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(7) ABSTRACT

This invention provides film deposition method and film
deposition system for depositing a halogen compound film,
which are capable of depositing such a film while suppress-
ing abuse that occurs due to deficiency of a halogen element
even if the halogen element is dissociated from a film
material. Specifically, the halogen compound film is depos-
ited through a process including: evaporating a film material
comprising a halogen compound by means of an evaporation
source 3; ionizing the evaporated film material with a radio
frequency power outputted from a radio frequency power
supply unit 11 and supplied through a substrate holder 2; and
causing the ionized film material to deposit on the substrate
5. In this process a bias voltage outputted from a bias power
supply unit 12 and applied to the substrate holder 2 causes
halogen ions dissociated from ions of the halogen compound
to be incorporated into the film being deposited on the
substrate 5.
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FILM DEPOSITION METHOD AND FILM
DEPOSITION SYSTEM FOR DEPOSITING A
HALOGEN COMPOUND FILM, AND MAGNESIUM
FLUORIDE FILM

BACKGROUND OF THE INVENTION

[0001] The present invention relates to film deposition
method and film deposition system for depositing a halogen
compound film.

[0002] Optical members such as optical lenses, displays
and optical communication members are formed at their
surfaces with antireflection coating for lessening a loss in the
amount of light or the like due to reflection. In the case
where the substrate on which such antireflection coating is
to be formed is glass, magnesium fluoride (MgF,) is typi-
cally used as the surface layer of the antireflection coating.
This is because: magnesium fluoride has a refractive index
as low as 1.38 and hence is highly effective in antireflection;
a film of magnesium fluoride can be deposited easily by
vacuum evaporation; such a magnesium fluoride film has
sufficient durability if deposited on a substrate heated to
about 300° C.; and a like reason.

[0003] If the substrate is formed of a plastic, however, the
vacuum evaporation cannot be employed because it is
impossible to heat the substrate to such an elevated tem-
perature.

[0004] In view of this, a method of forming a magnesium
fluoride film using sputtering has been disclosed in Japanese
Laid-Open Patent Application Publication No. HEI
9-243802 for example. With the sputtering it is possible to
form a dense and hard film on the surface of a substrate
without the need of heating the substrate because the energy
of the film material popping out of the target in the sputter-
ing is higher than that in the case of the vacuum evaporation.

[0005] In the formation of a magnesium fluoride film by
sputtering, however, fluorine is dissociated from the film
material (magnesium fluoride) due to impact of ions when
the film material pops out of the target, thus resulting in a
fluorine-deficient film exhibiting an increased light absorp-
tion on the surface of the substrate. To avoid this inconve-
nience the aforementioned film-forming method controls
heating of the target to a predetermined high temperature to
allow the film material to pop out of the target with its
molecular state kept as it is. By so doing the dissociation of
fluorine from the film material is prevented, with the result
that an increase in light absorption is suppressed.

[0006] Thus, the film-forming method employing the sput-
tering must control the temperature of the target to allow the
film material to pop out of the target with its molecular state
kept as it is.

[0007] Such a problem arises commonly in forming not
only magnesium fluoride films but also halogen compound
films for use as various optical thin films such as antireflec-
tion coating and half mirror coating by the use of the
sputtering.

BRIEF SUMMARY OF THE INVENTION

[0008] The present invention has been made to resolve the
foregoing problem and intends to provide a film deposition
method and a film deposition system for depositing a
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halogen compound film, which are capable of depositing
such a film while suppressing adverse effect that occur due
to deficiency of a halogen element if the halogen element is
dissociated from a film material.

[0009] With a view to resolving the foregoing problem,
the present invention provides a film deposition method for
depositing a halogen compound film, comprising the steps
of: placing a substrate on an obverse side of a bias supply
electrode disposed in a vacuum chamber; evaporating a film
material comprising a halogen compound; supplying a radio
frequency voltage to the bias supply electrode used as one of
electrodes to generate plasma in the vacuum chamber; and
applying to the bias supply electrode a bias voltage varying
in the form of a wave having a negative mean value and a
maximum value exceeding a self-bias caused by the radio
frequency voltage, whereby the evaporated film material is
ionized and deposited on the substrate to form the halogen
compound film on the substrate.

[0010] This method according to the present invention
makes it possible to ionize a halogen compound and deposit
the ionized film material on a substrate to deposit a film.
Even if ions of the halogen element are dissociated from ions
of the halogen compound, it is possible to guide such
dissociated ions of the halogen element to the substrate and
allow such ions to be incorporated into the film to be formed
on the substrate by application of the bias voltage varying in
the form of a wave having a negative mean value and a
maximum value exceeding a self-bias caused by the radio
frequency voltage to the bias supply electrode.

[0011] Thus, a halogen element, which is easy to dissoci-
ate in the form of negative ions, can be incorporated into an
intended film being formed through ionization of a halogen
compound and, hence, it is possible to prevent the resulting
film from being deficient in the halogen element. Further,
since the film formation is based on ion plating, it is possible
to deposit a film rendered dense.

[0012] The maximum value of the bias voltage may be a
positive voltage. With this feature it is possible to lessen the
deficiency in the halogen element.

[0013] The bias voltage may be applied by a power supply.

[0014] The bias voltage applied may be based on a voltage
generated in a matching circuit provided for matching an
impedance on a power supply side associated with the radio
frequency voltage to that on a vacuum chamber side. With
this feature it is possible to dispense with a dedicated bias
power supply.

[0015] In the formation of a film based on ion plating
which ionizes a film material to generate plasma by means
of a radio frequency power, an evaporation source is pro-
vided for evaporating the film material, while a coiled
ionization electrode is disposed between the evaporation
source and the substrate for supplying the radio frequency
power, whereby the film material evaporated by the evapo-
ration source can be ionized by being passed through the
coiled ionization electrode. Since the deposition of a film
according to this feature of the present invention is also
based on ion plating, it is also possible to deposit the film
rendered dense.

[0016] In ionizing the film material in the film formation
according to the present invention the film material com-
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prising the halogen compound may be evaporated and
ionized in a clustered fashion by cluster ion generating
means. This feature allows clustered ions to impinge upon
the substrate thereby depositing the film. The application of
the bias voltage assuming the aforementioned positive volt-
age to the bias supply electrode allows ions of the halogen
element dissociated from the clustered ions of the halogen
compound to be incorporated into the film being deposited
on the substrate.

[0017] Tt is possible to employ an arrangement wherein a
substrate holder holding the substrate on its back surface in
the vacuum chamber is formed of an electrically-conductive
material and is used also as the bias supply electrode. This
arrangement makes it possible to apply the bias voltage to
the substrate holder holding the substrate to be deposited
with the film on its back surface and, hence, the bias voltage
for causing ions to be incorporated into the film being
deposited on the substrate can be applied easily and effi-
ciently.

[0018] In the foregoing film deposition method it is pos-
sible that an electron beam evaporation source is further
provided comprising a crucible holding a material same as
the halogen compound to be evaporated, an electron gun for
evaporating the halogen compound held in the crucible by
heating with an electron beam, and a shutter spaced a
predetermined distance from the crucible in a direction
toward the substrate, and that the halogen compound in the
crucible is evaporated by heating with the electron beam,
while direct impingement of the halogen compound thus
evaporated upon the substrate is obstructed with the shutter,
whereby the evaporated halogen compound is guided
sidewardly of the shutter and the crucible.

[0019] Since the shutter obstructs the flow of the halogen
compound evaporated by the electron beam evaporation
source, it is impossible for the evaporated halogen com-
pound to impinge directly upon the substrate. lons of the
halogen element dissociated from the evaporated halogen
compound obstructed by the shutter and guided sidewardly
of the shutter and the crucible are guided toward the sub-
strate by the bias voltage assuming a positive voltage.

