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TITLE OF THE INVENTION

PLASMA PROCESSING APPARATUS AND PLASMA PROCESSING METHOD

BACKGROUND OF THE INVENTION
The present invention relates to a plasma processing

apparatus and a plasma processing method, and more

particularly relates to a plasma processing apparatus and

a plasma processing method suitable for forming a fine
pattern in a semiconductor device manufacturing process.

Needs for Improving the fine pattern manufacturing
and the processing speed in plasma processing are growing
further as integration of semiconductor devices become
higher. In.order to respond to the needs, it is required
to decrease the pressure of a processing gas and to
increase the plasma density.

In regard to plasma processing apparatuses aiming to
decrease the pressure of a processing gas and to increase
the plasma density, there are (1) a method which utilizes
the electron cyclotron resonance phenomena (hereinafter

referred to as ECR) of a microwave (2.45 GHz)

" electromagnetic field with a static magnetic field (875 G),

and (2) a method (hereinafter referred to as ICP) in which
a plasma is generated by generating an induced
electromagnetic field by exciting a coil wusing an RF
frequency‘power source.

In a case where a film of oxide film group is etched
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using a gas of fluorocarbons, when the method of the ECR
described in the above item (1) or tﬁe ICP described in
the item (2) is employed, it is difficult to increase a
selectivity of a Oxide-film to a base material for example
Si or SiN since dissociation of the gas is excessively
progressed.

~On the other hand, in a .conventional method of
generating a plasma by applying a RF frequency voltage
between a pair of parallel flat plates, it is difficult to
stably discharge under a pressure condition below 10 Pa.

As the countermeasure, there are (3) a two-frequency
exciting method in which a plasma is generated using a
high frequency voltage above several tens MHz and bias
control of a sample is performed using' a low frequency
voltage below several MHz, which is disclosed in Japanese

Patent Application Laid-Open No.7-297175 or Japanese

~Patent Application Laid-Open No.3-204925, and (4) a

magnetron RIE (hereinafter referred to as M-RIE) method
which utilizes an action of confining electrons by Lorentz
force of electrons by applying a magnétic field B in a
direction intersecting with a self-bias electron field (E)
induced on the surface of the sample, which is disclosed
in Japanese Patent Application Laid-Open No. 2-312231.
Further, a method of increasing plasma density under
a low pressure condition is described in Japanese Patent

Application Laid-Open No.56-13480. The method obtains a

high plasma density under a low pressure condition of 0.1
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Pa to 1 Pa by utilizing an electron cyclotron resonance
(ECR) by a microwave of electromagnetic wave (2.45 GHz)
and a static magnetic field (875 gausses).

On the other hand, in a technical field of performing
etching processing or film forming processing of
semiconductor using a plasma, an apparatus is employed
having a high frequency power source for accelerating ions
in a plasma to a.sample table for mounting an object to be
processed (for example, a semiconductor wafer substrate,
hereinafter referred to as sample) and an electrostatic
attracting film for holding the sample on the sample table
by an electrostatic attracting force.

For example, in an apparatus disclosed 1in the
specification of USP5,320,982, a plasma is generated by
microwave and a sample is held on a sample table by an
electrostatic force, and using a high frequency power
source output a sinusoidal wave as a bias electric source,
the ion energy incident the sample 1is controlled by
connecting the power source to the sample table while  the
temperature of the sample 1is being controlled by
introducing a heat transfer gas between the sample and the
sample'table.

Further, Japanese Patent Application Laid-Open No.62-
280378 discloses that a distribution of the ion energy
incident to the sample can be narrowed by applying a
pulse-shaped ion control bias voltage to a sample table

for maintaining the electric field intensity between a
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plasma and an electrode at a constant wvalue. Thereby, it
is possible fo improve the dimensional accuracy of plasma
etching processing and the etching rate ratio of a
processed film to a base material by several times. i

Furthermore, Japanese Patent Application Laid-Open
No.6-61182 discloses that it is possible to prevent
occurrence of notches by generating a plasma utilizing
electron cycloLron resonance and applying a pulse bias
having a width of pulse duty of 0.1 % or more fo a-sample.

An example of increasing a plasma density by
generating cyclotron resonance using an electromagnetic
wave of VHF band and a static magnetic field is described
in Journal of App;ied Physics, Japan, Vol.28, No.10.
However, in this example, by applying a high frequency
voltage of 144 MHz to a coaxial central conductor and
adding a magnetic field of 51 gausses in parallel to the
central conductor, cyclotron resonance 1is formed to
generate a high density plasma, and a grounded sample
table is arranged in- a position downstream of the plasma
generating portion.

In the plasma generating methods described in
Japanese Patent Application Laid-Open No.7-288195 or
Japanese Patent Application Laid-Open No.7-297175 among
the above-mentioned conventional technologies, a plasma is
generated by a high frequency source of 13.56 MHz or
several tens MHz. it is possible to generate a plasma

appropriate for etching an oxide film under a gas pressure
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of several tens Pa to 5 Pa (Pascal). However, as a pattern
dimension becomes as small as nearly 0.2 #4m or smaller,
verticality in a processed shape is strongly required and
consequently it is inevitable to decrease the gas pressure.

However, in the two-frequency exciting method or the
M~-RIE method described above, it 1is difficult to stably
produce a plasma having a desired density higher than

0% em™ under a pressure condition lower than 4

nearly 5X1
Pa (0.4 to 4 Pa). For example, in the two-frequency
exciting method . .described above, even 1if the plasma
exciting frequency is increased up to a frequency around
50 MHz, the plasma density cannot be increased but, on the
contrary, decreased. Therefore, it is difficult to produce
a plasma having a desired density higher than nearly 5 X
10'° em™ under a pressure condition of 0.4 to 4 Pa.
Further, in the M-RIE method, the density
distributibn of a plasma generated by an action of
confining electrons by Lorentz force of electrons produced
on a surface of a sample must bé uniform all over the
surface of the sample. However, there is a disadvantage in
that an inclination of the plasma density generally occurs
over the surface of the sample due to drift of E XB. The
inclination of the plasma density formed by the action of
confining electrons cannot be _corrected by any method such
as diffusion or the like since the inclination occurs near
the sheath in the vicinity of the sample where intensity

of the magnetic field is strong.
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Japanese Patent Application Laid-Open No.7-288195
discloses a method-of solving this problem in which it is
possible to obtain a uniform plasma without inclination by
arranging magnets so that the magnetic field intensity is
weakened in a direction of electron drift due to the drift
of EX B, even when a magnetic field of 200 gausses at
maximum is applied in parallel to a sample. However, there
is a disadvantage in that it is difficult to follow a
change in a processing condition since a condition for
maintaining the plasma uniform is limited to a specified
narrow range when the distribution of magnetic field
intensity is once fixed. In particular, in a case of a
large sized sample having a diameter larger than 300 mm,
when a distance between the electrodes is as narrow as 20
mm or less, pressure above the central portion of the
sample becomes higher by 10 % or more pressure above the
peripheral portion of the sample. In order to avoid the
pressure difference, in a case where a gap between the
sample table and the opposite electrode is set to 30 mm or
more, the difficulty is likely increased.

As described above, in the two-frequency exciting
method and the M-RIE method, it is difficult to obtain a

uniform plasma density of 5%X10!° cm™

over the surface of a
sample having a diameter of 300 mm or more under a
pressure condition as low as 0.4 to 4 Pa. Therefore, in
the two-frequency exciting method and the M-RIE method, it

is difficult to manufacture the fine pattern of 0.2 um or
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smaller to a wafer having a diameter larger than 300 mm
uniformly and speedy with a high selectivity of the
etching material to the base material.

On the other hand, a method for substantially
increasing a plasma density under a low pressure condition
is disclosed in Japanese Patent Application Laid-Open
No.56-13480 among the prior art described above. However,
this method has a disadvantage in that in a case where a
silicon oxide film or a silicon nitride film is etched

using a gas containing fluorine and <carbon, it is

difficult to attain a desired selectivity to the base

material such as Si or the like since dissociation of the
gas 1is excessively progressed and a large amount of
fluorine atoms and/or molecules and/or fluorine ions are
generated. The ICP method using a electromagnetic field
induced by an RF power source also has a disadvantage in
that dissociation of the gas is excessively progressed, as
the same as in the ECR method described above.

Further, the plasma processing apparatus is generally
constructed in such that the processing gas is exhausted
from the peripheral portion of a sample. In such a case,
there is a disadvantage in that the plasma density is
higher in the central portion of the sample and lower in
the peripheral portion of the sample, and accordingly
uniformity in the processing all over the surface of the
sample is degraded. In order to eliminate this

disadvantage, a ring-shaped bank, that is, focus ring is
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provided near the periphery of the sample to stagnaté gas
flow. However, there is anofher disadvantage in that.
reaction products attach oﬁto the bank which becomes a
particle producing source to decrease the product yield.

On the other hand, in order to control energy of ions
incident to the sample, an RF bias of sinusoidal wave is
applied to an electrode mounting the sample. The frequency
of the RF bias used is several hundreds kHz to 13.56 MHz.
However, the energy distribution of incident ions becomes
of a double peak type which has two peaks, one is in a
lower energy region and the other is in a higher energy
region because the ions follow to change in electric field
inside sheath when the RF bias having'a frequency within
this frequency band. The ions in the higher energy range
can process at high speed but damage the sample, and the
ions in the lower energy range can process without damages
but at low speed. That is, there is a disadvantage in that
the processing speed is decreased when it is tried to
prevent damage of the sample, and the problem of damage
arises when the processing speed is tried to be increased.
On the other hand, when the frequency of the RF bias is
set to a value higher than, for example, 50 MHz, the
distribution of incident energy'becomes of a single peak
type. However, most part of the energy is used in plasma
generation and consequently the voltage applied to the
sheath is substantially decreased. Therefore, there is a

disadvantage in that it is difficult to control the energy
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of the incident ions independently to the plasma density.

Further, in the pulse bias power source method
described in Japanese Patent Applicétion Laid-Open No.62-
280378 or Japanese Patent Application Laid-Open No.6-61182,
there is no discussion on a case where a dielectric layer
for electrostatic attraction is used between a sample
table electrode and a sample and a pulse bias is applied
to the sample. When the pulse bias method is directly
applied to the electrostatic attracting method, an ion
acceleration voltage applied between a plasma and the
surface of the sample is decreased by the increase of the
voltage generated between the both ends of the
electrostatic attracting film as ion currént flows within
one <cycle of the RF Dbias, and consequently the
distribution of ion energy is broadened. Therefore, the
pulse bias power source method has a disadvantage in that
it cannot cope with a required fine pattern processing
while temperature of the sample ié properly Dbeing
controlled.

Further, in the conventional sinusoidal wave output
bias power source method disclosed in the specification of
USP5, 320,982, there is a disadvantage in that an impedance
of the sheath portion approaches an impedance of the
plasma itself or lower when the frequency becomes high,
and thereby an unnecessary plasma is generated near the
sheath in the vicinity of the sample by the bias power

source, and accordingly the ions are- not effectively
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accelerated and the distribution of the plasma is also
degraded to -loose .controllability of ion energy by the
bias power source.

Furthermore, in plasma processing, 1in order to
improve the performance, it is important to properly
control an amount of ions, an amount of radicals and kinds
of radicals. In the past, a gas to be formed into ions and
radicals is introduced into a process chamber and the ions
and the radicals are produced at a time by generating a
plasma in the ©process chamber. Therefore, as the
processing of sample becomes very small, it becomes clear
that there is a limit in the control of the amount of ions,
the amount of radicals and the kinds of radicals.

Further, in regard to an example of utilizing
cyclotron resonance of VHF band, installation of a . bias
electric power source for applying a voltage to a sample
table and a means for uniformly applying a voltage to all
over a sample surface are described in Journél of Applied
Physics, Japan, Vol.28, No.l0. Further, a processing
chamber has a height higher than 200 mm. Therefore, the
construction cannot use reaction on the surface of an
oppbsite electrodes effeétively, and consequently it is
difficult to obtain a high selectivity in this

construction.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a
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plasma processing apparatus and a plasma processing method
capable of easily performing precise xﬁanufacturing of a
fine pattérn to a large sized sample having a diameter of
300 mm or more by obtaining a large-sized and uniform
plasma in which dissociation of the processing gas is not
excessively progressed.

Another object of the present invention is to provide
a plasma processing apparatus and a plasma processing
method capable of performing uniform and .high—speed
processing, and particularly oxide film processing, all
over the surface of a large diameter sample.

A further object of the present invention is to
provide a plasma processing apparatus and a plasma
processing method capable of improving the selectivity of
the etching material of insulator films such as $i02, 'SiN,
BPSG and the like to the base material. |

A still further object of the present invention is to
provide a plasma processing apparatus and a plasma
processing method capable of imprdving the selectivity of
plasma processing with stably low-damaging and high
controllability.

A further object of the present invention is to
provide a ©plasma processing apparatus and a plasma
processing method capable of performing processing of a
required fine pattern manufacturing highly accurately and
satably by improving temperature control through

electrostatic attracting of a sample.
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A still further object of the present invention is to
provide a plasma processing .apparatus and a plasma
processing method capable of controlling the generation of
ions and radicals independently.

The present. invention is characterized by a plasma
processing apparatus comprising a vacuum processing
chamber, a plasma generating means including a pair of
electrodes, a sample table having a sample mounting
surface for mounting a sample to be processed inside the
vacuum processing chamber, and a evacuating means for
evacuating the vacuum processing chamber, which further .
comprises a high frequency electric power source for
applying a high frequency electric power of a VHF band
from 30 MHz to 300 MHz between the pair of electrodes; and
a magnetic field forming means for forming a static
magnetic field or a low frequency magnetic field in a
direction intersecting an electric field generated between
the pair of electrodes and the vicinity by the high
freéuency electric power source; therein an electron
cyclotron resonance region being formed between the both
electrodes by the magnetic field and the electric field.

The present invention is also characterized by a
plasma processing apparatus comprising a vacuum processing
chamber, a plasma generating means including a pair of
electrodes, a sample tabl'e for mounting a sample to be
processed inside the vacuum processing chamber and also

serving as one of the electrodes, and a evacuating means
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for evacuating the vacuum processing chamber, which
further comprises a high frequency electric power source
for applying an electric power of a VHF band from 50 MHz
to 200 MHz between the pair of electrodes; and a magnetic
field forming means for forming a static magnetic field or
a low frequency maghetic field not weaker than 17 gausses
and not. stronger than 72 gausses 1in a direction
intersecting an electric field generated between the pair
of electrodes and the vicinity by the high frequency
electric power source; therein the magnetic field forming
means being set so that a portion where a component of the
magnetic field in a direction along the surface of the
sample table becomes maximum is brought to a position in
the opposite side of the sample table from the middle of
the both electrodes; an electron cyclotron resonance
region being formed between the both electrodes by the
magnetic field and the electric field.

The present invention is further characterized by a

method of plasma-processing a sample using a plasma

processing apparatus comprising a vacuum processing
chamber, a plasma generating means including a pair of
electrodes, a sample table for mounting a sample to be
processed 1inside the vacuum processing chamber and also
serving as one of said electrodes, and a evacuating means
for evacuating the vacuum processing chamber, the method
comprising the steps of evacuating inside the - vacuum

processing chamber by said evacuating means; forming a
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static magnetic field or a low frequency magnetic field
not weaker than 10 gausses and not stronger than 110
gausses in a direction intersecting an electric field
between the pair of electrodes by a magnetic field forming
means; forming an electron cyclotron resonance region
between the both electrodes by interaction of the magnetic
field and an electric field generated by a high frequency
electric power source by applying an electric power of a
VHF band from 30 MHz to 300 MHz between the pair of
electrodes using the high frequency electric power source;
and processing the sample by a plasma produced by the
cyclotron resonance of electrons.

