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(57) ABSTRACT 

There is disclosed a method and apparatus for forming a thin 
film of a composite metal compound. Independent targets 
formed of at least two different metals are Sputtered So as to 
form on a Substrate an ultra-thin film of a composite metal 
or an incompletely-reacted composite metal. The ultra-thin 
film is irradiated with the electrically neutral, activated 
Species of a reactive gas So as to convert the composite metal 
or the incompletely-reacted composite metal to a composite 
metal compound through the reaction of the ultra-thin film 
with the activated Species of the reactive gas. The formation 
of the ultra-thin film and the conversion to the composite 
metal compound are Sequentially repeated So as to form on 
the Substrate a thin film of the composite metal compound 
having a desired thickness. 
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METHOD FOR FORMING ATHIN FILM OF A 
COMPOSITE METAL COMPOUND AND 

APPARATUS FOR CARRYING OUT THE METHOD 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates to a method for 
forming a thin film of a composite metal compound and an 
apparatus for carrying out the method. More particularly, the 
invention relates to a method for forming through Sputtering 
a thin film of a composite metal compound on a Substrate in 
a stable manner and at a high rate of deposition and to an 
apparatus for carrying out the method. 
0003 2. Description of the Related Art 
0004 Conventionally, when optical thin films for various 
groups of products are formed through use of only existing 
Vapor deposition materials, Satisfactory performances as 
required by the products are very difficult to obtain. That is, 
designing optical thin films through use of mere Substances 
existing in the natural world has proved difficult in terms of 
attaining optical spectral characteristics as required by a 
certain group of products. 
0005 For example, configuration of wide-band antire 
flection films requires materials having an intermediate 
refractive index (between 1.46 and 2.20), which materials 
rarely exist in the natural world. 
0006 Generally, in order to decrease the reflectance of, 
for example, glass, over the entire wavelength range of 
Visible light, glass must be coated with a vapor deposition 
material having a refractive index of 1.46-2.20, called an 
intermediate refractive index. Materials having an interme 
diate refractive indeX are limited, and the refractive indeX 
cannot be Selected as desired. Accordingly, the following 
techniques are known as alternative techniques for obtaining 
an intermediate refractive index of the above-mentioned 
range. 

0007 (1) A low-refraction material (e.g. SiO (refractive 
index: 1.46)) and a high-refraction material (e.g. TiO2 
(refractive index: 2.35)) are concurrently evaporated from 
respective evaporation Sources, and an intermediate refrac 
tive index (1.46-2.40) is obtained by virtue of their mixing 
ratio; (2) a low-refraction material and a high-refraction 
material are concurrently evaporated from a single evapo 
ration Source in the form of a mixture, and an intermediate 
refractive index is obtained by virtue of their mixing ratio; 
(3) an intermediate refractive index is equivalently obtained 
through the combination of a low-refraction material and a 
high-refraction material (called the equivalent film tech 
nique); and (4) a composite target material is used in 
Sputtering. 

0008 However, the above-mentioned techniques involve 
the following disadvantages. 

0009. In the above-mentioned technique (1), wherein a 
low-refraction material (e.g. SiO (refractive index: 1.46)) 
and a high-refraction material (e.g. TiO2 (refractive index: 
2.35)) are concurrently evaporated from respective evapo 
ration Sources and an intermediate refractive index (1.46 
2.40) is obtained by virtue of their mixing ratio, the stable 
deposition of a film through the Simultaneous control of the 
rates of deposition from the two evaporation Sources is 

Aug. 23, 2001 

difficult to achieve, and thus a desired refractive indeX is 
difficult to obtain with good reproducibility. 
0010. In the above-mentioned technique (2), wherein a 
low-refraction material and a high-refraction material are 
concurrently evaporated from a Single evaporation Source in 
the form of a mixture and an intermediate refractive indeX is 
obtained by Virtue of their mixing ratio, when evaporation 
continues for a long period of time, the refractive index 
changes due to differences in melting point and vapor 
preSSure between the low-refraction material and the high 
refraction material. As a result, a desired refractive indeX is 
difficult to obtain stably. 
0011. In the above-mentioned technique (3), wherein an 
intermediate refractive indeX is obtained through use of an 
equivalent film formed from combined use of low-refraction 
and high-refraction materials, a given refractive indeX 
requires the formation of a very thin layer; thus, the control 
of film thickness becomes difficult and complicated. 
0012. As mentioned above, the conventional techniques 
fail to concurrently implement a high, Stable deposition rate, 
a wide range of refractive indeX variation, and a simple 
control System. 

SUMMARY OF THE INVENTION 

0013 An object of the present invention is to provide a 
method for forming a thin film of a composite metal com 
pound capable of controlling the refractive index of a thin 
film as desired, forming an ultra-thin film while Subjecting 
the ultra-thin film to oxidation, nitriding, fluorination, or a 
like reaction, and forming on a Substrate a thin film of a 
metallic compound having Stable optical characteristics, 
dynamic characteristics, and like characteristics without 
increasing the Substrate temperature and at a high rate of 
deposition as well as to provide an apparatus for carrying out 
the same. 

0014) Another object of the present invention is to pro 
vide a method for forming a thin film of a composite metal 
compound capable of obtaining a wide range of refractive 
index variation through use of a simple control System and 
to provide an apparatus for carrying out the Same. 
0015 The above objects are achieved by the method and 
apparatus according to the present invention. Herein, the 
expression “ultra-thin film' is used to discriminate a final 
thin film from a plurality of ultra-thin films which are 
deposited to become the final thin film, and denotes that each 
of the ultra-thin films is substantially thinner than the final 
thin film. The expression “activated species” refer to radi 
cals, radicals in an excited State, atoms in an excited State, 
molecules in an excited State, and the like. A “radical” refers 
to an atom or molecule having at least one unpaired electron. 
An "excited State' denotes the State in which the energy 
level is higher as compared to the Stable ground State having 
the lowest energy. 
0016. The aspects of the present invention will next be 
described in detail. 

