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PLASMA PROCESSING METHOD AND APPARATUS
BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a plasma processing

‘method and apparstus. More partioularly, this present

invention relates to a plasma processing method and
apparatus for generating a plasma with mierowaves to
subject a subsgtrate to he treated such as a wafer to a plasma
processing such as an etching or filming treatment.

Deseription of the Prior Art

In a microwave plasma processing apparatus of the
prior art, there is known an apparatus using a cavity
resonator and a slot antenna arranged at a right angle with
respect to a surface current to flow through the bottom of
the cavity resonator, as disclosed in EP-A-0674334. By
making uss of the slot antenna, the apparatus ig constructed
to radiate microwaves in the same mode as that of the

" microwaves in the cavity resonator from the slot antenna

thereby to generate a plasma,

A conventional apparatus of the slot disclosed in
U.S. patent No. 4,776,918 and No. 5,134,965 for example,
has been arranged so that it is provided with slot antennas
which are in contact with or set close to a microwave
penstrating window for introducing microwaves into a
processing chamber as a part of the processing chamber
that can be evacuated.

SUMMARY OF THE INVENTION

In the aforementioned prior art, no consideration is

esnie #4o NO.638  P.6/56
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taken into the plasma control combined with the
microwaves in a plurality of modes, and what can be
generates is the plasma'with the microwaves in a single
mode, thus raising a problem in controlling the
homogeneity. of the plasma,

As the packing density of 3 semiconductor 1ntegrated

circuit increases, the size of its substrate or wafer made of
.8 semiconductor such as silicon increases so as to enhance

the productivity. It is said that for integrated circuits of
the next generation many semiconductor devices have to be
formed over a large suhstrate having a diameter of 12
inches (about 300 mm), and that this large substrate has to
be processed to form uniform film.

However, the above-spocified prior art has failed to
take sufficient consideration into the large diameter of the
substrate to be treated.

“An object of the pregent invention is to provide a
plasma processing method and apparatus capable of
conirolling the homogeneity of a plasma easily. And, in
the plasma processing using the microwaves, an object of
the present invention is to provide a plasma processing
apparatus capable of sybjeoting a substrate to be treated to

. auniform plasma processing over a radial direction even if

the diameter exceeds 12 inches (about 300 mm), and a
method for the apparatus.

In order to achieve the above-specified object, &
microwave plasma processing apparatus comprise a
processing chamber connected to an evacuator so that its
inside can be evacuated; a gas supplier for supplying a gas
into said processing chamber; and plasma generating means
for generating a plasma in said processing chamber by
making use of microwaves radiated from slot antennas,
wherein said slot antennas are disposed at an angle neither
in parallel to nar perpendicular to a surface current to flow
on the wall face equipped with said slot antennas. And,

i
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the microwaves in a mode TMg) are introduced into a cavity
resonator to excite the microwaves in a mode TMopg
(wherein m and n are positive integers) in the cavity
resonator, and the microwave electric field is radiated
from the slot antenna arranged in a ring shape at an angle
neither in parallel with nor perpendicular to the direction

.of a surface current to flow through the bottom of the
"cgvity resonator. By infroducing the microwaves in the

mode TMyg; into the cavity resonator from above, the
microwaves in the mode TMqmy (Wherein m and n are
positive integers) can be easily excited in the cavity
resonator. The surface current flows radially, i.s., in the
radial directions on the wal] face of the bottom of that
cavity resonator, If the slot antenna is arranged in a ring
shape and at a predetermined angle neither in parallel with
nor perpendicular to the dirgction of the surface current,
the microwave electric field is radiated radially and
circumferentially from the slot antenna. In other words,
there are radiated the microwaves in which are mixed the
mode TEq, and the mode TMgmy (wherein m and a are
positive integers). By choosing the intersecting angle
between the slot antenna and.the surface current, therefore,
the ratio between the maode TEg, and the mode TMogy

- (wherein m and n are positive integers) can be optimized,

the uniformity of the microwpve plasma to be generated can
be easily controlled.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a vertical cross section showing a
magnetic field microwave dry-etching apparatus according
to one embodiment of the microwave plasma processing

‘apparatus of the present invention.

Figure 2 1s a section taken in the direction I ~I
of Fig. 1.

Figure 3 is a top plan view showing slot antennas
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Figure 4 is a diagram illustrating the microwave
magnetic field radiated from the slot antennas 1llustrated
in Figure 3,

Figure 5 is a diagram plotting the transmissivities of
modes when the angle of inclination of the slot antenna

holes of Fig. 3 is changed.