According to the present invention, in order to not-
excessively progress dissociation of a proces;ing gas and
obtain a uniform plasma which has a diameter larger than
300 mm and a saturation ion current distribution smaller
than +5%, a high frequency electric power source having a
frequency of 30 MHz to 300 MHz, preferably 50.MHz to 200
MHz, 1is used for generating a plasma. Further, a static
magnetic field or a low £ equency magnetic field is formed
in a direction intersecting an electric field generated
between the pair of electrodes. Thereby, an electron
cyclotron resonance region being formed between the pair
of electrodes along the surface of the sample table and in
the opposite side of the sample t;ble from the middle of
the both electrodes by the magnetic field and the ele;tric

field. Thus, the sample is proéessed using the plasma
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produced by the cyclotron resonance of electrons.

In regard to the magnetic field, the static magnetic
field or the 1low frequency magnetic field (lower than
1kHz) partially has an intensity not weaker than 10
gausses énd not stronger than 100 gausses, preferably not
weaker than 17 gausses and not stronger than 72 gausses.
In regard to the gas pressure, it is set to a low pressure
from 0.4 Pa to 4 Pa. In addition to these, the distance
between the both electrodes is set to a value from 30 mm
to 100 mm, preferably, 30 mm to 60 mm.

In regard to the frequency f of the high frequency

electric power source, by employing a VHF in the range 50

MHz £ f £ 200 MHz the plasma density is decreased by one

order to two orders compared to that in a case of a
microwave ECR. The dissociation of gas is also decreased
and accordingly generation of unnecessary fluorine atoms
and/or molecules and ions are also decreased by one order
or more. By using the frequency in the VHF band and the
cyclotron resonance, it is possible to obtain a plasma
having an appropriately high density and a high processing
rate under a pressure condition of 0.4 Pa to 4 Pa. Further,
since the dissociation of processing gas is not
excessively progressed, the selectivity to the Dbase
material such as Si, SiN or the like is degraded not so
much.

Although the dissociation of processing gas is

slightly progressed compared to that in a conventional
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apparatus of parallel flat plate electrode type using a
frequency of i3.56 MHz, the disadvantage of small increase
in the amount of fluorine atoms and/or molecules and/or
ions can be eliminated by providing a material containing-
silicon or carbon to the surface of the electrodes and/or
wall surface of the chamber, and further by applying a
bias voltage to the electrodes and the chamber or by
exhausting fluorine through coupling the fluorine with
hydrogen using a gas containing hydrogen atom.

Further, according to the present invention, a
portion where the component of magnetic field parallel to
the sample table between the both electrodes is set at a
position in the side opposite to the sample table from the
middle of the both electrode and the magnetic field
intensity on the surface of the sample table mounting the
sample parallel to the sample table is set below 30
gausses, preferably, below 15 gausses. Thereby, a Lorentz
force (E XB) acting on electrons near the sample mounting
surface is made small and consequently occurrence of non-
uniformity by electron drift effect due to the Lorentz
force on the sample mounting surface can be eliminated.

The present invention is characterized by that
cyclotron resonance effect of electrons is larger in a
portion within a range from the periphery of a sample to
the outer side of the periphery than in the center of the
sample so as to increase the generation of plasma in the

portion within the range from the periphery of the sample
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to the outer side of the periphery than in the center of
the sample. A means for decreasing the effect of the
cyclotron resonance of electrons can be attained by
increasing the distance between the cyclotron resonance
region and the sample, or decreasing the degree of
intersection between the magnetic field anhd the electric
field. |

When a gradient of the magnetic field near the
cyclotron resonance region Bc is steepened to narrow an ECR
resonance region, the cyclotron effect can be weakened.
The ECR resonance region is formed in a range of a
magnetic field intensity B , Bec{l-a) SBSBc(l+a) where 0.05
Sas0.1.

A large amount of ions are generated in the ECR
resonance region since dissociation of the processing gas
is progressed there. On the other hand, a large amount of
radicals are generated in the region other than the ECR
resonance region since the dissociation of the processing
gas is not progressed compared té in the ECR resonance
region. By adjusting a width of the ECR resonance region
and a high frequency electric power applied to the upper
electrode, it is possible to independently control an
amount of generated ions and an. amount of generated
radicals appropriate for processing the sample.

The present invention is characterized by a plasma
processing apparatus comprising a vacuum processing

chamber, a sample table for mounting a sample to be
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processed in the vacuum processing chamber, and a plasma
generating means including a high frequency electric power
source, which further comprises an electrostatic
attracting means for holding the sample onto the sample
table by an electrostétic attracting force; and a pulse
bias applying means for applying a pulse bias voltage to
the sample; the high frequency electric power source
applying a high frequency voltage of 10 MHz to 500 MHz,
the wvacuum processing chamber being depressurized to 0.5
to 4.0 Pa.

The present invention is further characterized by a
plasma processing apparatus comprising a vacuum processing
chamber, a sample table for mounting a sample to be
processed in the wvacuum processing chamber, and a plasma
generating means includiﬁg a high frequency electric power
source, which further comprises an electrostatic
attracting means for holding said sample onto the sample
table by an electrostatic attracting force} a pulse bias
applying means connected to the sample table and for
applying a pulse bias voltage to the sample; and a voltage
suppressing means for suppressing a voltage rising
generated by applying the pulse bias voltage corresponding
to  an electrostatic attracting capacity of the
electrostatic attracting means.

-The present invention 1is also characterized by a
method of plasma processing comprising the steps of

placing a sample on one of a pair of electrodes opposite
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to each oLher provided a vacuum processing chamber;
holding the sample onto the electrode by an electrostatic
attracting force; introducing an etching gas into an
environment in which the sample is placed; evacuating and
evacuating the environment to a pressure condition of 0.5
Pa to 4.0 Pa; forming the etching gas into a plasma under
the pressure condition by applying a high frequency
electric power of 10 MHz to 500 MHz; etching the sample by
the plasma; and applying a pulse bias voltage to the one
of electrodes.

The present invention 1is further characterized by a
method of plasma processing comprising the steps of
placing a sample on one of electrodes opposite to each
other; holding the placed sample onto the electrode by an
electrostatic attracting force; introducing an etching gas
into an environﬁent in which the sample is placed; forming
the introduced etching gas into a plasma; rtching the
sample by the plasma; and applying a pulse bias voltage
having a pulse width of 250 V to 1000 V and a duty ratio
of 0.05 to 0.4 to the one of electrodes during etching:;
thereby an insulator film, such as Si0O2, SiN, BPSG or the
like, in the sémple being plasma-processed.

According to another characteristic of the present
invention, by applying a pulse—shapéd bias voltage having
a proper characteristic to a sample table having an
electrostatic attracting means with a dielectric layer for

electrostatic attracting, it is possible to appropriately
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control temperature of a sample and stably perform
réquired fine pattern processing. That is, the plasma
processing apparatus comprises an electrostatic attracting
means for holding a sample onto a lsample table by an
electrostatic attracting force, and a pulse bias applying
means connected to the sample table and for applying a
pulse bias voltage to the sample table, and thereby the
pulse‘bias voltage having a period of 0.2 to 2 4s and a
duty in the positive direction less than one-half to the
sample through a capacity element.

According to a further characteristic of the present
invention[ in regard to a voltage suppressing means for
suppressing change in a voltage generated by applying the
pulse bias voltage corresponding to an electrostatic
attracting capacity of the electrostatic attracting means,
the voltage suppressing means is designed so that voltage
change due to an electrostatic attracting film " of the
electrostatic attracting means during one cycle of pulse
is suppressed to one-half of the pulse bias voltage. In
detail, it can be attained by thinning a thickness of an
electrostatic chuck .film. made of a dielectric material
provided on the surface of the lower electrode, or by
employing a material héving a large specific dielectric
coefficient. Further, it is also possible to employ a
method of suppressing increase of'voltage applied to the
both ends of the dielectric layer by shortening the period

of the pulsé bias voltage.
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According to a further characteristic of the present
invention, by applving a pulse bias voltage having a pulse
width of 250 V to 1000 V and a duty ratio of 0.05 to 0.4
to the one of electrodeé during etching, it is possible to
increase the plasma processing selectivity of the base
material to an insulator film, such as SiOz, SiN, BPSG or
the like, can be improved.

The present invention is characterized by a plasma
processing apparatus <comprising a vacuum processing
chamber, a sample table for mounting a sample to be
processed in the vacuum processing chamber, and a plasma
generating means, which further comprises an electrostatic
attracting means for holding the sample onto the sample
table by an electrostatic attracting force; a bias
applying means for applying a bias voltage to the sample;
a radical supplying means having a means decomposing a gas-
for generating radicals in advance and for supplying a
required amount of the radicals to the vacuum processing
chamber; a means for supplying a gas for generating ions
to the vacuum processing chamber; and a plasma generating
means for generating a plasma in the vacuum processing
chamber; therein Si0O, being used as the sample.

The present invention is further'characterized by a
plasma processing apparatus compfising a vacuum processing
chamber, a sample table for mounting a sample to be
processed in the vacuum processing chamber, and a plasma

generating means including a high frequency electric power



10

15

20

25

22

source, which further comprises an electrostatic
attracting méans for holding the sample onto the sample
table by an electrostatic attracting force; a pulse bias
applying means for applying a pulse bias voltage to the
sample; a radical generating plasma supplying means for
forming a gas for generating radicals into a plasma in
advance and for supplying a required amount of the
radicals to the vacuum processing chamber; and the plasma
generating means for supplying a gas for generating ions
to the wvacuum processing chamber and for generating a
plasma in the vacuum processing chamber; therein the high
frequency electric power source applying a high frequency
voltage of 10 MHz to 500 MHz, the vacuum processing
chamber being depressurized to 0.5 to 4.0 Pa.

According to another characteristic of the present
invention, by controlling the amounts and the qualities of
ions and radicais independently and applying a pulse bias
voltage having an appropriate characteristic to a sample
table having an electrostatic attracting means with a
dielectric layer for electrostatic attracting, it is
possible to properly control temperature of a sample and
to stably perform required fine pattern processing.

Further, it is possible to improve the selectivity of
plasma processing with a stable and better control
condition by controlling the amounts and the qualities of
ions and radicals independently and by obtaining a narrow

ion energy distribution.
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Furthermore, the amounts and the qualities of ions
and radicals are independently controlled and a voltage
suppressing means, which suppresses change in a voltage
corresponding to an electrostatic attracting capacity of
the electrostatic attracting means generated by applying
the pulse bias voltage, is designed so that voltage change
due to an electrostatic attracting film of the
electrostatic attracting means during one cycle of pulse
is suppressed to one-half of the pulse bias voltage. In
detail, it can be attained by thinning a thickness of an
electrostatic chuck film made of a dielectric material
provided on the surface of the lower electrode, or by
employing a material having a large specific dielectric"
coefficient. Further, it 1is also possible to employ a
method of suppressing increase of voltage applied to .the
both ends of the dielectric layer by shortening the period
of the pulse bias voltage.

According to a further characteristic of the present
invention, since the amounts and the qualities of ions and
radicals are independently controlled and a pulse bias
voltage having a pulse width of 250 V to 1000 V and a duty
ratio of 0.05 to 0.4 is applied to the one of electrodes
during etching, it is possible to increase the plasma
processing selectivity of the base material to an
insulator film, such as SiOz, SiN, BPSG or the like, can be
improved. |

Further according to a characteristic of the present
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invention, the amounts and the qualities of ions and
radicals are independently controlled, a high frequency
electric power source .for generating a plasma of a high
frequency voltage of 10 MHz to 500 MHz is used, and gas
pressure in the processing chamber is set to a 1low
pressure of 0.5 Pa to 4.0 Pa. Thereby, it is possible to
obtain a stable plasma. Further, by using such a high
frequency voltage, the plasma is well ionized and the
control of selectivity during processing a sample 1is

improved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a vertical cross-sectional view showing an
embodiment of a plasma etching apparatus of two-electrode
type in accordance with the present invention.

FIG. 2 is a graph showing an example of change in
plasma density when the frequency of a _high frequency
electric power source for éenerating a plasma is changed
under a condition where a magnetic field for producing
cyclotron resonance of electrons is applied.

FIG. 3 is a graph showing energy gains k of electrons
obtained 'from a high frequency electric field wunder
conditions with and without cyclotron resonance.

FIG. 4 is a graph showing the relationship between
intensity of a magnetic field and an ion acceleration
voltage Vbpc induced in a sample, deviation A V of an

induced voltage in the sample when an upper electrode of a
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magnetron discharge electrode is grounded and a lower
electrode is applied with a magnetic field B and a high
frequency electric power.

FIG. 5 1is a graph showing a magnetic field
characteristic of the plasma etching apparatus of FIG. 1.

FIG. 6 is a graph explaining an ECR region of the
plasma etching apparatus of FIG. 1.

FIG. 7 is a chart showing an example of a preferable
output wave-form used in a pulse bias electric power
source in accordance with the present invention.

FIG. 8 is charts showing electric potential wave-form
on a sample surface and probability distribution of ion
energy when T, is varied while a pulse duty ratio (T;/Tp)
is being kept constant.

FIG. 9 is charts showing electric potential wave-form

on a sample surface and probability distribution of ion

energy when T, is varied while a pulse duty ratio is being
kept constant.

FIG. 10 is a graph showing the relationship between

pulse OFF period (T,-T;) and maximum voltage Vg during one
cycle of a voltage induced between both ends of an
electrostatic attracting film.

FIG. 11 is a graph show}ng the relatioﬁship between
pulse duty ratio and (Vpc/vy).

'FIG. 12 1is a graph showing energy dependence of

silicon etching rate ESi and oxide film etching rate ESiO,

when chlorine gas of 5 mTorr is formed in a plasma.
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FIG. 13 is a graph showing ion energy distributions
of oxide film etching rate ESiO, and silicon etching rates
ESi as an example of etching of a oxide film when CF4 gas
of 5 mTorr is formed in a plasma.

FIG. 14 1is a vertical cross-sectional view showing
anoﬁher embodiment of a plasma etching apparatus of two-
electrode type in accordance with the present invention.

FIG. 15 is a vertical cross-sectional view showing a
furthér embodiment of a plasma etching apparatus of two-
electrode type in accordance Qith the présent invention.

FIG. 16 is a graph showing a magnetic field
distribution characteristic of the = plasma etching
apparatus of FIG. 15.

FIG. 17 is a graph explaining an ECR region of the
plasma etching apparatus of FIG. 15.

FIG. 18 is a vertical cross-sectional view showing a
further embodiment of a plasma etching apparatus in
accordance with the present invention.l

FIG. 19 is a graph showing a magnetic field
distribution characteristic of the plasma etching
apparatus of FIG. 18.

FIG. 20 is a vertical cross-sectional view showing a
further embodiment of a plasma etching apparatus of two-
electrode type in accordance with the present invention.

FIG. 21 is a vertical cross—sgctional view showing a
further embodiment of a plasma etching apparatus of two-

electrode type in accordance with the present invention.
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FIG. 22 is a graph showing a magnetic field
distribution characteristic of the plasma etching
apparatus of FIG. 21.

FIG. 23 is a cross-sectional side view showing the
main portion of a further embodiment of a plasma etching
apparatus of two-electrode type in accordance with the
present invention.

FIG. 24 is a vertical cross—sectional view showing
the plasma etching apparatus of FIG. 23.

FIG. 25 is a view showing another embodiment of a
magnetic field forming means.