0017 First Aspect: 
0018. According to a first aspect of the present invention, 
there is provided a method for forming a thin film of a 
composite metal compound in which first, independent 
targets formed of at least two different metals are Sputtered 
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So as to form on a Substrate an ultra-thin film of a composite 
metal or an incompletely-reacted composite metal. For 
example, one of two targets is formed of Si, while the other 
target is formed of Ta. 
0019. Next, the thus-formed ultra-thin film (e.g. Si-Ta) 
on the Substrate is irradiated with the electrically neutral, 
activated Species of a reactive gas (e.g. activated Species of 
oxygen gas) So as to convert the composite metal or the 
incompletely-reacted composite metal to a composite metal 
compound (e.g. a composite of SiO, and Ta-O.) through 
reaction of the ultra-thin film with the activated species of 
the reactive gas. The above-mentioned Steps of forming an 
ultra-thin film and converting the ultra-thin film to a com 
posite metal compound are Sequentially repeated So as to 
form on a Substrate a thin film of a composite metal 
compound having a desired thickness. 
0020. In a reactive film deposition step in which a com 
posite metal compound is obtained from a composite metal 
or an incompletely-reacted composite metal, activated Spe 
cies are used for the following reason. For the chemical 
reaction in the film deposition Step, chemically active, 
electrically neutral, activated Species, Such as radicals and 
excited Species, are more decisively important than are 
charged particles, Such as ions and electrons. 
0021 Activated species are generated through use of a 
plasma Source for generating high-density plasma connected 
to a radio-frequency power Source. Specifically, the plasma 
Source is an inductively-coupled or capacitively-coupled 
plasma Source or a helicon wave plasma Source having an 
external or internal coil. As to the capacitively-coupled 
plasma Source, it has an external or internal coil as the case 
may be. In order to obtain high-density plasma, a magnetic 
field of 20-300 gauSS is generated in a plasma generation 
unit. 

0022. A voltage (usually a negative voltage) applied to 
each of the targets is inverted at 1-200 kHz intervals to a 
positive voltage ranging between +50 V and +200 V to 
thereby neutralize, with electrons in plasma, positive 
charges which accumulate in a compound to be formed on 
the Surface, particularly an uneroded portion thereof, of each 
of the targets. Thus, through the temporary inversion to a 
positive Voltage from a negative Voltage, the positive 
charged State on the Surfaces-of the targets is neutralized, So 
that the Voltage of the targets can be held at a normal level. 
0023 FIGS. 4 to 6 show the relationship between electric 
power and optical characteristics, Such as refractive index, 
absorption, heterogeneity, etc., for TaSiO, films. In FIGS. 
4 to 6, optical constants are calculated based on data 
regarding the Spectral characteristics of a Single-layer film. 
As shown in FIG.4, the refractive indices of TaSiO, films 
vary with the ratio of the power applied to one guide to the 
power applied to the other guide. 
0024. As seen from FIG. 4, as the applied power ratio 
between the Si cathode and the Ta cathode increases, the 
refractive indeX decreases. Since the vapor deposition rate is 
fixed at 40 nm/min, the illustrated relationship between the 
refractive indeX and the applied power ratio holds. AS a 
result, the minimum and maximum refractive indices at a 
wavelength of 550 nm are found 1.463 and 2.182, respec 
tively. AS the applied power ratio increases, the refractive 
index at a wavelength of 550 nm increases from 1.463 to 
2.182. Also, the refractive index can be decreased from 
2.182 to 1.463. 
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0025. In deposition of a thin film of a composite metal 
compound having a desired thickneSS on a Substrate as 
described above, when two metals are respectively Sputtered 
through, for example, magnetron Sputtering, any refractive 
indeX within the range between the refractive indeX intrinsic 
to one metal compound and the refractive indeX intrinsic to 
the other metal compound (e.g. the range between 1.46 and 
2.25, wherein 1.46 is the refractive index of SiO, an Si 
compound, and 2.25 is the refractive index of Ta-O, a Ta 
compound) can be imparted to the thin film through appro 
priate control of the power applied to the magnetron Sput 
tering targets. 
0026. The film deposition process will next be described 
with reference to FIG. 3, which illustrates the process of 
forming a thin film of a composite metal compound on a 
Substrate. 

0027 First, a substrate is placed in the position of a first 
metal target. The first metal target is Sputtered So as to form 
a very thin metallic film (ultra-thin film) on the substrate. 
Then, the Substrate is moved to the position of a Second 
metal target. The Second metal target is Sputtered So as to 
form a very thin metallic film (ultra-thin film) on the 
Substrate. As shown in FIG. 3, the first and second metals 
are homogeneously deposited on the Substrate to form an 
ultra-thin film. That is, an ultra-thin film of a composite 
metal or an incompletely-reacted composite metal is formed 
on the Substrate. 

0028. The thus-formed ultra-thin film is finally irradiated 
with the electrically neutral, activated species of a reactive 
gas So as to convert the composite metal or the incompletely 
reacted composite metal to a composite metal compound 
through the reaction of the ultra-thin film with the activated 
Species of the reactive gas. Specifically, the ultra-thin film is 
oxidized in the position of a radical Source. The Step of 
forming the ultra-thin film and the Step of conversion to the 
composite metal compound are Sequentially repeated So as 
to form on the Substrate a thin film of the composite metal 
compound having a desired thickness. 
0029. In the present aspect, a substrate may be transferred 
or fixed So long as the Step of forming an ultra-thin film and 
the Step of conversion to a composite metal compound are 
Sequentially repeated So as to form on the Substrate a thin 
film of the composite metal compound having a desired 
thickness. 

0030 Second Aspect: 
0031. According to a second aspect of the present inven 
tion, there is provided an apparatus for forming a thin film 
of a composite metal compound, comprising a vacuum 
chamber, film deposition process chambers, a reaction pro 
cess chamber, and separation means (e.g. shield plates). In 
the film deposition process chambers, a working gas (e.g. 
argon gas) is introduced thereinto, and independent targets 
formed of at least two different metals (e.g. Si and Ta in the 
case of two different metals) are Sputtered So as to form on 
a Substrate an ultra-thin film of a composite metal or an 
incompletely-reacted composite metal. 