[0020] Thus, the amount of ions of the halogen element to
be supplied to the substrate can be increased relative to the
amount of the evaporated halogen compound and, hence, it
is possible to avoid a relative decrease in the amount of the
halogen contained in the film to be deposited on the sub-
strate.

[0021] Further, since the electron beam evaporation
source evaporates the halogen compound by means of the
electron beam, the halogen compound can be decomposed
more finely, which facilitates the dissociation of ions of the
halogen element. This makes it possible to supply such ions
of the halogen element to the substrate more easily.

[0022] The aforementioned halogen compound may be
magnesium fluoride (MgF,). Magnesium fluoride can be
formed into an optical thin film. In forming a magnesium
fluoride film according to the present invention it is possible
to prevent the magnesium fluoride film from becoming
deficient in a halogen element. Thus, the present invention
is capable of forming a magnesium fluoride film without
impairing optical function such as transparency.

[0023] The aforementioned bias voltage may have a fre-
quency ranging between 100 kHz and 2.45 GHz. With the
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bias voltage having such a frequency the halogen element
can advantageously be incorporated into the film and pre-
vented from being eliminated from the film.

[0024] According to the present invention, there is also
provided an apparatus for depositing a halogen compound
film, comprising: a vacuum chamber; a bias supply electrode
disposed in the vacuum chamber and having an obverse side
for receiving a substrate thereon; an evaporation source for
evaporating a film material of the halogen compound film to
be deposited on the substrate; a radio frequency power
supply for supplying a radio frequency voltage to the bias
supply electrode used as one of electrodes to generate
plasma in the vacuum chamber; and a bias power supply for
applying to the bias supply electrode a bias voltage having
a frequency ranging between 100 kHz and 2.45 GHz and
varying in the form of a wave having a negative mean value
and a positive maximum value. This apparatus is capable of
incorporating the halogen element into the film and prevent-
ing elimination of the halogen element from the film.

[0025] According to the present invention, there is also
provided a magnesium fluoride film obtainable by a method
comprising the steps of: placing a substrate on an obverse
side of a bias supply electrode disposed in a vacuum
chamber; evaporating magnesium fluoride; supplying a
radio frequency voltage to the bias supply electrode used as
one of electrodes to generate plasma in the vacuum cham-
ber; and applying to the bias supply electrode a bias voltage
having a frequency ranging between 100 kHz and 2.45 GHz
and varying in the form of a wave having a negative mean
value and a positive maximum value, thereby depositing the
magnesium fluoride film on the substrate. The magnesium
fluoride film thus obtained is a dense and hard film having
a lowered absorption in the visible light region.

[0026] The magnesium fluoride film according to the
present invention has a crystal grain diameter not less than
3 nm and not more than 10 nm.

[0027] The above and further objects and features of the
invention will more fully be apparent from the following
detailed description with accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0028] FIG. 1A is a schematic overview of the configu-
ration of a vacuum deposition system capable of practicing
the present invention;

[0029] FIG. 1B is a diagram showing an example of a bias
voltage according to the present invention;

[0030] FIG. 2 is a diagram showing another example of
the bias voltage according to the present invention;

[0031] FIGS. 3A to 3C are views showing other examples
of the configuration of a bias power supply unit according to
the present invention;

[0032] FIG. 4 is a schematic view showing the configu-
ration of a vacuum deposition system capable of practicing
the present invention;

[0033] FIG. 5 is a schematic view showing the configu-
ration of a vacuum deposition system capable of practicing
the present invention;



US 2003/0068531 Al

[0034] FIG. 6 is a schematic view showing the configu-
ration of a vacuum deposition system capable of practicing
the present invention;

[0035] FIG. 7 is a graph showing the influence of a radio
frequency power upon the absorption coefficient of a mag-
nesium fluoride thin film;

[0036] FIG. 8 is a graph showing the influence of a
substrate temperature upon the absorption coefficient of a
magnesium fluoride thin film;

[0037] FIG. 9A is a schematic view illustrating obstruc-
tion to impingement of fluorine ions upon a substrate
surface;

[0038] FIG. 9B is a schematic view illustrating elimina-
tion of fluorine ions from a substrate surface;

[0039] FIG. 10A is a view illustrating an action of the
present invention, specifically the action of incorporating
dissociated fluorine ions;

[0040] FIG. 10B is a view illustrating an action of the
present invention, specifically the action of preventing
elimination of fluorine ions;

[0041] FIG. 11 is a graph showing the dependence of the
absorptivity of a magnesium fluoride thin film upon the
pulse frequency of a bias voltage;

[0042] FIG. 12 is a graph showing the absorptivity of a
magnesium fluoride thin film deposited on a quartz substrate
within the visible light region;

[0043] FIG. 13A is a perspective view schematically
showing the overview of a wear-resistance tester for illus-
trating a wear-resistance test;

[0044] FIG. 13B is a table showing wear-resistance evalu-
ation criteria for illustrating the wear-resistance test;

[0045] FIG. 14 is a table showing the crystal grain diam-
eters of magnesium fluoride films;

[0046] FIG. 15A is a view showing the structure of a multi
layered film for illustrating an application of an embodiment
according to a practicing the present invention to a multi
layered film;

[0047] FIG. 15B is a graph showing the reflectivity of a
multi-layered film formed on a substrate within the visible
light region for illustrating an application of an embodiment
according to a practicing the present invention to a multi
layered film;

[0048] FIG. 16 is a schematic view showing an example
of the configuration of a vacuum deposition system that is
suitable for a bias voltage having a higher pulse frequency;

[0049] FIG. 17 is a graph showing variations in the
electric potential of the substrate holder shown in FIG. 1;
and

[0050] FIG. 18 is a graph showing variations in the

electric potential of the substrate holder shown in FIG. 1.

DETAILED DESCRIPTION OF THE
INVENTION

[0051] Hereinafter, modes of practicing the present inven-
tion will be described with reference to FIGS. 1 to 18.
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[0052] FIG. 1A is a schematic overview of the configu-
ration of a film deposition system 10 as one example of such
an system capable of practicing the present invention. The
film deposition system 10 is configured to deposit films on
the basis of ion plating as a film deposition method.

[0053] The film deposition system 10 includes a vacuum
chamber 1 and a power supply unit 8 comprising a radio
frequency (RF) power supply unit 11 and a bias power
supply unit 12.

[0054] In an upper portion of the inside of the vacuum
chamber 1 is disposed a substrate holder 2 for holding a
substrate 5 from its reverse side opposite from its obverse
side on which a film is to be deposited. In the example
shown in FIG. 1A the substrate holder 2 is formed of an
electrically-conductive material so that an electric power can
be supplied into the vacuum chamber 1. As will be described
later, the substrate holder 2 is adapted to be capable of
functioning as a bias supply electrode as well as of supplying
a radio frequency power.

[0055] Further, the substrate holder 2 can be driven for
rotatably by means of a motor not shown and, hence, a film
can be deposited on the substrate 5 rotated by the substrate
holder 2 rotating.

[0056] In a lower portion of the inside of the chamber 1 is
disposed an evaporation source 3 for holding a film material
comprising a halogen compound and evaporating it within
the space defined in the chamber 1. As the evaporation
source 3 it is possible to use any one of various evaporation
sources that are capable of evaporating a film material in the
space defined in the chamber 1, including one adapted to
evaporate the film material through resistive heating by a
heating power supply, one adapted to evaporate the film
material through heating with an electron gun, one adapted
to evaporate the film material by sputtering, and one adapted
to evaporate the film material by arc discharge.

[0057] The vacuum chamber 1 is provided with evacua-
tion means such as a vacuum pump and gas supply means,
which are not particularly shown, for having a desired
vacuum atmosphere therein. That is, the atmosphere within
the vacuum chamber 1 can be adjusted to a desired vacuum
atmosphere meeting film-depositing conditions established.

[0058] Further, the vacuum chamber 1 is formed of an
electrically-conductive material and has a chamber wall
grounded.