Figure 6 .are diagrams plotting the plasma density
distributions when the magnetic field by the coil of the
apparatus of Fig. 1 is changed. .

Figure 7 is a top plan view showing another

~embodiment of the slot antennas of Fig. 3.

156

20

Figure 8 is a vertical cross section showing a
magnetic field microwave dry-etching apparatus according
to 8 second embodiment of the plasma processing apparatus
of the present invention,

Figure 9 is 3 vertical cross section showing the detail
of an electrode, as opposed to a wafer in the apparatus of
Figure 8. '

Figure 10 is a vertical cross section showing gnother
embodiment of the electrode of Fig. 9.

Figure 11 is 8 vertical cross section showing a

. mierowave dry-etching apparatus according to a third

25

a0

85

embodiment of the plasma processing apparatus of the
present invention. _

Figure 12 is a top plan view showing slot antennas
formed in the bottom of the ring- shaped cavity resonator,
as excited in the TE mode, of Fig. 11.

Figure 13 is a top plan view showing another
embodiment of the glot antennas formed in the bottom of
the ring~ shaped cavity resonator, as excited in the TE
mode, of Fig, 11.

Figure 14 is a top plan section showing another
embodiment of the slot antennas of Fig, 13.
Figure 15 is a vertical cross section showing a
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" mjorowave dry-etching apparatus according to a fourth
embodiment of the plasma processing apparatus of the
present invention.

Figure 16 is a vertical cross section showing a

5 microwave dry-etching apparatus according to g fifth
embodiment of the plasma processing apparatus of the
present invention,

Figure 17 is a vertical cross section showing the
‘detail of the matching chamber in the apparatus of Figure

10 16.

Figure 18 is a vertical cross section showing a
microwave dry-etching apparatus according fo a sixth
embodiment of the plasma processing apparatus of the
present invention.

16 Figure 19 is g gection taken in the direction
- XX -XIX of Fig. 18.
Figure 20 is a view showing a filed strength
distribution of the microwaves of a fundamental mode of a
waveguide having a triangular section.
20 Figure 21 is a section taken in the direction
XXI.XXY of Fig. 18.

Figure 22 is a vertical cross section showing a
microwave dry-etching apparatus according to a seventh

- embodiment of the plasma processing apparatus of the

25  present invention.

" Figure 23 is a section taken in the dzrectmn
XX XXII of Fig. 22,

DESCRIPTION OF THE PREFERRED EMBODIMENTS
a0
One embodiment of the present invention will be
described with reference to Figs. 1 to 6.
Fig, 1 shows a magnetic field mierowave dry- etching
apparatus according to one embodiment of a plasma
86 proocessing apparatns of the present invention.. Reference

is Sheet Has Been Replaced
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numeral 1 designates a processing chamber which is
constructed to include a container 1a, a discharge tube 1b
disposed above the container la, and a quartz window 2
fitted in the upper opening of the discharge tube 1b, The
processing chamber 1 thus constructed can retain its inside
gas-tight. Numeral 3 designates a4 coil wound on the outer
side of the discharge tube 1b. Numeral 4 designates a

.magnetron for generating microwaves. Numeral 5

designates a waveguide for transmitting the microwaves
from the magnetron 4. In this case, the waveguide 5 is
constructed to include a rectangunlar waveguide Sa
equipped with the magnetron 4 at its one end for
transmitting the microwaves in a rectangular mode TEjp, 3
circular wavegnide 5b connected at a right angle to the
other end of the rectangular waveguide 5a for transmitting
the microwaves in a circular mode TMy1, and a short-
circuit plate 5o disposed at the other end of the rectangular
waveguide 5a for converting the transmission mode of the

-microwaves to be transmitted from the square waveguide

tube 5a to the cirenlar waveguide 5b. Numeral 6
designates a resonator which is connected to the other end
of the cirenlar wavegnide 5b for resonating the microwaves

. in a mode TMpy;. Numersl 7 designates a slot antenna

plate forming the bottom of the resonator 6 and having slot
antenna holes 8, Numeral 9 designates a sample bed
which is disposed through the bottom portion of the
container 12 while being electrically isolated, to arrange a
wafer 10 thereon in the processing chamber 1. Numeral
11 designates a high-frequency power source connected
with the sample bed 9.