0032. In the reaction process chamber, the ultra-thin film 
(e.g. Si and Ta) formed in the film deposition process 
chambers is irradiated with the electrically neutral, activated 
Species of a reactive gas (e.g. the activated species of 
oxygen) So as to convert the composite metal or the incom 
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pletely-reacted composite metal to a composite metal com 
pound (e.g. SiO2 and Ta-O.) through the reaction of the 
ultra-thin film with the activated Species of the reactive gas. 
The Separation means is adapted to Separate the reaction 
proceSS chamber from the film deposition proceSS chambers 
in terms of Space and pressure by means of the Shield plates. 
0033. The shield plates serving as the separation means 
define within the vacuum chamber Separate SpaceS which 
Serve as the reaction process chamber and the film deposi 
tion process chambers. That is, the thus-defined spaces 
within the vacuum chamber are not completely Separated 
from each other, but maintain a Substantially independent 
State So as to Serve as the reaction process chamber and film 
deposition proceSS chambers which can be controlled inde 
pendently of each other. Thus, the reaction process chamber 
and the film deposition process chambers are configured to 
be least influential to each other So that optimum conditions 
can be established in each of the chambers. 

0034. Thus, the separation means prevents the reactive 
gas (e.g. the activated species of oxygen) from mixing with 
the working gas (e.g. argon gas) in the film deposition 
proceSS chambers So that there can be sequentially repeated 
a stable film deposition process and a reaction process to 
thereby form on a Substrate a thin film of a composite metal 
compound having a desired thickness. 
0.035 AS in the case of the first aspect, the activated 
Species of a reactive gas used in the reaction proceSS 
chamber are electrically neutral radicals (atoms or molecules 
having at least one unpaired electron, or atoms or molecules 
in an excited State). Also, in the present aspect, a magnetron 
Sputtering device may serve as a thin film deposition device. 
0.036 Activated species are generated by means of: a 
radio-frequency discharge chamber comprising a quartz 
tube, around which a radio-frequency coil is wound; a 
radio-frequency power Source for applying power to the 
radio-frequency coil via a matching box, reaction gas feed 
means for introducing a reactive gas from a gas cylinder into 
the radio-frequency discharge chamber via a mass flow 
controller; an external or internal coil for generating a 
magnetic field of 20-300 gauss within the radio-frequency 
discharge chamber; and a multi-aperture grid, a multi-slit 
grid, or a like grid disposed between the radio-frequency 
discharge chamber and the reaction proceSS chamber. 
0037. A multi-aperture grid is formed of a metal or an 
insulator in which are formed a number of apertures having 
a diameter of 0.1-3mm, and is cooled. A multi-slit grid is 
formed of a metal or an insulator in which are formed a 
number of slits having a width of 0.1-1mm, and is cooled. 
0.038 Preferably, a cooling measure, such as a water 
cooling measure, is provided for the multi-aperture grid or 
multi-slit grid. The cooling measure may employ a known 
technique. Such a grid causes ions and electrons in plasma 
to mutually exchange charges on the Surface of the grid to 
thereby introduce into the reaction process chamber only 
activated Species which are reactive and are not charged, i.e. 
which are electrically neutral. 
0039. As in the case of the first aspect, a voltage (usually 
a negative voltage) applied to each of the targets is inverted 
at 1-200 kHz intervals to a positive Voltage ranging between 
+50 V and +200 V to thereby neutralize, with electrons in 
plasma, positive charges which accumulate in a compound 
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to be formed on the Surface, particularly an uneroded portion 
thereof, of each of the targets. 
0040. Third Aspect: 
0041 According to a third aspect of the present inven 
tion, there is provided a method for forming a thin film of a 
composite metal compound in which a thin film of a 
composite metal compound having a desired thickness is 
formed on a Substrate in a manner Similar to that of the first 
aspect and in which there is imparted to the thin film any 
refractive indeX within the range between the optical refrac 
tive indeX intrinsic to a constituent metal compound of the 
thin film and the optical refractive indeX intrinsic to another 
constituent metal compound of the thin film. 
0042. That is, the present aspects is characterized in that 
there is imparted to the thin film any refractive index within 
the range between the optical refractive indeX intrinsic to a 
constituent metal compound of a thin film of a composite 
metal compound and the optical refractive indeX intrinsic to 
another constituent metal compound of the thin film. 
0043. As described in the section of the first aspect with 
reference to FIG. 3, Si serving as a first metal and Ta serving 
as a Second metal, for example, are Sputtered, and the 
aforementioned film deposition process is repeated to form 
a composite oxide film. 
0044) Through the control of the magnitude of power 
applied to the first metal target and that of power applied to 
the Second metal target, the refractive index of a thin film 
can be varied. For example, as shown in FIG. 4, the 
refractive index of a thin film varies with the ratio between 
the power applied to Si Serving as the first metal and the 
power applied to Ta Serving as the Second metal. Accord 
ingly, through the continuous variation of the power applied 
to the two targets according to a predetermined rule, a 
refractively gradient film can be formed. 
0045 AS in the case of the preceding aspects, the elec 
trically neutral, activated Species of a reactive gas are 
radicals (atoms or molecules having at least one unpaired 
electron, or atoms or molecules in an excited State). Also, the 
above-mentioned Sputtering may be magnetron Sputtering. 
Further, a voltage (usually a negative voltage) applied to 
each of the targets is inverted at 1-200 kHz intervals to a 
positive voltage ranging between +50 V and +200 V to 
thereby neutralize, with electrons in plasma, positive 
charges which accumulate in a compound to be formed on 
the Surface, particularly an uneroded portion thereof, of each 
of the targets. 
0046) Fourth Aspect: 
0047 According to a fourth aspect of the present inven 
tion, there is provided an apparatus for forming a thin film 
of a composite metal compound, comprising the features of 
the Second aspect and transfer means for Sequentially and 
repeatedly transferring a Substrate between thin film depo 
Sition portions for forming a thin film through Sputtering, 
which thin film deposition portions correspond to the afore 
mentioned film deposition proceSS chambers, and an expo 
Sure-to-radicals portion for exposing a thin film to radicals 
of a reactive gas emitted from a radical Source, which 
exposure-to-radicals portion corresponds to the aforemen 
tioned reaction process chamber. A thin film of a composite 
metal compound is formed on the Substrate through the 
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Sequentially repeated transfer of the Substrate between the 
thin film deposition portions and the exposure-to-radicals 
portion. Also, there is imparted to the thin film any refractive 
indeX within the range between the optical refractive indeX 
intrinsic to a constituent metal compound of a thin film of a 
composite metal compound and the optical refractive indeX 
intrinsic to another constituent metal compound of the thin 
film. 

