 1 nm or greater and about 10 nm or less, and 

more preferably about 2 nm or greater and about 5 nm or less.  The thickness of 

the protective layer may be about 1 nm or greater and about 10 nm or less, so 
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that the EUV light is suppressed from being absorbed into the protective layer and 

thus the transmittance is suppressed from decreasing. 

[0132] 

 It is desired that the ratio of the thickness of the protective layer with 

respect to the thickness of the pellicle film is 0.03 or higher and 1.0 or lower.  5 

The ratio may be within the above-described range, so that the EUV light is 

suppressed from being absorbed into the protective layer and thus the 

transmittance is suppressed from decreasing. 

[0133] 

 In the case where the protective layer is stacked, there is an undesirable 10 

possibility that the EUV light is reflected by layer interfaces newly generated, 

namely, an interface between the protective layer and air and an interface 

between the protective layer and the pellicle film, and as a result, the 

transmittance is decreased.  The reflectance of the EUV light at these layer 

interfaces, which varies in accordance with the thicknesses of the pellicle film and 15 

the protective layer and in accordance with the type of the elements contained in 

the pellicle film and the protective layer, may be calculated for each of the 

thicknesses and each of the types of the elements.  The thickness of the 

protective layer may be optimized based on the calculated reflectance, like the 

principle of a reflection-preventive film, so that the reflectance is decreased. 20 

[0134] 

 It is desired that the protective layer has a thickness that is optimal in such 

a range as to prevent oxidation and reduction while suppressing the decrease in 

the EUV light transmittance caused by the absorption and the decrease in the 

EUV light transmittance caused by the reflection.  There is no specific limitation 25 

on the degree of thickness uniformity or the surface roughness of the protective 

layer.  The protective layer may be provided in a continuous state or in an island 

state unless the transmission non-uniformity caused by the thickness 
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non-uniformity or the surface roughness of the protective layer, or scattering of 

the EUV light, causes any inconvenience in a step of patterning the EUV 

exposure light.  The protective layer may have thickness non-uniformity or 

surface roughness. 

[0135] 5 

 It is desired that the average refractive index of the pellicle film, more 

specifically, the average refractive index of the assembly of the pellicle film and 

the protective layer, is 1.1 or greater and 3.0 or less.  The refractive index may 

be measured by a technique such as spectroscopic ellipsometry or the like.  It is 

desired that the average density of the pellicle film, more specifically, the average 10 

density of the assembly of the pellicle film and the protective layer, is 0.1 g/cm3 or 

higher and 2.2 g/cm3 or lower.  The density may be measured by a technique 

such as an x-ray reflection method or the like. 

[0136] 

 The thickness of the pellicle film (in the case where the pellicle film 15 

includes two or more layers, the total thickness) may be, for example, 10 nm or 

greater and 200 nm or less, preferably 10 nm or greater and 100 nm or less, more 

preferably 10 nm or greater and 70 nm or less, especially preferably 10 nm or 

greater and 50 nm or less, and further preferably 10 nm or greater and 30 nm or 

less.  As the pellicle film is thinner, the EUV light transmittance of the pellicle film 20 

is higher. 

[0137] 

 The thickness of the pellicle film may be found as follows.  The pellicle 

film is transferred to the substrate, and AFM measurement is performed on a 

region of 100 µm2 or larger and 1000 µm2 or smaller.  The measurement region 25 

includes both of the surface of the substrate and the surface of the film.  The 

average height of each of the substrate and the film is measured for a region of 

10 µm2 or larger, and the film thickness is found based on the difference between 
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the average thicknesses of the substrate and the film. 

[0138] 

 It is preferred that the pellicle film has a high EUV light transmittance.  

The transmittance of the pellicle film for light used for EUV lithography (e.g., light 

having a wavelength of 13.5 nm or 6.75 nm) is preferably 50% or higher, more 5 

preferably 80% or higher, and still more preferably 90% or higher.  In the case 

where the pellicle film and the protective layer are stacked on each other, it is 

preferred that the light transmittance of the film including the pellicle film and the 

protective layer is 50% or higher. 

[0139] 10 

(Evaluation on the tolerance to EUV of the pellicle film) 

 The tolerance to EUV may be evaluated by causing EUV light to irradiate 

a pellicle film and performing various analyses on an irradiated portion and a 

non-irradiated portion.  Examples of usable techniques include composition 

analysis techniques such as XPS measurement, EDS analysis, RBS and the like; 15 

structural analysis techniques such as XPS, EELS, IR measurement, Raman 

spectroscopy and the like; film thickness evaluation techniques such as 

ellipsometry, interference spectroscopy and an x-ray reflection method and the 

like; and external appearance or surface shape evaluation techniques such as 

microscopic observation, SEM observation, AFM observation and the like.  The 20 

heat releasability may be examined in more detail when combined with analysis 

results obtained by a computer simulation. 

