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(57) ABSTRACT 

An optical article is formed in such structure that an optical 
thin ?lm is laminated on a surface of a substrate and that the 
optical thin ?lm comprises atoms of at least one selected 
from the group consisting of krypton, Xenon, and radon. 

An exposure apparatus has a plurality of optical articles as 
described above in an illumination optical system and/or a 
projection optical system. 
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OPTICAL ARTICLE, EXPOSURE APPARATUS OR 
OPTICAL SYSTEM USING IT, AND PROCESS FOR 

PRODUCING IT 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention concerns an optical article 
such as a lens or a mirror, an exposure apparatus or optical 
system such as a stepper having it, and a process for 
producing the optical article. More particularly, the inven 
tion relates to an optical thin ?lm for optical article suitably 
applicable to an exposure apparatus or optical system using 
an excimer laser, and a process for producing it. 

[0003] 2. Related Background Art 

[0004] Optical articles, including lenses, mirrors, and opti 
cal ?lters, are used, for example, in optical apparatus such as 
cameras, telescopes, and microscopes. These optical articles 
have an antire?ection ?lm or a re?ection-enhanced ?lm on 
the surface thereof for prevention of re?ection or for 
enhancement of re?ection. 

[0005] An exposure apparatus is a kind of an optical 
apparatus equipped With such an optical article. The expo 
sure apparatus is used in the fabrication steps of semicon 
ductor integrated circuits or photomasks for fabricating 
them. A typical example of the exposure apparatus in this 
?eld is an exposure apparatus as called a stepper. 

[0006] An illumination light source in such exposure 
apparatus, conventionally used, Was a super-high pressure 
mercury lamp, a xenon-mercury arc lamp, or the like for 
emitting the g-line (435.8 nm), the h-line (404.7 nm), and the 
i-line (365 nm). HoWever, attempt has recently been made to 
use lasers emitting far-ultraviolet rays (200 to 260 nm) or 
emitting a beam of high poWer and narroW spectral Width in 
order to realiZe high exposure processing capability per unit 
time (throughput) and uniform illumination characteristics 
on an exposed body such as a Wafer. Among others an 
excimer laser is one of desirable light sources, because it 
emits light in very narroW spectral Width and at high output 
poWer. 

[0007] One of knoWn optical articles for excimer laser is 
the one having an antire?ection ?lm deposited by vacuum 
vapor deposition as disclosed in Japanese Laid-open Patent 
Application No. 63-113501 or Japanese Laid-open Patent 
Application No. 63-113502. 

[0008] HoWever, for example, if a lens having suf?cient 
optical characteristics in the optical system for visible light 
Was used in an optical system for excimer laser, it Was 
sometimes dif?cult to maintain optical characteristics 
enough to be applied to practical use. Speci?cally speaking, 
transmission characteristics, particularly, of the optical thin 
?lm provided over the surface of lens or mirror Were not 
sufficient to make the best use of the advantages of excimer 
laser, and there Was a problem in durability thereof. 

[0009] In addition, since the optical articles for exposure 
apparatus Were required to have a surface formed at very 
high accuracy, strict control of temperature condition Was 
necessary in forming the optical thin ?lm. Thus, ?lm form 
ing techniques generally regarded as preferable Were not 
able to be used as they Were in fabricating such optical 
articles. 
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[0010] As explained above, in order to fabricate an optical 
article durable against use of excimer laser, the optical 
article must be designed based on a novel idea and a novel 
approach. 

SUMMARY OF THE INVENTION 

[0011] The present invention has been accomplished in 
vieW of the technical problems as discussed above, and an 
object of the invention is to provide an optical article having 
optical characteristics fully durable against such hard opera 
tion conditions as in applications With excimer laser. 

[0012] Another object of the present invention is to pro 
vide an optical article With an optical thin ?lm having little 
unnecessary light absorption and having uniform physical 
properties over a large area. 

[0013] Still another object of the present invention is to 
provide an optical article With an optical thin ?lm Which can 
be formed at loW temperature and Which is free from the 
negative effect of stress such as ?lm separation. 

[0014] A further object of the present invention is to 
provide an optical system and an exposure apparatus having 
the above optical article excellent in characteristics. 

[0015] Of course, the one durable to the excimer laser 
must exhibit adequately good characteristics also in optical 
systems using the other light. 