[0059] The radio frequency power supply unit 11 supplies
an electric power for generating plasma in the chamber 1 to
ionize (excite) the film material evaporated from the evapo-
ration source 3. The radio frequency power supply unit 11
has one output terminal connected to the substrate holder 2
through a high pass filter 15 and other output terminal
grounded. The radio frequency power outputted from the
radio frequency power supply unit 11 is applied to the
substrate holder 2.

[0060] The high pass filter 15, which is located between
the radio frequency power supply unit 11 and the substrate
holder 2, permits the power outputted from the radio fre-
quency power supply unit 11 to pass therethrough toward the
substrate holder 2 side while blocking the inputting of the
power outputted from the bias power supply unit 12 to the
radio frequency power supply unit 11.
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[0061] As to the specific power value and frequency of the
power outputted from the radio frequency power supply unit
11, desired power value and frequency are determined to
meet the kind of the material of a film to be deposited and
film depositing conditions.

[0062] Between the radio frequency power supply unit 11
and the high pass filter 15 is disposed a matching box not
particularly shown. The matching box includes a well-
known matching circuit comprising a capacitor and a coil.
Adjustment of the matching box allows matching to be made
between the impedance of the radio frequency power supply
unit 11 side and that of the vacuum chamber 1 side.

[0063] The bias power supply unit 12 comprises a wave-
form generator 13 and a bias power supply 14. The wave-
form generator 13 is adapted to generate a waveform of a
bias voltage to be outputted from the bias power supply unit
12.

[0064] The waveform generator 13 is capable of generat-
ing various waveforms such as DC component steadily
assuming a constant value, AC components of respective
frequencies, square waves and triangular waves as basic
components. The waveform generator 13 is also capable of
composing a basic waveform based on plural basic compo-
nents. The bias power supply 14 outputs a bias voltage
amplified to a predetermined magnitude of power based on
such a basic waveform generated by the waveform generator
13.

[0065] The bias power supply 14 has one output terminal
connected to the substrate holder 2 through a first low pass
filter 16 and other output terminal grounded. The bias
voltage outputted from the bias power supply 14 is applied
to the substrate holder 2.

[0066] The first low pass filter 16, which is located
between the bias power supply 14 and the substrate holder
2, permits the power outputted from the bias power supply
14 to pass therethrough toward the substrate holder 2 side
while blocking the inputting of the power outputted from the
high-frequency power unit 11 to the bias power supply unit
12.

[0067] The following description is directed to the bias
voltage outputted from the bias power supply unit 12. FIG.
1B shows an example of a bias voltage waveform. In FIG.
1B the horizontal axis corresponds to time (sec.) while the
vertical axis corresponds to the magnitude of a voltage value
(V). The upper side above the horizontal axis is a positive
voltage zone, while the lower side below the horizontal axis
iS a negative voltage zone.

[0068] As shown in FIG. 1B, the bias voltage comprises
positive bias portions assuming a constant positive voltage
value (Vp,) and negative bias portions assuming a constant
negative voltage value (-Vg;).

[0069] For duration Ty, of one period (Ty,,+T,) a posi-
tive voltage in the form of a square wave pulse is outputted
as the bias voltage as shown in FIG. 1B. For the other
duration T; of one period (Ty,+T,) a negative voltage is
outputted as the bias voltage as shown in FIG. 1B.

[0070] With use of the film deposition system 10 described
above a film can be deposited in the following manner. The
evaporation source 3 is loaded with a film material com-
prising a halogen compound, and the substrate 5 is set on the
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substrate holder 2. In setting the substrate 5 on the substrate
holder 2 the substrate 5 is placed so that its obverse side to
be deposited with the film faces opposite to the evaporation
source 3.

[0071] Subsequently, the power supply unit 8 is actuated
to supply the radio frequency power into the chamber 1
through the substrate holder 2 and apply the bias voltage to
the substrate holder 2, while the halogen compound is
evaporated by the evaporation source 3.

[0072] By so doing, plasma is generated in the vacuum
chamber 1, and the halogen compound evaporated from the
evaporation source 3 is ionized (excited) by plasma thus
generated. Resulting ions of the halogen compound are
caused to impinge upon and adhere to the substrate 5, thus
depositing the film.

[0073] In the process of depositing a film on the substrate
5 with the film deposition system 10, if the radio frequency
power is supplied to the chamber 1 in the presence of plasma
therein, a negative potential is provided the obverse side of
the substrate 5 due to what is called a “self-bias”.

[0074] Such a negative potential due to the self-bias and
the negative bias caused by the bias voltage make it possible
to accelerate the movement of positively-charged ions of the
halogen compound toward the substrate 5. In this way the
negative bias of the bias voltage enables further acceleration
of the movement of such halogen compound ions, thus
rendering denser the structure of the film to be deposited on
the substrate.

[0075] Though the halogen element with weak chemical
bond is easily dissociated from the ionized halogen com-
pound in the film-depositing process performed by the film
deposition system 10, the present invention allows the
halogen element once dissociated to be incorporated into the
film being deposited on the substrate 5. Specifically, the
positive bias of the bias voltage allows negatively-charged
ions of the halogen element to be incorporated into the film
being deposited on the substrate 5.

[0076] Thus, the film to be deposited on the substrate 5 can
be prevented from becoming deficient in the halogen ele-
ment and, hence, it is possible to avoid any degradation in
the function of the film which would otherwise occur due to
the deficiency of the halogen element.

[0077] Here, a brief description is made of the self-bias.
The high pass filter 15 has a blocking capacitor (not shown)
serially connected to the radio frequency power supply unit
11. This blocking capacitor permits the radio frequency
component of a current to pass therethrough but blocks the
DC component of the current. Accordingly, when the radio
frequency power is supplied into the vacuum chamber 1,
electric charge introduced into the substrate holder 2 from
plasma generated by the radio frequency power is built up in
the blocking capacitor. Since electrons present in plasma
travel toward the substrate holder 2 at a higher speed than do
ions present in plasma, an offset voltage, which is deter-
mined by the capacity of the blocking capacitor and the
amount of charge in the capacitor, is generated between the
opposite ends of the blocking capacitor and is applied to the
substrate holder 2. A voltage generated at an electrode (the
substrate holder 2 in this case) in contact with plasma
according to this mechanism is referred to as a “self-bias”.
Such a self-bias is substantially a constant voltage (substan-
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tially a DC voltage) and is generated so that the substrate
holder 2 assumes a negative potential.

[0078] The relationship between the self-bias and the bias
voltage outputted from the bias power supply unit 12 is
described below. The blocking capacitor and the bias power
supply 12 are connected in parallel with each other with
respect to the substrate holder 2. In such a case one of the
self-bias and the bias voltage outputted from the bias power
supply unit 12, whichever the superior, is predominantly
applied to the substrate holder 2. In the subject mode of
practicing the present invention the bias voltage outputted
from the bias power supply unit 12 is superior to the
self-bias and hence is predominantly applied to the substrate
holder 2. Thus, as shown in FIG. 17, potential Vy; at the
substrate holder 2 substantially conforms with the bias
voltage (refer to FIG. 1B) generated by the bias power
supply unit 12 and varies as does the bias voltage.