FIG. 26 is a vertical cross-sectional view showing
another embodiment of a plasma etching apparatus of two-
electrode type in accordance with the present invention.

FIG. 27 1is a vertical cross-sectional view showing
another embodiment of a plasma etching apparatus of two-
electrode type in accordance with the present invention.

FIG. 28 is a vertical cross-sectional view showing
another embodiment of a plasma etching apparatus of two-
electrode type in accordance with the present invention.

FIG. 29 1is a graph showing a magnetic field
distribution characteristic of the plasma etching
apparatus of FIG. 28.

FIG. 30 is a vertical cross-sectional view showing a
further embodiment of a plasma etching apparatus of two-
electrode type in accordance with the preseﬁt invention.

FIG. 31 is a vertical cross-sectional view showing an
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embodiment of a plasma etching apparatus of two-electrode
type which is-a modification of one shown in FIG. 1.

FIG. 32 is a graph showing the relationship between
frequency of a plasma generating electric power source and’
lowest gas pressure condition for stable discharge.

FIG. 33 is a graph showing the relationship betweeh
frequency of a pulse bias electric power source and
cumulative electric power.

FIG. 34 is a vertical cross-sectional view showing an
embodiment of .a plasma etching apparatus of induction
coupling discharge type and non-magnetic field type among
external energy supplying discharge type to which the
present invention is applied.

FIG. 35 is a vertical cross-sectional view showing a
further embodiment of a plasma etching apparatus in
accordance with the present invention.

FIG. 36 1is a vertical cross-sectional front view
showing a part of a microwave processing apparatus to
which the present invention is applied.

FIG. 37 is a vertical cross-sectional view showing a
further embodiment of .a plasma etching apparatus in
accordance with the present invention.

FIG. 38 1is a vertical cross-sectional front view
showing a further embodiment of a plasma processing
apparatus in accordance with the present invention.

FIG. 39 is a.vertical cross-sectional view showing a

further embodiment of a plasma etching apparatus of two-
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electrode type in accordance with the present invention
which 1is capable of controlling ions and radicals
independently.

FIG. 40 is a vertical cross-sectional view showing a
further embodiment of a plasma etching apparatus of two-

electrode type in accordance with the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Embodiments of the ©present invention will Dbe
described below. FIG. 1 shows a first embodiment of a
plasma etching apparatus of opposite electrode type to
which the present invention is applied.

Referring to FIG. 1, a procéssing chamber 10 of a
vacuum container has a pair of opposed electrodes composed
of an upper electrode 12 and a lower electrode 15. On’ the
lower electrode 15 a sample 40 is mounted. Distance of a
gap between the both electrodes 12, 15 is preferably not
smaller than 30 mm in order to suppress pressure
difference on the sample within -10 % when the sample
having a large diameter about 300 mm or larger than 300 mm.
In order to decrease amounts of fluorine atoms, molecules
and ions, the distance is desired to be not larger than
100 mm, preferably, not larger than 60 mm from the view
point of effectively wusing reaction product on the
surfaces of the upper and the lower electrodes. A high
frequency electric power source 16 for supplying a high

frequency energy is connected to the upper electrode 12
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throuéh a matching box 162. The reference character 161
indicates a high frequency electric power modulating
signal source. Between the upper electrode 12 and the
ground there is connected a filter 165 which becomes a low
impedance to the frequency componént of a bias electric
power source 17 and becomes a high impedance to the
frequency component of the high frequency electric power
source 16. The reference character 13 indicates an
insulator member made of aluminum oxide or the like.

The area of the upper electrode 12 arranged nearly
parallel to the sample table is larger than an area of the
sample 40 to be processed so that voltége of the bias
electric power source 17 is effectively and uniformly
applied to the sheath on the sample table.

An upper electrode cover 30 of a fluorine removing
plate made of silicon, carbon or SiC is provided on the
bottom surface of the upper electrode 12. Further, there
is provided a gas introducing chamber 34 having a gas
diffusion plate 32 for diffusing gas in a desired
distribution. A gas necessary for processing such as
etching the.sample is supplied to the processing chamber
10 from a gas supplying unit 36 through the gas diffusion
plate 32 of the gas introducing chamber 34 and holes 38
provided in the in the upper electrode 12 and the upper
electrode cover 30. An outer Chamber 11 is evacuated by a
vacuum pump 18 connected to the outer_chamber 11 through a

valve 14 to adjust pressure in the processing chamber 10
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to a process pressure. A discharge confining ring 37 is
provided in the processing chamber 10 to increase a plasma
density and make reaction inside the processing chamber
uniform. The discharge confining ring 37 has gaps for
evacuation.

Above the upper electrode 12, there is provided a
magnetic field forming means 200 which forms a magnetic
field intersecting with an electric field E foimed between
the electrodes at right angle and parallel to the surface
of the sample 40. The magnetic field forming means 200 has
a core 201, an electromagnetic coil 202 and an insulator
member 203. A material for <constructing the upper
electrode 12 is a non-magnetic conductor such as aluminum,
an aluminum alloy or the like. A material for constructing
the processing chamber 10 is a non-magnetic material such
as aluminum, an aluminum alloy, aluminum oxide, quartz.
SiC or the 1like. The core 201 is formed in an axial-
rotating symmetrical structure having a nearly E-shaped
cross section with the cores 201A, 201B so as to form a
magnetic field B of which the magnetic fluxes extend from
the upper central portion of the processing chamber 10
toward the upper electrode 12 and then extent along and in
parallel to the upper electrode 12 toward the periphery of
the upper electrode. The magnetic field formed between the
both .-electrodes by the magnetic field forming means 200
has a portion of a static magnetic field or -a low

frequency magnetic field (lower than 1 kHz) having an



10

15

20

25

32

intensity of 10 gausses to 110 gausses, preferably, 17
gausses tb 72 gausses for producing cyclotron resonance.

It is well-known that the relationship between an
intensity Bc (gausses) of the magnetic field for producing
cyclotron resonance and a frequehcy f (MHz) of the plasma
forming high frequency source can be expressed as Be=0.357
Xf (MHz).

The two electrodes 12, 15 in the present may have
some indent portions or projecting portions depending on,
for example, a requirement of plasma forming
characteristic as far as the pair of opposite electrodes
12, 15 are substantially in parallel to each other. In
such a two-electrode type, the electric field distribution
between the both electrodes can be easily made uniform and
accordingly generation of plasma by cyclotron resonance
can be comparatively easily made uniform by improving the
uniformity of the magnétic field intersecting with the
electric field at right angle.

The lower electrode 15 mounting and holding the
sample 40 has a two-pole type electrostatic chuck 20. That
is, the lower electrode 15 is composed of a first lower
electrode 15A 1in the outer side and a second lower
electrode 15B arranged in the inner side through aﬁ
insulator member 21, and an electrostatic attracting
dielectric layer 22 (hereinafter referred to as an
electrostatic attracting £ilm) is provided on the upper

surfaces of the first and the second lower electrodes. A
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direct current source 23 1is connected to the first and
second lqwer electrodes through coils 24A, 24B for cutting
high frequency component to apply a direct current voltage
between the both lower electrodes so that the second lower
electrode 15B is charged in positive. Thereby, the sample
40 is attracted and held onto the lower electrode 15 by a
Coulomb force acting between the sample 40 and the both
lower electrodes through the electrostatic attracting film
22. A material usable for the electrostatic attracting
film 22 is a dielectric material such as aluminum oxide,
titanium oxide containing aluminum oxide or the like. As
the electric source 23, a direct cuirent source of several
hundreds voltage is used.

A pulse bias electric power source 17 for supplying a
pulse bias having an amplitude of 20 V to 1000 V is
connected to the lower electrodes 154, 15B through
blocking capacitors 19A, 19B for cutting Direct current
component, respectively.

Although the electrostatic chuck of two-pole type has
been described above, an electrostatic chuck of another
type such as a sinéle-pole typé or an n-pole type (n=3)
may be applicable.

When etching is performed, the sample 40 of an object
to be processed is mounted on the lower electrode 15 in
the processing chamber 10 and attracted by the
electrostatic chuck 20. On the other hand, a gas required

for etching the sample 40 is supplied to the processing
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chamber 10 from the gas supplying unit 36 through the gas
introducing éhamber 34. The outer chamber 11 is wvacuum-
pumped by the vacuum pump 18 to be evacuated and
depressurized so that pressure of the processing chamber

becomes a processing pressure of the sample, for example,

a pressure of 0.4 Pa to 4.0 Pa. Then, a high frequency

electric power of 30 MHz to 300 MHz, preferably 50 MHz to
200 MHz, is output from the high frequency electric power
source 16 to form the processing gas in the processing
chamber 10 into a plasma.

By the high frequency electric power of 30 MHz to 300
MHz and the portion of static magnetic field of 10 gausses
to 110 gausses formed by the magnetic field forming means
200, cyclotron resonance of electrons is generated between
the upper electrode 12 and the lower electrode 15 to form
a plasma having a low pressure, 0.4 to 4.0 Pa in this case,
and a high density.

On the other hand, a pulse bias voltage of 20 V to
1000 V having a period of 0.1 us to 10 us, preferably 0.2
uUs to 5 s, and a duty in positive pulsé portion of 0.05
to 0.4 is applied to the lower electrode 15 from the pulse
bias electric power source 17 to etch the sample while the
electrons and the ions in the plasma are being controlled.

The.etching gas 1is formed in a desired distribution
by the gas diffusion plate 32 and then introduced into the
processing chamber 10 through the holes 38 bored in the

upper electrode 12 and the upper electrode cover 30.
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A material used for the upper electrode cover 30 is
carbon, silicon or a material containing carbon or silicon
which removes components of fluorine and/or oxygen to
improve the selectivity to the resist and/or silicon to
the base material.

In order to improve the micro workability of a large
diameter sample, it is preferable that a plasma generating
high frequency electric power source 16 having a high
frequency is used to attempt to stabilize discharge in a
low pressure region. In the present invention, the plasma
generating high frequency electric power source 16 is
connécted to the upper electrode 12 in order to obtain a
plasma which is a low pressure of 0.4 Pa to 4.0 Pa and a
plasma density of 5% 10 to 5x10% cm'3, and dissociation
of the processing gas is not excessively progressed  and
has a uniform and large diameter. On the other hand, an
ion energy controlling bias electric source 17 1is
connected to the lower electrode 15 mounting the sample
and the distance between the both electrodes is set to 30
mm to 100 mm.

Further, using a VHF voltage of 30 MHz to 300 MHz,
preferably 50 MHz to 200 MHz, form the plasma generating
high frequency electric power source 16, and by the
interaction with the portion of the static magnetic field
or the low frequency (lower than 1 kHz) magnhetic field
having an intensity of 10 gausses to 110 gausses,

preferably 17 gausses to 72 gausses, cyclotron resonance
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of electrons is formed between the upper electrode 12 and
the lower electrode 15.

FIG. 2 shows an example of_change in plasma density
when the frequency of a high frequency electric power
source for generating a plasma is changed under a
condition where.a magnetic field for producing cyclotron
resonance of electrons is applied. The gas used is argon
added with 2 to 10 % of C4Fs, and the pressure of the
processing chamber is 1 Pa. The plasma density in the
figure is shown by normalized value by letting the density
in a case of a microwave ECR with £f=2450 MHz be 1 (one).
The dashed line in the figure shows a result obtained in a
case without magnetic field.

The plasma density is lower by one order to two order
compared to that in the microwave ECR when the frequency
is in the range of 50MHz £ f =< 200MHz. Further,
dissociation of the gas is also decreased and generation
of unnecessary fluorine atoms, molecules. and ions is
decreased by one order or more. By using the frequency in
the VHF band and cyclotron reéonance, 2 plasma having
appropriately high density, namely, a plasma density above
5x 10 cm™ in absolute value is obtained, and a high rate
processing is also possible under a low pressure of 0.4 Pa
to 4.0 Pa. Furthermore, since dissociation of the gas is
not - excessively progressed, the selectivity of an
insulator film such as Si02 to the base material such as

Si or SiN is not degraded so much.
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When the frequency is within the range of 50MHz £ f <
200MHz, the dissociation of the processing gas is slightly
progressed compared to that in a conventional apparatus of
parallel flat plate electrode type using a frequency of
13.56. MHz, the disédvantage of small increase in the
amount of fluorine atoms and/or molecules and/or ions can
be eliminated by providing a material containing silicon
or carbon to the surface of the electrodes and wall
surface of the chamber, and further by applying a bias
voltage to the electrodes and the wall surface of the
chamber or by exhausting fluorine through coupling the
fluorine with hydrogen using a gas containing hydrogen
atom.

When the frequency of the high frequency electric
power source is above 200 MHz, particularly, above 300 MHz,
the plasma density becomes high. However, it is not
preferable since the dissociation of the processing gas
becomes large-and fluorine atoms and/or molecules and ions
are extremely increased, and consequently the selectivity
to the base material is largely degraded.

FIG. 3 shows an energy gains k of electrons obtained
from a high frequency électric field under conditions with
and without <cyclotron resonance. Letting an energy
obtained by an electron during one cycle of a high
frequency source under a condition without magnetic field
be eo, an energy obtained by an electron during one cycle

of a high frequency source under a condition applied with
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a cyclotron resonance magnetic field Be=27 f * (m/e) be e1,
eo and e1 are expressed as the following equations.
co=(e?E2/2m) | ¥/ 0P+ V?) )
e1=(e?E2v/4m) {1/ (Vi (w-wc)?) +1/ (vi+ (w+wc) ?}
... (Equation 1)
where E is intensity of electric field.
| Letting the ratio (=ei/eo0) be k, k is expressed by the

following equation, where m is mass of electron, e is

" charge of electron and f is charged frequency.

k=(1/2) (w?v?% {1/(vi*(w-wc)?)+1/(vi+(w+wc)?}
where V is collision frequency, @ is exciting angular
frequency, and wc is cyclotron angular frequency.

In general, the value k becomes larger as the gas
pressure is lower and the frequency is higher. FIG. 3 is a
result obtained using argon gas in which k 2 150 when £ 2
50 MHz under a condition of pressure P = 1 Pa, and
dissociation of the processing gas is progressed even
under a low pressure compared to in a case without
magnetic field. The cyclotron resonance effect is rapidly
decreased under a condition of pressufe P = 1 Pa when the
frequency is below nearly 20 MHz. It can be understood
from the characteristic shown in FIG. 2 that when the
frequency is lower than 30 MHz, the result is small in
difference from that in a case without magnetic field and
the cyclotron resonance effect is small.

Although the <cyclotron resonance effect can be

increased by decreasing the gas pressure, electron
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temperature of the plasma is increased and there occurs an
opposite effect in that the dissociation of the gas 1is
excessively progressed when the gas pressure is lower than
1 Pa. In order to suppress the excessive dissociation of
gas and to increase the plasma density above 5><10mcm%,
the gas pressure is set to at a value in the range of 0.4
Pa to 4 Pa, preferably, 1 Pa to 4 Pa.

In order to attain effective cyclotron resonance
effect, it is necessary to set the value k to several tens
or larger. It can be understood from FIG. 2 and FIG. 3
that in order to effectively use the cyclotron resonance
effect without excessively progress dissociation of the
gas, it is required to set the gas pressure to a value of
0.4 Pa to 4 Pa and to use a VHF of 30 MHz to 300 MHz,
preferably, 50 MHz to 200 MHz for plasma generating high
frequency electric power.