0.048. According to the present aspect, a substrate is held 
by an electrically-insulated Substrate holder So as to prevent 
the occurrence of an unusual discharge on the Substrate. AS 
in the case of the preceding aspects, the activated Species of 
a reactive gas used in the reaction process chamber are 
electrically neutral radicals (atoms or molecules having at 
least one unpaired electron, or atoms or molecules in an 
excited State); a magnetron Sputtering device serves as a film 
deposition device; and a negative Voltage applied to each of 
the targets is inverted at 1-200 kHz intervals to a positive 
voltage ranging between +50 V and +200 V to thereby 
neutralize, with electrons in plasma, positive charges which 
accumulate in a compound to be formed on the Surface, 
particularly an uneroded portion thereof, of each of the 
targets. Also, a mechanism of the generation of the activated 
Species, a grid, and shield means are similar to those of the 
preceding aspects. 

0049. Fifth Aspect: 

0050. According to a fifth aspect of the present invention, 
a thin film of a composite metal compound is formed on a 
Substrate in a manner Similar to that of the first aspect, and 
any optical characteristics are imparted to the thin film 
through the continuous variation of the refractive index of 
the thin film in the direction of the thickness of the thin film 
within the range between the optical refractive indeX intrin 
sic to a constituent metal compound of the thin film and the 
optical refractive indeX intrinsic to another constituent metal 
compound of the thin film. 

0051 Next will be described, as examples, a 3-layer 
antireflection film having an intermediate-refractive-indeX 
layer and a 2-layer antireflection film having a refractively 
gradient layer. Their film configurations are, for example, as 
follows: 

0.052 (1) substrate/M()/4)/2H(0/2)/LO/4)/air; and 
0053 (2) substrate/G/L()/4)/air (G: refractively gradi 
ent layer). 

0054. In this case, the refractive index of the intermedi 
ate-refractive-indeX layer M is represented by n=n Vn, 
where n is the refractive index of the intermediate-refrac 
tive-index layer M, n is the refractive index of the low 
refractive-indeX layer, and n is the refractive index of the 
Substrate. The 2-layer antireflection film is designed based 
on the conventional 2-layer antireflection design called 
w-coat; specifically substrate/2H(0/2)/L(0/4)/air. FIG. 7 
shows the calculated and measured Spectral curves of the 
3-layer and 2-layer antireflection films. As seen from FIG. 
7, the calculated values and the measured values are in good 
coincidence. In the case of the 2-layer antireflection film, the 
high-refractive-indeX layer of the conventional w-coat is 
replaced by a refractively gradient layer, thereby expanding 
the range of antireflection. 
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0055 As mentioned above, through the continuous varia 
tion of the refractive index of a thin film in the direction of 
the thickness of the thin film, any optical characteristics can 
be imparted to the thin film. 
0056. In the above-described aspects, two sputterers are 
used for Sputtering two kinds of metals. However, three or 
more Sputterers may be used. Such a configuration is fea 
Sible because the film deposition proceSS chambers and the 
reaction proceSS chamber are Separated from each other by 
the Shield means and can be controlled independently. 
0057 Thus, the present invention yields the following 
advantages: the refractive indeX can be controlled to any 
value within the range between the respective refractive 
indices intrinsic to a plurality of metals to be Sputtered; an 
ultra-thin film can be formed while the ultra-thin film is 
undergoing oxidation, nitriding, fluorination, or a like reac 
tion; and a thin film of a metallic compound having Stable 
optical characteristics, dynamic characteristics, and like 
characteristics can be formed on a Substrate without increas 
ing the Substrate temperature and at a high rate of deposition. 
Also, a wide range of refractive index variation can be 
obtained through use of a simple control System. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0058 FIG. 1 is a schematic view showing an apparatus 
for forming a thin film; 
0059 FIG. 2 is a schematic side view as viewed along 
the line A-B-C of FIG. 1; 
0060 FIG. 3 is an explanatory view showing the process 
of forming a thin film of a composite metal compound on a 
Substrate; 
0061 FIG. 4 is a graph showing the relation between 
power ratio and refractive index; 
0062 FIG. 5 is a graph showing the relation between 
extinction coefficient and refractive index; 
0063 FIG. 6 is a graph showing the relation between 
heterogeneity and refractive indeX for a plurality of thin 
films, and 

0064 FIG. 7 is a graph showing the relation between 
reflectance and wavelength for comparison between calcu 
lated values and experimental values. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0065. An apparatus S for forming a thin film according to 
an embodiment of the present invention includes a vacuum 
chamber 11, a film deposition process chambers 20 and 40, 
a reaction process chamber 60, shield plates 31, 51, and 75 
(which serve as separation means or shield means), a Sub 
strate holder 13 and drive means thereof (which serve as 
transfer means), and means for generating activated Species. 
0066. The vacuum chamber 11 is formed of a closed 
hollow container having any shape. The Substantially cylin 
drical substrate holder 13 is disposed at the center of the 
Vacuum chamber 11 in a manner rotatable at a predeter 
mined speed. The film deposition process chambers 20 and 
40 and the reaction process chamber 60 are disposed around 
the Substrate holder 13 and within the vacuum chamber 11. 
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0067. The film deposition process chambers 20 and 40 
are enclosed with the shield plates 31 and 51, respectively, 
independently of each other, and have at least two Sputterers. 

0068 The film deposition process chambers 20 and 40 
are disposed opposite to each other with respect to the 
substrate holder 13. The film deposition process chambers 
20 and 40 are defined by the shield plates 31 and 51, 
respectively. 