[0079] Maximum value V,, of the bias voltage generated
by the bias power supply unit 12 is set higher than the
voltage value (negative) of a self-bias that would be gener-
ated if the bias power supply unit 12 is absent. By so doing
it is possible to suppress an electrical repulsion caused by the
self-bias against negatively-charged ions of the halogen
element thereby to facilitate incorporation of such halogen
element ions into the film being deposited on the substrate
5. Assuming that the absolute value of the self-bias that
would be generated if the bias power supply unit 12 is absent
is V4, the maximum value Vp, of the bias voltage preferably
within the range of from +0.5V,_ to -0.5V,.. The absolute
value V,_ of the self-bias is about 200 V to about 300 V
under typical film-forming conditions. What should be noted
here is that the maximum value Vy, of the bias voltage need
not necessarily assume a positive value as shown in FIG. 1B
and hence may assume a negative value. Of course, it is
desirable that the maximum value Vp, of the bias voltage be
as high as possible within the aforementioned range. This is
because such a high maximum value allows ions of the
halogen element to be incorporated into the film being
deposited on the substrate 5 easily. However, a maximum
value Vg, more than the upper limit of the aforementioned
range is not preferable because discharge within the vacuum
chamber 1 becomes unstable. The width At of a positive-
direction pulse of the bias voltage is preferably 10 us or less.
If it is more than 10 us, discharge within the chamber 1
becomes unstable. With the film deposition method 10
shown in FIG. 1A the frequency of positive-direction pulses
of the bias voltage is preferably within the range of from 100
kHz to 4x13.56 MHz. As will be described later, when the
frequency of positive-direction pulses is 100 kHz or more,
the effect of superposition of positive-direction pulses
becomes noticeable, while if it is more than 4x13.56 MHz,
discharge within vacuum the chamber 1 of the film deposi-
tion system 10 employing the radio frequency power supply
unit 12 as shown in FIG. 1A becomes unstable.

[0080] Another example of the bias voltage is described
below with reference to FIG. 2. FIG. 2 shows another
waveform example of the bias voltage. The bias voltage
shown in FIG. 2 has a gently curved waveform as a whole
and comprises sinusoidal-wave negative bias portions
assuming a negative voltage value (-Vpg,) and sinusoidal-
wave positive bias portions assuming a positive voltage
value (Vp,).
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[0081] As shown in FIG. 2, a positive voltage is outputted
as the bias voltage for the duration Ty, of one period
(T ,+T,), while a negative voltage is outputted for the other
duration T,. The bias voltage of the waveform shown in
FIG. 2 can be obtained by adding a DC voltage assuming a
constant negative voltage value to an AC voltage.

[0082] The positive bias portions of the bias voltage
having the waveform shown in FIG. 2 have a mean voltage
value of a magnitude set larger than at least the absolute
value of a negative potential at the substrate 5 caused by the
aforementioned self-bias. By so setting it is possible to
suppress electrical repulsion caused by the self-bias against
negatively-charged ions of the halogen element thereby to
facilitate incorporation of such halogen element ions into the
film being deposited on the substrate 5.

[0083] 1t is desirable that the mean value of the magni-
tudes of positive bias portions be larger than the absolute
voltage value of a negative potential caused by the afore-
mentioned self-bias. If so, it is possible to provide a positive
potential at the substrate 5 thereby to cause halogen element
ions to be incorporated into the film being deposited on the
substrate 5 more easily.

[0084] Next, another example of the power supply unit
that can be used in the aforementioned film deposition
system 10 will be described with reference to FIGS. 3A to
3A. A bias power supply unit 22 shown in FIG. 3A
comprises a DC power supply 24 capable of outputting a
constant negative DC voltage for providing a negative bias,
and a pulse power supply 23 capable of outputting a constant
positive pulse voltage for providing a positive bias.

[0085] The power outputted from the DC power supply 24
and the power outputted from the pulse power supply 23
form a bias voltage, which in turn is outputted to the
substrate holder 2 side through a first low pass filter 21.

[0086] The first low pass filter 21 permits the bias voltage
outputted from the DC power supply 24 and the pulse power
supply 23 to pass therethrough toward the substrate holder
2 side while blocking the inputting of the power outputted
from the radio frequency power unit 11 to the bias power
supply unit 22 side.

[0087] In the bias power supply unit 22 configured as
shown in FIG. 3A the DC power supply 24 for providing a
negative bias and the pulse power supply 23 for providing a
positive bias are independent of each other and, hence, it is
possible to adjust the negative bias and the positive bias
separately with ease.

[0088] FIG. 3B shows yet another example of the bias
power supply unit. Bias power supply unit 26 shown in FIG.
3B comprises a DC power supply 27 capable of outputting
a constant negative DC voltage for providing a negative
bias, and an impulse train power supply 28 for providing a
positive bias. The DC power supply 27 outputs a power to
the substrate holder 2 side through a second low pass filter
29, while the impulse train power supply 28 outputs a power
to the substrate holder 2 side through a band pass filter 30.
These powers thus outputted form a bias voltage to be
applied to the substrate holder 2.

[0089] The second low pass filter 29, which is located
between the DC power supply 27 and the substrate holder 2,
permits the power outputted from the DC power supply 27



US 2003/0068531 Al

to pass therethrough toward the substrate holder 2 side while
blocking the inputting of respective powers outputted from
the radio frequency power unit 11 and from the impulse train
power supply 28 to the DC power supply 27 side.

[0090] The band pass filter 30, which is located between
the impulse train power supply 28 and the substrate holder
2, permits the power outputted from the impulse train power
supply 28 to pass therethrough toward the substrate holder
2 side while blocking the inputting of respective powers
outputted from the radio frequency power unit 11 and from
the DC power supply 27 to the impulse train power supply
28 side.

[0091] In the bias power supply unit 26 shown in FIG. 3B
the DC power supply 27 for providing a negative bias and
the impulse train power supply 28 for providing a positive
bias are independent of each other, and similarly the filters
29 and 30 associated with respective powers outputted from
these power supplys to the substrate holder 2 side are
independent of each other. Hence, it is possible to adjust the
bias voltage more easily.

[0092] FIG. 3C shows yet another example of the power
supply unit. According to this example shown in FIG. 3C,
the power supply unit comprises a linear amplifier 31 and a
function generator 32. The function generator 32 generates
a waveform composed of the radio frequency waveform of
the radio frequency power, the waveform of negative bias
portions of the bias voltage and the waveform of positive
bias portions of the bias voltage and causes the linear
amplifier 31 to amplify the waveform thus composed and
output the waveform amplified as a desired output to the
substrate holder 2 side.

[0093] The power supply unit configured as shown in
FIG. 3C does not require the provision of a filter and hence
dispenses with adjustment of such a filter. Further, it is
possible to unify controls over radio frequency outputs and
negative and positive bias outputs of the bias voltage thereby
to adjust the power balance easily.

[0094] 1t should be noted that in the case of the bias power
supply unit 22 or 26 shown in FIG. 3A or 3B which is
adapted to output a negative bias portion and a positive bias
portion independently of each other, the outputs of the DC
power supply 24 or 27 and pulse power supply 23 or impulse
train power supply 28 are adjusted relative to each other so
that the bias voltage composed of these negative and posi-
tive bias outputs can provide a negative bias of a predeter-
mined voltage value and a positive bias of a predetermined
voltage value.

[0095] Though the foregoing description has been directed
to an example of the bias voltage that provides both a
positive bias and a negative bias, the negative bias need not
necessarily be outputted and it is possible to exert an
electrical attractive force upon ions of the halogen com-
pound thereby to accelerate the movement of such ions
toward the substrate 5 without the need of outputting the
negative bias. Specifically, since the aforementioned self-
bias caused by the supply of the radio frequency power to
plasma assumes a negative potential, the self-bias is capable
of exerting an attractive force upon ions of the halogen
compound.

Apr. 10, 2003

[0096] In practicing the present invention with the film
deposition system 10 described above the film deposition
system 10 may be configured so that it is controlled through
a controller not shown.

[0097] This controller is capable of exercising controls
over the film deposition system 10 so that: the aforemen-
tioned radio frequency power supply unit 11 operates to
output a radio frequency power having a desired power
value and a desired frequency; the aforementioned bias
power supply unit 12, 22 or 26 operates to output desired
negative bias and positive bias; and the aforementioned
function generator 32 and linear amplifier 31 perform
desired actions.

[0098] The controller may be configured to actuate the
evacuation means such as a vacuum pump and the gas
supply means so as to provide a desired vacuum atmosphere
in the chamber 1.

