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(57) ABSTRACT 

A rnulti-layered rnirror has a substrate, a ?rst layer of a ?rst 
substance, a second layer of a second substance. The refrac 
tive index of the ?rst substance in a utilized Wavelength 
region is different from that of the second substance. The 
?rst and second layers are laminated alternately on the 
substrate. To obtain a high re?ectivity and superior optical 
characteristics, a rnulti-layered structure is formed Within 
either the ?rst layer or the second layer using at least tWo 
substances Whose real parts of the complex indices of 

8, 1999_ refraction in the utilized Wavelength region are approxi 
rnately the same. Alternatively, a layer surface is smoothed 

(30) Foreign Application Priority Data before forming a next layer thereon. An exposure apparatus 
that uses rnulti-layered mirrors of the present invention uses 

Sep. 8, 1998 (JP) ......................................... .. 10-253484 light With higher ef?ciency. 
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MULTI-LAYERED MIRROR 

[0001] This application claims the bene?t of Japanese 
Patent Application Nos.10-253484, 11-200272, and 
11-206837, ?led on Sep. 8, 1998, Jul. 14, 1999, and Jul. 21, 
1999, respectively, all of Which are hereby incorporated by 
reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to a multi-layered 
mirror, a manufacturing method thereof, a stress control 
method thereof, and an exposure apparatus. More particu 
larly, the present invention relates to a multi-layered mirror 
for X-rays or neutrons, such as X-ray apparatus including 
X-ray telescopes, X-ray lasers, and soft X-ray projection 
lithography. 
[0004] 2. Description of the Related Art 

[0005] The complex index of refraction of a substance is 
expressed by the folloWing equation: 

[0006] The 6 and k parameters are each quite small 
relative to unity in the X-ray region, so re?ective optical 
systems are used in the X-ray region. Within Equation (1), 
i2—1, and k of the imaginary term indicates the absorption of 
X-rays by the substance. 

[0007] Lenses utiliZing refraction can not be used in the 
X-ray region since the difference betWeen the refractive 
index of substances in the X-ray region and the refractive 
index of a vacuum (=1) is extremely small. Furthermore, 
even When re?ection is used, re?ectivity is very loW. 

[0008] Since the refractive index is slightly beloW 1, a 
high re?ectivity is displayed When X-rays strike a smooth 
surface at a small graZing incidence tilt angle since total 
re?ection occurs beloW an angle (critical angle of total 
re?ection) determined by the refractive index. This type of 
mirror is called a “graZing incidence mirror.” 

[0009] HoWever, the X-ray re?ection angle of a graZing 
incidence mirror is greatly restricted. Therefore, such a 
graZing incidence mirror is de?cient because it is impossible 
to construct an optical system With the multiple elements 
required for correction of aberration. 

[0010] Accordingly, by using multiple re?ecting surfaces 
and by keeping the X-rays re?ected from each re?ecting 
surface in phase, a multi-layered mirror With a high re?ec 
tivity Was developed. This multi-layered mirror uses a ?lm 
using a ?rst substance With a small refractive index (a ?rst 
layer) and a ?lm using a second substance With a large 
refractive index (a second layer). The tWo types of ?lms are 
alternately applied upon a substrate 

[0011] Whether the ?rst substance layer or the second 
substance layer is adjacent to the substrate is not important. 
For example, a multi-layered mirror With molybdenum(Mo)/ 
Silicon(Si) alternately multi-layered ?lms has a re?ectivity 
of 60% or greater for soft-X rays With 13 nm in Wavelength 
and perpendicular incidence. 

[0012] Because re?ectivity is extremely small for nearly 
perpendicular incident angles that are even smaller than the 
totally re?ecting limit angle 0c of a graZing incidence optical 
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system, a re?ective optical system used in the X-ray region 
uses a multi-layered ?lm. Speci?cally, this type of multi 
layered mirror is utiliZed in various ?elds of X-ray optics for 
applications such as X-ray telescopes, X-ray microscopes, 
X-ray reducing projection exposure devices, X-ray laser 
resonators, etc. 

[0013] A multi-layered mirror used in such a re?ective 
optical system is formed as laminated layers of tWo types of 
substances With high amplitude re?ectivity at the interface. 
The thickness of each layer is determined based upon optical 
interference theory and is selected so that the Waves 
re?ected from each interface are in phase. Among the 
layered substances of such a multi-layered mirror, one 
substance has a small refractive index difference from 
vacuum (refractive index=1), and the other utiliZed sub 
stance has a large refractive index difference. 