0069. The shield plates 31, 51, and 75 define separate 
SpaceS which Serve as the film deposition process chambers 
20 and 40 and the reaction process chamber 60 (which will 
be described later), respectively, in a vacuum atmosphere 
established within the vacuum chamber 11. The thus-defined 
Spaces are not completely Separated from each other, but are 
Substantially independent of each other and Serve as the film 
deposition process chambers 20 and 40 and the reaction 
process chamber 60, which are independently controllable. 
0070 Accordingly, the film deposition process chambers 
20 and 40 and the reaction process chamber 60 are config 
ured to be least influential to each other So that optimum 
conditions can be established in each of the chambers 20, 40, 
and 60. Preferably, the pressure of the film deposition 
process chambers 20 and 40 is set higher than that of the 
reaction process chamber 60. 
0071. Such pressure Setting prevents a reactive gas (e.g. 
oxygen gas) in the reaction process chamber 60 from 
entering the film deposition process chambers 20 and 40. 
Thus, there can be prevented the occurrence of an unusual 
discharge which would otherwise result due to the formation 
of a metallic compound on the surfaces of targets 29 and 49. 
For example, the pressure (the degree of vacuum) of the film 
deposition process chambers 20 and 40 is preferably 0.8- 
10x10-Torr, and the pressure (the degree of vacuum) of the 
reaction process chamber 60 is preferably 0.5-8x10, Torr, 
thereby establishing the condition that the pressure of the 
film deposition process chambers 20 and 40 is greater than 
that of the reaction process chamber 60. 
0.072 The film deposition process chambers 20 and 40 
have Sputtering electrodes 21 and 41, respectively. Spaces in 
front of the Sputtering electrodes 21 and 41 serve as Sput 
tering film deposition portions. 

0073. The film deposition process chambers 20 and 40 
are connected to Sputtering gas cylinderS 27 and 47 via mass 
flow controllers 25 and 45, respectively. A Sputtering gas, 
such as argon, is introduced from the cylinders 27 and 47 
into the film deposition process chambers 20 and 40, respec 
tively, to thereby establish a regulated Sputtering atmosphere 
within the film deposition process chambers 20 and 40. 
Through the application of power from Sputtering power 
Sources 23 and 43, Sputtering is performed. In the present 
embodiment, a low-refraction material is used as the target 
29. Examples of such a low-refraction material include Si. 
Also, a high-refraction material is used as the target 49. 
Examples of Such a high-refraction material include Ti, Zr, 
Ta, and Nb. 

0.074 The reaction process chamber 60 includes an acti 
Vated-species generator 61, which Serves as a radical Source, 
for generating the activated Species of a reactive gas and a 
grid 62. The grid 62 may be a multi-aperture grid or a 
multi-slit grid. 
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0075. The activated-species generator 61 may be an 
inductively-coupled type, a capacitively-coupled type, or a 
inductively, capacitively-coupled type and has an external or 
internal electrodes. AS to a capacitively-coupled type, it has 
an external or internal electrodes as the case may be. 
0076. The activated-species generator 61 includes a 
radio-frequency (RF) discharge chamber 63 formed of a 
quartz tube and a radio-frequency (RF) coil wound on the 
RF discharge chamber 63. A radio-frequency (RF) power 
source 69 applies power (a high-frequency power of 100 
kHz to 50 MHz) to the RF coil 65 via a matching box 67. 
At the Same time, a reactive gas, Such as Oxygen gas, is 
introduced from a reactive gas cylinder 73 into the RF 
discharge chamber 63 via a mass flow controller 71. As a 
result, the plasma of the reactive gas is generated. Examples 
of Such a reactive gas include oxidizing gases Such as 
OXygen and OZone, nitriding gases Such as nitrogen, carbon 
ating gases Such as methane, and fluorinating gases Such as 
CF. 
0077. In order to obtain a high-density plasma, a mag 
netic field of 20-300 gauss is generated within the quartz 
tube through use of the external coil 80 or the internal coil 
81. The grid 62 disposed at the connecting portion between 
the quartz tube and the vacuum chamber 11 is adapted to 
release only activated Species into the reaction process 
chamber 60. 

0078. The multi-aperture grid serving as the grid 62 is 
formed of a metal or an insulator in which are formed a 
number of apertures having a diameter of 0.1-3mm, and is 
cooled. The multi-slit grid Serving as the grid 62 is formed 
of a metal or an insulator in which are formed a number of 
Slits having a width of 0.1-1mm, and is cooled. 
0079 Through use of the grid 62, there are selectively 
introduced into the reaction process chamber 60 the acti 
Vated Species of a reactive gas, i.e. radicals, radicals in an 
excited State, atoms in an excited State, and molecules in an 
excited State, while charged particles Such as electrons and 
ions cannot pass through the grid 62 and thus cannot enter 
the reaction process chamber 60. Accordingly, in the reac 
tion process chamber 60, a metallic ultra-thin film is not 
exposed to the above-mentioned charged particles, but is 
exposed only to electrically neutral activated Species of a 
reaction gas and reacts with the activated Species to thereby 
be converted from a metallic thin film of Si and Ta or the like 
to a thin film of a composite metal compound (SiO2 and 
TaO) 
0080. The transfer means of the present embodiment is 
adapted to Sequentially and repeatedly transfer a Substrate 
between thin film deposition portions for forming a thin film 
through Sputtering, which thin film deposition portions 
correspond to the film deposition process chambers 20 and 
40, and an exposure-to-radicals portion for exposing a thin 
film to radicals of a reactive gas emitted from a radical 
Source, which exposure-to-radicals portion corresponds to 
the reaction process chamber 60. 

0081. The transfer means of the present embodiment will 
now be described specifically. As shown in FIGS. 1 and 2, 
the substantially cylindrical substrate holder 13 serving as 
the transfer means is disposed at the center of the vacuum 
chamber 11 in a manner rotatable at a predetermined Speed. 
The substrate holder 13 is rotatably supported by unillus 
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trated bearing portions in the vacuum chamber 11. The 
bearing portions may be formed inside or outside the 
vacuum chamber 11. The Substrate holder 13 is connected to 
the output shaft of a rotational drive 17 (motor) and rotated 
by the rotating output Shaft. 
0082 The rotational drive 17 is configured such that the 
rotational Speed thereof can be controlled. A Substrate (not 
shown) is mounted on the substrate holder 13 and trans 
ferred Sequentially and repeatedly between the thin film 
deposition portions for forming a thin film through Sputter 
ing in the film deposition process chambers 20 and 40 and 
the exposure-to-radicals portion for exposing a thin film to 
radicals of a reactive gas emitted from the radical Source in 
the reaction process chamber 60. 