FIG. 4 shows the relationship between intensity of a
magnetic field and an ion acceleration voltage Vpc induced
in a sample, deviation AV of an induced voltage in the
sample when an upper electrode of a magnetron discharge
electrode. is grounded and a lower electrode is applied
with a magnetic field B and a high frequenéy electric
power. As the intensity of magnetic field is increased,
the ion acceleration voltage Vpc becomes small by Lorentz
force action on electrons and consequently the plasma
density is increased. However, since the intensity of

magnetic field B 1is as large as 200 gausses in the
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conventional magnetron discharge type, there 1is a

disadvantage'in that uniformity of plasma density in the

surface is degraded and the deviation AV of the induced

"voltage becomes large to increase damage of the sample.

It can be understood from FIG. 4 that in order to
decrease the deviation AV to 1/5 to 1/10 of that in the
conventional magnetron discharge type having magnetic
field intensity of 200 gausses, in order to eliminate
sample damage the intensity of the magnetic field B is set
to a wvalue below 30 gausses near the sample surface,
preferably, set to a small value smaller than 15 gausses.

Cyclotron resonance region 1is formed between the
upper electrode 12 and the lower electrode 15 and slightly
in the side of upper electrode from the middle position of
the both electrodes. The abscissa in FIG. 5 indicates
distance from the sample surface (the lower electrode 15)
to the upper electrode 12 , and the ordinate indicates
magnetic field. FIG. 5 shows an example obtained under a
condition of an applied frequency fi of 100 MHz, Bc of 37.5
G and a distance between the electrodes of 50 mm, in which
an ECR region is formed in a position about 30 mm from the
sample surface.

As described above, in the present invention, a

portion where the component of magnetic field parallel to

the lower electrode 15 (the sample mounting .surface)
becomes maximum is set on the upper electrode surface or

in the side of the upper electrode from the middle
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position between the both electrodes. By doing so, the
intensity of the magnetic field parallel to the sample on
the lower electrode surface is set to a value smaller than
30 gausses, preferably, smaller than 15 gausses to make
the Lorentz force (EXB) acting on electrons near the lower
electrode surface'té a small value, and consequently it is
possible to eliminate the non-uniformity in the plane of
plasma density due to the electron drift effect caused by
Lorentz force on the lower electrode surface.

According to the magnetic field forming means 200 in
the embodiment of FIG. 1, the ECR region is formed nearly
in the same level from thé lower electrode 15 (the sample
mounting surface) except for the central portion of the
sample, as shown in FIG. 6. Therefore, a sample having a
large diameter can be plasma-processed uniformly. However,
the ECR region in the central portion of the sample is
formed in a position of higher level from the sample
mounting surface. Since the distance between the ECR
region and the sample table is larQer than 30 mm, ions and
radicals are diffused and averaged in the gap. Therefore,
there 1is no problem in a general plasma processing.
However, in order tb plasma-processing all over the sample
uniformly, it is preferable that the ECR region is formed
in a position of the same level from the sample surface
all over the surface of the sample, or the ECR region is
formed in a position of slightly closer to the sample

table compared to the level of the ECR region in the
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central portion. The method of forming such a plasma will
be described later.

As described above, in the embodiment of the present
invention shown in FIG. 1, since a VHF voltage of 30 MHz
to 300 MHz form the plasma generating high frequency
eléctric power-source 16 is used and dissociation of the
processing gas is. progressed by electron cyclotron

resonance, it is possible to obtain a stable plasma even

when gas pressure inside the processing chamber is as low

as 0.4 Pa to 4 Pa. Further, since ion collision in the
sheath 1is reduced, moving directions of ions during
processing the sample 40 are well aligned to improve the
verticality in the fine pattern processing.

In regard to the surrounding of the processing
chamber 10, since the plasma is confined in the wvicinity
of the sample 40 by the discharge confining ring 37, the
plasma density is increased and attaching of unnecessary
deposits to portions outside the discharge.confining ring
37 is minimized.

A material used for the discharge confining .ring 37
is a semiconductor matérial or a conductor material such
as carbon, silicon or SiC When the discharge confining
ring 37 is connected to a high frequency electric power
source to cause -sputtering by ions, it 1is possible to
decrease attaching of deposits to the ring 37 and also to
remove fluorine.

Since fluorine <can be removed by providing a
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susceptive cover 39 made of carbon, silicon or a material
containing carbon or silicon on the insulator member 13
near the sample when an insulator film such as SiO2 is
plasma-processed using a gas containing £fluorine, the
selectivity can be improved. 1In this case, when the
thickness of the insulator member 13 in a portion under
the susceptive cover 39 is thinned to 0.5 mm tb 5 mm, the
effect described above can be promoted by the sputtering
effect by ions. | |
Further, an electrostatic attracting circuit is
formed through the lower electrode 15 (15A, 15B) and the
sample 40 interposing the electrostatic attracting film 22
of dielectric material. In this state, the sample 40 is
held and maintained onto the lower electrode 15 by an
electrostatic force. Into the back side surface of the
sample 40 held by the electrostatic attracting force, a
heat transfer gas such as helium, nitrogen, argon or the
like is supplied. The heat transfer gas is filled between
thé back side surface of the sample 40 and the lower
electrode 15, and the heat transfer gas is set to a
pressure of several hundreds pascals to several thousands
pascals. It is considered that the electrostatic
attracting force 1is nearly zero between the denting
portions existing gaps énd acts only the projecting
portions of the lower electrode 15. However, as described
later, since it 1is possible to set an attracting force

large enough to withstanding the pressure of the heat
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transfer gas by properly'setting a voltage of the direct
current electric power source 23, the sample 40 cannét be
moved or blown off by the heat transfer gas.

The electrostatic attracting f£ilm 22 acts to decrease
the bias function of pulse bias to ions in the plasma. The
function exists in a conventional method biasing using a
sinusoidal eleqtric power source, but the problem does not
clearly appear. However, the problem becomes clear in the
pulse bias method since the characteristic of pulge bias
method of narrow ion energy width is lost.

The present invention is characterized by that a
voltage suppressing means is provided in order to suppress
the increase of the voltage difference generated between
the both ends of the electrostatic attracting £film 22
accompanied by application of the pulse bias to increase
the pulse bias effect.

As an example of the voltage suppressing means, it is
preferable that the voltage change (Veu) in one cycle of
the bias voltage generated between the both ends of the
electrostatic attracting film accompanied by application
of the pulse bias is lower than one-half of the wvoltage
(Vp) of the pulse bias. In detail, there is a method ;o
incréasing the electrostatic capacity of the dielectric
member by thinning a thickness of the electrostatic
attracting film made of a dielectric material provided on
the surface of the lower electroae, or by employing a

material having a large specific dielectric coefficient.
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Further, as another example of the voltage
suppressing means, there is a method to suppress the
increase of the voltage VcMm by shortening the period of the
pulse bias voltage. Furthermore, it is also considered
that the electroétatic attracting circuit and the pulse
bias voltage applying circuit are separately arranged in
different positions, for example,  another different
electrode opposite to the electrode mounting and holding
the sample, or a third electrode proviaed separately.

Description will be -made in detail below on the
relationship between the voltage change (Vcu) in one cycle
of the bias voltage generated between the both ends of the
electrostatic attracting film and the pulse bias voltage
which should be brought by the voltage suppressing means
in accordance with the present invention, referring to FIG.
7 to FIG. 13.

FIG.7 shows an example of a desirable output wave-
form used in the pulse bias power source 17 in accordance
with the present invention. In the figure, pulse amplitude
is vp, pulse period is To, positive direction pulse width
is Ti.

When the wave-form of FIG. 7 (A) is applied to a

sample though a blocking capacitor and an electrostatic

attracting dielectric layer (hereinafter referred to as
electrostatic attracting film), the wvoltage wave-form on.
the surface of the sample under a steady-state condition

where a plasma is generated by another power source
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becomes as shown in FIG. 7 (B).
Therein,-Vm:_is direct current component voltage of
the wave-form, Vf is floating potential of the plasma, and

Veu is maximum voltage during one cycle of the voltage’

produced between the both ends of the electrostatic

attracting film.

The portion (1) which ié positive voltage to Ve in FIG.
7 (B) is a portion where only eleétron current is mainly -
dragged, the portion which is negative voltage to Vs is a
portion where ion current is dragged, and the portion Ve is
a portion where electrons and ions 'are balanced. The
voltage Vr is generally several volts to several tens volts.

In the description according to FIG. 7 (A) and
thereafter, it 1is assumed that the capacitance of the
blocking capacitor. and the capacitance of the insulator
member near the sample surface are sufficiently larger
than the capacitance of the electrostatic attracting film
(hereinafter referred to as electrostatic attracting
capacitance).

The value Vem is expressed by the following equation.

Vew= (q/c)={1i X (To-T1) }/{ (&€ E¢/d) XK} ... (Equation 2)

Therein, q is 1ion current density (averaged value)
entering into the sample during the period of (To-Ti1), ii
is ion current density, d is f£film thickness of the

electrostatic attracting film, K is electrode cover ratio
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of the electrostatic attracting film (£ 1), &, is specific
dielectric constant of the electrostatic attractiﬁg film,
and &, is dielectric constant of vacuum (constant value).

FIG. 8 and FIG. 9 show electric potential wave-form
on the sample surface and probability distribution of ion
energy when T, is varied while a pulse duty ratio (T;/T,)
is being kept constant. Therein,
To1:Toz:To3:To4:Tos=16:8:4:2:1.

-As shown in FIG. 8 (1), when the pulse period To is
too large, the electric potential on the sample surface is
largely deformed from a rectangular wave-form and becomes
a triangular wave-form. The distribution of ion energy
becomes constant from a low ion energy region to a high
ion energy region, as shown in FIG. 9, which is not
preferable.

~As shown in FIG. 8 (2) to (5), as the pulse period To
is decreased to small, the value (Vcu/vp) becomes smaller
than 1 (one), and the ion energy distribution is also
narrowed. -

In FIG. 8 and FIG. 9, To = Toi, Toz2, To3, Tos4, Tos
corresponds to(Vem/vp) = 1, 0.63, 0.31, 0.16, 0.08.

Next, FIG. 10 shows the relationship between pulse
OFF period (T;~T,) and maximum voltage Vg during one cycle
of a voltage induced between Dboth ends of the
electrostatic attracting f£ilm.

The solid bold line (line for reference condition) in

FIG. 10 shows change of the wvalue VeM in a plasma having a
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medium density of ion current density ii=5mA/cm? when about
50 % area of the electrode (K=0.5)is flattened to touch to
tie back side of the sample 40, and is covered with
aluminum oxide containing titanium oxide ( € =10) with a
thickness of 0.3 mm.

It can be understqod from FIG. 10 that as the pulse
OFF period (T;-T;) is increased, the voltage Vg induced
between the both ends of the electrostatic attracting film
is increased proportional to the period and becomes higher
than the pulse voltagé vp generally used.

For example, in a plasma etching apparatus, the pulse
voltage vp is generally limited as follows in connection
to occurrence of damage, selectivity to base material
and/or a mask, a shape and so on.

For gate etching: 20 voltsSvp=<100 volts

For metal etching: 50 voltsSvpS200 volts

For oxide film etching: 250 voltsSvpsS1000 volts

When it is tried to satisfy the condi‘tio'n (Vem/vp) S

0.5, to be described later, in the reference condition,
the limit in the pulse OFF period (T,-T,) becomes as
follows.

For gate etchingf: (T,-Ty) = 0.15us

For metal etching: (T4-Tq) = 0.35us

For oxide film etching: (T;-Ty) = 1.2us
-When To approaches to 0.1 &4's, unnecessary plasma is
generated and the bias electric source is not effectively

used for ion acceleration since the impedance of the ion
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sheath apprqaches to or becomes lower than the impedance
of the plasma. Thereby, controllability of ion energy by
the bias electric power source is degraded. Therefore, it
is desired that the peribd. To is larger than 0.1 &« s,
preferably, larger than 0.2us.

In a gate etching apparatus in which VvV, can be
suppressed low, it 1is necessary to employ a material
having a specific dielectric constant aé high as 10 to 100
for the -electrostatic attracting fiim, for example,
dielectric constant &, of Ta203 is 25; to decrease the film
thickness, for example, to a thickness of 10 um to 400um,
preferably, to a thickness of 10 u#m to 100 #4m without
reducing the insulating withstanding voltage.

In FIG. 10, there are also shown the wvalues of Ve
when electrostatic capacitance per unit area 1is increased
by 2;5 times, 5 times and 10 times. Even if an
electrostatic éttracting film is improved, it is thought
that the electrostatic capacitance ¢ can be is increased

by several times at maximum in the present situation.

Assuming Ve £ 300 volts, c £ 10c¢y, the following relation

can be obtained.

0.14s S(Te-Ty) S 10us.
i
A portion effective for plasma processing by ion

acceleration is the portion (T,-T;), and therefore it is
preferable that the pulse duty (T,/T,) 1is as small as
possible.

FIG. 11 shows (Vp/vy) which means an efficiency of
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consideration. It is preferable to make(Tl/T@ small and
(Vbc/vb) large.

Assuming ﬁhm/vp) 2 0.5 as an efficiency of plasma
processing and taking a condition to be described later
(Vpe/Vp) = 0.5, the pulse duty becones (T,/Ty) =
approximately 0.4.

The pulse duty (T,/T;) is effective for ion energy
control when it is small. However, when it is
unnecessarily small, a pulse width T; becomes as small as
0.05 u#4s and consequently the pulse bias contains several
tens MHz frequency components. As a result, it becomes
difficult to separate from the plasma generating high

frequency component ‘which is to be described later. As

shown in FIG. 11, since decrease of (Vpc/vy) in the range
of 05 (T;/T,) £0.05 is small, no problem occurs when (T,/T,)
is sef to a value above 0.05.

As an example of gate etching, FIG. 12 shows an
energy depehdence of silicon etching rate ESi and oxide
film etching rate ESiO, when chlorine gas of 10 mTorr is
formed in a plasma. The silicon etching rate ESi becomes a
constant value in a.low ion energy region. In a region pf
ion energy above approximately 10 V, ESi increases as the
ion energy increases. On the other hand, the etching rate

ESiO, for the oxide film of the base material is zero when

the ion energy is smaller than nearly 20 V, and when the

ion energy exceeds nearly 20 V, the etching rate ESiO,
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increase as the ion'energy is increased.

As a result, when the ion energy is below nearly 20 V,
there is. a region where the selectivity to the base
material ESi/ESiO; becomes ©© (infinity). When the ion
energy is above nearly 20 V, the selectivity ESi/ESi0, to
the base material rapidly decreases as the ion energy is
increased.

As an example of etching of an oxide film (sio, BPSG,
HISO, TEOS or the like) of a kind of insulator films, FIG.
13 shows ion energy distributions of oxide film etching
rate ESiO, and silicon étching rates ESi when C,Fg gas of
1.0 Pa is formed in a plasma.

The oxide film etching'rate ESiQO, becomes negative and
deposits are produced when the ion energy is low. The
oxide film etching rate ESiO; steeply increases at the ion
eneréy of nearly 400 V, and after then gradually increases.
On the other hand, the etéhing rate ESi for silicon to be
used as the base material is switched from negative
(etching) to positive (efching) at an ion energy higher
than the ion energy where ESiO, is switched from negative
to poéitive, and then gradually'increases.

As the result, the selectivity ESi/ESiO, to the base
material becomes © (infinity) at an ion energy where ESiOQ,
is switched from negative to positive, and in the ion
energy above the switching point the selectivity ESi/ESiO,
steeply decreases as the ion energy increases.