[0140] 

 The tolerance of the pellicle film is not limited to being evaluated by use of 

the EUV light.  In accordance with the item of evaluation, any appropriate 25 

method may be selected from vacuum ultraviolet irradiation, ultraviolet-visible 

light irradiation, infrared irradiation, electron beam irradiation, plasma irradiation, 

heat treatment and the like. 
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[0141] 

 In the case where the protective layer is provided, the evaluation may be 

performed on the pellicle film, more specifically, the assembly of the pellicle film 

and the protective layer. 

[0142] 5 

[Evaluation on the film strength of the pellicle film] 

 The film strength of the pellicle film may be evaluated by use of a nano 

indenter.  Examples of usable techniques for evaluating the film strength include 

a resonance method, a bulge testing method, a method of evaluating whether or 

not the film is broken by air-blowing, a method of evaluating whether or not the 10 

film is broken by a vibration test, and a tensile strength test performed on the 

pellicle film by use of a tensile strength tester. 

[0143] 

 In the case where the protective layer is provided, the evaluation may be 

performed on the pellicle film, more specifically, the assembly of the pellicle film 15 

and the protective layer. 

[0144] 

[Film bonding layer] 

 A film bonding layer bonds the support frame 209 and the pellicle film 202 

to each other in the case where the support frame 209 and the pellicle film 202 20 

are produced separately.  The film bonding layer may be formed of, for example, 

an acrylic resin adhesive, an epoxy resin adhesive, a polyimide resin adhesive, a 

silicone resin adhesive, an inorganic adhesive or the like.  It is preferred that the 

film bonding layer performs little outgassing, from the point of view of maintaining 

the degree of vacuum at the time of exposure to the EUV light.  The outgassing 25 

may be evaluated by use of, for example, a temperature-programmed desorption 

gas analyzer. 

[0145] 
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 There is no specific limitation on the method for securing the pellicle film 

to the support frame.  The pellicle film may be directly bonded to the support 

frame, may be bonded to the support frame via a film bonding layer provided on 

one end surface of the support frame, may be secured to the support frame 

mechanically, or may be secured to the support frame by use of an attractive 5 

force of a magnet or the like. 

[0146] 

 Examples of method for evaluating the adhesiveness between the pellicle 

film and the support frame include a technique of changing the pressure, surface 

area, distance or angle to evaluate whether or not the film is broken or peeled off 10 

by air-blowing, and a technique of changing the acceleration or amplitude to 

evaluate whether or not the film is broken or peeled off by a vibration test. 

[0147] 

[Adhesive layer for a pattern plate] 

 An adhesive layer for a pattern plate bonds the pellicle and the pattern 15 

plate to each other.  The adhesive layer for the pattern plate may be provided at 

an end of a surface of the pellicle on which the pellicle film is not extended.  The 

adhesive layer for the pattern plate may be, for example, a two-sided adhesive 

tape, a silicone resin pressure-sensitive adhesive, an acrylic pressure-sensitive 

adhesive, a polyolefin-based pressure-sensitive adhesive, an inorganic adhesive 20 

or the like.  It is preferred that the adhesive layer for the pattern plate performs 

little outgassing, from the point of view of maintaining the degree of vacuum at the 

time of exposure to the EUV light.  The outgassing may be evaluated by use of, 

for example, a temperature-programmed desorption gas analyzer. 

[0148] 25 

 The film bonding layer and the adhesive layer for the pattern plate are 

exposed to the EUV light scattered in the EUV exposure device.  Therefore, it is 

desired that the film bonding layer and the adhesive layer for the pattern plate are 
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tolerant to the EUV light.  If the tolerance to the EUV light is low, the 

adhesiveness or the strength of the adhesive is decreased while the film bonding 

layer and the adhesive layer for the pattern plate are exposed to the EUV light, 

and an inconvenience occurs that the adhesive is peeled off or a foreign 

substance is generated in the exposure device.  The tolerance to the EUV light 5 

may be evaluated by, for example, a composition analysis technique such as XPS 

measurement, EDS analysis, RBS or the like; a structural analysis technique such 

as XPS, EELS, IR measurement, Raman spectroscopy or the like; a film 

thickness evaluation technique such as ellipsometry, interference spectroscopy, 

an x-ray reflection method or the like; an external appearance or surface shape 10 

evaluation technique such as microscopic observation, SEM observation, AFM 

observation or the like; or a strength and adhesiveness evaluation technique 

using a nano indenter or a peel test. 

[0149] 

 In lithography, the circuit pattern needs to be transferred accurately.  15 

Therefore, the transmittance of the exposure light needs to be substantially 

uniform in the exposure range.  Use of the pellicle film in this embodiment 

provides a pellicle having a constant light transmittance in the exposure range. 