EXAMPLES 

0.083 Sputtering conditions and conditions for generating 
the activated Species of a reactive gas are as follows: 
0084 (1) Sputtering conditions (Si) 

0085. Applied power: 0-2.8 kW 
0086) 
0087 
0088) 
0089) 

0090 (2) Sputtering Conditions (Ta) 
0091) Applied power: 0-1.5 kW 
0092) 
0093) 
0094) 
O095 

0096 (3) Conditions for Generating Radicals of Reactive 
Gas (O) 

0097. Applied power: 2.0 kW 
0.098 Oxygen flux: 60 sccm 

0099. In order to describe the present invention, there 
will next be described, by way of example, the case where 
a thin film of a composite metal compound of SiO, and 
TaO, is deposited under the above sputtering conditions and 
conditions for generating the activated Species of a reactive 
gaS. 

Substrate temperature: room temperature 
Argon flux: 300 sccm 
Rotational speed of Substrate holder: 100 rpm 
Thickness of ultra-thin film: 2-6 angstroms 

Substrate temperature: room temperature 
Argon flux: 200 sccm 
Rotational speed of Substrate holder: 100 rpm 
Thickness of ultra-thin film: 1-4 angstroms 

0100 Silicon (Si) is sputtered in the steps of: fixing 
Silicon Serving as the target 29 in place; introducing argon 
gas into the film deposition process chamber 20 from the 
Sputtering gas cylinder 27; and applying power to the target 
29 from the sputtering power source 23. Tantalum (Ta) is 
Sputtered in the Steps of fixing tantalum Serving as the target 
29 in place, introducing argon gas into the film deposition 
proceSS chamber 40 from the Sputtering gas cylinder 47; and 
applying power to the target 29 from the Sputtering power 
Source 43. 

0101. A refractive index to be obtained depends on the 
ratio between the power applied to one magnetron Sputtering 
target and the power applied to the other magnetron Sput 
tering target in FIG. 3. Oxygen gas is introduced into the 
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activated-species generator 61 from the reactive gas cylinder 
73, and the activated-species generator 61 is activated, 
thereby generating the activated Species of oxygen gas 
(oxygen atoms). 
0102) As the Substrate holder 13 carrying a substrate is 
rotated by the rotational drive 17 (motor), an Si ultra-thin 
film is deposited on the substrate when the substrate is 
located in front of the Sputtering electrode 21 (the Sputtering 
thin-film deposition portion) in the film deposition process 
chamber 20. Next, a Ta ultra-thin film is deposited on the 
Substrate when the Substrate is located in front of the 
Sputtering electrode 41 (the Sputtering thin-film deposition 
portion) in the film deposition process chamber 40. The 
thus-formed thin film of the composite metal is oxidized by 
the activated Species of oxygen gas when the SubStrate is 
located in front of the grid 62 (the exposure-to-radicals 
portion) in the reaction process chamber 60. As a result, the 
thin film of the composite metal is converted to a thin film 
of a composite metal compound of SiO2 and Ta-O. 
0103) The Substrate holder 13 carrying the substrate is 
rotated So as to repeat the deposition of an ultra-thin film of 
Si and Ta and the conversion of the ultra-thin film of Si and 
Ta to a thin film of a composite compound of SiO2 and 
TaO, until a thin film of a composite compound of SiO, and 
Ta2O having a desired thickneSS is obtained. 
0104 Spaces in front of the Sputtering electrodes 21 and 
41 are enclosed by the shield plates 31 and 51, respectively, 
and a Space in front of the grid 62 is enclosed by the shield 
plates 75. A sputtering gas is introduced into the correspond 
ing enclosed Spaces from the Sputtering gas cylinderS27 and 
47, and a reaction gas is introduced into the corresponding 
enclosed space from the reaction gas cylinder 73. The 
thus-introduced gases are evacuated into an evacuation 
System by a vacuum pump 15. Accordingly, the Sputtering 
gas does not enter the Space enclosed by the Shield plates 75, 
or the reactive gas does not enter the Spaces enclosed by the 
shield plates 31 and 51. 
0105. Also, discharge associated with magnetron sputter 
ing and discharge associated with the generation of the 
activated Species of a reaction gas can be controlled inde 
pendently of each other to thereby have no effect on each 
other, and thus are performed Stably, thereby avoiding the 
occurrence of an unexpected accident and providing a high 
reliability. Further, Since the activated-species generator 61 
is configured not to expose a Substrate to plasma, the 
Substrate is free from various damageS which would other 
wise result due to charged particles. Also, the Substrate 
temperature can be controlled to 100° C. or lower to thereby 
avoid an unfavorable temperature rise. In the case of a 
plastic Substrate, Since the Substrate temperature does not 
exceed 100 C., a glass transition point is not exceeded 
during Sputtering. Thus, the plastic Substrate does not Suffer 
deformation or like damage. 
0106 The above-mentioned phenomena will now be 
described with reference to FIGS. 4 to 7. FIGS. 4 to 7 show 
the relation among power and optical characteristics, Such as 
refractive index, extinction coefficient, and heterogeneity, of 
TaSiO, Optical constants are calculated based on data 
regarding the Spectral characteristics of a Single-layer film. 
As shown in FIG. 4, the refractive indices of TaSiO, films 
vary with the ratio of the power applied to one guide to the 
power applied to the other guide. AS Seen from FIG. 4, as 
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the applied power ratio between the Si cathode and the Ta 
cathode increases, the refractive indeX decreases. 
0107 Since the vapor deposition rate is fixed at 40 
nm/min, the illustrated relationship between the refractive 
indeX and the applied power ratio holds. As a result, the 
minimum and maximum refractive indices at a wavelength 
of 550 nm are found 1.463 and 2.182, respectively. As the 
applied power ratio increases, the refractive indeX at a 
wavelength of 550 nm increases from 1.463 to 2.182. Also, 
the refractive index can be decreased from 2.182 to 1.463. 