[0014] Since a multi-layered mirror can re?ect X-rays 
perpendicularly, an optical system utiliZing perpendicular 
re?ection can have loWer aberrations than a graZing inci 
dence optical system utiliZing total re?ection. Furthermore, 
as indicated by Equation (2), a multi-layered mirror features 
Wavelength selectivity since X-rays are strongly re?ected 
only When the Bragg condition given beloW is satis?ed: 

2 d-sin6=m-A, (2) 

[0015] Where d is the multi-layered ?lm periodic length, 0 
is the incident tilt angle, A is the X-ray Wavelength, and m 
is the order. 

[0016] Previously knoWn examples of a multi-layered ?lm 
used for a multi-layered mirror include a W/C multi-layered 
?lm prepared by alternately laminating layers of W (tung 
sten) and C (carbon) and Mo/C multi-layered ?lm prepared 
by alternately laminating layers of Mo (molybdenum) and 
C. Such multi-layered ?lms are formed by thin ?lm groWth 
technology such as sputtering, vacuum deposition, CVD 
(Chemical Vapor Deposition), etc. 

[0017] Among the multi-layered ?lms used for such multi 
layered mirrors, the long Wavelength side of the L absorption 
edge (12.6 nm Wavelength) of Si of a Mo/Si multi-layered 
?lm has high re?ectivity, and a comparatively good multi 
layered ?lm can be produced that has 60% or greater 
re?ectivity (perpendicular incidence) in the vicinity of 13 
nm Wavelength. Mirrors utiliZing this Mo/Si multi-layered 
?lm are used for research in X-ray telescopes, X-ray micro 
scopes, X-ray reducing projection exposure devices, X-ray 
laser resonators, etc. It is anticipated that such mirrors Will 
be used for reduction copying lithographic technology uti 
liZing soft X-rays, Which is called “EUVL” (Extreme Ultra 
violet Lithography). 

[0018] While the sputtering method has produced high 
re?ectivity Mo/Si multi-layered mirrors, thin layers formed 
by the sputtering method are knoWn to generally have 
internal compressive stress (Sey-Shing Sun, Internal Stress 
in Ion Beam Sputterea' Molybdenum Films, J. Vac. Sci. 
Technol. A4 (3), May/June, 1986). When such internal stress 
occurs Within a Mo/Si multi-layered ?lm, the internal stress 
causes deformation of a substrate of a multi-layered mirror. 
This deformation causes Wave front aberrations in the opti 
cal system, resulting in degradation of optical characteris 
tics. 

[0019] Since the refractive indexes of substances are also 
extremely near unity for a neutron beam, multi-layered 
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mirrors are used for neutron beams in the same manner as 
X-rays. Although perpendicular re?ection is impossible due 
to the short Wavelength (high energy) of a neutron bean, the 
critical angle of total re?ection can be increased by forma 
tion of a multi-layered ?lm upon a surface of a graZing 
incidence mirror. 

[0020] Furthermore, in addition to X-ray and neutron 
applications, a multi-layered mirror of the present invention 
can be used for ultraviolet light, visible light, and infrared 
light. 

SUMMARY OF THE INVENTION 

[0021] The present invention is directed to a multi-layered 
mirror that substantially obviates one or more of the above 
problems due to the limitations and disadvantages of the 
related art, a manufacturing method thereof a stress control 
method thereof and an exposure apparatus. 

[0022] An object of the present invention is to provide a 
multi-layered mirror With increased re?ectivity. 

[0023] Other objects of the present invention are to pro 
vide a multi-layered mirror With a multi-layered ?lm With a 
loWer internal stress and to provide a method of controlling 
internal stress. 

[0024] Still another object of the present invention is to 
provide a method for manufacturing a multi-layered mirror 
With increased re?ectivity and/or reduced internal stress. 

[0025] A further object of the present invention is to 
provide an exposure apparatus that uses light With higher 
ef?ciency. 
[0026] Additional objects and advantages of the invention 
Will be set forth in part in the description Which folloWs, and 
in part Will be obvious from the description, or may be 
learned by practice of the invention. The objects and advan 
tages of the invention Will be realiZed and attained by means 
of the elements and combinations particularly pointed out in 
the appended claims. 

[0027] To achieve these and other advantages in accor 
dance With the purpose of the invention, as embodied and 
broadly described herein, the invention includes a multi 
layered mirror that has a substrate, at least one ?rst layer of 
a ?rst substance, and at least one second layer of a second 
substance. The at least one ?rst and the least one second 
layer are laminated alternately on the substrate. Adifference 
betWeen a refractive index of the ?rst substance in a utiliZed 
Wavelength region and that in a vacuum is large. Adifference 
betWeen a refractive index of the second substance in the 
utiliZed Wavelength region and that in a vacuum is small. 
Thicknesses of the ?rst and second layers are determined 
according to the utiliZed Wavelength and the refractive 
indices of the ?rst and second substances, respectively. For 
at least one pair comprising tWo adjacent ?rst and second 
layers, at least one of the layer Within the pair has a 
multi-layered structure formed by alternately laminating to 
the thickness of that layer, at least tWo substances Whose real 
parts of complex indices of refraction in the utiliZed Wave 
length are approximately the same. 