[0150] 

[Uses of the pellicle] 20 

 The pellicle according to the present invention may be used as a 

protective member that suppresses a foreign substance from being attached to 

the pattern plate in the EUV exposure device, and also used as a protective 

member that protects the pattern plate during the storage or the transportation 

thereof.  For example, the pellicle may be kept attached to the pattern plate 25 

(exposure pattern plate), so that the pattern plate is, for example, stored as it is 

after being detached from the EUV exposure device.  The pellicle may be 

attached to the pattern plate by a method of bonding with an adhesive, an 
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electrostatic adsorption method, a method of mechanically securing, or the like. 

[0151] 

[Exposure pattern plate] 

 The exposure pattern plate in this embodiment includes the pattern plate 

and the pellicle in this embodiment attached to the pattern plate. 5 

[0152] 

 The exposure pattern plate in this embodiment includes the pellicle in this 

embodiment, and therefore, provides substantially the same effect as that of the 

pellicle in this embodiment. 

[0153] 10 

 There is no specific limitation on the method for attaching the pattern plate 

to the pellicle in this embodiment.  For example, the pattern plate may be directly 

bonded to the support frame, may be bonded to the support frame via the 

adhesive layer for the pattern plate that is provided at one end surface of the 

support frame, may be secured to the support frame mechanically, or may be 15 

secured to the support frame by use of an attractive force of a magnet or the like. 

[0154] 

 The pattern plate may include a support substrate, a reflective layer 

stacked on the support substrate, and an absorbing layer formed on the reflective 

layer.  The absorbing layer absorbs a part of the EUV light, and as a result, a 20 

desired image is formed on a sensitive substrate (e.g., a semiconductor substrate 

provided with a photoresist film).  The reflective layer may be a multi-layer film of 

molybdenum (Mo) and silicon (Si).  The absorbing layer may be formed of a 

material having a high absorbance of the EUV light or the like, such as chromium 

(Cr), tantalum nitride or the like. 25 

[0155] 

[Exposure device] 

 The exposure device in this embodiment includes the exposure pattern 
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plate in this embodiment, and therefore, provides substantially the same effect as 

that of the exposure pattern plate in this embodiment. 

[0156] 

 The exposure device in this embodiment includes a light source releasing 

exposure light (preferably, EUV light or the like, more preferably EUV light; this is 5 

applicable to the following description), the exposure pattern plate in this 

embodiment, and an optical system guiding the exposure light released from the 

light source to the exposure pattern plate.  It is preferred that the exposure 

pattern plate is located such that the exposure light released from the light source 

is transmitted through the pellicle film to irradiate the pattern plate. 10 

[0157] 

 In this embodiment, a microscopic pattern (e.g., having a line width of 

32 nm or less) is formed by the EUV light or the like.  In addition, even in the 

case where EUV light that may easily cause a resolution failure by a foreign 

substance is used, patterned exposure is performed in the state where the 15 

resolution failure by the foreign substance is suppressed. 

[0158] 

[Method for producing a semiconductor device] 

 The method for producing a semiconductor device in this embodiment 

includes a step of causing the exposure light, released from the light source, to be 20 

transmitted through the pellicle film of the exposure pattern plate in this 

embodiment and thus to irradiate, and to be reflected by, the pattern plate; and a 

step of causing the exposure light, reflected by the pattern plate, to be transmitted 

through the pellicle film and thus to irradiate the sensitive substrate, so that the 

exposure light exposes the sensitive substrate while having a shape of a pattern. 25 

[0159] 

 According to the method for producing the semiconductor device in this 

embodiment, even in the case where EUV light that may easily cause a resolution 
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failure by a foreign substance is used, the resultant semiconductor device has the 

resolution failure by the foreign substance suppressed. 

[0160] 

 FIG. 10 is a schematic cross-sectional view of an EUV exposure device 

180, which is an example of exposure device in this embodiment. 5 

[0161] 

 As shown in FIG. 10, the EUV exposure device 180 includes a light 

source 182 releasing EUV light, the exposure pattern plate 181, which is an 

example of exposure pattern plate in this embodiment, and an illumination optical 

system 183 guiding the EUV light released from the light source 182 to the 10 

exposure pattern plate 181. 

[0162] 

 The exposure pattern plate 181 includes the pellicle 10, including the 

pellicle film 102 and the support frame, and the pattern plate 184.  The exposure 

pattern plate 181 is located such that the EUV light released from the light source 15 

182 is transmitted through the pellicle film 102 and irradiates the pattern plate 

184. 

[0163] 

 The plate 184 reflects the EUV light directed thereto such that the 

reflected EUV light has a shape of a pattern. 20 

[0164] 

 The pellicle film 102 and the pellicle 10 are respectively examples of the 

pellicle film and the pellicle in this embodiment. 