In the apparatus thus constructed, the inside of the
processing chamber 1, as defined by the container la, the
discharge tube 1b and the quartz window 2, is evacnated by
the (not-shown) evacuator and is then supplied with an
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etching gas to a degired pressure by the (not-shown) gas
supplier. Morsover, the processing chamber 1 is placed
in the magnetio field which is establighad by the coil 3.
The microwaves of 2.45 GHz in this case, as generated by
the magnetron 4, are transmitted in the waveguide 5, i.e.,
in the rectangular waveguide 5a and the ciroylar waveguide

—7.-

5b and introduced into the resonator 6, The resonator 6 is
‘equipped at its bottom with the slot antenna plate 7. The

microwaves, as radiated from the slot antenna plate 7,
establish a predetermined mode while being transmitted in
the quartz window 2, until they are guided through the
quartz window 2 into the processing chamber 1. Ia this
case, a2 quartz window 2 is thickened. Specifically, the

) plate thickness is set to about 25 mm, and the distance ~

between the slot antenna and the plasma interface is.a
quarter of or langer than the wavelength of the microwaves
in the medinum, Thanks to this distance, the microwaves,
radiated from the slot antenna plate 7, establish a constant
mode while propagating in the quartz window 2 so that they
can be introduced into the plasma, i.e., the processing '
chamber 1. -The wafer 10, as arranged on the sample bed
9, is etched with the plasma which is produced by those

- microwaves. In order to control the etching shape of the
 wafer 10, moreover, a bias voltage can be applied to the

samplc bed 9 by connecting ihe high-freqnency power
source 11 with the sample bed 9 through the (not-shown)
matching device to supply the high-frequency voltage,

In the present embodiment, a mode converter, l.e., 2
short-eircuit plate Sc made of a2 conducting rectangular
prism of the same size as the section of the rectangular
waveguide is placed at the junction between the rectangular
waveguide tube 5a and the circular waveguide tube 5b, as
shown in Fig. 2, and the microwaves are canverted from the
rectangular mode TEjq to be transmitted in the rectangular
wavegnide 5a into the ocircular mode TMg, so that the
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microwaves in the mode TMg; may be transmitted into the
circular waveguide 5b. By introducing the microwaves in
the mode TMg;; into the resonator 6, there is achieved an
effect that the mode TMoy; can be easily excited in the
resonator. Moreover, all the waveguide 5 for
transforming the mode of the microwaves and for
transmitting them and the resonator 6 are constructed of
hollow waveguides so that microwaves of high ontput can
be introduced without any abnormal discharge in the
waveguide passage,

In the bottom of the resonator 6 in the mode TMo11,
a radial surface current 81 flows radially from the center to
establish a radiating electric field, as shown in Fig. 3.

~ Here, when the transversely elongated slot antenna holes,

the slot antenna holes 7b having slots perpendicular to the
surface current are arranged, the direction of the distgnce
of the shortest one of the slot antenna holes 7b is aligned
with the direction of the radial electric field so that the

microwave electric field is oriented in the same direction
as that of the surface ourrent in the slot antenna holes 7b.
As a result, the microwaves having the surface current in
the same direction as that of the microwaves in the mode

- TMyi, as resonated in the resonator 6, are radiated into the

quartz window 2 so that the microwaves in the mode TMy;
are generated while heing transmitted in the quartz window
2. On the other hand, when the longitndinally elongated
slot antenna holes, i.e., the slot antenna holes having long
slots in parallel with the syrface current are arranged, the
ficld to be established in the slot antenna holes in the same
direction as that of the surface current is weakened becanse

"the distance between the holes is large, so that the

microwaves are not substantially radiated into the quartz
window 2.

In the present embodiment, on the contrary, slot
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antenna holes 8 are arranged at an angle neither
perpendicular nor parallel to the surface current 81, as
shown in Fig. 3. With this arrangement, an electric field
Er in the radial direction and an electric field E & in the .
circumferential direction are established in the slot
antenna holes 8 at a ratio according to the angle 6

between the slot antenna holes 8 and the surface currenat,
"As a result, into the quartz window 2, there are radiated the

microwaves of the surface current in which are mixed the
mode TMg) having the radial electric field and the mode
TEoj; having the electric field in the direction generslly at
a right angle with respect to the radial direction, as shown
in Fig. 4. The microwaves in the mode TEg; have the
highest field intensity at a portion of about one hslf of the
resonator 6 diameter so that they are efficiently radiated if
the ring centeridiameter ¢c, in which the slot antenna
holes 8 are arranged in the shape of a ring, as shown in Fig.
3, is about one half as large gs the internal diameter of the
resonator 6. If the slot antenna holes 8 and the surface
current 81 make an angle £ of 45 degrees and if the ring
center diameter ¢c¢ ig about one half as large as the
internal diameter of the resonator 6, the microwaves in the