0108 FIG. 5 shows the relation between extinction coef 
ficient and refractive index, and FIG. 6 shows the relation 
between heterogeneity and refractive indeX for a plurality of 
thin films. As shown in FIG. 5, the extinction coefficients of 
thin films having a refractive index of 1.463 to 2.00 at a 
wavelength of 550 nm are smaller than 5x10". The extinc 
tion coefficients of thin films having a refractive index of 
2.00 to 2.182 are smaller than 1x10. As seen from FIG. 6, 
the thin films show a very small heterogeneity. Thin films 
having a refractive indeX not higher than 2.00 are negatively 
heterogeneous. Thin films having a refractive indeX higher 
than 2.00 are positively heterogeneous. 
0109 Based on the above findings, a 3-layer antireflec 
tion film having an intermediate-refractive-indeX layer and a 
2-layer antireflection film having a refractively gradient 
layer were designed and fabricated. The fabricated film 
configurations were as follows: 

0110 (1) substrate/M()/4)/2H(0/2)/LO/4)/air; and 
0111 (2) substrate/G/L(0/4)/air (G: refractively gradi 
ent layer). 

0112 The refractive index of the intermediate-refractive 
indeX layer M is represented by n=nvn, where n is the 
refractive index of the intermediate-refractive-indeX layer 
M, n is the refractive index of the low-refractive-index 
layer, and n is the refractive index of the Substrate. The 
2-layer antireflection film was designed based on the con 
ventional 2-layer antireflection design called w-coat, Spe 
cifically substrate/2H(0/2)/L(0/4)/air. FIG. 7 shows the cal 
culated and measured Spectral curves of the 3-layer and 
2-layer antireflection films. As seen from FIG. 7, the cal 
culated values and the measured values are in good coinci 
dence. In the case of the 2-layer antireflection film, the 
high-refractive-indeX layer of the conventional w-coat was 
replaced by a refractively gradient layer, thereby expanding 
the range of antireflection. 
0113. The present invention includes the following 
embodiments: 

0114. An apparatus for forming-a thin film of a com 
posite metal compound, wherein the multi-aperture 
grid is formed of a metal or an insulator in which are 
formed a number of apertures having a diameter of 
0.1-3mm, and is cooled. 

0115) An apparatus for forming a thin film of a com 
posite metal compound, wherein the multi-slit grid is 
formed of a metal or an insulator in which are formed 
a number of slits having a width of 0.1-1mm, and is 
cooled. 

0116. A method for forming a thin film of a composite 
metal compound comprising the Steps of: Sputtering at 
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least two independent different metals So as to form on 
a Substrate an ultra-thin film of a composite metal or an 
incompletely-reacted composite metal; and irradiating 
the ultra-thin film with the electrically neutral, acti 
Vated Species of a reactive gas So as to convert the 
composite metal or the incompletely-reacted composite 
metal to a composite metal compound through the 
reaction of the ultra-thin film with the activated species 
of the reactive gas, wherein the Step of forming the 
ultra-thin film and the Step of conversion to the com 
posite metal compound are Sequentially repeated So as 
to form on the Substrate a thin film of the composite 
metal compound having a desired thickness, and 
wherein there is imparted to the thin film any refractive 
indeX within the range between the optical refractive 
indeX intrinsic to a constituent metal compound of the 
thin film and the optical refractive index intrinsic to 
another constituent metal compound of the thin film 
through the continuous variation of the refractive index 
of the thin film in the direction of the thickness of the 
thin film. 

What is claimed is: 
1. A method for forming a thin film of a composite metal 

compound comprising the Steps of: 
Sputtering independent targets formed of at least two 

different metals So as to form on a Substrate an ultra 
thin film of a composite metal or an incompletely 
reacted composite metal; 

irradiating the ultra-thin film with the electrically neutral, 
activated Species of a reactive gas So as to convert the 
composite metal or the incompletely-reacted composite 
metal to a composite metal compound through the 
reaction of the ultra-thin film with the activated species 
of the reactive gas, 

Sequentially repeating the Step of forming the ultra-thin 
film and the Step of conversion to the composite metal 
compound So as to form on the Substrate a thin film of 
the composite metal compound having a desired thick 
CSS. 

2. A method for forming a thin film of a composite metal 
compound according to claim 1, wherein the electrically 
neutral, activated Species of the reactive gas are radicals 
Selected from the group consisting of atoms having at least 
one unpaired electron, molecules having at least one 
unpaired electron, atoms in an excited State, and molecules 
in an excited State. 

3. A method for forming a thin film of a composite metal 
compound according to claim 1, wherein Sputtering is mag 
netron Sputtering. 

4. A method for forming a thin film of a composite metal 
compound according to claim 1, wherein a negative Voltage 
applied to each of the targets is inverted at 1-200 kHz 
intervals to a positive Voltage ranging between +50 V and 
+200 V to thereby neutralize, with electrons in plasma, 
positive charges which accumulate in a compound to be 
formed on the Surface of each of the targets. 

5. An apparatus for forming a thin film of a composite 
metal compound, comprising: 

film deposition process chambers into which a working 
gas is introduced and in which independent targets 
formed of at least two different metals are Sputtered So 
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as to form on a Substrate an ultra-thin film of a 
composite metal or an incompletely-reacted composite 
metal; 

a reaction process chamber for irradiating the ultra-thin 
film formed in Said film deposition proceSS chambers 
with the electrically neutral, activated Species of a 
reactive gas So as to convert the composite metal or the 
incompletely-reacted composite metal to a composite 
metal compound through the reaction of the ultra-thin 
film with the activated Species of the reactive gas, and 

Separation means for Separating Said reaction proceSS 
chamber from Said film deposition proceSS chambers in 
terms of Space and preSSure by means of Shield plates, 

wherein Said Separation means prevents the reactive gas 
from mixing with the working gas in Said film depo 
Sition proceSS chambers So that there can be sequen 
tially repeated a Stable film deposition proceSS and a 
reaction process to thereby form on the Substrate a thin 
film of a composite metal compound having a desired 
thickness. 

6. An apparatus for forming a thin film of a composite 
metal compound according to claim 5, wherein the activated 
Species of the reactive gas used in Said reaction proceSS 
chamber are electrically neutral radicals Selected from the 
group consisting of atoms having at least one unpaired 
electron, molecules having at least one unpaired electron, 
atoms in an excited State, and molecules in an excited State. 