[0165] 

 The EUV exposure device 180 includes a filter window 185 provided 25 

between the light source 182 and the illumination optical system 183, and 

includes a filter windows 185 and 186 provided between the illumination optical 

system 183 and the pattern plate 184. 



- 47 - 

[0166] 

 The EUV exposure device 180 includes a projection optical system 188 

guiding the EUV light, reflected by the pattern plate 184, to a sensitive substrate 

187. 

[0167] 5 

 In the EUV exposure device 180, the EUV light reflected by the pattern 

plate 184 is guided onto the sensitive substrate 187 via the projection optical 

system 188, and the sensitive substrate 187 is exposed to the EUV light, so that 

the EUV light exposes the sensitive substrate 187 while having a shape of a 

pattern.  The exposure with the EUV light is performed under a reduced 10 

pressure. 

[0168] 

 The EUV light source 182 releases the EUV light toward the illumination 

optical system 183. 

[0169] 15 

 The EUV light source 182 includes a target member, a pulsed laser light 

illuminator and the like.  The target member is irradiated with pulsed laser light to 

generate plasma, so that the EUV light is generated.  Where the target member 

is Xe, the generated EUV light has a wavelength of 13 nm or longer and 14 nm or 

shorter.  The light emitted by the EUV light source is not limited to having a 20 

wavelength in the range of 13 nm or longer and 14 nm or shorter, and may have 

any wavelength suitable to the purpose within the range of 5 nm or longer and 

30 nm or shorter. 

[0170] 

 The illumination optical system 183 collects the light directed from the 25 

EUV light source 182, and then uniformizes the illuminance thereof and directs 

the light toward the pattern plate 184. 

[0171] 
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 The illumination optical system 183 includes a plurality of multi-layer 

mirrors 189 that adjust the optical path of the EUV light, an optical integrator, and 

the like.  The multi-layer mirrors 189 each include, for example, molybdenum 

(Mo) films and silicon (Si) films stacked alternately. 

[0172] 5 

 There is no specific limitation on the method for attaching the filter 

windows 185 and 186.  The filter windows 185 and 186 may be, for example, 

bonded with an adhesive or the like, or secured in the EUV exposure device 

mechanically. 

[0173] 10 

 The filter window 185 located between the light source 182 and the 

illumination optical system 183 captures scattered debris generated by the light 

source and prevents the scattered debris from being attached to a component in 

the illumination optical system 183 (e.g., the multi-layer mirrors 189). 

[0174] 15 

 The filter window 186 located between the illumination optical system 183 

and the pattern plate 184 captures scattered debris generated from the side of the 

light source and prevents the scattered debris from being attached to the pattern 

plate 184. 

[0175] 20 

 The foreign substance attached to the pattern plate 184 absorbs or 

scatters the EUV light, and therefore, causes a resolution failure to the wafer.  In 

order to avoid this, the pellicle 10 is attached to cover an EUV irradiation area of 

the pattern plate 184.  The EUV light is transmitted through the pellicle film 102 

and irradiates the pattern plate 184. 25 

[0176] 

 The EUV light reflected by the pattern plate 184 is transmitted through the 

pellicle film 102 and irradiates the sensitive substrate 187 via the projection 
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optical system 188. 

[0177] 

 The projection optical system 188 collects the light reflected by the pattern 

plate 184 and directs the light toward the sensitive substrate 187.  The projection 

optical system 188 includes, for example, a plurality of multi-layer mirrors 190 and 5 

191 adjusting the optical path of the EUV light. 

[0178] 

 The sensitive substrate 187 is, for example, a semiconductor wafer 

coated with a resist.  The resist is cured as having a pattern by the EUV light 

reflected by the pattern plate 184.  The resist is developed and the 10 

semiconductor wafer is etched, and as a result, a desired pattern is formed on the 

semiconductor wafer. 

[0179] 

 The pellicle 10 is attached to the pattern plate 184 via, for example, the 

adhesive layer for the pattern plate.  The foreign substance attached to the 15 

pattern plate absorbs or scatters the EUV light, and therefore, causes a resolution 

failure to the wafer.  In order to avoid this, the pellicle 10 is attached to cover an 

EUV irradiation area of the pattern plate 184.  The EUV light is transmitted 

through the pellicle film 102 and irradiates the pattern plate 184. 