[0016] The optical article of the present invention is an 
optical article in Which an optical thin ?lm is laminated on 
a surface of a substrate, Wherein the optical thin ?lm 
comprises atoms of at least one selected from the group 
consisting of krypton, xenon, and radon. 

[0017] The optical article of the present invention is an 
optical article in Which an antire?ection ?lm comprising a 
?rst optically transparent thin layer and a second optically 
transparent thin layer having a higher refractive index than 
that of the ?rst optically transparent thin layer are formed on 
a surface of an optically transparent substrate, Wherein at 
least either one of the ?rst and second optically transparent 
thin layers comprises atoms of at least one selected from the 
group consisting of krypton, xenon, and radon. 

[0018] Further, the optical article of the present invention 
is an optical article in Which a re?ection-enhanced ?lm 
comprising a ?rst optically transparent thin layer and a 
second optically transparent thin layer having a higher 
refractive index than that of the ?rst optically transparent 
thin layer are formed on a surface of a substrate, Wherein at 
least either one of the ?rst and second optically transparent 
thin layers comprises atoms of at least one selected from the 
group consisting of krypton, xenon, and radon. 

[0019] The optical article of the present invention may be 
adaptive to the arrangement further having a third optically 
transparent thin layer having a different refractive index 
from those of the ?rst and second optically transparent thin 
layers. The ?rst optically transparent thin layer is preferably 
silicon oxide, and the second optically transparent thin layer 
is preferably aluminum oxide or tantalum oxide. The content 
of the atoms of the selected element in the optically trans 
parent thin layer is not more than 5 atomic %, and the 
contents of the element in the ?rst and second optically 
transparent thin layers are different from each other. The 
article is characteriZed in that the substrate comprises silica 
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or ?uorite. Further, the optical article of the present inven 
tion is characterized in that it selectively transmits or re?ects 
the excimer laser light. 

[0020] The exposure apparatus of the present invention is 
an exposure apparatus having an illumination light source 
and a stage for an exposed object to be mounted thereon in 
Which an illumination optical system and/or a projection 
optical system comprises a plurality of optical articles in 
each of Which a ?rst optically transparent thin layer and a 
second optically transparent thin layer having a higher 
refractive index than that of the ?rst optically transparent 
thin layer are laminated on a surface of a substrate, Wherein 
at least either one of the ?rst and second optically transpar 
ent thin layers comprises atoms of at least one selected from 
the group consisting of krypton, xenon, and radon. The 
apparatus is characteriZed in that the illumination light 
source is an excimer laser light source. Further, the appa 
ratus is characteriZed in that the optical article has a char 
acteristic to selectively transmit a plurality of laser light 
beams of different Wavelengths from each other. 

[0021] The process for producing the optical article of the 
present invention is a process for producing an optical article 
in Which a ?rst optically transparent thin layer and a second 
optically transparent thin layer having a higher refractive 
index than that of the ?rst optically transparent thin layer are 
laminated on a surface of a substrate, Wherein at least either 
one of the ?rst and second optically transparent thin layers 
is deposited by sputtering using a sputtering gas comprising 
atoms of at least one selected from the group consisting of 
krypton, xenon, and radon. The process is characteriZed in 
that a gas for oxidation is used as a reaction gas in addition 
to the sputtering gas. Further, it is preferred that the substrate 
be held at 100° C. or less in the sputtering and that before 
the sputtering at least a ?lm-forming surface of the substrate 
be held at 100° C or less under a nitrogen gas atmosphere. 

[0022] The present inventors have accomplished the 
present invention by ?nding out that, as compared With ?lms 
not containing krypton, xenon, or radon, obtained by 
vacuum vapor deposition or sputtering With Ar gas, ?lms 
containing atoms of at least one of these three elements can 
maintain good transmittances for a longer period. 

[0023] The invention can provide the optical article having 
the optical thin ?lm Which is less in unnecessary light 
absorption, uniform over a large area, free of ?lm separation, 
and excellent in durability. 

[0024] The invention can provide the optical article having 
excellent transmission characteristics of light used, because 
the optical thin ?lm is used as an antire?ection ?lm. 

[0025] The invention can provide the optical article having 
excellent re?ection characteristics of light used, because the 
optical thin ?lm is used as a re?ection-enhanced ?lm. 