~ mode TMy) and in the mode TEq; are radiated generally at

a ratio of 1 : 1 into the quartz window 2. Both the modes
TMp) and TEp; have a field intensity distribution of axial
symmetry, and there is achieved an effect that the plasma of
axial symmetry distribution can be easily generated if the
microwaves having those modes mixed are introduced into
the processing chamber 1. Incidentally, Fig. 5 plots the
changes in the transmissivity of the microwave modes
when the angle 6 between the slot antenna holes 8 and
the surface current 81 is changed.

'The plasma thus generated is highly lost on the wall
face of the processing chamber 1 or the outer



RECEIVED @2/1% ®9:'4% 1997 AT 53308694 PABE 15 (PRINTED PABE 15) ]
‘ 1997- 2-14 1@:29 ESFhBM Fho ) NO.630 P.15/56

10

16

25

30

This Sheet Has Been Replac

B[] ||Il

circumference but hardly lost on the center axis of the
central portion. By forming the plasma generating region
in a ring shape, therefore, it is easy to establish the plasma
which is homogeneous over.a wide range. The plasma
generating region can be formed in the ring shape, as
illustrated in Fig, 6(a), by introducing the microwaves

‘having the mixed modes TMoy and TEo into the processing
-chamber 1, as in the present embodiment, and the ring

diameter of the ring-shaped plasina generating region can
be changed to control the plasma homogeneity by changing
the ratio of the mode TMg) and the mode TEg;. The ratio
of the mades TMo; and TEqp can be changed by changing
the angle 6, at which the slot antenna holes 8 intersect the
surface current 81, as has heen described hereinbefore, the
shape of the slot antenns hojes § or the position of the slot
antenna holes 8. By adjusting the current or voltage to be
fed to the coil 3 wound on the outer circumferencs of the
discharge tube 1b (as arranged in two vertical stages in this
case), moreover, it is also possible to establish the plasma
which is substantially homogeneous over a wide range, as
illustrated in Fig. 6(b).
The present embodiment has been described on the

- case in which the mode TMqy is excited in the resonator 6,

Generally speaking, however, when a mode TMopg
(wherein m and n are positive integers) of higher order is
excited in the resonator 6, the microwaves, in which a high
mode TMom (wherein m is a positive integer) and a high
mods TEop (wherein m is a positive integer) are mixed, are
radiated according to the srrangement and shape of the slot
antenna holes: ; It is effective, for example, to change the
width of the slot antenna holes in the longitudinal

‘direction, for a change of thp ratio of the various

microwave modes.
On the other hand, Fig. 7 shows another mode of



[ RECEIVED 82/1% B9:4% 1997 AT S33@654 PAGE 16 (PRINTED PAGE 16) ]

1897~ 2-14

10:29 EoFhyb Fho NO,63@

This Sheet Has Been Replaced

111

- embodiment of the slot antenna holes 8a, in which the slot

antennas holes 83 are arranged as shown, By adjusting the
angle @, it is possible to adjust the degree of the
electromagnetic coupling between the cavity resonator
and the discharge tnbe 1b. Specifically, the

P.16/56

electromagnetic coupling is weak, when the absolute value .

of the angle "6_.1 is near 0 degrees, but strong when near 90
degrees. If the electromagnetic coupling is excessively

‘strong, the degree, by which the electromagnetic field in

10

15

20

the cavity resonator deviates from the desired
electromagnetic field, increases, If the electromagnetic
coupling is excessively weak, on the other hand, the
electromagnetic waves are hardly radiatcd into the
prooessing chamber, This makes it necessary to optimize
the coupling degree so that this optimum coupling degree
can be easily achieved by adjusting the angle 6.

However, when the slot antenna holes 8a are arranged in
the cayvity resonator 6 in the circular TMp;; mode, the
components in the angular direction (i.e., the direction q),
a5 radiated from the adjoining slots, are offset (or
canceled) to lsave only the radial component thereby to
form the microwave power distribution having the recessed
center. In any event, this method of constructing the slot

" antenna is not unique to the present mode of embodiment

30

88

but can be likewise applied to the case in which another
cavity resonator of a following is used.