EXAMPLE

[0099] The present invention can use various halogen
compounds as film materials for films that can be deposited
according to the present invention. In the subject example
the present invention is applied to magnesium fluoride as a
most preferred application of the present invention.

[0100] First, the behavior of fluorine ions in ion plating is
described below.

[0101] FIG. 7 is a graph showing the influence of a radio
frequency power upon the absorption coefficient of a mag-
nesium fluoride thin film. In FIG. 7 the horizontal axis and
the vertical axis represent a wavelength and an absorption
coefficient, respectively. The radio frequency power was
varied stepwise to assume three levels of 50 W, 300 W and
500 W as a parameter. As apparent from FIG. 7, the
absorption coefficient of a magnesium fluoride thin film
deposited on a substrate in the visible light region increases
as the radio frequency power supplied to a vacuum chamber
becomes higher.

[0102] FIG. 8 is a graph showing the influence of a
substrate temperature upon the absorption coefficient of a
magnesium fluoride thin film. In FIG. 8 the horizontal axis
and the vertical axis represent a wavelength and an absorp-
tion coefficient, respectively. The substrate temperature was
varied stepwise to assume seven levels of not heated, 50° C.,
100° C., 150° C., 200° C., 250° C., 300° C. as a parameter.
The radio frequency power was set to 300 W. As apparent
from FIG. 8, the absorption coefficient of a magnesium
fluoride thin film deposited on a substrate in the visible light
region increases as the substrate temperature rises.

[0103] FIGS. 9A and 9B are schematic views illustrating
obstruction to impingement of fluorine ions upon a substrate
surface and elimination of fluorine ions from a substrate
surface; that is, FIG. 9A illustrates the obstruction to
impingement, while FIG. 9B illustrates the elimination.

[0104] The reason that the absorption coefficient of a
magnesium fluoride thin film deposited on a substrate
increases as the radio frequency power becomes higher, is
considered as follows. As shown in FIG. 9A, the surface of
the substrate 5 was negatively charged due to a self-bias
caused by a radio frequency voltage. On the other hand,
magnesium fluoride 101 evaporated from the evaporation
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source and passed through plasma 100 is positively charged.
At this time fluorine ions 103 are dissociated from a portion
of the magnesium fluoride 101. Since these fluorine ions 103
are negatively charged, their impingement upon the sub-
strate 5 is obstructed. As a result, the magnesium fluoride
thin film deposited on the substrate § is in a fluorine-
deficient condition and hence has an increased absorption
coefficient in the visible light region. The amount of fluorine
ions 103 dissociated from the magnesium fluoride 101 is
proportional to the radio frequency power. For this reason
the absorption coefficient of the magnesium fluoride thin
film increases as the radio frequency power becomes higher.

[0105] The reason that the absorption coefficient of a
magnesium fluoride thin film increases as the substrate
temperature rises, is considered as follows. As shown in
FIG. 9B, since the substrate surface is negatively charged
due to a self-bias caused by a radio frequency voltage,
fluorine of magnesium fluoride 101 once deposited on the
surface of the substrate 5 undergoes electrical repulsion.
Since the bonding power of fluorine in magnesium fluoride
101 is weak, fluorine ions 103 are eliminated from a portion
of magnesium fluoride 101. The number of eliminated
fluorine ions 103 is proportional to the temperature of the
substrate 5. For this reason the absorption coefficient of the
magnesium fluoride thin film increases as the substrate
temperature rises.

[0106] The actions and effects of the present invention are
described in detail below.

[0107] FIGS. 10A and 10B are views illustrating actions
of the present invention; specifically, FIG. 10A illustrates
the action of incorporating dissociated fluorine ions, while
FIG. 10B illustrates the action of preventing elimination of
fluorine.

[0108] Since the bias voltage has a duration for which a
positive bias is provided, fluorine ions 103 dissociated from
magnesium fluoride 101 by plasma are incorporated into the
film being deposited on the surface of the substrate 5 as
shown in FIG. 10A. Further, since the bias voltage has a
duration in which a positive bias is provided periodically,
fluorine ions 103 are prevented from being eliminated from
magnesium fluoride 101 deposited on the substrate surface.
As a result, the absorption coefficient of the magnesium
fluoride film to be deposited on the substrate 5 is prevented
from increasing in the visible light region.

[0109] The effects of the present invention are described
below.

[0110] FIG. 11 is a graph showing the dependence of the
light absorptance of a magnesium fluoride thin film upon the
pulse frequency of a bias voltage. In FIG. 11 the horizontal
axis and the vertical axis represent a wavelength and a light
absorptance, respectively. The pulse frequency of a bias
voltage of the waveform shown in FIG. 1B was varied to
assume two levels of 65 kHz and 100 kHz. As a result, the
thin film deposited using the bias voltage having a pulse
frequency of 100 kHz exhibited a considerably lowered
absorptance as compared with the absorptance of the thin
film deposited using the bias voltage having a pulse fre-
quency of 65 kHz. Thus, the absorptance obtained with the
pulse frequency of 100 kHz was satisfactory. Though not
specifically described in the subject example, the absorp-
tance obtained with the pulse frequency of 65 kHz made
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substantially no difference from that obtained without appli-
cation of a positive bias. FIG. 12 to be specifically described
later shows the case where the pulse frequency of a bias
voltage was 350 kHz and a quartz (silica) substrate was
used. Though the case where the pulse frequency is more
than 350 kHz is not shown, it is theoretically preferred that
the bias voltage have short positive bias durations with a
shortest-possible cycle. Accordingly, a higher pulse fre-
quency is more preferable. However, it is practically desir-
able that the pulse frequency be not higher than 2.45 GHz
because too high a pulse frequency makes plasma discharge
in the vacuum chamber unstable. If the pulse frequency is set
to 2.45 GHg, it is desirable to use an ECR (electron
cyclotron resonance) apparatus. A film deposition system
employing such an ECR apparatus will be described later.

[0111] FIG. 12 is a graph showing the light absorptance of
a magnesium fluoride thin film deposited on a quartz sub-
strate within the visible light region. In this case the mag-
nesium fluoride thin film exhibited a lower absorptance than
in the case of FIG. 11 where the magnesium fluoride film
was deposited on a glass substrate by virtue of a combined
effect of the use of the quartz substrate and the setting of the
pulse frequency of a bias voltage to 350 kHz. For reference,
the absorptance of quartz is also shown in FIG. 12.

[0112] FIGS. 13A and 13B are drawings for illustrating a
wear-resistance test; specifically, FIG. 13A is a perspective
view schematically showing the overview of a wear-resis-
tance tester, while FIG. 13B is a table showing wear-
resistance evaluation criteria.

[0113] As shown in FIG. 13A wear-resistance tester 201
used in this test comprises a reciprocating movable base 202
for receiving a test sample (a substrate deposited with a thin
film) 203 thereon, and a press element 205 having steel wool
204 on the underside thereof for pressing the test sample 203
at a predetermined load (700 g in this case). Reference
numeral 206 denotes an arm holding the press element 205.
The steel wool 204 used here was of #0000. The wear-
resistance of each test sample was rated on the following
four ranks A to D as shown in FIG. 13B: rank A indicating
a film condition with no flaw, rank B indicating a film
condition with slight flaw, rank C indicating a film condition
with flaw and peeling, and rank D indicating a film condition
almost peeled.

[0114] According to the results of rating with the wear
resistance tester 20 and the wear-resistance evaluation cri-
teria, the wear-resistance of a thin film deposited under
application of a positive bias was rated higher by about one
rank than that of a thin film deposited without application of
a positive bias. The wear-resistance of a thin film deposited
with the degree of vacuum optimized in the film-depositing
process was rated higher by about one to about two ranks
than that of a thin film deposited under usual conditions.