When the results of FIG. 12 and FIG. 13 are applied
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to a practical process, ion energy is set to an

appropriate value by adjusting the bias electric power
source with taking the values of ESi, ESiQO,, ESi/ESiO,, and

the magnitude of the value ESi/ESiO,. -

A better characteristic can be obtained by switching

the ion energy before and after just etching, that is,

etching until exposing a base film, with giving a priority

to the etching rate before the just etching and giving a
priority to the selectivity after the just etching.

The charactefistic shown in FIG. 12 and. FIG. 13 is a
characteristic for a case where the ion energy
distribution is 1limited in a narrow range. Since an
etching rate for a case where the ion energy distributioﬁ
spreads in a wide range is expressed by the time averaged
value, it cannot be set the optimum value and accordingly
the selectivity is substantially degraded.

According to an experiment, when the wvalue (Vpe/ V)
was smaller than about 0.3, a deviation of ion energy was
smaller than nearly T 15%, and a high selectivity higher

than 30 was attained with the characteristic of FIG. 12

and FIG. 13. Further, as far as (Vx/v,) = 0.5, the

selectivity was improved compared to a conventional
sinusoidal wave bias method.

As described above, as the voltage suppressing means
for suppressing the voltage change (Veu) in one cycle of
the bias voltage generated between the both ends of the

electrostatic attracting £film, it is preferable that the
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voltage change (Vem) is lower than one-half of the voltage
(Vp) of the pulse bias. In detail, there is a method to
decreasing a thickness of the electrostatic chuck film 22
made of a dielectric material provided on the surface of
the lower electrode 15, or by employing a material having
a2 large specific dielectric coefficient. Further, there is
a method to suppress the voltage change between the both
ends of the electrostatic attracting film by shortening
the period of the pulse bias wvoltage to 0.1 us to 10us,
preferably, 0.2-us to 5 s (corresponding to repeating
frequency of 0.2 MHz to 5 MHz) so that the pulse duty
(T,/Ty) is set as 0.05=5(T,/Ty) =0.4.

Furthermore, it is possible to make the voltage
change (VeM) in one cycle of the bias voltage generated

between the both ends of the electrostatic attracting film

satisfy the above-described condition (Vpe/v,) = 0.5.

An embodiment of using the vacuum processing chamber
for etching of an insulator film (SiO, BPSG, TEOS, HISO or
the like) will be described below.

A processing gas 36 used is composed of C,Fg of 1 to
5 %, Ar of 90 to 95 % and O, of.O to 5 %; or C4/Fg of 1 to
5 %, Ar of 70 to 90 %, O, of 0 to 5 % and CO of 10 to 20 %.
The plasma generating high frequency electric power source
16 used has a higher frequency, for example 40 MHz,
compared to a conventional one to stabilize discharge
under a low pressure range of 1 to 3 Pa.

When dissociation of the processing gas is progressed
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exceeding the necessary amount by using the high frequency
of the plasma generating high frequency power source 16,
the output of the high frequency power source 16 is ON-OFF
controlled or level modulation controlled using a high
frequency electric power modulating signal source 161.
When the 1level is high, ions -are generated more than
generation of radicals, and when the 1level is low,
radicals are generated more than generation of ions. An ON
time (or the high level time for the level modulation)
used is 5 to 50 s, and an OFF time {(or the low level
time for the 1level modulation).used is 10 to 200 us, a
period used is 20 to 250 us. By doing so, it is bossible
to avoid unnecessary dissociation and to attain a desired
ion-radical ratio.

A modulating period of the plasma generating high
fréquency poWerisource is generally longer than the period
of the pulse bias. Therefore, the modulating period of the
plasma generating high frequency power source is set to a
vaiue of integer times of the period of the pulse bias to
optimize the phase between them. By doing sd, the
selectivity can be improved.

On the other hand, ion energy is controlled so that
ions in the plasma are accelerated and vertically
irradiated onto the sample by applying a pulse bias
voltage. By using an electric power source having, for
example, a pulse bias period T of 0.65 s, a pulse width
T; of 0.15 U4s and a pulse amplitude V, of 800 V as the
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pulse bias power sourée 17, it is possible to perform a
plasma processing having a better characteristic ih which
the width of ion energy distribution is * 15% and the
selectivity to the base material is 20 to 50.

Anther embodiment of a plasma etching apparatus of
two-electrode type in accordance with the present
invention will be described below, referring to FIG. 14.
‘Although this embodiment has a similar construction as
shown by FIG.1, a different point of this embodiment from
FIG. 1 is that the lower electrode 15'holding the sample
40 has a single. pole type electrostatic chuck 20. An
electrostatic attracting dielectric layer 22 is provided
on the upper surface of the lower electrode 15, and the
positive side of the direct current source 23 is connected
to the lower electrode 15 through a coil 24 for cutting
high frequency component. Further, the pulse bias eléctric
power source 17 for supplying a positive pulse bias
voltage of 20 V to 1000 V is also connected to the lower
electrode through a blocking capacitor 19.

Discharge confining rings 37A, 37B are provided in
the periphery of the processing chamber 10 to increase a
plasma density and to minimize attaching of unnecessary
depésits onto the outside portions of the discharge
confining rings 37A, 37B. In the discharge confining rings
377, 37B of FIG. 14, a diameter of the bank portion of the
discharge confining ring 37A in the iower electrode side

is formed smaller than a diameter of the bank portion of
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the discharge confining ring 37B in the upper electrode
side so that distribution of reaction products around the
sample is made uniform.

A material used for the discharge confining rings 37A,
37B, at least for the side facing'the processing chamber
side, is a semiconductor or a conductor such as carbon,
silicon or SiC. Further, a bias electric power source 17A
of 100 kHz to 13.56 MHz for the discharge confining ring
is connected to the ring 37A in the lower electrode side
through a capacitor 19A, and the ring 37B in the upper
electrode side is constructed so that a part of voltage of
the high frequency electric power source 16 is applied to
the ring 37B in the upper electrode side. Thereby,
attaching of deposits onto the rings 37A, 37B due to
sputtering effecf of ions 1is decreased and fluorine
removing effect is provided.

The reference characters 13A, 13C of FIG. 14 are
insulator members made of aluminum oxide or the like, and
the reference character 13B is an insulator member having
a conductor such as SiC, glassy carbon, Si or the like.

When the conductivity of the rings 37A, 37B is low,
conductors made of a metal aré embedded inside the rings
37A, 37B and distance between the surface of the ring and
the embedded conductor is made small. Thereby, the high
frequency electric power easily radiated from the surfaces
of the rings 37A, 37B to decrease reduction of the sputter

effect.
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The upper electrode cover 30 is fixed to the upper
electrode 12.generally.only in the peripheral portion of
the cover with bolts 250. A gas is supplied to the upper
electrode cover 30 from the gas supply unit 36 through the
gas introducing chamber 34, the gas diffusion plate 32 and
the upper electrode 12. The holes provided in the upper
electrode cover 30 have a very small diameter of 0.3 to 1
mm to make occurrence of abnormal discharge in the hole
difficult. The gas pressure in the upper portion of the
upper electrode cover 30 is a fraction of one atmospheric
pressure to one~-tenth of one atmospheric pressure. For
example, a force nearly 100 kg acts on the upper electrode
cdver' 30 having a 'diameter of larger than 300 mm as a
whole. Therefore, the upper electrode cover 30 is deformed
in a «convex shape to the wupper electrode 12 and
accordingly there produced a gap having several hundreds
micro-meters near the central portion.

In that case, when the frequency of the high
frequency electric power source 16 is increased up to
approximately more than 30 MHz, resistance in the lateral
direction of the upper electrode cover 30 cannot be
neglected and particularly the plasma density near the
centfal portion is decreased. In order to solve this
problem, the upper electrode cover 30 is fixed to the
upper "electrode 12 in portions near the center side of the
upper electrode cover not the peripheral portion. In the

embodiment of FIG. 14, the upper electrode cover is fixed
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to the uppef electrode 12 in several portions ﬁear the
central side of the upper electrode cover 30 using bolts
251 made of a semiconductor such as SiC or carbon or an
insulator such as aluminum oxide to make distribution of
the high frequency field applied from.the upper electrode
12 side uniform.

The method of fixing the upper electrode cover 30 to
the upper'electrode 12 at least near the center side of
the cover is not limitea to using the bolts 251 described
above, the upper electrode cover 30 may be fixed to the
upper electrode 12 using a substance having adhesiveness
all over the surface or at least near the center side of
the upper electrode cover.

In FIG. 14, the sample 40 to be processed is mounted
on the lower electrode 15 and attracted by ' the
electrostatic. chuck 20, that is, by a Coulomb forcé
produced between the both ends of the electrostatic
attracting film 22 by positive charge by the direct
current electric power source 25 and negative charge
supplied from the plasma.

The operation of this apparatus is the same as that
of the two-electrode type plasma etching apparatus shown
in FIG. 1. When etching is performed, the sample 40 of an
object to be processed is mounted on the lower electrode
15 and attracted by an electrostatic force. While a
processing gas is being supplied to the processing chamber

10 from the gas supplying unit 36, on the other hand, the
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processing chamber is evacuated and depressurized by the
vacuum pump 18 so that pressure of the processing chamber
becomes a processing pressure of the sample, that is, a
pressure of 0.5 Pa to 4.0 Pa. Then, the high frequency
electric power source 16 is switched on to apply a high
frequeﬁcy electric power of 20 MHz to 500 MHz, preferably
30 MHz to 100 MHz, between the both electrodes 12, 15 to
form the processing gas into a plasma. On the other hand,
a positive pulse bias wvoltage of 20 V to 1000 V having a
period of 0.1 us to 10 us, preferably 0.2 4s to 5 us,
and a duty in positive pulse portion of 0.05 to 0.4 is
applied to the lower electrode 15 from fhe pulse bias
electric power source 17 to etch the Sample while the
electrons and the ions in the plasma are being controlled.

By applying the pulse bias voltage in such a manner,
ions and/or electrons in the plasma are accelerated and
vertically irradiated onto the sample to perform highly
precision shape control or highly precision selectivity
control. The characteristics fequired for the pulse bias
power source 15 and the electrostatic attracting film 22
are the same as in the embodiment of FIG. 1, and
accordingly detailed description will be omitted here.

A further embodiment according to the present
invention will be described below, referring to FIG. 15 to
FIG. 17. Although this embodiment is similar to the plésma
etching apparatus of two-electrode type construction shown

in FIG.1l, a different point of this embodiment from FIG. 1
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is in construction of the magnetic field forming means 200.
The core 201 of the magnetic field forming means 200 is
eccentrically arranged and driven by a motor 204 so as to
be rotated at a speed of several rotations per minute to
several tens rotations per minute around an axis
corresponding to the center of the sample 40. The core 201
is grounded.

In order to plasma-processing all over the surface of
the sample highly accurately, cyclotron resonance effect
of electrons is large in the peripheral portion or the
portion outside of the peripheral portion than in the
center so that generation of plasma becomes large in the
peripheral portion or the portion outside of the
peripheral portion of the sample than in the center of the
saﬁple. However, in the embodiment of FIG. 1, there is no
ECR region in the central portion of the sample and the
plasma density near the center of the sample sometimes
becomes too low, as shown in FIG. 6.

In the embodiment of FIG. 15, the magnetic field
distribution is wvaried by rotation of the eccentric core
201 of the magnetic field forming means 200, and
accordingly in the central portion of the sample the ECR

region is formed in a low position from the sample surface

at time t=0 and t=T,, and formed in a high position from
the sample surface at time t= (1/2)T,. Since the core 201
is rotated at a speed of several rotations per minute to

several tens rotations per minute, the averaged wvalue of
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the magnetic field intensity in the middle portion between
the both electrodes in the direction parallel to the
sample surface becomes nearly the same value by the time
averaging due to the rotation, as shown in FIG. 17. That
is, the ECR region is formed in nearly the same level from
the sample surface except for the peripheral portion of
the sample.

As shown by dash-and-dot 1lines in the core 201
portion of FIG. 15, the thickness of the core composing
the magnetic circuit in the side near the eccentric
central core is formed thin and the thickness of the core
composing the magnetic circuit in the side far from the .
eccentric central core is formed thick. By doing so,
uniformify of the magnetic field intensity is further
improved.

A still further embodiment in accordance with the
present invention will be described below, referring to
FIG. 18 and FIG. 19. Although this embodiment is similar
to the plasma etching appafatus of two-electrode type
construction shown in FIG. 15, a different point of this
embodiment from FIG. 15 is in construction of the magnetic
field forming means 200. The core 201 of the magnetic
field forming means 200 has a concave surface edge 201A in
a portion corresponding to the center of the processing
chamber .and also has another edge 201B in the side

pos,ition of the processing chamber. By operation of the

. concave surface edge 201A, the magnetic flux B has a
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component in the inclined direction. As a result,
distribution of the magnetic field is varied and the
component of the magnetic field intensity in the direction
parallel to the sample surface is formed further uniform
compared to on the case of FIG. 1, as shown in FIG. 19.

A further embodiment in accordance with the present
invention will be described below, referring to FIG. 20.
Although this embodiment is similar to the plasma etching
apparatus of two-electrode type construction shown in FIG.
15, a different point of this embodiment from FIG. 15 1is
in construction of the magnetic field forming méans 200.
The core 201 of the magnetic field forming means 200 is of
a fixed type, and forms a magnetic circuit together with a
core 205 arranged in a position corresponding to the
central portion of thelprocessing chamber. The dore 205 is
rotated around a axis passing through the center of the
edge 201A together with an insulator member 203. By such a
construction, as the same as the embodiment of FIG. 15,
the averaged. position of the ECR region near the central
portion of the éample is formed in nearly the same level
from the sample surface all over the surface of the
sample .

A still further embodiment of a two-electrode type
plasma etching apparatus in accordance with the present
invention will be described below, referring to FIG. 21
and FIG. 22. In this embodiment, the magnetic field

forming means 200 has two pairs of coils 210, 220 in the
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circumferential portion of the processing chamber, and a
rotating magnetié field is formed by successively
switching the direction of magnetic field in each of the
pairs of coils as shown by the arrows (1), (2), (3), (4).

The position of the center 0-0’ of the coils 210, 220 is

.set at a level in the upper electrode 12 side from the

middle level between the both electrodes 12, 15. Thereby,
the apparatus is constructed so that the magnetic field
intensity on the sample 40 becomes smaller than 30 gausses,
preferably, smaller than 15 gausses.

The distribution of the magnetic field intensity for
each portion on the sample surface can be adjusted by
appropriately choosing the position and the diameter of
the coils 210, 220 so as to increase plasma generation in
the periphery or the outer side of the periphery of the
sample.

A further embodiment of a two-electrode type plasma
etching apparatus in accordance with the present invention
will be described below, referring to FIG. 23 and FIG. 24.
In this embodiment, the magnetic field forming means 200
has a pair of coils 210’ arranged in an arc—shapé in a
horizontal plane along the circumference of the circular
processing chamber. The polarity of the magnetic field is
varied with a constant period as shown by the arrows (1),
(2) in FIG. 23 by controlling current filowing in the pair
of coils 210°.

Since the magnetic flux expands with respect to a
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vertical plane in the central portion of the processing
chamber as shown by the dashed lines in FIG. 24, the
intensity of the magnetic field in the central portion of
the processing chamber is reduced. However, the pair of
coils 210’ are curved along the processing chamber, the
magnetic flux B is concentrated in the central portion of
the processing chamber. Therefore, the intensity of the
magnetic field in the central portion of the processing
chamber can be increased compared to in the embodiment of
FIG. 22. In other words, in the embodiment of FIG. 23, it
is possible to suppress decrease in the magnetic field in
the central portion of the processing chamber compared to
in the embodiment of FIG. 22, and accordingly the
uniformity of magnetic field on the sample mounting
surface of the sample table can be improved.