On the other hand, the thickness of the condustor
plate (slot antenna plate 7, 7a) to be equipped with the slot
antenna holes 8, 8a for the conpling holes usunally has as
small as 1 mm to 5 mm but could be exemplified by & thick
one having about 5 mm or more, When this thick
conductor plate is used, the portions of the coupling holes
act as the wavegunide in the thickhess direction so that the
degree of freedom for the shape of the coupling holes is
lower than that for the thin construction. If the longer



[ RECEIVED @2/1% B9:4S 1997 AT 5330694 PABE 17 (PRINTED PASE 17) 1

1997~ 2-14 10:3a ESFHYE Fio . _ NO.639 P.17/586
—_
This Sheet Has Been Rep

10 .

15

20

25

80

IRUATD llll

side of a rectangular waveguide is smaller than one half of
the wavelength of the microwaves (or the electromagnetic
waves) in the free space, the electromagnetic field will not
propagate in the axial direction of the waveguide tube but
will attenuate according to an exponential function. '
When the thick conductor plate is used, therefors, it is
necessary to make the length of the slot antenna holes or

‘the coupling holes in the longitudinal direction larger than
- the half wavelength. When the microwaves have a

frequency of 2.45 GHz, the wavelength in the free space is
122.4 mm so that the leagth of the longitudinal slot antenna
hole axis has to be larger than 61.2 mm. When the thick
slot antenna plate is used, however, the coolant can be
circulated to cool down the inside of the slot plate,

A second embodiment of the present invention will
be described with reference to Figs. 8 and 9. The same
reference numerals of Figs. 8 and 9 as those of Fig. 1
designate the common members, and their description will
be omitted. The difference of Figs. 8 and 9 from the
aforementioned. one embodiment resides, in that the guartz
window is a ring shape, in that the center portion of the
slot antenns plate faces the processing chamber 1, and in

* that the slot antenna plate is provided as a grounded

electrode 12 in opposition to the wafer 10, By providing
the possible to improve the homogensity of the high-
frequency voltage to be applied to the wafer 10, in the
plane pf the wafer 10. As a result, the energy of the ions
to be introduced into the wafer 10 is yniform in the plane of
the wafer 10, thus providing an effect that a homogeneous
etching treatment can be ensured. The electrade 12 is so
constructed that it can control the tamperatur} and feed the
gas through a supply line 13 for the gas, a coolant and an
clectric power. . The structure of the electrode 12 is
shown in Fig. 9. In Fig. 9, the ctching gas |s introduced
from a gas feed port 14 and is distributed info the
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processing chamber 1 throygh a distribution plate 15. The
gas can be easily fed from above the wafer 10, and the
radicals, as produced by the plasma, can be efficiently
conveyed to the wafer 10, thereby to provide an effect to
5 improve the etching rate and the etching homogeneity.
Moreaver, the coolant, the temperature of which is
.conirolled by the chiller unit (not-shown), flows in the
- electrode 12 through a coolant feed/discharge port 16 so
that it can control the temperatyre of the electrode 12. As
10 a result, the deposition rate of the plasma overlapped film
- to deposit on the electrode 12 can be controlled to control
the radical ¢composition in the plasma, thus providing an
effect to prevent the aging of the etching characteristics
finally. The electrode 12 is protruding at its center to

-18 -

15 match the shape of the microwave introduction window 2a,
but this protrusion d, as shown in Fig. 9, is arbitrary. If
this protrusion d is adjusted to adjust the area ratio between
the bottom and the side of the microwave introduction
windaw 2a, the direction and the amount of the radiation of

20 the microwave power can be controlled. Moreover, the
electrode 12 ¢opld not be electrically grounded to supply a
high frequency.

On the other hand, Fig. 10 shows another embodiment
of the electrode 12 shown in Fig. 9. In this embodiment,

256 a heater 17 is embedded in the electrode 12, which can be

~ heated to 100 or higher to easily reduce or prevent the
deposition of the plasma overlapped film. In this case, it
is possible to suppress the dust production which might
otherwise be caused by the separation or the like of the

80 plasma overlapped film, as deposited on the electrode.
Finally, there is achisved an effect to improve the yield of
the semiconductor element,

By changing the angle at which the surface current to
flow on the slot antenns plate of the bottom face of the

86 cavity resonator for introducing the microwaves and the
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slot antenna disposed on the bottom face intersect,
gccording to the first and second embodiments, the ratio of
the modes of the various microwaves to be radiated from
the slot antenna can be changed to provide an effect that
the homogeneity of the microwave plasma to be generated
can be easily controlled.