[0026] The invention can achieve the optical article having 
better transmittance stability, and particularly having excel 
lent applicability to the excimer laser optical system. 

[0027] The invention can achieve the optical article having 
better transmittance stability, and particularly having excel 
lent applicability to the i-line optical system. 

[0028] The invention makes a non-monocrystalline ?lm 
?ner and reduces degradation of transmission characteristics 
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more by the feature that the content of xenon, krypton, or 
radon is not more than 5 atomic %. 

[0029] The invention improves adhesion and enhances the 
antire?ection or re?ection-enhancing effect. 

[0030] The invention can provide an excellent excimer 
laser optical system. 

[0031] The invention can provide an excellent excimer 
laser re?ection optical system. 

[0032] The invention hardly causes an error in exposure 
parameters, and it enables good photolithography and 
enhances reliability. 

[0033] The invention enables high-de?nition and high 
accuracy photolithography. 

[0034] The invention enables automatic alignment With 
high accuracy and high reliability. 

[0035] The invention enables formation of uniform 
plasma, Whereby the optical article With uniform character 
istics and in a large area can readily be produced at the loW 
temperature of not more than 150° C., preferably not more 
than 100° C. 

[0036] The invention has the feature that the gas having 
the oxidation effect is introduced as a reaction gas, Which 
enables to obtain an oxide ?lm With more excellent charac 
teristics in a stoichiometric composition or in a composition 
very approximate thereto, even though it is a non-monoc 
rystalline ?lm. 

[0037] The invention can suppress a change of the surface 
shape of the optical article. Further, gas emission becomes 
less during formation of ?lm, Which can suppress occur 
rence of ?lm separation or unnecessary products. 

[0038] The invention can suppress gas emission during 
formation of ?lm by exposing the substrate to the nitrogen 
gas atmosphere before sputtering. 

[0039] The invention can provide an optical system having 
excellent transmission characteristics of light used. 

[0040] The invention can provide an optical system excel 
lent in re?ection characteristics of light used. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0041] FIGS. 1A to 1F are diagrammatic, sectional vieWs 
of optical articles, each having an optical thin ?lm; 

[0042] FIG. 2 is a diagrammatic draWing to shoW a basic 
setup of a producing apparatus used for forming the optical 
thin ?lm of the present invention; 

[0043] FIG. 3 is an example of a graph to shoW changes 
of re?ectivity against ion irradiation energy in the present 
invention; 

[0044] FIG. 4 is a schematic draWing to shoW a setup of 
the exposure apparatus of the present invention; 

[0045] FIG. 5 is a diagrammatic, sectional vieW to shoW 
an example of the optical article used in the exposure 
apparatus of the present invention; 

[0046] FIG. 6 is a schematic draWing of a sputtering 
apparatus in Example 1; 
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[0047] FIG. 7 is a diagrammatic drawing to show a 
chamber of another producing apparatus used for forming 
the optical thin ?lm of the present invention; 

[0048] FIG. 8 is a graph to shoW energy distributions of 
ions impinging on a substrate surface earthed, against fre 
quency of high-frequency poWer supplied to a target; 

[0049] FIG. 9 is a graph to shoW relations betWeen sputter 
rate and energy of Ar ions and Xe ions according to the 
present invention, incident to the Si target; 

[0050] FIG. 10 is a graph to shoW time changes of Water 
molecule layers on a lens surface according to the present 
invention; 
[0051] FIG. 11 is a schematic draWing to shoW a clean 
nitrogen supply system according to the present invention; 

[0052] FIG. 12 is a graph to shoW a change of transmit 
tance With time according to Example 1; 

[0053] FIG. 13 is a graph to shoW transmittance stability 
according to Example 2; 

[0054] FIG. 14 is a graph to shoW transmittance stability 
according to Example 3; 

[0055] FIG. 15 is a graph to shoW transmittance stability 
according to Example 4; 

[0056] FIG. 16 is a diagrammatic, sectional vieW to shoW 
a layer structure of the optical thin ?lm according to 
Example 7; 

[0057] FIG. 17 is a graph to shoW re?ection characteris 
tics of the optical thin ?lm according to Example 7; 

[0058] FIG. 18 is a graph to shoW a time change of 
transmittance of the optical thin ?lm according to Example 
7; 