[0115] FIG. 14 is a table showing the crystal grain diam-
eters of magnesium fluoride films. As seen from FIG. 14, the
crystal grain diameter of a magnesium fluoride thin film
deposited by evaporation at 300° C. is 12 to 20 nm. A
magnesium fluoride thin film deposited by evaporation at a
normal temperature (that is, the substrate was not heated)
was not crystallized and, hence, determination of the crystal
grain diameter thereof is impossible. In contrast, the crystal
grain diameter of a magnesium fluoride thin film deposited
using the film deposition system according to the subject
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example is 3 to 10 nm. From this fact it is found that the
magnesium fluoride thin film according to the subject
example has a crystal grain diameter that cannot be achieved
by the prior art. Conceivably, the main reason therefor is that
the magnesium fluoride thin film according to the subject
example is deposited by ion plating at a relatively low
temperature (about 100° C. or below).

[0116] Preferable gas species for use in the present inven-
tion are as follows. In the subject example the vacuum
chamber 1 is charged with argon gas. Use of a fluorine-
containing gas such as CF, or SF, is more advantageous
because such a gas can replenish the film to be deposited on
the substrate with fluorine.

[0117] The following description is directed to an appli-
cation of the present invention to a multi layered film.

[0118] FIGS. 15A and 15B are drawings for illustrating
an application of the subject example to a multi layered film;
specifically, FIG. 15A is a view showing the structure of a
multi layered film, while FIG. 15B is a graph showing the
reflectivity of a multi layered film formed on a substrate
within the visible light region. As shown in FIG. 15A, a
multi layered film according to the subject example com-
prises an Al,O; film (refractive index n=1.63), a ZrO; film
(refractive index n=2.00) and an MgF, film (refractive index
n=1.38) which are sequentially stacked on a substrate in that
order. This multi layered film had a favorable reflectance as
shown in FIG. 15B.

[0119] Next, description will be made of another mode of
practicing the present invention. FIG. 4 is a schematic
overview of the configuration of film deposition system 35
capable of practicing the invention in another mode. The
film deposition system 35 is configured to form films on the
basis of ion plating as a film deposition method.

[0120] The film deposition system 35 includes a vacuum
chamber 36, a radio frequency power supply (RF) 37 and a
bias power supply unit (DC) 38.

[0121] In an upper portion of the inside of the vacuum
chamber 36 is disposed a substrate holder 39 for holding a
substrate 5 on its back surface opposite from its obverse side
on which a film is to be deposited. In the film deposition
system 35 shown in FIG. 4 the substrate holder 39 is
configured so that it is capable of functioning also as a bias
supply electrode for supplying a bias voltage into the
vacuum chamber 36. The substrate holder 39 is formed of an
electrically-conductive material so as to be applied with the
bias voltage outputted from the bias power supply unit 38.

[0122] The bias power supply unit 38 is capable of out-
putting a DC voltage having a constant positive voltage
value. Application of the bias voltage outputted from the
bias power supply unit 38 to the substrate holder 39 allows
negatively-charged ions of a halogen element to be incor-
porated into the film being deposited on the substrate 5 as
will be described later.

[0123] In a lower portion of the inside of the chamber 36
is disposed an evaporation source 3 for holding a film
material comprising a halogen compound and for evaporat-
ing it into the space defined in the chamber 36. The evapo-
ration source 3 is of the same construction as that used in the
film deposition system 10 described earlier.
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[0124] Between the evaporation source 3 and the substrate
5 in the chamber 36 is disposed an ionization electrode 40
in the form of a coil. The coiled ionization electrode 40 is
connected to the radio frequency power supply 37 and,
hence, it is possible to supply a radio frequency power into
the chamber 36 through the ionization electrode 40.

[0125] The radio frequency power supply 37 supplies a
radio frequency power for ionizing the film material evapo-
rated from the evaporation source 3 and passing through the
inside of the ionization electrode 40 to generate plasma. The
radio frequency power supply 37 has one output terminal
connected to the ionization electrode 40 through a matching
box 41 and other output terminal grounded.

[0126] The matching box 41 includes a well-known
matching circuit comprising a capacitor and a coil. Adjust-
ment of the matching box allows matching to be made
between the impedance of the radio frequency power supply
37 side and that of the vacuum chamber 36 side.

[0127] The vacuum chamber 36 is provided with evacu-
ation means such as a vacuum pump and gas supply means,
which are not particularly shown, for providing a desired
vacuum atmosphere therein so that the atmosphere within
the vacuum chamber 36 can be adjusted to a desired vacuum
atmosphere meeting film-depositing conditions established.

[0128] With use of the film deposition system 35 described
above a film can be deposited in the following manner. The
evaporation source 3 is loaded with a film material com-
prising a halogen compound, and the substrate 5 is set on the
substrate holder 39.

[0129] Subsequently, the radio frequency power supply 37
is actuated to supply a radio frequency power into the
chamber 36 through the ionization electrode 40, while the
halogen compound is evaporated by the evaporation source
3. At the same time, the bias power supply unit 38 is actuated
to apply a positive DC voltage to the substrate holder 39.

[0130] In this way, the evaporated halogen compound
passing through the ionization electrode 40 can be ionized to
generate plasma, and resulting ions of the halogen com-
pound are allowed to impinge upon and deposit on the
substrate 5 thereby depositing the film.

[0131] Though the halogen element with weak chemical
bond in the ionized halogen compound, is easily dissociated
from the ionized halogen compound in the film depositing
process performed by the film deposition system 385, it is
possible to incorporate the halogen element once dissociated
into the film being deposited on the substrate 5. Specifically,
application of the DC voltage outputted from the bias power
supply unit 38 to the substrate holder 39 causes negatively-
charged ions of the halogen element to be incorporated into
the film being deposited on the substrate 5.

[0132] Yet another mode of practicing the present inven-
tion is described below. FIG. 5 is a schematic overview of
the configuration of film deposition system 45 capable of
practicing the invention in yet another mode. The film
deposition system 45 is configured to deposit films with use
of a cluster ion beam.

[0133] The film deposition system 45 includes a vacuum
chamber 46 and a bias power supply unit (DC) 48. In an
upper portion of the inside of the vacuum chamber 46 is
disposed a substrate holder 49 for holding a substrate 5 on
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its back surface opposite from its obverse side on which a
film is to be deposited. In the film deposition system 45
shown in FIG. 5 the substrate holder 49 is configured so that
it is capable of functioning also as a power supply electrode
for supplying a bias voltage into the vacuum chamber 46.
The substrate holder 49 is formed of an electrically-conduc-
tive material so as to be applied with the bias voltage
outputted from the bias power supply unit 48.

[0134] The bias power supply unit 48 is capable of out-
putting a DC voltage having a constant positive voltage
value. Application of the bias voltage outputted from the
bias power supply unit 48 to the substrate holder 49 allows
negatively-charged ions of a halogen element to be incor-
porated into the film being deposited on the substrate 5 as
will be described later.

[0135] Cluster ion generating means is disposed in the
chamber 46 so as to face opposite to the substrate 5. As will
be described below, the cluster ion generating means com-
prises well-known means for generating a cluster of atoms
or molecules and well-known means for ionizing the cluster.

[0136] The cluster ion generating means has a cluster
evaporation source 50 located in a lower portion of the
inside of the chamber 46 and a coiled ionization electrode
53. The cluster evaporation source 50 has a crucible for
holding therein a film material comprising a halogen com-
pound and a coiled bombard filament surrounding the outer
periphery of the crucible for heating the film material in the
crucible.

[0137] As the bombard filament heats the crucible, the
film material upwardly evaporated from a nozzle provided at
the upper end of the crucible becomes clustered and is shot
toward the substrate 5. This cluster is formed by cooling due
to adiabatic expansion in the process of shooting of the film
material from the nozzle of the crucible into the vacuum
atmosphere and comprises hundreds or thousands of atoms
or molecules of the film material loosely bound with an
intermolecular force or the like.

[0138] The cluster shot out of the cluster evaporation
source 50 is ionized by a radio frequency power supplied
thereto through the ionization electrode 53 during its pas-
sage through the inside of the ionization electrode 53, thus
generating clustered ions.