7. An apparatus for forming a thin film of a composite 
metal compound according to claim 5, wherein a magnetron 
Sputtering device Serves as a thin film deposition device. 

8. An apparatus for forming a thin film of a composite 
metal compound according to claim 5, wherein a negative 
Voltage applied to each of the targets is inverted at 1-200 
kHz intervals to a positive Voltage ranging between +50 V 
and +200 V to thereby neutralize, with electrons in plasma, 
positive charges which accumulate in a compound to be 
formed on the uneroded portion of each of the targets. 

9. An apparatus for forming a thin film of a composite 
metal compound according to claim 5, wherein the activated 
Species are generated by means of: 

a radio-frequency discharge chamber comprising a quartz 
tube and a radio-frequency coil wound onto the quartz 
tube; 

a radio-frequency power Source for applying power to the 
radio-frequency coil via a matching box; 

reaction gas feed means for introducing a reactive gas 
from a gas cylinder into the radio-frequency discharge 
chamber via a mass flow controller; 

an external or internal coil for generating a magnetic field 
of 20-300 gauss within the radio-frequency discharge 
chamber; and 

a multi-aperture grid or a multi-slit grid disposed between 
the radio-frequency discharge chamber and Said reac 
tion proceSS chamber. 

10. A method for forming a thin film of a composite metal 
compound comprising the Steps of: 

Sputtering independent targets formed of at least two 
different metals So as to form on a Substrate an ultra 
thin film of a composite metal or an incompletely 
reacted composite metal; 
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irradiating the ultra-thin film with the electrically neutral, 
activated Species of a reactive gas So as to convert the 
composite metal or the incompletely-reacted composite 
metal to a composite metal compound through the 
reaction of the ultra-thin film with the activated species 
of the reactive gas, and 

Sequentially repeating the Step of forming the ultra-thin 
film and the Step of conversion to the composite metal 
compound So as to form on the Substrate a thin film of 
the composite metal compound having a desired thick 
neSS, 

whereby the thin film is formed to have any refractive 
indeX within the range between the optical refractive 
indeX intrinsic to a constituent metal compound of the 
thin film and the optical refractive index intrinsic to 
another constituent metal compound of the thin film. 

11. A method for forming a thin film of a composite metal 
compound according to claim 10, wherein the electrically 
neutral, activated Species of the reactive gas are radicals 
Selected from the group consisting of atoms having at least 
one unpaired electron, molecules having at least one 
unpaired electron, atoms in an excited State, and molecules 
in an excited State. 

12. A method for forming a thin film of a composite metal 
compound according to claim 10, wherein a negative Volt 
age applied to each of the targets is inverted at 1-200 kHZ 
intervals to a positive Voltage ranging between +50 V and 
+200 V to thereby neutralize, with electrons in plasma, 
positive charges which accumulate in a compound to be 
formed on the Surface of each of the targets. 

13. An apparatus for forming a thin film of a composite 
metal compound, comprising: 

at least two film deposition process chambers, each being 
independently enclosed by Shield plates, 

a reaction proceSS chamber having a radical Source for 
generating the activated Species of a reactive gas, 

Shield means for shielding Said film deposition process 
chambers, 

Shield means for shielding Said reaction process chamber; 
a Substrate on which a thin film is formed; and 

transfer means for Sequentially and repeatedly transfer 
ring Said Substrate between thin film deposition por 
tions for forming a thin film on Said Substrate through 
Sputtering, which thin film deposition portions corre 
spond to Said film deposition proceSS chambers, and an 
exposure-to-radicals portion for exposing a thin film to 
radicals of a reactive gas emitted from a radical Source, 
which exposure-to-radicals portion corresponds to Said 
reaction process chamber, 

wherein a thin film of a composite metal compound is 
formed on Said Substrate through the Sequentially 
repeated transfer of said substrate between the thin film 
deposition portions and the exposure-to-radicals por 
tion, whereby the thin film is formed to have any 
refractive indeX within the range between the optical 
refractive indeX intrinsic to a constituent metal com 
pound of the thin film of a composite metal compound 
and the optical refractive indeX intrinsic to another 
constituent metal compound of the thin film. 
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14. An apparatus for forming a thin film of a composite 
metal compound according to claim 13, wherein Said Sub 
Strate is held by an electrically-insulated Substrate holder So 
as to prevent the occurrence of an unusual discharge on Said 
Substrate. 

15. An apparatus for forming a thin film of a composite 
metal compound according to claim 13, wherein the acti 
Vated Species of the reactive gas used in Said reaction 
proceSS chamber are electrically neutral radicals Selected 
from the group consisting of atoms having at least one 
unpaired electron, molecules having at least one unpaired 
electron, atoms in an excited State, and molecules in an 
excited State. 

16. An apparatus for forming a thin film of a composite 
metal compound according to claim 13, wherein a negative 
Voltage applied to each of the targets is inverted at 1-200 
kHz intervals to a positive Voltage ranging between +50 V 
and +200 V to thereby neutralize, with electrons in plasma, 
positive charges which accumulate in a compound to be 
formed on the Surface of each of the targets. 

17. An apparatus for forming a thin film of a composite 
metal compound according to claim 13, wherein the acti 
Vated Species are generated by means of 

a radio-frequency discharge chamber comprising a quartz 
tube and a radio-frequency coil wound onto the quartz 
tube; 
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a radio-frequency power Source for applying power to the 
radio-frequency coil via a matching box; 

reaction gas feed means for introducing a reactive gas 
from a gas cylinder into the radio-frequency discharge 
chamber via a mass flow controller; 

an external or internal coil for generating a magnetic field 
of 20-300 gauss within the radio-frequency discharge 
chamber; and 

a multi-aperture grid or a multi-slit grid disposed between 
the radio-frequency discharge chamber and Said reac 
tion proceSS chamber. 

18. An apparatus for forming a thin film of a composite 
metal compound according to claim 17, wherein Said multi 
aperture grid is formed of a metal or an insulator in which 
are formed a number of apertures having a diameter of 
0.1-3mm, and is cooled. 

19. An apparatus for forming a thin film of a composite 
metal compound according to claim 17, wherein Said multi 
Slit grid is formed of a metal or an insulator in which are 
formed a number of slits having a width of 0.1-1 mm, and is 
cooled. 