[0028] In another aspect of the invention, a multi-layered 
mirror includes a substrate, at least one ?rst layer of a ?rst 
substance, at least one second layer of a second substance, 
and at least one stress-relief layer formed in at least one of 
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the at least one ?rst layer or the at least one second layer. The 
at least one ?rst layer and the at least one second layer are 
alternately laminated on the substrate. A difference betWeen 
a refractive index of the ?rst substance in the soft X-ray 
Wavelength region and that in a vacuum is large, and a 
difference betWeen a refractive index of the second sub 
stance in the soft X-ray Wavelength region and that in a 
vacuum is small. When the at least one stress-relief layer is 
formed in the at least one ?rst layer, it has approximately a 
same real part of a complex index of refraction in the soft 
X-ray Wavelength region as the ?rst substance. When the at 
least one stress-relief layer is formed in the at least one 
second layer, it has approximately a same real part of a 
complex index of refraction as the second substance. 

[0029] In another aspect, the invention includes a multi 
layered mirror having a substrate, at least one layer of 
silicon, at least one layer of molybdenum, and at least one 
layer of ruthenium formed Within at least one of the molyb 
denum layers. The at least one layer of silicon and the at 
least one layer of molybdenum are alternately laminated 
upon the substrate. 

[0030] Yet another aspect of the invention includes a 
multi-layered mirror having a substrate, at least one ?rst 
layer of a ?rst substance With a small refractive index, at 
least one second layer of a second substance With a large 
refractive index. The at least one ?rst layer and the at least 
one second layer are alternately laminated on the substrate 
by sputtering and an interface betWeen the at least one ?rst 
layer and the at least one second layer are irradiated by an 
ion beam and smoothed. 

[0031] In a further aspect, the invention includes a multi 
layered mirror having a substrate, a ?rst layer of a ?rst 
substance formed on the substrate, a second layer of a 
second substance formed on the ?rst layer, a third layer of 
the ?rst substance formed on the second layer, and a fourth 
layer of the second substance formed on the third layer. It 
also has a ?fth layer of a third substance formed Within a 
layer made With the ?rst or the second substance. A differ 
ence in a refractive index in a utiliZed Wavelength region and 
a refractive index in a vacuum of one of the ?rst and second 
substances is large. A difference in a refractive index in a 
utiliZed Wavelength region and a refractive index in a 
vacuum of the other substance is small. Thicknesses of the 
?rst and third layers are determined based on the utiliZed 
Wavelength and a refractive index of the ?rst substance, and 
thicknesses of the second and fourth layers are determined 
based on the utiliZed Wavelength and a refractive index of 
the second substance. The third substance has approximately 
a same real part of a complex index of refraction in the 
utiliZed Wavelength region as that of the layer Within Which 
the ?fth layer is formed. 

[0032] Another aspect of the invention includes a multi 
layered mirror having a substrate, a ?rst layer of a ?rst 
substance formed on the substrate by sputtering, a second 
layer of a second substance formed on the ?rst layer by 
sputtering, a third layer of the ?rst substance formed on the 
second layer by sputtering, and a fourth layer of the second 
substance formed on the third layer by sputtering. A refrac 
tive index of the ?rst substance is different from that of the 
second substance. 

[0033] In another aspect, a method for manufacturing a 
multi-layered mirror on a substrate is provided. At least one 
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?rst layer of a ?rst substance With a small refractive index 
and at least one second layer of a second substance With a 
large refractive index are alternately laminated upon the 
substrate by sputtering. At least one of the at least one ?rst 
layer or the at least one second layer is irradiated using an 
ion beam prior to forming another layer on top of that layer. 

[0034] Another aspect of the present invention is a method 
of manufacturing a multi-layered mirror on a substrate. At 
least one ?rst layer of a ?rst substance and at least one 
second layer of a second substance are alternately laminated 
upon the substrate, Where a difference betWeen a refractive 
index of the ?rst substance in the soft X-ray Wavelength 
region and that in a vacuum is large and a corresponding 
difference for the second substance is small. At least one 
stress-relief layer is formed Within at least one of the at least 
one ?rst layer or the at least one second layer using a 
substance that has approximately a same siZe of a real part 
of a complex index of refraction as the substance of the layer 
Within Which it is formed. Particle beam irradiation is 
applied after forming of at least one of the at least one ?rst 
layer, the at least one second layer, or the at least one stress 
relief layer. 