Further, by wvarying the polarity of the magﬁetic
field with a certain period, drift effect of EXB can be
reduced.

In this type, two pair of coils as in the embodiment
of FIG. 22 may be employed as the magnetic field firming
means 200.

Further, instead of thé arc-shaped coil 210’ the
magnetic field forming means 200 may be employs a convex
coil 210’ shown in FIG. 25 which is formed by combining -a
plurality of straight shaped coil sections arranged along
the circumference of the circular processing chamber 10.

In this case, the magnetic flux B concentrates in the
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central portion of the processing chamber and accordingly
the same effect as in the embodiment of FIG. 23 can be
obtained.

Furthermore, as shown in FIG. 26, the center axis of
a pair of coils may be inclined with respect to a vertical
plane so as to approach the sample surface in the central
portion of the processing chamber. According +to this
embodiment, since the magnetic field intensity in the
central portion of the processing chamber can be increased
and the magﬁetic field intensity in the peripheral portion
of the processing chamber can be decreased, the uniformity
of magnetic field on the sample mounting surface of the
sample table can be improved. In order to make the
magnetic field intensity uniform, it is preferable that
the inclining angle & of the center axis of the coil is
set to 5 degrees to 25 degrees.

Further, as shown in FIG. 27, a pair of coils 210B

‘are arranged near a pair.of coils 210A, By controlling

currents flowing in the two péir of coils, the position of
the ECR resonance as well as the gradient of the magnetic
field near the position of the ECR resonance are varied to
change the width of the ECR resonance region. By
optimizing the width of the ECR resonance region for each
process, it is possible to obtain an ion/radical ratio
suitable for each process.

It is possible to further improve the uniformity of

magnetic field intensity distribution and the
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FIG. 23 to FIG. 27 described above, if necessary.

A still further embodiment of a two-electrode type
plasma etching apparatus in accordance with the present
invention will be described below, referring to FIG. 28
and FIG. 29. In this embodiment, a part of the processing
chamber is made of a conductor and grounded. On the other
hand, the magnetic field forming means 200 has coils 230,
240 in the peripheral portion and the upper portion of the
processing chamber 10. The direction of the magnetic flux
B formed by the coil 230 and the direction of the magnetic
flux B’ formed by the coil 240 are cancels each other in
the central portion of the processing chamber 10, and
superpose each other in the peripheral portion and the
outer portion of the peripheral portion of the processing
chamber 10, as shown by the arrows. As a result, the
distribution of the magnetic field intensity to the each
position of the sample surface becomes as shown in FIG. 29.
In addition to this, in the portion of the mounting
surface for the sample 40, the direction of the electric
field and the.direction of the magnetic field between the
upper electrode 12 and the lower electrode 15 are the same.
On the other hand, in the poftion outside the mounting
surface for  the sample 40, the component of magnetic field
in vertical direction intersecting with the component of
electric field in the lateral direction at right angle is

formed in the peripheral portion of the'upper electrode 12
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and the portion between the upper electrode 12 and the
wall of the processing chamber.

Therefore, according to the embodiment of FIG 38, the
cyclotron resonance effect of electrons in the central
portion of the sample can be decreased and generation of
plasma in the peripheral portion and the outéide portion
of the peripheral portibn of the sample can be increased.

A further embodiment in accordance with the present
invention will be described below, referring to FIG. 30.
In the two-electrode type plasma etching apparatﬁs shown
in FIG. 1, there. are some cases where sufficient ion
energy cannot be obtained with the high frequency electric
power f; applied from the high frequency electric power
source 16 to the upper electrode 12. In such a case, this
embodiment increases the ion energy to 100 V to 200 V by
applying a high frequency voltage f; having a frequency,
for example, below 1 MHz from a low frequency electric
power source 163 to the upper electrode 12 as a bias. Here,
the reference characters 164, 165 indicate filters. |

An embodiment of a two-electrode type plasma etching
apparatus of non-magnetic field type in accordance with
the present invention will be described below, referripg
to FIG. 31.

As described above, 1in order to improve micro
workability of a sample, it is preferable that a plasma
generating high frequency electric power source 16 has a

higher frequency and discharge under a low gas pressure is
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stabilized. In the embodiment of the present invention,
the pressure processing a sample in the processing chamber
is set to 0.5 to 4.0 Pa. By setting the gas pressure in
the processing chamber 10 to a low pressure below 40 mTorr,
probability of ion collision in the sheath is decreased.
Therefore, in processing a sample 40, directivity of ions
is increased and accordingly it Dbecomes possible to
perform vertical fine pattern. However, in order to attain
the same processing rate under a pressure below 5 mTorr,
the exhausting system and the high frequency electric
power source become large in size, and dissociation of the
pfocessing gas occurs excessively due to increase of
electron temperaturé and the processing characteristic is
likely degraded.

In general, between a frequency of a ©plasma

. generating electric power source for a pair of electrodes

"and a minimum gas pressure capable of stably discharging,

there is relationship that the lowest gas pressure for
stable discharge is decreased as the frequency of the

electric power source is increased and the distance

-between the electrodes is increased. In order to avoid ill

effects such as attaching of deposits onto walls of the
surrounding and onto the discharge confining ring 37 and
to effectively perform a function of removing fluorine or
oxygen by the uppér electrode cover 30, the susceptive
cover 39 and the resist in the sample, it is preferable

that the distance between the electrodes is set to a wvalue
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shorter than 50 mm which corresponds to a distance smaller
than 25 timés bf mean-free—path at the maximum gas
pressure of 40 mTorr. On the other hand, in ofder to
attain stable discharge, the distance between the
electrode is required to be 2 to 4 times (4 mm to 8 mm) or
larger of the mean-free-path at the maximum gas pressure
(40 mTorr).

In the embodiment shown in F;G. 31, since a high
frequency electric power of 20 MHz to 500 MHz, preferably
30 MHz to 200 MHz, is used as the plasma generating high
frequency electric power source 16, it 1is possible to
obtain a stable plasma and to improve micro workability
even if the gas pressure in the processing chamber is set
to a low pressure of 0.5 to 4.0 Pa. Further, by using such
a high frequency electric power, dissociation of gas
plasma is improved .and controllability of selectivity
during processing a sample is improved.

In the embodiments of the present invention described
above, occurrence of interference between the output of
the pulse bias electric power source and the output of the
plasma generating electric power source can be considered.
Therefore, the countermeasure for this problem will. be
described below.

In an ideal rectangular pulse having a pulse width of

T;, a pulse period of T, and rise/fall speeds of infinity,

as shown in FIG. 33, 70% to 80% of electric power is

included in the frequency range of £ = 3f, (f,=(1/T;)).
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However, wave-form actually applied has rise/fall speeds
of finite values, convergence of electric power is further
improved and 90% of electric power can be included in the
frequency range of £=3f,.

In order to uniformly apply a pulse bias having a

'high frequency component of 3f;, over the surface of a

sample, it is preferable to provide an opposite electrodes

parallel to the sample surface and to ground a pulse bias

having a frequency component within a range of £53f, where

3f, is obtained from Equation 3.

3fy=3+ (10%/0.2)=15 MHz, when T=0.2us

3f,;=30 MHz, when T=0.1lus ... {Equation 3)

In the embodiment shown in FIG. 31, a countermeasure

for interference between the output of the pulse bias

electric power source and the output of the plasma
generating electric power source is taken. That is, in the
plasma etching apparatus, the ﬁlasma generating high
frequency electric power source 16 is connected to the
upper electrode 12 opposite to the sample 40. In order to

set the upper electrode 12 to the ground level of the

pulse bias, the frequency £; of the plasma generating
electric power source 16 is set to a value larger than 3f,
described above and the upper electrode 12 and the ground

level are connected with a band eliminator 141 of which

the impedance is large around f=f,; and small for the other
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frequencies.

On the other hand, the samplé table 15 and the ground
level are connected with a band pass filter 142 of which
the impedance is small around f=£f; and large for the other
frequencies. By <constructing in such a way, the
interference between the output of the pulse bias electric
power - source 17 and the output of the plasma generating
electric poWef source 16 can be suppressed to a level of
no problem and a better bias can be applied to the sample
40.

FIG. 34 shows an embodiment of a plasma etching
apparatus of induction coupling discharge type and non-~
magnetic field type among external enefgy supplying
discharge type to which the present invention is applied.
The reference character 52 indicates a flat coil, and the
reference character 54 indicates a high frequency electric
power source for applying a high frequency voltage of 10
MHz to 250 MHz to the flat coil. The blasma etching
apparatus of induction coupling discharge type can
generate a stable plasma with a lower frequency and under
a lower gas pressure compared to the type shown in FIG. 10.
On the contrary, dissociation of gas is apt té_ be
progressed. Therefore, unnecessary dissociation is
prevented by modulating the output of the high frequency
electric power source 1 using the high frequency electric
power source modulating signal source 161, as shown in FIG.

1. The processing chamber 10 of a vacuum vessel comprises
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a sample table 15 which mounts the sample 40 on the
electrostatic attracting film 22.

When etching is performed, the sample 40 of an object
to be processed is mounted on the lower electrode 15 and
attracted by an electrostatic force. While a processing
gas is being supplied to the processing chamber 10 from
the gas supplying unit, not shown, on the other hand, the
processing chamber is evacuated and depressurized by the
vacuum pump so that pressure of the processing chamber
becomes a processing pressure of the sample, that is, a
pressure of 0.5 Pa to 4.0 Pa. Then, a high frequency
electric power of 13.56 MHz is applied from +the high
frequency electric power source 54 to the flat coil 52 to
form a plasma in the processing chamber 10. The sample 40
is etched using the plasma. On the other hand, during
etching, a pulse bias wvoltage having a period of 0.1 us to
10 us, preferably 0.2 us to 5 Us is applied to the lower
electrode 15. The amplitude of the pulse bias voltage used
is in different range depending on the kind of the film,
as described in the embod.iment of FIG. 1. By applying the
pulse bias voltage in such a manner, ions in the plasma
are accelerated and vertically irradiated onto the sample
to perform highly precision shape control or highly
precision selectivity control. Thereby, it is possible to
perform accurate etching processing even if a resist mask
pattern of the sample is of a submicron pattern.

In a plasma etching apparatus of induction coupling
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discharge type and non-magnetic field type, a Faraday
shield plate 53 having a gap, which is grounded, and a .
thin shield plate protective insulator plate 54 having a

thickness of 0.5 mm to 5 mm may be. provided in the

processing chamber 10 side of the induction high frequency

magnetic field output portion. Since the capacitance
component between the coil and the plasma is reduced by
providing the Faraday shield plate 53, it is possible to
reduce energy of- ions impinging on a quartz plate under
the coil 52 of FIG. 34 and the shield plate protective
insulator plate 54 to reduce damage of the gquartz plate
and the insulator plate, and to prevent foreign objects
from mixing into the plasma. _

Further, since the Faraday -shield plate 53 also
serves as a grounded electrode for the pulse bias electric
power source 17, it is possible to apply the pulse bias
between the sample 40 and the Faraday shield plate 53
uniformly. In this case, no filter provided in the upper
electrode and the sample table 15 is required.

FIG. 36 is a vertical cross-sectional front view
showing a part of a microwave processing apparatus to
which the present invention is applied. A pulse bias
electric power source 17 and a direct current sourcé 13
are connected to a lower electrode 15 also serving as a
sample table 15 mounting a sample 40 on an electrostatic
attracting film 22. The reference character 41 indicates a

magnetron of a microwave oscillating source, the reference
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character 42 indicates a microwave guide tube, and the
reference character 43 indicates a quartz plate for
vacuum-sealing a processing chamber 10 and supply the
microwave to the processing - chamber. The reference
character 47 indicates a first solenoid coil for supply a
magnetic field, and the reference character 48 indicates a
second solenoid coil for supplying a magnetic field. The
reference character 49 indicates a process gas supplying
system which supplies a process gas for performing
processing such as etching, film—forming' and so on into
the processing chamber 10. The processing chamber 1b is
evacuated by a wvacuum pump, not shown. The characteristics
required for the pulse bias electric power source-17 and
the electrostatic chuck 20 are the same as in the
embodiment of FIG. 1, and accordingly detailed description
will be omitted here.

When etching is performed, the sample 40 of an object
to be processed ié mounted on the lower electrode 15 and
attracted by an elec_trostatic‘ force. While a processing
gas is being supplied to the processing chamber 10 from
the gas supplying unit 49, on the other hand, the
processing chamber is evacuated to a vacuum by the wvacuum
pump so that pressure of the processing chamber becomes a
processing pressure of the sample, that is, a pressure of
0.5 Pa to 4.0 Pa. Then, the magnetron 41 and the first and
the second solenoid coils 47, 48 are switched on, and

microwave generated in the magnetron 41 is guided to the
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processing chamber through the wave-guide tube 42 to
produée a plaéma. The sample 40 is etched using the plasma.
On the other hand, during etching, a pulse bias voltage
having a period of O.lllts to 10 us, preferably 0.2 us to
5 s is applied to the lower electrode 15.

By applying the pulse bias voltage in such a manner,
ions in the plasma are accelerated and vertically

irradiated onto the sample to perform highly precision

shape control or highly precision selectivity control.

Thereby, it 1is possible to perform accurate etching
processing even if a resist mask pattern of the sample is
of a submicron pattern.

In the plasma etching apparatuses in accordance with
the present invention depicted in FIG. 1 and the following
figures, the direct current voltage of the electrostatic
attracting circuit and the pulse voltage of the pulse bias
electric power source circuit may be generated by
superposing each other. Thereby, the both circuits can be
constructed in common. Further, the electrostatic
attracting circuit and the pulse Dbias electric power
source circuit may be separately provided so that the
pulse bias does not affect the electrostatic attractioh.

Instead of the electrostatic attracting éiréuit in
the embodiment of the plasma etching apparatus of FIG. 1,
another attracting means such as a vacuum attracting means
may be employed.

The above-mentioned plasma processing apparatuses
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having the electrostatic attracting circuit and the pulse
bias voltage applying circuit in accordance with the
present invention can be applied not only to an etching
processing apparatus but also to a plasma processing
apparatus such as a CVD apparatus by changing the etching
gas to a CVD gas. .

Description will be made below on a further
embodiment of plasma etching apparatus capable of
submicron plasma-processing by improving conventional
disadvantages and by controlling quantity and gquality of

ions and radicals, referring to FIG. 37 depicting the

further embodiment in accordance with the present

invention.

A first plasma generating portion is provided in a
place upstream of a wvacuum processing chamber placing a
sample and different from the wvacuum pfocessing chamber,
énd quasi-stable atoms generated in the first plasma
generating portion is injected into the vacuum processing
chamber, and then the quasi-stable-atoms are formed into a
second plasma 1in the vacuum processing chamber. 1In
addition to the plasma etching apparatus shown in FIG. 1,
an ion/radical forming gas supply unit 60 and a plasma
generating chamber 62 for generating quasi-stable atoms.
Further, a route for introducing a gas containing the
quasi-stable atoms into the vacuum processing chamber and
an introducing route connected to the ion/radical forming

gas supply unit are provided in the upper electrode 12.
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The characteristics of this embodiment are as follows.
(1) A gas supplied from the quasi-stable atom forming gas
supply unit 36 is formed into a plasma by being applied
with a high frequency electric power in the quasi-stable
atom forming plasma generating chaﬁber 62, and a required
amount of required quasi-stable atoms are generated in
advance to be introduced into the processing chamber 10.
In order to efficiently generate the quasi-stable étoms,
pressure of the quasi-stable atom forming plasma
generating chamber 62 is set to a high pressure of several
hundreds mTorr to several tens mTorr.