[0139] The vacuum chamber 46 is provided with evacu-
ation means such as a vacuum pump and gas supply means,
which are not particularly shown, for providing a desired
vacuum atmosphere therein so that the atmosphere within
the vacuum chamber 46 can be adjusted to a desired vacuum
atmosphere meeting film-depositing conditions established.

[0140] With use of the film deposition system 45 described
above a film can be deposited in the following manner. The
cluster evaporation source 50 is loaded with a film material
comprising a halogen compound, and substrate 5 is set on
the substrate holder 49.

[0141] Subsequently, a cluster is shot upwardly from the
cluster evaporation source 50 and then passed through the
inside of the ionization electrode 53 to generate clustered
ions, which in turn are caused to impinge upon and deposit
on the substrate 5 to deposit the film.

[0142] Though the halogen element with weak chemical
bond in the cluster of the ionized halogen compound, is
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easily dissociated from the ionized halogen compound in the
film depositing process performed by the film deposition
system 45, it is possible to incorporate the halogen element
once dissociated into the film being deposited on the sub-
strate 5. Specifically, application of a DC voltage outputted
from the bias power supply unit 48 to the substrate holder 49
causes negatively-charged ions of the halogen element to be
incorporated into the film being deposited on the substrate 5.

[0143] The bias voltage outputted from the bias power
supply unit 38 of the film deposition system 35 or from the
bias power supply unit 48 of the film deposition system 45
described above may comprise a positive bias assuming a
positive voltage and a negative bias assuming a negative
bias.

[0144] That is, the bias voltage used in the film deposition
system 35 or 45 may be the bias voltage comprising a
positive bias assuming a positive voltage value in the form
of pulses and a negative bias assuming a constant negative
voltage value, which has been described as an example of
the bias voltage for use in the film deposition system 10.

[0145] By application of such a bias voltage having a
negative voltage portion to the substrate holder 39 or 49 in
the film deposition system 35 or 45 it is possible to accel-
erate the movement of positively-charged halogen com-
pound ions toward the substrate 5, thereby to deposit a film
of a denser structure on the substrate 5.

[0146] Still another mode of practicing the present inven-
tion is described below. FIG. 6 is a schematic overview of
the configuration of film deposition system 60 capable of
practicing the invention in still another mode. The film
deposition system 60 is configured to deposit films on the
basis of ion plating.

[0147] The film deposition system 60 shown in FIG. 6 is
of the same configuration as the film deposition system 10
shown in FIG. 1A except the provision of an electron beam
evaporation source 55 in the vacuum chamber 1. Members
other than the electron beam evaporation source 55 are the
same as corresponding members used in the film deposition
system 10. That is, the film deposition system 60 includes
vacuum chamber 1, substrate 5, evaporation source 3, and
substrate holder 2 serving also as a bias voltage supply
electrode.

[0148] Reference numeral 8 denotes an electric power
supply unit comprising radio frequency power supply unit
11 and bias power supply unit 12. The bias power supply
unit 12 comprises waveform generator 13 and bias power
supply 14. Reference numeral 15 denotes a high pass filter,
while reference numeral 16 denotes a first low pass filter.

[0149] These members provided in the film deposition
system 60 are each constructed similarly to the correspond-
ing member of the film deposition system 10 to operate in
the same manner as does the corresponding member.

[0150] The electron beam evaporation source 55 is a
well-known electron beam evaporation source capable of
evaporating a film material by heating with an electron
beam. The electron beam evaporation source 55 includes a
crucible 56 for holding a halogen compound as the film
material. The crucible 56 is loaded with the same material as
the halogen compound stored in the evaporation source 3.
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[0151] The halogen compound in the crucible 56 is heated
with electron beam 59 emitted from an electron gun not
shown and is evaporated from an opening defined at an
upper end of the crucible 56 into a space extending above the
crucible 56.

[0152] The electron beam evaporation source 55 is pro-
vided with a shutter 57 spaced a predetermined distance
above the upper end of the crucible 56 and disposed to cover
the crucible 56. The shutter 57 can revolve about a support
shaft 55a relative to the crucible 56 to switch its position
between a closing position covering the crucible 56 from
above and an open position retreated away from the position
above the crucible 56.

[0153] When the shutter 57 is in the closing position, the
shutter 57 obstructs the flow of the halogen compound
evaporated from the crucible 56 and, hence, the evaporated
halogen compound cannot directly impinge upon the sub-
strate 5.

[0154] In the deposition of a film on the substrate 5 with
use of the film deposition system 60 the halogen compound
in the crucible 56 is heated, with the shutter 57 of the
electron beam evaporation source 55 being in the closing
position.

[0155] By so doing, it becomes possible to evaporate the
halogen compound stored in the crucible 56 from the
crucible 56. Since the shutter 57 obstructs the flow of the
halogen compound thus evaporated, the evaporated halogen
compound cannot directly advance toward the substrate 5
and hence is guided around sidewardly of space 58 defined
between the crucible 56 and the shutter 57 into an open
space la extending to the substrate 5 within the chamber 1.

[0156] Since ions of the halogen element are easily dis-
sociated from the evaporated halogen compound, it is pos-
sible to guide such dissociated halogen ions to the substrate
5 by the positive voltage portion of the bias voltage output-
ted from the bias power supply unit 12.

[0157] With the film deposition system 60 thus configured
to evaporate the halogen compound by means of the electron
beam evaporation source 55 and obstruct the direct impinge-
ment of the halogen compound evaporated by the evapora-
tion source 55 upon the substrate 5 by means of the shutter
57, ions of the halogen element dissociated from the evapo-
rated halogen compound can be supplied to the substrate 5
preferentially.

[0158] Thus, it becomes possible to increase the amount of
halogen ions to be supplied to the substrate 5 relative to the
amount of the halogen compound evaporated in the chamber
1, thereby to avoid a relative decrease in the amount of the
halogen contained in the film to be deposited on the substrate
5.

[0159] Since the evaporation source 55 evaporates the
halogen compound using an electron beam, the evaporation
source 55 is capable of evaporating the halogen compound
in a more finely decomposed state, thus allowing ions of the
halogen element to be dissociated more easily. Therefore, it
becomes possible to supply such halogen ions to the sub-
strate 5 more easily.

[0160] While the foregoing description has been directed
to an example of the method of supplying halogen element
ions to the substrate 5 by means of the electron beam
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evaporation source 55 with use of the film deposition system
60 comprising the electron beam evaporation source 55 in
addition to the film deposition system 10 described with
reference to FIG. 1A, it is possible to employ any other
vacuum film deposition method which is capable of depos-
iting films by ionizing a film material.

[0161] For example, it is possible to add the aforemen-
tioned electron beam evaporation source 55 to the film
deposition system 35 described with reference to FIG. 4 or
the film deposition system 45 described with reference to
FIG. 5. In such a case also, ions of the halogen element can
be supplied to the substrate 5 preferentially rather than the
halogen compound evaporated by the evaporation source 55.

[0162] To be described below is still yet another mode of
practicing the present invention.

[0163] FIG. 16 is a schematic view showing the configu-
ration of a vacuum film deposition system that is suitable for
a bias voltage having a higher pulse frequency.

[0164] As shown in FIG. 16, the vacuum film deposition
system of this configuration includes an ECR apparatus 613
instead of the combination of the radio frequency power
supply unit and the high pass filter shown in FIG. 1A. The
ECR apparatus 613 has an ECR cavity 607 open at a wall
portion of the vacuum chamber 1 and an ECR power supply
608 and is configured to generate high-density plasma by
directing a microwave of 2.45 GHz generated by the ECR
power supply 608 into the ECR cavity 607 to cause electron
cyclotron resonance under application of a magnetic field by
a magnet not shown. Such plasma 611 is supplied into the
vacuum chamber 1. Other features are the same as the
corresponding ones of the film deposition system shown in
FIG. 1A. This vacuum film deposition system employs
evaporation source 603 of the resistive heating type adapted
to evaporate a thin film material (magnesium fluoride) 606
placed on a boat 603a by resistive heating. Behind the
substrate holder 2 is disposed a heater 605 for heating the
substrate 5 from behind. Reference numeral 604 denotes a
film thickness sensor, while reference numeral 609 denotes
a gas outlet. Further, reference numeral 610 denotes the film
material in an evaporated state.