[0059] FIG. 19 is a diagrammatic, sectional vieW to shoW 
a layer structure of the optical thin ?lm according to 
Example 8; 

[0060] FIG. 20 is a graph to shoW re?ection characteris 
tics of the optical thin ?lm according to Example 8; 

[0061] FIG. 21 is a graph to shoW a time change of 
transmittance of the optical thin ?lm according to Example 
8; 

[0062] FIG. 22 is a graph to shoW a time change of 
re?ectivity of the optical thin ?lm according to Example 9; 

[0063] FIG. 23 is a graph to shoW transmittance stability 
according to Example 10; and 

[0064] FIG. 24 is a ?oWchart to shoW fabrication steps of 
IC, using the exposure apparatus of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0065] The embodiments of the present invention Will be 
explained With reference to the draWings. It should be noted 
that the present invention is by no means limited to these 
embodiments, but the present invention may have various 
modi?cations and arrangements including replacement of 
constituent elements into substitutes or equivalents or 
change of materials employed, as long as the object of the 
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present invention can be achieved. (Optical articles in Which 
the optical thin ?lm is laminated on the surface of substrate) 

[0066] FIGS. 1A-1F are diagrammatic cross sections of 
optical articles having various optical thin ?lms according to 
an embodiment of the present invention. 

[0067] FIG. 1A shoWs a transmission type optical article 
in Which an antire?ection ?lm 2 is formed on the surface of 
a transparent substrate 1, Which is used as a lens or a light 
transmitting WindoW. 

[0068] The antire?ection ?lm 2 may be a single thin layer 
?lm or a laminate structure of optically transparent thin 
layers having mutually different refractive indices as shoWn 
in FIG. 1B. Here, the thin ?lm 2H is a high-index thin layer 
and the thin ?lm 2L is a loW-index thin layer. The loW-index 
thin layer is disposed on the surface (air) side, thereby giving 
the antire?ection effect. 

[0069] FIG. 1C shoWs a structure in Which tWo optically 
transparent thin layers With mutually different refractive 
indices are alternately laminated tWo layers each (in four 
layers in total). 
[0070] FIG. 1D shoWs a structure having three types of 
optically transparent thin layers With mutually different 
refractive indices and one loW-index thin layer. This 
example employs the high-index thin layer 2H, the loW 
index thin layer 2L, and the thin layer 2M having an 
intermediate refractive index betWeen them. 

[0071] FIG. 1E shoWs a structure in Which tWo optically 
transparent thin layers With mutually different refractive 
indices are alternately laminated three layers each (in six 
layers in total). 
[0072] FIG. 1F shoWs an optical article having a re?ec 
tion-enhanced ?lm 4 on either an optically transparent or a 
non-transparent substrate 3, and the re?ection-enhanced ?lm 
4 is formed in a laminate structure of optically transparent 
thin layers With mutually different refractive indices. In this 
example re?ection is enhanced by placing the high-index 
thin layer 4H on the surface side. Symbol 4L represents the 
loW-index thin layer. Although not shoWn, the re?ection 
enhanced ?lm 4 may be a laminate structure of repetitive 
multiple layers (for example, 10 to 100 layers) of the thin 
layer 4L and thin layer 4H. 

[0073] Materials for the substrate 1, 3 and for the thin 
layers are properly selected depending upon the Wavelength 
of light used and the structure of the optical thin ?lm. The 
same can be applied to the thickness of substrate 1, 3 and the 
thicknesses of the respective thin layers. The thickness of 
each thin layer is selected in the range of about 0.1 nm to 1 
pm. 

Substrate 

[0074] A material for the substrate 1 in the present inven 
tion may be an optically transparent substrate, for example 
such as fused silica (SiO2) or ?uorite (CaFZ). The material 
may contain a small amount of an adjusting material for 
adaptation for the light used. Speci?cally, the material may 
contain B203, NaZO, K20, PbO, or A1203 in addition to the 
main ingredient of SiO2. The substrate 3 for the re?ection 
enhanced ?lm such as a mirror may be a substrate formed by 
putting a high-re?ection metal ?lm on the optically trans 
parent surface as described above, or a metal. 
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Transparent thin layers 