[0180] 20 

 The pellicle 10 may be attached to the pattern plate 184 by any method 

that prevents any foreign substance from being attached to a surface of the 

pattern plate.  The method for attaching the pellicle 10 to the pattern plate 184 

may be a method of bonding the pellicle 10 and the pattern plate 184 to each 

other with an adhesive, an electrostatic adsorption method, a method of 25 

mechanically securing the pellicle 10 and the pattern plate 184 to each other, or 

the like, but is not limited to any of these.  The method of boding with an 

adhesive is preferred. 
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[0181] 

[Modification 1] 

 According to the present invention, a step of removing particles may be 

included.  The method for removing the particle may be a wet cleaning method, a 

mechanical cleaning method, a dry cleaning method or the like, but is not limited 5 

to any of these.  The wet cleaning method may be RCA cleaning such as SC1 

cleaning or SC2 cleaning.  The SC1 cleaning has a function of cleaning particles 

with ammonia and hydrogen peroxide.  The SC2 cleaning has a function of 

cleaning heavy metal with hydrochloric acid and hydrogen peroxide.  Other 

examples of the wet cleaning include cleaning with pure water and cleaning with 10 

an organic solvent.  Examples of the wet cleaning also include cleaning with 

SPM (mixture of sulfuric acid and hydrogen peroxide), cleaning with buffered 

hydrofluoric acid (mixture of hydrofluoric acid and ammonium fluoride), cleaning 

with hydrofluoric acid, and the like.  These types of cleaning may be combined 

and performed in any order.  Examples of the dry cleaning include ashing 15 

cleaning with O2 plasma, argon sputtering, and the like. 

[0182] 

[Modification 2] 

 According to the present invention, the substrate, the support frame, the 

first frame or the second frame may be chamfered in at least one position.  In 20 

this specification, "chamfering" represents a concept encompassing 

R-chamfering and C-chamfering.  "R-chamfering" refers to forming a curved 

portion by processing at least one end portion (side surface, corner edge, corner 

area, etc.) of the substrate, the support frame, the first frame (encompassing the 

first frame obtained as a result of the substrate being back-etched), or the second 25 

frame.  In this specification, "C-chamfering" refers to shaving the at least one 

end portion obliquely (at an angle of 100 degrees or larger and 170 degrees or 

smaller).  Such processing removes a pierced portion (acute angle portion), and 
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thus chipped-off pieces are not easily generated even if the pellicle collides 

against some member during the transportation or handling after the production. 

[0183] 

[Modification 3] 

 According to the present invention, at least one hole may be formed in the 5 

substrate 100 (FIG. 11).  In FIG. 11(a) to FIG. 11(c), holes 130 are formed in four 

directions of the substrate.  FIG. 11(a) is a plan view, and FIG. 11(b) and 

FIG. 11(c) are each a cross-sectional view taken along line A-A' in the plan view 

in FIG. 11(a).  As shown in FIG. 11(b), one or more holes 130 may be formed in 

the pellicle film 102 formed on the substrate 100.  As shown in FIG. 11(b), the 10 

holes do not need to run throughout the substrate.  Needless to say, as shown in 

FIG. 11(c), the holes may run throughout the substrate.  As shown in FIG. 11(b) 

and FIG. 11(c), the holes may be formed in the pellicle film and the substrate.  In 

the case where at least one hole is formed to run throughout the substrate and it 

is selected to perform trimming by etching in a trimming step, and in the case 15 

where back-etching is to be performed, the hole may be once closed before the 

etching in order to protect the hole, or there may be a step of protecting the hole 

by a resist.  There is no limitation on the size of the holes 130.  In the case 

where, for example, the holes are each to have a generally circular shape, the 

holes each have a diameter of about 50 µm or longer and about 2000 µm or 20 

shorter.  Preferably, the holes each have a diameter of about 200 µm or longer 

and about 700 µm or shorter.  There is no specific limitation on the shape of the 

holes 130.  The holes 130 may be polygonal (e.g., generally quadrangular).  In 

the case where the holes 130 are generally quadrangular, there is no limitation on 

the length of each of four sides.  The length of a longer side may be 100 µm or 25 

longer and 3000 µm or shorter, and the length of a shorter side may be 50 µm or 

longer and 1000 µm or shorter.  Preferably, the length of the longer side is 

150 µm or longer and 2000 µm or shorter, and the length of the shorter side is 
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100 µm or longer and 700 µm or shorter.  As shown in FIG. 11(a), the holes 130 

may be located along the side surfaces of the pellicle, but there is no specific 

limitation on the positions of the holes.  The holes 130 may be used as jig holes 

or air holes for attaching the pellicle film to, or demounting the pellicle film from, 

the photomask.  The holes are not indispensable for the pellicle. 5 

[0184] 

 The holes 130 are formed by use of ultra-short pulsed laser light or any 

other type of laser light, by etching, or the like.  In the case where the holes 130 

are formed by laser light, it is preferred to use ultra-short pulsed laser light (e.g., 

picosecond laser light or nanosecond laser light), by which hole formation is 10 

performed with less debris, from the point of view of forming a high quality pellicle 

film with little dust or the like.  It should be noted that the holes do not need to be 

formed in this step.  Alternatively, the holes 130 may be formed by etching at the 

time of back-etching performed on the substrate as described below.  In this 

manner, the production process may be simplified.  In this case, after the 15 

trimming is performed, the hole formation and the etching are performed at the 

same time.  Nanosecond laser light may be used under the following conditions: 

cycle oscillation frequency: 5 kHz or greater and 15 kHz or less; pulse energy: 

5 W or greater and 15 W or less; scanning rate per second: 5 mm or greater and 

30 mm or less; and number of times of scanning: 40 or greater and 300 or less.  20 

The conditions are not limited to the above.  In the case where the ultra-short 

pulsed laser light is used, a dross prevention agent for laser light may be used.  