A third embodiment of the present invention will be

"described with reference to Figs. 11 and 12, When a

plasma exists in a closed space, it is lost an the wall face of
the discharge tube sa that its density distribution has a

tendency to be high at the center of the space and sloping
down to the edges. A similar tendency is also taken by the
plasma to be used in the plasma processing apparatus and

- may form one canse for in uniformity of the plasma

processing. In order to climinate this cause, it is
conceivable to set such an amount of plasma, to increase an
amount of the plasma in the vicinity of the wall face.
When the substrate 32 to be treated has a disc shape, it is
natural to use the plasma processing chamber 21 having a
oylindrical shape. In this case, the plasma loss on the
cylinder side wall exerts influences npon the uniformity in
the subgstrate to,be plasma processed. In order to damp ths

- plasma nonuniformity in the vicinity of the substrate by the
.'7+ distribytion of the amonnt of generated plasma, it is
R -

necessary to adjust the plasma distribution into the ring
shape which is high in the vicinity of the side walls and low
at the center. Wheun a square processing chamber is used,
it is also necessary to adjust the ring-shaped plasma
distribution which is high in the vicinity of the processing
chamber wall face and low at the center.

The amount of generated plasma has & positive
correlation to the amount of plasma generating energy to be
consumed. The consumption rate of the energy for
generating the plasma is defermined by the ratio between
the supply and loss of the energy. In order to adjnst the



[ RECEIVED B82/1% @9:%6 1397 AT 53306594 PAGE 20 (PRINTED PAGE 20) ]

1997- 2-14

10

15
20
.

| 8p

109:32 Eorhhe Fio _ NO.€32

P.20/56

This Sheet Has Been Rep

1T

distribution of generated plasma to the ring shape which is
high in the vicinity of the side walls and Iow at the center,
therefore, it is important that the distribution of energy to
be supplied to the plasma be formed into the ring shape..
Fig. 11 is a section showing an etching apparatus .
using the ring-shaped cavity resonator according to the

-—

.present invention. Microwsaves are used as the energy

source for generating the plasma. For the ring-shaped
power distribution, it is possible to use a ring-shaped
cavity resonator 27. For the microwaves having 2
wavelength A of about 10 cm in the free space, the
electromagnetic field in the cavity resonator 27 has a
tendency to take a distribution in which it exhibits a
periodic intensity change in an order of about 10 ¢m.

- When the diameter D of the substrate 32 to be treated

grad_ua!ly increases from 10 inches (i.e., about 254 mm) to
12 inches (i.e., about 305 mm), for example, the ring-
shaped cavity resonator 27 is also required to have an equal

ced

order size. This causes the ring-shaped cavity resonator

27 to be exemplified by one which takes a distribution
having several to ten and several peaks in its interngl
electromagnetic field. '
The microwave power, supplied by the microwave
generating source (not-gshawn), is transmitted through the
isolator (not shown) and the matching device (not shown)
to the ring-shaped cavity resonator 27 by a rectangular
waveguide 26. The ring-shaped cavity resonator 27 is
provided with a microwave radiating hole 28 to radiate the
microwaves to the plasma discharge tube 21 through a
microwave introduction window 23. The ring-shaped
cavity resonator 27 is made of a material having a high
conductivity such as aluminum or copper for reducing the
loss in the microwave power, The microwave
introduction window 23 is made of a dielectric material
such as quartz or alumina ceramics, which causes little loss



[ RECEIVED @2/1% @9:47 1997 AT 5330694 PAGE 21 (PRINTED PAGE 21) 1]

1997- 2-14 1@:32 T esEdhe Fo NO.638  P.21/56
' T ————
This Sheet Has B

10

16

2%

80

85

T

in the microwaves or which is reluctant to exert adverse
effects upon the plasma processing. On the other hand,
the microwave introduction window 23 is formed into a
ring shape according to the ring-shaped cavity resonator .
27. The plasma is generated in the plasma discharge tube
21 with the microwaves which are radiated from the

microwave introdnction window 23 into the plasma
-discharge tube 21.