[0035] In a further aspect, the invention includes a method 
of controlling stress of a multi-layered ?lm formed upon a 
substrate by ?rst laminating a ?rst layer of a ?rst substance 
on the substrate, applying particle beam irradiation on the 
?rst layer, and then laminating a second layer of a second 
substance on the ?rst layer. The ?rst substance and the 
second substance are different. 

[0036] Finally, in another aspect, the invention includes an 
exposure apparatus that has an X-ray source for generating 
X-rays, an illumination optical system capable of directing 
X-rays from the X-ray source to an X-ray mask, and a 
projection optical system capable of directing X-rays from 
the X-ray mask to a photo-sensitive substrate so that a 
pattern of the X-ray mask is copied to the photo-sensitive 
substrate. The illumination optical system and the projection 
optical system are equipped With multi-layered mirrors, at 
least one of Which is a multi-layered mirror of the present 
invention. 

[0037] It is to be understood that both the foregoing 
general description and the folloWing detailed description 
are exemplary and explanatory only are not restrictive of the 
invention, as claimed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0038] The accompanying draWings, Which are incorpo 
rated in and constitute a part of this speci?cation, illustrate 
embodiments of the invention and together With the descrip 
tion, serve to explain the principles on of the invention. In 
the draWings: 

[0039] FIGS. 1(a) and (b) are cross-sectional diagrams of 
one embodiment of a multi-layered mirror of the present 
invention; 

[0040] FIGS. 2(a), 2(b) and 2(c) are explanatory draWings 
of one example of a method of manufacturing a multi 
layered mirror by irradiation using a particle beam P during 
multi-layered ?lm formation stage; 

[0041] FIG. 3 is a schematic draWing that shoWs one 
embodiment of an exposure apparatus that utiliZes multi 
layered mirrors of the present invention as an optical system; 
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[0042] FIG. 4 is a cross-sectional draWing of a ?rst 
embodiment of a multi-layered mirror of the present inven 
tion described in Working Example 1; 

[0043] FIG. 5 is a cross-sectional draWing of a second 
embodiment of a multi-layered mirror of the present inven 
tion described in Working Example 2; 

[0044] FIG. 6 is a cross-sectional draWing of a third 
embodiment of a multi-layered mirror of the present inven 
tion described in Working Example 3; 

[0045] FIG. 7 is a cross-sectional draWing of a fourth 
embodiment of a multi-layered mirror of the present inven 
tion described in Working Example 4; 

[0046] FIG. 8 is a schematic draWing shoWing an ion 
sputtering apparatus used in forming a multi-layered mirror 
of the present invention; 

[0047] FIGS. 9(a) and 9(b) are draWings of one example 
of an ion beam sputtering device for forming ?lms used in 
manufacturing a multi-layered mirror of the present inven 
tion; 
[0048] FIGS. 10(a)-(e) shoW examples of various condi 
tions of a multi-layered ?lm interface in order to explain 
effects of the present invention; 

[0049] FIG. 11 is a graph shoWing a ratio of decline in 
re?ectivity and interface roughness for a multi-layered mir 
ror With a period length greater than 50 A; 

[0050] FIG. 12 is a graph that shoWs a ration of re?ec 
tivity decline and interface roughness for a multi-layered 
mirror With a period length less than 50 A; 

[0051] FIG. 13 is a diagram shoWing re?ectivity charac 
teristics versus Wavelength at various thicknesses of an 
inter-diffusion layer; 

[0052] FIGS. 14(a) and 14(b) are draWings of one 
example of a magnetron sputtering device used as a ?lm 
groWth device in one embodiment of a manufacturing 
method of a multi-layered mirror of the present invention; 
and 

[0053] FIG. 15 shoWs an exposure apparatus that uses 
multi-layered mirrors of the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0054] Reference Will noW be made in detail to the pre 
ferred embodiments of the present invention, examples of 
Which are illustrated in the accompanying draWings. Wher 
ever possible, the same reference numbers Will be used 
throughout the draWings to refer to the same or like parts. 

[0055] It is knoWn that substrate deformation becomes a 
problem due to internal stress of a multi-layered ?lm When 
a Mo/Si multi-layered ?lm is used as a mirror. It is also 
knoWn that this internal stress can be loWered by increasing 
the number of layers While maintaining a ?xed total ?lm 
thickness of a multi-layered ?lm and by decreasing the ?lm 
thickness of each layer. Wasa, S. MiWa, and K. 
Murakami, Internal Stress of a Mo/Si Multi-Layered Film, 
56th Collection of Lecture Preprints of the Japan Society of 
Applied Physics, Vol.2, 1995). Using the method of increas 
ing the number of layers by reducing thicknesses of various 
?lms, the periodic length (in case of a Mo/Si multi-layered 




