An example of dross prevention agent is a chemical such as CBX, which is a 

mixture of isopropyl alcohol (IPA) and micrographite.  The dross prevention 

agent is not limited to this.  The dross prevention agent is applied to the 25 

substrate before the holes are formed.  The dross prevention agent, when being 

used, is removed by cleaning after the holes are formed.  According to another 

method for preventing attachment of dross, for example, helium gas may be 
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blown toward the substrate while the substrate is processed by laser light.  Thus, 

the attachment of dross may be suppressed. 

[0185] 

[Modification 4] 

 As shown in FIG. 11(d), the trimming may be performed as follows so as 5 

not to generate much dust.  An elastic pressure-sensitive adhesive sheet 112, 

the pressure-sensitive adhesiveness of which is decreased when receiving an 

external stimulation, is bonded to both of two surfaces of the substrate, and 

bridges 124 are formed in a region inside the substrate to which the 

pressure-sensitive adhesive sheet is bonded.  Then, a cutout may be formed in 10 

each of the bridges 124 to perform the trimming.  According to the present 

invention, only the substrate may be trimmed, or the pellicle film formed on the 

substrate may be trimmed together with the substrate. 

[0186] 

 It is conceivable to perform trimming such that the substrate becomes, for 15 

example, rectangular.  There is no specific limitation on the post-trimming shape 

of the substrate.  The post-trimming substrate may have any shape.  There is 

no specific limitation on the method of trimming.  For example, a mechanical 

force may be applied to cut the pellicle film and the substrate.  Alternatively, the 

substrate and the pellicle film may be trimmed by laser cutting, laser half-cut 20 

(stealth dicing), blade dicing, sand blasting, crystal anisotropic etching, or dry 

etching.  A technique that does not generate much dust of foreign substance 

particles at the time of trimming is preferred.  After the back-etching, cleaning 

cannot be performed because the pellicle film is extremely thin.  However, in the 

case where a step resulting in generating dust, such as a trimming step or the 25 

like, is performed before the back-etching, cleaning may be performed before the 

back-etching.  Thus, a pellicle film, a pellicle frame and a pellicle with little dust 

may be produced. 
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EXAMPLES 

[0187] 

(Example 1) 

 300 mg of carbon nanotubes (diameter: 3 nm or longer and 5 nm or 5 

shorter; length: 100 µm or longer and 600 µm or shorter; carbon content: 99% or 

higher) synthesized by the method described in WO2006/011655 and 1 g of 

organic side-chain flavin were added to 100 mL of toluene.  The resultant 

substance was stirred at about 480 rpm for 2 hours by a magnetic stirrer, and then 

was subjected to ultrasonic dispersion in a suspension for 2 hours in total by use 10 

of a probe-type homogenizer at an output of 40%.  During the 2 hours, the 

substance was cooled for 5 minutes at every 20 minutes.  The resultant carbon 

nanotube dispersion was defoamed. 

[0188] 

 A silicon substrate was blade-coated with the dispersion.  The gap 15 

between the blade and the silicon substrate was 240 µm.  After the silicon 

substrate was dried, a film having a thickness of 200 nm was obtained.  The 

organic side-chain flavin was removed with chloroform.  Then, the silicon 

substrate was immersed in a water bath to peel off the carbon nanotube film, and 

the film was scooped up with a frame to obtain a pellicle film as a self-standing 20 

film. 

[0189] 

 In an electron micrograph of a cross-section of the obtained pellicle film 

(FIG. 6), it was observed that the bundles were aligned in the planar direction in 

the entirety of the film.  In an electron micrograph of a cross-section, it was 25 

observed that the bundles were aligned in the planar direction in the entirety of 

the film.  In a selected area electron diffraction image (FIG. 13), the following 

was observed.  Two rings, seen at d = 0.21 nm and d = 0.12 nm, derived from 
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the carbon-carbon bond of the carbon nanotubes were weak in the thickness 

direction of the film and was cut.  Broad spots, seen at d = 0.37 nm, derived from 

the triangular lattice structure of the bundles were arrayed in the thickness 

direction.  In this manner, the scattering strength exhibited anisotropy between 

the thickness direction and the planar direction. 5 

[0190] 

 FIG. 5 shows the diffraction strength in the thickness direction and the 

diffraction strength in the planar direction, plotted with respect to the reciprocal 

lattice vector g.  Rc-c obtained from FIG. 5 was 0.129, and RB obtained from 

FIG. 5 was 1.02.  Based on these, it was found that the bundles formed of the 10 

carbon nanotubes were aligned strongly. 