[0075] Materials for the optically transparent thin layers 
for constituting the optical thin ?lm in the present invention 
are properly selected from the same group including the 
folloWing materials either in the case of the antire?ection 
?lm 2 or in the case of the re?ection-enhanced ?lm 4. The 
materials included in the group are, for example, non 
monocrystalline oxides including silicon oxide (1.44), tan 
talum oxide (2.17), aluminum oxide (1.72), Zirconium oxide 
(2.25), hafnium oxide (2.25), yttrium oxide (2.10), and 
scandium oxide (2.11), and non-monocrystalline ?uorides 
including magnesium ?uoride (1.43), neodymium ?uoride 
(1.66), calcium ?uoride (1.46), lithium ?uoride (1.37), 
sodium aluminum ?uoride (1.35), thorium ?uoride (1.59), 
and lanthanum ?uoride (1.59). The numerals in the paren 
theses are examples of refractive indices at the light of 
Wavelength 248 nm corresponding to the KrF excimer laser. 

Atoms Which the optical thin ?lm contains 

[0076] The atoms Which the optical thin ?lm in the present 
invention contains Were found out through many repetitive 
experiments by the inventors. 

[0077] If an optical article used in the excimer laser optical 
system should have even a little quantity of absorption of 
laser light, heat Would be generated because of its high 
poWer and the heat Would be accumulated While used. It Was 
found that the heat could degrade the surface property of the 
optical article and could degrade the optical transparency of 
the optical thin ?lm. 

[0078] The inventors found that When the optical thin ?lm 
contained the atoms in the present invention as a counter 
measure, light absorption of the optical thin ?lm became 
nearly Zero. When a lot of lenses Were combined to form an 
optical system, it became possible to make even overall light 
absorption almost Zero. Use of such an optical article 
remarkably improved reliability of the exposure apparatus. 

[0079] The optical thin ?lm used in the present invention 
is a non-monocrystalline thin ?lm containing atoms of at 
least one selected from the group consisting of xenon (Xe), 
krypton (Kr), and radon (Rn). When the optical thin ?lm is 
constructed of many thin layers, a necessary condition is that 
at least one thin layer out of them contains the above atoms. 
Among others, the effect is remarkable When the thin ?lm is 
made of an oxide. When the thin ?lm contains the above 
atoms in the content not exceeding 5 atomic %, packing of 
the amorphous ?lm is improved to achieve excellent dura 
bility. More preferably, the content is not more than 3 atomic 
%, and most preferably, not more than 1 atomic %. The 
optimum minimum value of the content is 0.5 atomic ppm. 
In the case Where the optical thin ?lm is made of a lot of thin 
layers, a preferred arrangement is such that contents of the 
above atoms in the respective ?lms are made different from 
each other, Which enhances adhesion to each other. If the 
?lm contains tWo or more out of the above three elements, 
the total content is to be controlled beloW 10 atomic %, 
Whereby packing of the amorphous ?lm can be improved so 
as to achieve excellent durability. The contents of these 
elements can be measured by the Rutherford backscattering 
analysis (RBS), the secondary ion mass spectrometry 
(SIMS), or the total re?ection ?uorescence X-ray diffracto 
metry. 
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[0080] Further, if the thin layer contains the above three 
elements, it is more preferred in order to obtain a good 
quality ?lm that the content of argon (Ar), helium (He), or 
neon (Ne) be controlled to be not more than 0.1 atomic %. 

Light used in the Optical System to Which the 
Optical Article is Applied 

[0081] The light used in the optical system to Which the 
optical article of the present invention is applied is ultra 
violet light such as the i-line, far-ultraviolet light, or laser 
light. Lasers for emitting such light are, for example, 
He—Cd laser (442 nm), Ar3O laser (488 nm, 515 nm), 
He—Ne laser (544 nm, 633 nm), and semiconductor laser 
(780 nm). 
[0082] Particularly, the optical article of the present inven 
tion is suitable for optical systems of the i-line or excimer 
lasers, and among others, it is most suitable for excimer laser 
optical systems. Excimer lasers include, for example, those 
of F2 (157 nm), ArF (193 nm), KrCl (222 nm), KrF (248 
nm), ClF (284 nm), XeCl (308 nm), I2 (342 nm), and XeF 
(351 nm, 353 nm). Among them the KrF excimer laser, XeCl 
laser, or ArF excimer laser may be suitably applicable to the 
exposure apparatus. 