(2) On the other hand, a gas is introduced into the
processing chamber from the ion/radical forming gas supply
unit 60.

(3) A high frequency voltage having a comparatively
small power is output from the plasma generating electric
power source 16 to form a plasma in the processing chamber
10. Since ion are efficiently formed with electrons having
a low energy lower than nearly 5 eV because of injection
of the quasi-stable atoms, it 1is possible to obtain a
plasma which is in a low electron temperature lower than 6
eV, preferably, 1lower than 4 eV and has a very small
amount of high energy electrons above 15 eV. Therefore,
the radical forminglgas is not excessively dissociated and
accordingly a necessary quantity and a necessary quality
of the radicals can be maintained. On the other hand, a

quantity of the ions can be controlled by the amount of
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the quasi-stable atoms generated in the quasi-stable atom
forming plasma generatihg chamber 62 and the amount of ion
forming gas from the ion/radical forming gas supply unit
60.

Since the quantity and the quality of the ions and
radicals can be controlled in such a manner, a better
performance can be attained even in submicron plasma
processing. The radical forming gas used is CHF;, CH,F,, or
a fluorocarbon gas such as C,F, or CF,, or adding a gas
containing C, H such as C,H,, CH,, CH3O0H, if necessary. The
quasi-stable forming gas used is a gas composed of one
kind or two kinds of rare gas as a base gas. The ion
forming gas used 1is a gas having the following
characteristic which efficiently forms ions.

As an ion forming gas used is a gas having an
ionization level which is lower than'an energy level of
the quasi-stable atom, or a gas having an ionization level
which is higher than an energy level of the quasi;stable
atom but the difference is as small as 5eV or less.

It is also possible to use the quasi-stable atom
forming gas or the radical forming gas described above
instead of the ion forming gas though the performance is
degraded.

FIG. 38 shows a still further ' embodiment in
accordance with the present invention in which a quantity
and a quality of ions and radicals are controlled. This

embodiment is the same as the embodiment of FIG. 37 in
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basic idea. In FIG. 37, when the distance between the
quasi-stable atom forming plasma chamber 62 and the wvacuum
processing chamber 10 is large, decay of the quasi-stable
atoms in the passage becomes large. This embodiment is a
countermeasure for such a case. The reference character 41
indicates a magnetron of a microwave oscillating source,
the reference character 42 indicates a microwave guide
tube, and the reference character 43 indicates a quartz
plate for wvacuum-sealing a first plasma generating chamber
45 and allowing the microwave to pass through, and the
reference character 44 is a quartz plate for diffusing gas.
In the first plasma generating .chamber 45, a plasma is

generated by the microwave under a gas pressure of several

- hundreds mTorr to several tens mTorr to form quasi-stable

atoms.

Since the distance between the place generating the
quasi-stable atoms and the vacuum processing chamber in
the apparatus‘ of FIG. 33 is short compared with in the
apparatus’ of FIG.37, it is possible to inject the quasi-
stable atoms with a high density and accordingly an amount
of ions in the wvacuum processing chamber 10 can be
increased. By maintaining the processing chamber 10 at a
pressure of 5 to 50 mTorr and using the high frequency
electric power source 16 having a frequency above 20 MHz,
a high density and low electron temperature plasma having
a density of order of 10 to 10/cm® and an electron

temperature of 5 eV , preferably, 3 eV, and dissociation
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of the ion. forming gas is progressed while avoiding
dissociation of CF, which requires a dissociation energy of
8 eV. As a result, on the surface of the sample 40, the
following reaction is mainly progressed by assist of
incident ions accelerated at several hundréds volts by the
bias electric power source 17.

Si0, + 2CF, = SiF, %+ 2co ¢

Since Si and SiN used as a base material are not
etched by CF,, it is possible to perform oxide film etching
with a high selectivity.

Increase in the amount of fluorine due to partial
dissociation of CF, is decreased by the upper electrode
cover 30 made of silicon, carbon or SicC.

As described above, by adjusting the radical forming
gas and the ion forming gas the ratio of ions and radicals
in the processing chamber 10 <can be independently
controlled, and consequently the reaction'on the surface
of the sample 40 can be easily controlled.

The plasma processing apparatus -having the
electrostatic attracting circuit and the pulse Dbias
voltage applying circuit in accordance with the present
invention can be applied not only to an etching processing
apparatus but also to a plasma processing apparatus such
as a CVD apparatus by changing the etching gas to a CVD
gas.

FIG. 39 shows a further embodiment in accordance with

the present invention in which a quantity and a quality of



10

15

20

25

8
ions and radicals are independently controlled. In FIG. 39,
the radical forming gas wused 1is CHF;, CHyF,, or a
fluorocarbon gas such as C,Ff, or CF,, or adding' a gas
containing C, H such as C,H,, CH,, CH30H, if necessary. The
radical forming gas is introduced into the radical forming
plasma generating chamber 62 through a wvalve 70 shown by
an arrow A in FIG. 39.

In the radical forming plasma generating chamber 62,
a plasma 1is generated by applying output having a
frequency of several MHz to several tens MHz of an RF

power source 63 to the coil 65 under a pressure of several

hundreds mTorr to several tens mTorr to produce mainly CF,
radicals. The amounts of CF; and F produced at the same
time are reduced by H component.

Sinée it is difficult to largely reduce the amounts
of CF and O components in the radical forming plasma
generating chamber 62, an unnecessary component removing
chamber 65 is provided downstream of the radical forming
plasma generating chamber. In the unnecessary component
removing chamber, an inner wall made of a material
containing carbon or siliqon such as carbon, Si, SiC or
the like is provided to reduce the unnecessary components
or to convert the unneceésary components into other gasses
of less ill effect. A valve 71 is connected to an exit of
the unnecessary component removing chamber 65 to supply a

gas of which main composition is CF,.

Since a large amount of sediment such as deposits is
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Iaccumulated between the wvalve 70 and the wvalve 71, it is
necessary to perform cleaning or exchanging that portion
in a comparatively short period. Therefore, in order to
easily perform opening-to-atmosphere and exchanging work
and to shorten vacuum build-up time at restarting, the
portion between the valve 70 and the valve 71 is connected
to an evacuation system 74 through a wvalve 72. The
evacuation system 74 may also serve as an evacuation
system for the processing chamber 10.

-The ion forming gas of a rare gas such as argon gas,
xenon gas or the like indicated by B in the figure is
supplied to the processing chamber through a valve 73. The
passage is connected to the exit of the wvalve 71. | |

By maintaining the processing chamber 10 at a
pressure of 5 to 50 mTorr and using the high frequency
electric power source 16 having a modulated frequency
above 20 MHz, a high density and low electron temperature
plasma having a density of order of 10° to 10*/cm® and an
electron temperature of 5 ev , .preferably, 3 eV, and
dissociation of the ion forming gas 1is progressed while
avoiding dissociation of CF, which requires a dissociation
energy of 8 eV. As a result, on the surface of the sample
40,' the following reaction is mainly progressed by assist
of incident ions accelerated at several hundreds volts by
the bias electric power source 17.

8i0, + 2CF, = SiF, 1+ 2co %

Since Si and SiN used as a base material are not
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etched by CF,, it is possible to perform oxide film etching
with a high selectivity.

Increase in the amount of fluorine due to partial
dissociatidn of CF, is decreased by the upper electrode
cover 30 made of silicon, carbon or SicC.

As described above, by adjusting the radical forming
gas A and the ion forming gas B the ratio of ions and
radicals in the processing chamber 10 can be independently
controlled, and consequently the reaction on the surface
of the sample 40 can be easily éontrolled. Further, since
unnecessary deposits are removed by the unnecessary
component removing chamber 65 so as to enter the
processing chamber 10 as small as possible, an amount of
deposits in the processing chamber 10 1is substantially
reduced and accordingly frequency of <cleaning the
processing chamber 10 by opening to atmosphere is  also
substantially reduced.

FIG. 40 shows a further embodiment in accordance with
the present invention in which a quantity and a quality of
ions and -radicals are independently controlled. Hexa-
fluoro-propylene oxide gas (CF;CFOCF,, hereinafter referred
to as HFPO) is passed through a heating pipe portion 66
via a valve 70 from the portion indicated by A in the
figure, and through a unneceésary component removing
chamber 65 and a wvalve 71, and the mixed with an ion
forming gas B to transfer toward the processing chamber 10.

In the heating pipe portion 66, the HFPO is heated at a
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temperature of 800 °C to 1000 °C to form CF, by thermal
decomposition expressed by the folloWing chemical formula.
CF3CFOCF, => CF, + CF3CFO
Although CF;CFO is comparatively stable and hardly

decomposed, part of the CF;CFO is decomposed to produce O

and F. Therefore, the unnecessary component removing
chamber 65 1is provided downstream of the heating pipe
portion 66 to remove the unnecessary components or convert
to substances not affect ill effect. Although a part of
CF;CFOCF, flows into the processing chamber 10, there is no
problem since it is not dissociated by the low electron
temperature plasma below 5 eV.

How to use the valve 72 and the evacuating system 74
and reaction in the processing chamber are the same as in
the case of FIG. 39.

The plasma processing apparatus having the
electrostatic attracting «circuit and the pulse bias
voltage 'applying circuit in accordance with the present
invention can be applied not only to an etching processing
apparatus but also to a plasma processing apparatus such
as a CVD apparatus by changing the etching gas to a CVD
gas.

According to the present invention, it is possible to
provide a plasma processing apparatus and a plasma
processing method capable of easily performing precise
working of a fine pattern to a large sized sample hdving a

diameter of 300 mm or larger, and also capable of
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improving a selectivity during micro processing. Further,
it is possible to provide a plasma processing apparatus
and a plasma processing method capable of performing
processing, particularly, oxide film processing all over
the surface of a large sized Sample uniformly and speedy.

According to the present invention, it is possible to
provide a plasma processing apparatus and a plasma
processing method capable of improving the selectivity of
plasma processing to insulator films such as Si0O2, SiN,
BPSG and the like.

Further, it 1is possible | to provide a ©plasma
processing ‘apparatus and a plasma processing method
capable of improving the selectivity of plasma processing
by obtaining a narrow ion energy distribution having
better controllability.

Furthermore, in a case of using a sample table having

an electrostatic attracting dielectric 1layer, it is

- possible to provide a plasma processing apparatus and a

plasma processing method <capable of improving the
selectivity of plasma processing by obtaining a narrow ion
energy distribution having better controllability.

Further, it is possible to provide a plasma
processing apparatus and a plasma processing method
capable of easily performing precise working of a fine
pattern and improving the selectivity during fine pattern
processing.

Furthermore, it is possible to -provide .a plasma
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processing apparatus and a plasma processing method
capable of improving the selectivity of plasma processing
to insulator films such as Si02, SiN, BPSG and the like by
controlling the quantity and the quality of ions and

radicals independently.
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WHAT IS CLAIMD IS:

1. A plasmé processing apparatus comprising a vacuum
processing chamber, a plasma generating means including a
pair of electrodes, a sample table having a sample
mounting surface .for mounting a sample to be processed
inside said vacuum processing chamber, and a evacuating
means for evacuating said vacuum processing chamber, which
further comprises:

a high frequency electric power source for applying a
high frequency electric power of a VHF band from 30 MHz to
300 MHz between said pair of electrodes; and

a magnetic field forming means for forming any one of
a static magnetic field and a low frequency magnetic field
in a direction intersecting an électric field generated
between said pair of electrodes and the vicinity by said
high frequency electric power source;

wherein an electron cyclotron resonance region being
formed between said pair of electrodes by said magnetic

field and said electric field.

2. A plasma processing apparatus comprising a vacuum
processing chamber, a plasma generating means including a
pair of electrodes, a sample table for mounting a sample
to be processed inside said vacuum processing Chamber and
also serving as one of said electrodes, and a evacuating
means for evacuating said vacuum processing chamber, which

further comprises:

N
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a high frequency electric power source for applying
an electric power of a VHF band from 50 MHz to 200 MHz
between said pair of electrodes; and

a magnetic field forming means for forming any one of
a static magnetic field and a low frequency magnetic field
not weaker than 17 gausses and not stronger than 72
gausses in a direction intersecting an electric field
generated between said pair of electrodes and the vicinity
by said high frequency electric power source;

wherein said magnetic field forming meaﬁs being set
so that a portion where a component of said magnetic field
in 'a direction along the surface of said sample table
becomes maximum is brought to a position in the opposite
side of said sample table from the middle of said pair of
electrodes; |

an electron cyclotron resonance region being formed
between said pair of electrodes'by said magnetic field and

said electric field.

3. A plasma processing apparatus according to any one of
claim 1 and claim 2, wherein

intensity of the magnetic field formed by said
magnetic field forming means is set so that a component of
the magnetic field parallél to the surface of said sample
table is not stronger than 30 gausses on the surface of

said sample table.
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4, A plasma processing apparatus comprising a vacuum
processing chamber, a plasma generating means including a
pair of electrodes, and a sample table for mounting a
sample to be processed inside said vacuum processing
chamber and also serving as one of said electrodes, which
further comprises: |

a evacuating means for evacuating said wvacuum
processing chamber to 0.4 Pa to 4 Pa;

a high freﬁuency electric power source for applying
an electric power of a VHF band from 30 MHz to 300 MHz
between said pair of electrodes; and

a magnetic field forming means for forming any one of
a sfatic magnetic field and a low frequency magnetic field
not weaker than 10 gausses and not stronger than 110
gausses in a direction intersecting an electric field
between said pair of electrodes and in the vicinity:;

said electrodes being composed of a f_irst electrode
connected to said high frequency electric power source and
a second electrode also serviﬁg as said sample table
connected to a bias electric power source for controlling
ion energy, a distance between said pair of electrodes
being 30 to 100 mm;

an electron cyclotron resonance region being formed
at a position within a range from the surface of said
first electrode to the side of said first electrode from
the middle-of said pair of electrodes by interaction of

said magnetic field and an electric field produced by said

_—
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high frequency electric power source.

5. A plasma processing apparatus according to any one of
claims 1, 2 and 4, wherein

density and/or direction .of said magnetic field
formed by said magnetic field forming means are.adjusted
so that said cyclotron resonance effect of electrons
becomes larger in a portion withiﬁ a range from the
periphery of said sample to the outer side of the
periphery than in the center of said sample, thereby the
plasma density being made uniform in positions
corresponding to all over the surface of said sample

mounting surface.

6. A plasma processing apparatus according to claim 4,
wherein

said magnetic field forming means comprises a core
which continuously changes distance of said cyclotron
resonance region to said sample by eccentrically rotating
to the center of said sample surface to change said

magnetic field.

7. A plasma processing apparatus comprising a vacuum
processing chamber, a plasma generating means including a
pair - of electrodes, a sample table having a sample
mounting surface for mounting a sample to be processed

inside said vacuum processing chamber, and a evacuating
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means for evacuating said vacuum processing chamber, which
further comprises:

a high frequency electric power source for applying
an electric power of a VHF band from 30 MHz to 300 MHz
between said pair of electrodes and between a first
electrode and a wall portion of said processing chaﬁber,
said electrodes being composed of said first electrode
connected to said high frequency electric power source and
a second electrode also serving as said sample table and
the wall portion of said grounded processing chamber
arranged in the oﬁter peripheral side of said first
electrode;

a magnetic field forming means for forming any of
static magnetic' fields and low frequency magnetic fields
not weaker than 10 gausses and not stronger than 110
gausses in such a manner as to cancel each other out near
the central portion of said processing chamber and
superpose each other in the periphery and the outer side
of said processing chamber; |

an electron cyclotron resonance region being formed
at a position within a range from the peripheral portion
of said sample mounting surface to a portion near the
outer side by interaction of said magnetic field and an
electric field produced by said high frequency electric

power source.