[0191] 

 In the FFT image of the electron micrograph of the cross-section (FIG. 7), 

a strong streak-like pattern was shown along the axis in the thickness direction 

from the center.  Based on this, the bundles were confirmed to be aligned in the 15 

planar direction. 

[0192] 

 FIG. 8 shows the intensity in the thickness direction and the intensity in 

the planar direction of the FFT image, plotted with respect to the pixel distance 

from the center.  RFFT was 0.519.  Based on this, the bundles were confirmed to 20 

be aligned in the planar direction.  The average diameter of the bundles found 

from the SEM image (FIG. 14) was 9.0 nm.  There was no bundle having a 

diameter exceeding 100 nm. 

[0193] 

(Example 2) 25 

 A silicon substrate was blade-coated with a dispersion produced by 

substantially the same method as in example 1.  The gap between the blade and 

the silicon substrate was 50 µm.  After the silicon substrate was dried, a film 
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having a thickness of 40 nm was obtained.  The organic side-chain flavin was 

removed with chloroform.  Then, the silicon substrate was immersed in a water 

bath to peel off the carbon nanotube film, and the film was scooped up with a 

frame to obtain a pellicle film as a self-standing film.  The EUV transmittance of 

the obtained pellicle film was 85%.  The average diameter of the bundles 5 

obtained from the SEM image (FIG. 15) was 10.0 nm.  There was no bundle 

having a diameter exceeding 100 nm. 

[0194] 

(Comparative example 1) 

 400 mg of carbon nanotubes (diameter: 3 nm or longer and 5 nm or 10 

shorter; length: 100 µm or longer and 600 µm or shorter; carbon content: 99% or 

higher) synthesized by the method described in WO2006/011655 was added to 

100 g of propyleneglycol as an organic solvent.  The resultant substance was 

stirred for 2 hours by a magnetic stirrer, and then was subjected to ultrasonic 

dispersion by use of a probe-type homogenizer.  The resultant carbon nanotube 15 

dispersion was defoamed.  A silicon substrate was blade-coated with the 

dispersion.  The gap between the blade and the silicon substrate was 240 µm.  

After the silicon substrate was dried, a film having a thickness of 200 nm was 

obtained. 

[0195] 20 

 From an electron micrograph of a cross-section of the obtained film 

(FIG. 16), it was found that the carbon nanotube bundles were not aligned in the 

planar direction.  From a selected area electron diffraction image (FIG. 17), the 

following was observed.  The ring, seen at d = 0.21 nm, derived from the 

carbon-carbon bond of the carbon nanotubes was continuous in the thickness 25 

direction.  Thus, in almost no region of the film, the bundles were confirmed to be 

aligned in the planar direction. 

[0196] 
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 RC-C was 0.239, and RB was 0.353.  In an FFT image of the electron 

micrograph of the cross-section (FIG. 18), no strong streak-like pattern was 

shown along the axis in the thickness direction from the center.  Based on this, 

the bundles were confirmed not to be aligned in the planar direction.  The value 

of RFFT was 0.616. 5 

[0197] 

 In an SEM image (FIG. 19), bundles having a diameter exceeding 100 nm 

were observed.  The above-described substrate was immersed in a water bath.  

The carbon nanotube film peeled off from the substrate was broken into small 

pieces when being scooped up with the frame.  No self-standing pellicle film was 10 

obtained. 

[0198] 

(Comparative example 2) 

 A silicon substrate was blade-coated with a dispersion produced by 

substantially the same method as in comparative example 1.  The gap between 15 

the blade and the silicon substrate was 100 µm.  After the silicon substrate was 

dried, a film having a thickness of 90 nm was obtained. 

[0199] 

 The above-described substrate was immersed in a water bath.  The 

carbon nanotube film peeled off from the substrate was broken into small pieces 20 

when being scooped up with the frame.  No self-standing pellicle film was 

obtained.  In an SEM image, bundles having a diameter exceeding 100 nm were 

observed. 

[0200] 

 The method for producing a pellicle film in preferred embodiments 25 

according to the present invention has been described.  The above-described 

embodiments are merely examples, and the technological scope of the present 

invention is not limited to the above.  A person of ordinary skill in the art would 
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make various modifications without departing from the gist of the present 

invention defined by the claims.  Therefore, such modifications are to be duly 

interpreted as being encompassed in the technological scope of the present 

invention. 