[0083] More desirably, the optical article also has good 
transmission characteristics for light of a relatively long 
Wavelength such as He—Ne laser for alignment in addition 
to the above excimer lasers for exposure. Such an optical 
article can be applied to the exposure apparatus employing 
the TTL (Through The Lens) alignment method by Which 
high-accuracy alignment can be made by letting alignment 
light pass through a projection optical system. Thus, the 
range of applications can be further Widened, Which is more 
preferable. 

Production Method and Producing Apparatus) 

[0084] BeloW described are the production process and 
producing apparatus for producing the optical thin ?lm 
containing the atoms of at least one selected from the group 
consisting of xenon (Xe), krypton (Kr), and radon (Rn). 

[0085] The production process of the optical thin ?lm used 
in the present invention may be chemical vapor deposition 
(CVD) or physical vapor deposition (PVD) using the above 
rare gas. From the ?nding of the inventors, it is desired to 
deposit at least one of the thin layers forming the optical thin 
?lm by sputtering With a sputtering gas containing atoms of 
at least one selected from the group consisting of krypton, 
xenon, and radon. 

[0086] FIG. 2 is a diagrammatic draWing to shoW a basic 
layout of the producing apparatus of the optical thin ?lm 
used in the present invention. The producing apparatus has 
a ?lm-forming chamber 12 in Which sputtering is carried 
out, a load-lock chamber 13 Which is provided if necessary 
and Which is a preparation chamber for a ?lm-forming 
substrate 1 to be carried into or out of the chamber 12 and 
for the substrate 1 to be kept in, an exhaust means 14, and 
a gas supply means 15. Inside the ?lm-forming chamber 12 
there are a target 12a, a substrate holder 12b, a magnet 12c, 
and electrodes 12d disposed, and the electrode 12d is 
connected to a high-frequency poWer supply. A gate valve 
13a is set betWeen the load-lock chamber 13 and the 
?lm-forming chamber 12 to separate atmospheres of these 
tWo chambers from each other. 
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[0087] The exhaust means 14 is at least one properly 
selected from various pumps including a turbo molecular 
pump, a cryo-pump, a mechanical booster pump, and an oil 
diffusion pump, as installed together With a valve and pipes. 

[0088] The gas supply means is composed of a gas bomb 
for storing either krypton, xenon, or radon, a valve, a gas 
?oW controller, and pipes. Of course, the apparatus may be 
arranged to supply an oxidiZing gas such as oxygen if 
necessary. 

[0089] Production procedures are as folloWs. A substrate 
set in the load-lock chamber 13 is carried into the chamber 
12 as opening the gate valve 13a and is set on the holder 12b 
in the chamber 12. The substrate may be heated in the 
temperature range not exceeding 100° C. under a nitrogen 
atmosphere With necessity in the load-lock chamber 13. 

[0090] Then the gate valve 13a is closed and the chamber 
12 is evacuated. After that, krypton or xenon is supplied as 
a gas for sputtering. Of course, a reaction gas such as oxygen 
is further supplied if reactive sputtering is carried out. PoWer 
of radio frequency is supplied to the electrode 12d to 
generate gloW discharge plasma of the above rare gas. In this 
arrangement, the constituent atoms of the target 12a are 
beaten and driven out therefrom by the rare gas, thereby 
depositing over the substrate surface. In order to avoid a 
change of the surface shape on this occasion, it is desired to 
control the substrate temperature so as not to exceed 100° C. 
due to the plasma by providing the holder 12b With a heating 
and cooling means and a temperature sensor. Such a con 

troller may be omitted, of course, if the temperature does not 
exceed 100° C. even Without cooling. 

[0091] If the optical thin ?lm is made of tWo or more types 
of thin layers, the above steps are repeated as changing the 
target materials. An arrangement for improving the through 
put is such that a plurality of targets are disposed in one 
chamber and a target to be exposed to the plasma is selected. 
Another arrangement may be such that a plurality of ?lm 
forming chambers are prepared independently of each other 
and each chamber is dedicated for ?lm formation of one thin 
layer. 