[0165] The vacuum film deposition system thus config-
ured supplies plasma 611 into the vacuum chamber 1 by
means of the ECR apparatus 613 and hence prevents electric
discharge from becoming unstable even if the pulse fre-
quency of the bias voltage is made relatively high. It is
possible to raise the pulse frequency up to a maximum of
2.45 GHz, which is equal to the frequency of the microwave
supplied from the ECR power supply 608.

[0166] To be described below is yet still another mode of
practicing the present invention. A vacuum film deposition
system configured for use in this mode is similar to the
vacuum film deposition system shown in FIG. 1A except
that the bias power supply unit 12 and the low pass filter 16
are not provided and that the resistor and the capacitor used
in a matching box not shown have respective predetermined
values. This matching box comprises a fixed capacitor, a
fixed resistor, a variable capacitor and the like. The inventor
of the present invention has found that the following phe-
nomenon occurs when the fixed capacitor and the fixed
resistor have respective predetermined values.

[0167] FIG. 18 is a graph showing variations in the
electric potential of the substrate holder 2 shown in FIG. 1A.
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When the radio frequency power supply unit of the subject
vacuum film deposition system is actuated to supply a radio
frequency power into the vacuum chamber 1, the electric
potential of the substrate 2 varies like an oscillating wave
that oscillates with an amplitude V, from a substantially
constant negative voltage V,  serving as a center. The
frequency of this oscillating wave is equal to or an integer
multiple of the frequency (usually 13.56 MHz) of a radio
frequency power outputted from the radio frequency power
supply unit. The negative voltage V. is considered to be a
voltage corresponding to a self-bias that is generated in a
usual case. At present, the mechanism based on which such
a phenomenon occurs has not been elucidated yet. Since the
amplitude V, of the oscillating wave is slightly larger than
the negative voltage V. in this vacuum film deposition
system, the electric potential of the substrate holder 2 varies
with a frequency equal to the frequency of a radio frequency
power and periodically assumes a positive potential for a
duration At. Thus, the subject vacuum film deposition sys-
tem is capable of depositing a halogen compound thin film
with lessened deficiency of the halogen element like the
vacuum film deposition system shown in FIG. 1A. It should
be noted that though the waveform of the foregoing oscil-
lating wave in FIG. 18 is shown as a train of positive and
negative alternate pulses, it is actually a sinusoidal wave.
The positive potential duration At is preferably 10 us or less.
On the other hand, the frequency of the oscillating wave is
preferably within the range of from 13.56 MHz to 4x13.56
MHz.

[0168] As described above, the present invention is
capable of depositing a film through ionization of a halogen
compound as a film deposition system while allowing ions
of the halogen element dissociated from ions of the halogen
compound to be incorporated into the film being deposited,
thereby making it possible to prevent the film from becom-
ing deficient in the halogen element.

[0169] Thus, the present invention is capable of depositing
a film through ionization of a halogen compound while
preventing the film from becoming deficient in the halogen
element, whereby the film thus deposited can be rendered
dense and firm without impairment of the desired function.

[0170] Further, the present invention is capable of pre-
venting an intended film from becoming deficient in a
halogen element, which is not easy to supplement in the
form of a reactive gas to be supplied into the vacuum
chamber. In depositing a film of an oxide for example, it is
possible to prevent the film from becoming deficient in
oxygen by supplying oxygen gas to the film being deposited
in the vacuum chamber. With the present invention, how-
ever, there is no need to supplement a halogen in the form
of a reactive gas.

[0171] As described above, the present invention provides
the effect of depositing a halogen film while preventing the
film from becoming deficient in the halogen element thereby
ensuring the halogen compound film without impairment of
its desired function.

[0172] As this invention may be embodied in several
forms without departing from the spirit of essential charac-
teristics thereof, the present embodiments are therefore
illustrative and not restrictive, since the scope of the inven-
tion is defined by the appended claims rather than by the
description preceding them, and all changes that fall within
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metes and bounds of the claims, or equivalence of such
metes and bounds thereof are therefore intended to be
embraced by the claims.

What is claimed is:
1. A film deposition method for depositing a halogen
compound film, comprising the steps of:

placing a substrate on an obverse side of a bias supply
electrode disposed in a vacuum chamber;

evaporating a film material comprising a halogen com-
pound;

supplying a radio frequency voltage to the bias supply
electrode used as one of electrodes to generate plasma
in the vacuum chamber; and

applying to the bias supply electrode a bias voltage
varying in the form of a wave having a negative mean
value and a maximum value exceeding a self-bias
caused by the radio frequency voltage,

whereby the evaporated film material is ionized and
deposited on the substrate to deposit the halogen com-
pound film on the substrate.

2. The method according to claim 1, wherein the maxi-
mum value of the bias voltage is a positive voltage.

3. The method according to claim 1, wherein the bias
voltage is applied by a power supply.

4. The method according to claim 1, wherein the bias
voltage applied is based on a voltage generated in a match-
ing circuit provided for matching an impedance on a power
supply side associated with the radio frequency voltage to
that on a vacuum chamber side.

5. The method according to claim 1, wherein:

6. The method according to claim 1, wherein the film
material comprising the halogen compound is evaporated
and ionized in a clustered fashion by cluster ion generating
means.

7. The method according to claim 1, wherein a substrate
holder holding the substrate on its back surface in the
vacuum chamber is formed of an electrically-conductive
material and is used also as the bias supply electrode.

8. The method according to claim 1, wherein:

an electron beam evaporation source is further provided
comprising a crucible holding a material same as the
halogen compound to be evaporated, an electron gun
for evaporating the halogen compound held in the
crucible by heating with an electron beam, and a shutter
spaced a predetermined distance from the crucible in a
direction toward the substrate; and

the halogen compound in the crucible is evaporated by
heating with the electron beam, while direct impinge-
ment of the halogen compound thus evaporated upon
the substrate is obstructed with the shutter, whereby the
evaporated halogen compound is guided sidewardly of
the shutter and the crucible.
9. The method according to claim 1, wherein the halogen
compound is magnesium fluoride (MgF,).
10. The method according to claim 1, wherein the bias
voltage has a frequency ranging between 100 kHz and 2.45
GHz.
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11. An apparatus for forming a halogen compound film,
comprising:

a vacuum chamber;

a bias supply electrode disposed in the vacuum chamber
and having an obverse side for receiving a substrate
thereon;

an evaporation source for evaporating a film material of
the halogen compound film to be formed on the sub-
strate;

a radio frequency power supply for supplying a radio
frequency voltage to the bias supply electrode used as
one of electrodes to generate plasma in the vacuum
chamber; and

a bias power supply for applying to the bias supply
electrode a bias voltage having a frequency ranging
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between 100 kHz and 2.45 GHz and varying in the
form of a wave having a negative mean value and a
positive maximum value.

12. A magnesium fluoride film obtainable by a method
comprising the steps of: placing a substrate on an obverse
side of a bias supply electrode disposed in a vacuum
chamber; evaporating magnesium fluoride; supplying a
radio frequency voltage to the bias supply electrode used as
one of electrodes to generate plasma in the vacuum cham-
ber; and applying to the bias supply electrode a bias voltage
having a frequency ranging between 100 kHz and 2.45 GHz
and varying in the form of a wave having a negative mean
value and a positive maximum value, thereby forming the
magnesium fluoride film on the substrate.

13. A magnesium fluoride film having a crystal grain
diameter not less than 3 nm and not more than 10 nm.
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