This microwave introdnction window 23 also has a
ring shape. The microwaves, as radiated from the cavity
resonator 27 through the coupling hole 28, are radiated
into the plasma dischazge tnbe 21 from planes parallel to
and normal to the center axis of the microwave introduction
window 23, If the disc-shaped part 24 is made of 2
substance having a high conductivity, the microwaves are
reflected on the surface of the disc- shaped part 24, By
adjusting the thickness t of the disc-shaped part 24, the
area to be exposed to the pracessing chamber in parallel
with the senter axis of the microwave introduction window
23 can be adjusted to adjust the ratio of the microwave
powers to be radiated from the two faces of the microwave :
intraodnction window 23, Specifically, if the thickness t

- of the disc-shaped part 24 is made substantially as large as

the thickness of the microwave introduction window 23, a
plane in parallel with the center axis of the microwave
introdunction window 23 can be completely shielded to
eliminate the microwave power to be radiated from that
plane. By reducing the thickness t of the disc-shaped part
24 to expose the plane in parallel with the center axis more ‘
to the plasma discharge tube 21, moreover, it is possibleto
increase the ratio of radiation of the microwaves from that
plane, By controlling the ratio of radiation of the

microwave powers from the aforementioned two planes of ;
the microwave introduction window 23, the distribution of
the microwave powers in the plagsma discharge tube 21 can
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" be adjusted to adjust the distribution of the amount of

plasma to be generated.

Specifically, the microwave power to be supplied
from the microwave introduction window 23 to the plasma
can be optimized by adjusting the thickness t of the '
microwave introduction window 23. The thickness t of
the microwave introduction window 23 is adjusted in a

(direction to increase or decrease with respect to the

thickness of several times of the half wavelength of the
microwaves in accordance with the impedance of the
plasma acting as a load, as viewed from the microwave
introduotion window 23 so that the impedance can be
matched to optimize the transmitted power. Thus, it is
necessary to optimize the thickness t of the microwave

~introduyction window 23 at the designing stage.

A disc-shaped part 24 is surrounded by the
microwave introduction window 23. A processing
chamber is constructed to include the vessel 20, the plasma
discharge tube 21, the microwave introdyction window 23
and the dise-shaped part 24. The processing chamber thus
constructed can retain its inside gas ~tight. With this
arrangement, the disc~shaped part 24 can be supplied with

~ an eleofric power, a processing gas or a coolant through the

axial portion of the ring-shaped cavity resonator 27. Asa
result, the disc-shaped part 24 can be heated or cooled to a
temperature suitable for the treatment by the temperature
control mechanism (not shown)., When the diso-shaped
part 24 is to be heated, it can be heated by embedding a
heater or the like in the disc-shaped part 24. When this
disc- shaped part 24 is to be cooled, it can be caoled by
embedding a passage for the coolant such gs water in the
disc-shaped part 24, :
Moreover, the plasma discharge tube 21 can be

| supplied with a predetermined flow rate of one or more

kinds of atmospheric gases suitable for the treatment by
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connecting a gas feed mechanism 25 to the disc- shaped
part 24, Moreover, the plasma to be generated can be
adjusted by supplying a high-frequency power to the
disc-shaped part 24, The vessel 20 is controlled at ¢
pressure suitable for the treatment by connecting the
discharge system (not shown) to the processing chamber

21, On the other hand, the disc-shaped part 24 is

electrically grounded to the carth and can be usad as the
electrode for grounding the high frequency which is fed by
a power source 31 for a high frequency such as 13,56 MHz,
connected through a matching device (not-shown) with the
substrate 32 to be treated.

. Next, the action. of the disc-shaped part 24 as the
grounding electrode will be described with reference to
Fig. 11. The high-frequency current in the plasma is
mainly an electron current having a small mass and liable to
follow the high-frequency electric field. However, if the
static magnetic field H; by the plurality of static magnetic
field generators 29 and 30 is applied, it suppresses the

- motions of the electrons perpendicular to the static

magnetic field so that the high-frequency current iu that
direction becomes relnctant to flow, As a result, the

- high-frequency current flows mainly along the static

magnetic field H;. The disc-ghaped part 24 is disposed to
confront the substrate 32, and the static magnetic field H,
is applied substantially normal to the substrate 32, so that
the current to be fed by the high frequency applied to the
substrate 32 flows substantially uniformly between the
substrate 32 and the disc- shaped part 24. As a result, the
rates of the high- frequency currents to flow at the
surronnding and in the vicinity of the center are
substantially equal even for the substrate 32 having the
diameter D of 10 inches (abont 254 mm), 12 inches (about
305 mm) or more go that the influences of the high
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frequency to be exerted upon the substrate 32 can be
nniformed.