8. A plasma processing apparatus according to claim 7,
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wherein

said magnetic field forming means comprises a
plurality of coils arranged around said processing chamber
in such a manner as to cancel each other out near the
céntral portion of said sample and superpose each other in

the periphery and the outer side of said sample.

9, A plasma processing apparatus according to claim 4,

wherein

said bias electric power source for controlling ion

~ energy applies a pulse bias having a period of 0.2 to 5 um

and a duty at positive direction pulse portion not larger

than 0.4 to said sample through a capacitor element.

10. A plasma processing apparatus according to any one of
claims 1, 2 and 4, which further comprises:
an electrostatic attracting means for holding said

sample onto said sample table by an electrostatic

‘attracting force;

a pulse bias applying means connected to said sample
table and for app;ying a pulse bias voltage to said sample
table; and

a voltage suppressing means for suppressing a voltage
rising generated by applying said pulse bias voltage
corresponding to an electrostatic attracting capacity of

said electrostatic attracting means.
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11. A plasma processing apparatus according to claim 10,
wherein |
said voltage suppressing means is designed so that
voltage change due to an electrostatic attracting film of.
said electrostatic attracting means during one cycle of

pulse is suppressed to one-half of said pulse bias voltage.

12. A method of plasma-processing a sample using a plasma
proceésing apparatus comprising a vacuum processing
chamber, a plasma generating means including a pair of
electrodes, a sample table for mounting a sample to be
processed inside said vacuum processing chamber and also
serving as one of said electrodes, and a evacuating means
for evacuating said vacuum processing chamber, the method
comprising the steps of: |

evacuating inside said vacuum processing chamber by
said évacuating means;

forming any one of a static magnetic field and a low
frequency magnetic field not weaker fhan 10 gaussés .and
not strongef than 110 gausses in a direction intersecting
an electric field between said pair of electrodes by a
magnetic field forming means;

forming an electron cyclotron resonance region
between said both electrodes by interactioﬁ of said
magnetic field and an electric field generated b_y a high
frequency electric power source by applying an electric

power of a VHF band from 30 MHz to 300 MHz between said
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pair of electrodes using said 'high frequency electric

94

power source; and
processing said sample by a plasma produced by said

cyclotron resonance of electrons.

13. A method of plasma-processing a sample using a plasma
processing ap'paratus comprising a vacuum processing
chamber, a sample table for mountiﬁ_g the sampie to be
processed inside said wvacuum processing chamber, and a
plasma generating means including a pair of electrodes,
wherein

éaid electrodes being composed of .a first electrode
connected to said high frequency electric power source and
a second electrode also serving as said sample table
connected to a bias'electric power source for controlling
ion energy, a distance between said pair of electrodes
being 30 to 100 mm;

the method comprising the steps of: -

evacuating said vacuum processing chamber to 0.4 Pa
to 4 Pa by a evacuating means;

forming any one of a static magnetic field and a low
frequency magnetic field not wea;ker than 10 gausses and
not stronger than 110 gausses in a direction intersecting
an electric field between said pair of electrodes by a
magnetic field forming means;

forming an electron cyclotron resonance region

between said both electrodes by interaction of said
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magnetic field and an electric field generated by a high

%

frequency electric power source by applying an electric
power of a VHF band from 30 MHz to 300 MHz bétween said
pair of electrédes using said high frequency electric
power source; and

processing said sample by a plasma produced by said

cyclotron resonance of electrons.

14, A plasma processing apparatus comprising a vacuum
processing chamber, a sample table for mounting a sample
to be processed in said wvacuum processing chamber, and a
plasma generating means including a high frequency
electric power source, which further comprisesz

an electrostatic attracting means for holding éaid
sample onto said sample table by an electrostatic
attracting force; and

a pulse bias applying means for applying a pulse bias
voltage to said sample;

said high frequency electric power source applying a
high frequency voltage of 10 MHz to 500 MHz, said wvacuum

processing chamber being depressurized to 0.5 to 4.0 Pa.

15. A plasma processing apparatus comprising:

a pair of electrodes opposite to each other, one of
the electrodes mounts a sample;

a gas introducing means for introducing an etching

gas into an environment in which said sample is placed;
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an evacuating means for evacuating and depessurising
said environment to a pressure condition of 0.5 Pa to 4.0
Pa;

a high frequency electric power source for applying a
high frequency voltage of 10 MHz to 500 MHz to said pair
of opposite electrodes;

a plasma generating means for forming said etching

gas into a plasma under said pressure condition; and a

- pulse bias applying means for applying a pulse bias

voltage to said one of the electrodes during etching said
sample;
thus an insulator film in said sample being plasma-

processed.

le. A plasma processing apparatus .comprising a vacuum
processing chamber, a sample table for mounting a sample
to be processed in said wvacuum processing chamber, and a
plasma generating means including a high frequency
electric power source, which further comprises:

an electrostatic attracting means for holding said
sample onto said sampie table by an electrostatic
attracting force;

a pulse bias applying means connected to said sample
table and for applying a pulse bias voltage to said
sample; and '

a voltage suppressing means for suppressing a voltage

rising generated by applying said pulse bias voltage
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corresponding to an electrostatic attracting capacity of

97

said electrostatic attracting means:;

said voltage suppressing means being designed so that
voltage change due to an electrostatic attracting film of
said electrostatic attracting means during one cycle of

pulse is suppressed to one-half of said pulse bias voltage.

17. A plasma processing apparatus comprising:

a pair of electrodes opposite to each other having a
gap between the electrodes of 10 mm to 50 mm;

an electrostatic attracting means for holding a
sample onto one of said electrodes by a electrostatic
attracting force; -

a gas introducing means for introducing an etching
gas into an environment holding said sample;

an evacuating means for evacuating and deperssurizing
said environment to a pressure condition of 0.5 Pa to 4.0
Pa;

a plasma generating means for forming said etching
gas into a plasma under said pressure condition by a high
frequency electric power of 10 MHz to 500 MHz; and

a pulse bias applying means for applying a pulse bias
voltage to said one of electrode mounting said sample:;

thus an insulator film in said sample being plasma-

processed.

18. A plasma processing apparatus according to any one of



10

15

20

25

\

by g

claims 16 and 17, which further comprises:
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a voltage suppressing means for suppressing a voltage
rising generated by applying said pulse bias voltage
corresponding to an electrostatic attracting capacity of
said electrostatic attracting means;

said voltage suppressing means setting a period of
said pulse bias voltage so that voltage change due to an
electrostatic attracting film of said electrostatic
attracting means during one cycle of pulse is suppressed

to one-half of said pulse bias voltage.

19. A method of plasma-processing comprising the steps
of:

placing a sample on one of electrodes provided in a

vacuum processing chamber;

‘holding said sample onto said electrode by an
electrostatic attracting force;

introducing a processing gas into-an environment in
which said sample is placed;

evacuating and evacuating said environment to a
preséure condition for processing said sample; |

forming said processing gas into a plasma under said
pressure condition;

processing said sample by said plasma; and

applying a pulse bias voltage to said sample.

20. A method of plasma processing comprising the steps
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placing a sample on one of a pair of electrodes
opposite to each other having a gap of 10 mm to 50 mm;

holding said placed sample onto said electrode by anf
electrostatic attracting force;

introducing a processing gas into an environment in
which said sample is placed;

evacuating said.environment to a pressure condition
of 0.5 Pa to 4.0 Pa;

forming said processing gas into a plasma under said

pressure condition by applying a high frequency electric

-power of 10 MHz to 500 MHz;

etching said samplé by said plasma; and

applying a pulse bias voltage to said one of
electrodes during etching;

‘thereby, an insulator film in said sample being

plasma-processed.

21. A method of piasma processing comprising the steps
of: |

placing a sample on one of electrodes provided in a
vacuum processing chamber;

holding said sample onto said electrode by an
electrostatic attracting force;

introducing an etching gas into an environment in
which said sample is placed;

evacuating and evacuating said environment to a
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pressure condition for processing said sample;
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forming said etching gas into a plasma under said
pressure condition;

etching said sample by said plasma; and

applying a pulse bias voltage to said sample;

suppressing voltage change due to an electrostatic

attracting film of said electrostatic attracting means

during one cycle of pulse to one-half of said pulse bias

voltage during applying said pulse bias voltage.

22. A method of plasma processing comprising the steps
of:

placing a sample on one of electrodes opposite to
each other;

holding said placed sample onto said electrode by an
electrostatic attracting force;

introducing an etching gas into an environment in
which said sample is placed;

forming said etching gas into a plasma;

etching said sample by said plasma; and

applying a pulse bias voltage having a pulse width of
250 V to 1000 V and a duty ratio of 0.05 to 0.4 to said
one of electrodes during etching:;

thereby an insulator film in said sample being

plasma-processed.

23. A plasma processing apparatus comprising a vacuum
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101 |
processing chamber, a sample table for mounting a sémple
to be processed in said vacuum processing chamber, and a
plasma generating means, which further comprises:

~an electrostatic attracting means for holding said

sample onto said sample table by an electrostatic
attracting force;

a bias applying means for applying a bias voltage to
said sample;

a radical supplying means having a means decomposing
a gas for generating radicals in advance and for supplying
a required amount of the radicals to said vacuum
processing chamber;

a means for supplying a gas for generating'ions to
said vacuum processing chamber; and

a plasma generating means for generating a plasma in

said vacuum processing chamber;

wherein SiO, being used as said sample.

24. A plasma processing apparatus comprising a vacuum
processing chamber, a sample table for mounting a sample
to be processed in said vacuum processing chamber, and a
plasma generating means, which further comprises:

an electrostatic attracting means for holding said
sample onto said sample table by an electrostatic
attracting force;

a pulse bias applying means for applying a pulse bias

voltage to said sample;
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a radical generating plasma supplying ‘means for
forming a gas for generating radicals into a plasma in
advance and for supplying a required amount of the
radicals to said vacuum processing chamber} and

said plasma generating means for supplying a gas for
generating ions to said vacuum processing chamber and for

generating a plasma in said vacuum processing chamber;

wherein SiO, being used as said sample.

25. A plasma processing apparatus comprising a vacuum

processing chamber, a sample table for mounting a sample
to be processed in said vacuum processing chaﬁber, and a
plasma generating means including a high frequency
electric power source, which further comprises:

an electrostatic attracting means for holding said
samplé onto said sample table by an electrostatic
attracting force;

a pulse bias applying means for applying a pulse bias
voltage to sﬁid sample;

a radical generating plaéma supplying means for
forming a gas for generating radicals into a plasma in
advance and for supplying a required amount of the
radicals to said vacuum processing chamber; and

.said plasma generating means for suppl&ing a gas for
generating ions to said wvacuum procéssing chambér and for
generating a plasma in said vacuum processing chamber;

wherein said high frequency electric power source
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applying a high frequency voltage of 10 MHz to 500 MHz,
said vacuum processing chamber being depressurized to 0.5

to 4.0 Pa.

26. A plasma processing apparatus comprising a vacuum
processing chamber, a sample table for mounting a sample
to be processed in said vacuum processing chamber, and a
plasma generating means, which further comprises:

an electrostatic attracting means for holding said
sample onto said sample table by an electrostatic
attracting force;

a radical generating plasma supplying means for
forming a gas for generating radicals into a plasma in
advance and for supplying a required amount of the
radicals to said vacuum processing chamber;

said plasma generating meéns for supplying a gas for
generating ions to said vacuum processing chamber and
generating a plasma;

a pulse bias applying means connected to said sample
table and for applying a pulse bias voltage to said sample
table; and

a voltége suppressing means for suppressing a voltage
rising generated by applying said pulse bias voltage
corresponding to an electrostatic attracting capacity of

said electrostatic attracting means.

27. A plasma processing apparatus comprising a vacuum
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processing chamber, a sample table for mounting a sampie

“to be processed in said vacuum processing chamber, and a

plasma generating means, which further comprises:

an electrostatic attracting means including an
electrostatic attracting film provided in said sample
table and for holding said sample onto said sample table
by an electrostatic attracting force;

a radical generating plasma supplying means for
forming a gas for generating radicals into a plasma in
advance and for supplying a required amount of the
radicals to said vacuum processing chamber;

said plasma generating means for supplying a gas for
generating ions to said vacuum processing chamber and
generating a plasma;

a pulse bias applying means connected to said sample
table and for applying a pulse bias voltage to said sample
table; and

a voltage'suppressing means for suppressing a voltage
generated between the both ends of said electrostatic
attracting film as said pulse bias voltage is applied;

wherein said voltage suppressing means suppressing a
voltage of the electrostatic attracting film of said
electrostatic attracting means tb a voltage not higher

than one-half of said pulse bias voltage.

28. A method of plasma-processing comprising the steps

of:
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placing a sample on one of a pair of electrodes
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opposite to each other;

holding said placed sample onto said electrode by an
electrostatic attracting force; )

forming a gas for generating radicals into a plasma
in advance and supplying a required amount of the radicals
into an environment in which said sample is placed and
held;

supplying a gas for <Ggenerating ions to said
environment;

evacuating and evacuating said environment to a
pressure condition of 0.5 Pa to 4.0 Pa;

forming said supplied gas for generating ions into a
plasma under said pressure condition by applying a high
frequency electric power of 10 MHz to 500 MHz to said
opposite electrodes;

etching said sample by said plasma; and

applying a pulse bias voltage to said one of
electrodes during etching;

wherein 8SiO, being used as said sample.

29. A method of plasma-processing comprising the steps
of:

placing a sample on one of electrodes provided in a
vacuum processing chamber;

holding said sample onto said electrode by an

electrostatic attracting force;
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forming a gas for generating radicals into a plasma
in a&vance and supplying a required amount of the radicals
into an environment in which said sample is placed and
held;

supplying a gas for generating ions to said
environment;

forming said supplied gas for generating ions into a
plasma under said pressure condition by applying a high
frequency electric power of 30 MHz to 100 MHz to said
opposite electrodes; | |

processing said sample by said plasma; and

applying a pulse bias voltage to said sample;

wherein SiO, being used as said sample.

30. A method of plasma-processing comprising the steps
of:

placing a sample on one of electrodes provided in a
vacuum processing chamber;

holding said sample onto said electrode by an
electrostatic attracting force;

forming a gas for generating radicals into a plasma
in advance and supplying a required amount of the radicals
into an environment in which said sample is placed and
held;

supplying a gas for Ggenerating ions to said
environment;

evacuating and evacuating said environment to a
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pressure of processing said sample;

forming said supplied gas for generating ions into a
plasma under said pressure condition;

processing said sample by said plasma; and

applying a pulse bias voltage to said sample;

wherein a voltage of said electrostatic attracting
means being set to a voltage not higher than one-half of

said pulse bias voltage.

31. A method of plasma-processing comprising the steps
of:

placing a sample on one of electrodes opposite to
each other provided in a vacuum processing chamber;

holding said sample onto said electrode byl an

electrostatic attracting force:;

forming a gas for generating radicals into a plasma
in advance and supplying a required amount of the radicals
into an environment in which said sample is placed and
held;

supplying a gas for generating ions to said
environment;

evacuating and depressurerizing said environment to a
pressure of 0.5 Pa to 4.0 Pa;

forming said supplied gas for generating ions into a
plasma under said pressure co'ndit'ion by applying a high
ffequency electric power of 30 MHz to 100 MHz to said

opposite electrodes;
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processing said sample by said plasma; and
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applying a pulse bias voltage to said sample.