[0092] In order to control an amount of krypton, xenon, or 
radon contained in the thin layer, attention must be paid to 
keep the content not more than 5 atomic % by controlling a 
supply amount of gas, the temperature of substrate, and the 
pressure upon formation of ?lm. A method for forming the 
thin ?lm of oxide may be reactive sputtering using a target 
of a pure metal such as aluminum or tantalum and oxygen 
as a reaction gas, or simple sputtering With an oxide target. 
A preferred process is reactive sputtering Which is carried 
out With a target of an oxide as supplying oxygen gas 
together With the above rare gas. 

[0093] Sputtering using the above rare gas can generate a 
large plasma region having a uniform energy distribution 
and also improve an energy dependence of ?lm quality. FIG. 
3 is an example of graph to shoW changes of re?ectivity 
against ion irradiation energy, Which con?rms that the thin 
?lm exhibits excellent transmittances (loW re?ectivities) in 
a Wide region of energy. It is seen that the ?lm from 100% 
argon can exhibit good transmittances only in a very limited 
range. This result means that reproducibility of ?lm forma 
tion is good and adjusting ranges of parameters upon ?lm 
formation become Wide, thus facilitating ?lm formation. 

Jan. 17, 2002 

[0094] Conditions employed in the sputtering of the 
present invention are as folloWs. 

[0095] The pressure during sputtering may be one that can 
stably maintain discharge, speci?cally betWeen 1 and 5 
mTorr. 

[0096] Avalue of the RF poWer may be selected so as not 
to damage the thin layer and so as to be capable of removing 
adsorbed impurities, speci?cally betWeen 5 W and 50 W. 
From the same reason, an appropriate time is betWeen 1 
minute and 20 minutes. 

[0097] The rare gas for sputtering may be not only one of 
Kr, Xe, and Rn atoms, but also a mixture gas thereof or a 
mixture gas With Ar, He, or Ne. Any volume ratio may be 
applied in the case of the mixture gas of Kr, Xe, and Rn, but 
a preferred example is a volume ratio of Xe:Kr=1:1. When 
mixed With Ar, He, or Ne, these atoms had better be 
controlled in an amount less than the gas of Kr, Xe, or Rn 
in order to prevent excessive atoms from being taken into the 
thin layer. 

[0098] As the frequency of applied poWer becomes loWer, 
a self bias of the target becomes greater in the negative 
region. In that case, the sputter rate increases, but, on the 
other hand, variations appear in irradiation energy. Thus, an 
appropriate range is betWeen 10 MHZ and 500 MHZ. 

[0099] According to another experiment of the inventors, 

When a non-transparent ?lm of silicon (Si) or aluminum Was formed by sputtering and When sputtering Was carried 

out using Xe, no content of Xe Was recognized in a Si ?lm 
or Al ?lm deposited. This is in contrast With the fact that Ar 
is readily taken into the ?lm in sputtering With Ar. 

[0100] Accordingly, in order to form the optical thin ?lm 
in Which the atoms of Xe, Kr, or Rn are contained in the 
range of not more than 5 atomic t using the sputtering 
process of the present invention, preferred conditions are 
such that the substrate temperature is set at a relatively loW 
temperature, the frequency of poWer for generating the 
plasma is set relatively loW, and deposition is effected at a 
relatively sloW deposition rate under a mixture atmosphere 
With oxygen gas. Speci?c setting values Will be described 
later. This permits a ?ne amount of Xe, Kr, or Rn to be taken 
into the transparent optical thin ?lm. 

[0101] Mixture of oxygen in these gases is preferred even 
in formation of a metal oxide. This has an effect to restore 
the metal oxide damaged, by oxidiZing bonds at broken 
bonding for the metal oxide from the target. Apreferred rate 
of oxygen is not more than 20 volume % to the rare gas. Too 
much oxygen makes the ?lm-forming rate extremely loWer 
and decreases the effect of surface activity by the rare gas 
ions, Which does not permit a ?ne ?lm to be formed. In the 
case Where the target is a metal and a ?lm of a metal oxide 
is formed, an amount of oxygen to the rare gas becomes 
greater than in the case of the metal oxide target. HoWever, 
the method using the target of a high-purity metal oxide and 
partially reinforcing Weak portions by oxidation is more 
preferred rather than the method for forming the metal oxide 
by oxidiZing a metal on a lens, and can form a ?ne ?lm With 
little damage. 

[0102] Next described is another example of the producing 
apparatus of the optical thin ?lm used in the present inven 
tion. 
