 5 

REFERENCE SIGNS LIST 

[0201] 

 10, 20 Pellicle 

 100 Substrate 

 102, 202 Pellicle film 10 

 104 Mask 

 106 Protective layer 

 107 First frame 

 108 Second frame 

 109, 209 Support frame 15 

 112 Pressure-sensitive adhesive sheet  

 124 Bridge  

 130 Hole 

 180 Exposure device 

 181 Exposure pattern plate 20 

 182 Light source 

 183 Illumination optical system 

 184 Plate 

 185, 186 Filter window 

 187 Sensitive substrate 25 

 188 Projection optical system 

 189-191 Multi-layer mirror 
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CLAIMS 

 

1. A pellicle film for exposure, the pellicle film being extendable over an opening 

of a support frame comprising: 

 a thickness of 200 nm or less of the pellicle film, 

 wherein 

 the pellicle film includes a carbon nanotube sheet, 

 the carbon nanotube sheet includes bundles each including a plurality of 

carbon nanotubes, 

 the bundles each have a diameter of 100 nm or shorter, and 

 the bundles are aligned in a planar direction in the carbon nanotube 

sheet. 

 

2. The pellicle film for exposure according to claim 1, wherein the carbon 

nanotubes each have a diameter of 0.8 nm or longer and 6 nm or shorter. 

 

3. The pellicle film for exposure according to claim 1, wherein the carbon 

nanotube sheet has a mesh structure of the bundles in the planar direction. 

 

4. The pellicle film for exposure according to claim 1, further comprising a 

protective layer in contact with the carbon nanotube sheet. 

 

5. The pellicle film for exposure according to claim 4, wherein the protective layer 

contains at least one selected from the group consisting of SiOx (x £ 2), SiaNb (a/b 

is 0.7 to 1.5), SiON, Y2O3, YN, Mo, Ru, Rb, Sr, Y, Zr, Nb, B4C, SiC and Rh. 
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6. A pellicle, comprising: 

 the pellicle film for exposure according to any one of claims 1 to 5; and 

 a support frame supporting the pellicle film. 

 

7. A pellicle film, comprising: 

 a carbon nanotube sheet including: 

 carbon nanotubes each having a diameter of 0.8 nm or longer and 6 nm 

or shorter, 

 a length of 10 mm or longer and 10 cm or shorter, and 

 a carbon content of 98% by mass or higher. 

 

8. The pellicle film according to claim 7, wherein the ratio of the length with 

respect to the diameter of each of the carbon nanotubes (length/diameter) is 1 ´ 

104 or higher and 1 ´ 108 or lower. 

 

9. The pellicle film according to claim 7, further comprising a protective layer in 

contact with the carbon nanotube sheet. 

 

10. The pellicle film according to claim 9, wherein the protective layer contains at 

least one selected from the group consisting of SiOx (x £ 2), SiaNb (a/b is 0.7 to 

1.5), SiON, Y2O3, YN, Mo, Ru, Rb, Sr, Y, Zr, Nb, B4C, SiC and Rh. 

 

11. A pellicle, comprising: 

 the pellicle film according to any one of claims 7 to 10; and 

 a support frame supporting the pellicle film. 
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12. A pellicle frame, comprising: 

 the pellicle film according to any one of claims 7 to 10; and 

 a first frame supporting the pellicle film. 

 

13. A pellicle, comprising: 

 the pellicle frame according to claim 12; and 

 a second frame connected with the pellicle frame. 

 

14. An exposure pattern plate, comprising: 

 a pattern plate; and 

 the pellicle according to claim 5 or 7, the pellicle being attached to a 

surface of the pattern plate, the surface having a pattern. 

 

15. An exposure device, comprising: 

 the exposure pattern plate according to claim 14. 

 

16. An exposure device, comprising: 

 a light source releasing exposure light; 

 the exposure pattern plate according to claim 14; and 

 an optical system guiding the exposure light released from the light 

source to the exposure pattern plate, 

 wherein the exposure pattern plate is located such that the exposure light 

released from the light source is transmitted through the pellicle f ilm to irradiate 

the pattern plate. 

 

17. The exposure device according to claim 16, wherein the exposure light is EUV 

light. 
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18. A method for producing a semiconductor device, the method comprising the 

steps of: 

 causing exposure light, released from a light source, to be transmitted 

through the pellicle film of the exposure pattern plate according to claim 14 and to 

irradiate, and to be reflected by, the pattern plate; and 

 causing the exposure light, reflected by the pattern plate, to be 

transmitted through the pellicle film and to irradiate a sensitive substrate, so that 

the exposure light exposes the sensitive substrate while having a shape of a 

pattern. 

 

19. The method for producing a semiconductor device according to claim 18, 

wherein the exposure light is EUV light. 

 