In addition, the gas can be suppl:ed uniformly from
the disc-shaped part 24 to the processing chamber,

5 This substrate 32 is g disc~shaped substrate having a
diameter of 10 inches (i.e., about 254 mm), 12 inches (i.e-,
about 305 mm) or more. A plurality of static magnetic
field generators 29 and 30 are disposed around the plasma
-discharge tube 21 so that a static magnetic field Hy having

| 10 a magnitude for causing an electron cyclotron resonance

| phenomenon can be generated in the processing chamber.

' The static magnetic field H; is generated substantially in a
direction normal to the suhstrate 32 to be treated. If the
microwaves have a frequency f of 2.45 GHz, the magnitude

15 of the static magnetic field Hy for causing the electron
cyclotron resonance phenomenon is 0,0875 tesla. If the
plurality of static magnetic field generators 29 and 30 are
electromagnets, the static magnetic field distribution in
the processing chamber can be controlled by adjusting the

20 rpte of the current to be fed to the electromagnets, thereby
to control the position at which the static magnetic field
reaches 8 magnitude for cansing the electron cyclotron
resonance, Even if another static magnetic field

- generator is used, the static magnetic field in the

25 = processing chamber can be controlled by adjusting the
positional relation between the static magnetic field
generator and the processing chamber. Incidentally, in
the plasma processing apparatus using the electron
cyclotron resonance phenomenon, the microwave power is

80 intensely absorbed in the place of the e¢lectron cyclotron
resonance so that the plasma is generated mainly in that
place. The region for generating the plasma can be

i controlled by controlling the static magnetic field. On

' the other hand, the electrons in the plasma are suppressed

36 from moving in a direction perpendicnlar to the static
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magnetic field. As a result, the diffusion of the electrons
into the plasma can be controlled by adjusting the static
magnetic fisld.

On the other hand, the electron cyclotron resonance
phenomenon occurs when the electric field E of the
microwaves and the static magnetic field (in the direction
z) intersect each other at a right angle. For using the

‘electron cyclotron resonance phenomenon, the TE mode

(becaunse the slectric field E is generated in the radial
direction (i.c., the direction r) of the cavity resonator 27)
is more advantageous than the TM mode (because the
electric field E is generated in the axial direction (i.s., the
direction z) of the cavity resonator 27). |

On the other hand, the TM mode is advantageous for
reducing the size of the apparatus because there is the
mode in which the electromagnetic field does not change in
the axial direction (i.e., the direction z) so that the
resonator height h can be reduced.

An example of the size of the ring-shaped cavity
resonator in the TEp) mode for the frequency of 2.45 GHz
of the microwaves is tabulated in the following Table 1:

Table 1
Mode Inside radius a [Qutside radins b| Height h
TE41 65 mm 120 mm 109 mm
TEs1 189 mm 144 mm 109 mm
TEg1 113 mm 167 mm 109 mm
TRy1 136 mm 191 mm 109 mm
TEg1 160 mm 215 mm 109 mm

Likewise, an example of the size of the ring-shaped
resonator in the TMp) mode for the frequency of 2.45 GHz
of the microwaves when the electromagnetic field does not

change in the axial direction is tabulated in the following
Table 2; -
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Mode Inside radius a | Outside radiug b
' TMs] 63 mm . 172 mm
TMsg1 86 mm 195 mm
TM7y 110 mm 219 mm
. TM3g1 133 mm 242 mm
TMo) ' 157 mm 266 mm
TMa) 85 mm 155 mm
TMa1 125 mm 195 mm
TMsy 165 mm . 235 mm
TMsl 206 mm 276 mm
TM7q1 246 mm 316 mm
TM3g) 286 mm 356 mm

Incidentally, when the radiation hole 28 (or coupling
hole or slot) for radiating the microwaves is formed in the
8 cavity resonator 27, the electromagnetic waves can be
efficiently radiated if the yadiation hole 28 is formed in 3
slot parallel to the microwave magnetic field. For
reducing tho power lops of the microwaves, the cavity
resonator 27 is made of a substance having a high
10 - conductivity, the microwave magnetic field H is in parsllel
" with the inner face of the cavity resonator 27 and
perpendicular to the electric field E. As shown in Fig, 12
(presenting the case of the TE41 mode), an angle &

.- between the magnetic field H and the radiation hole 28 can
15 be adjusted to adjust the electromagnetic field in the cavity
resonator 27 and the intensity of the electromagnetic

coupling between the microwave introduction window 23
| and the plasma discharge tube 21. Thereby, the
| electromagnetic field in the cavity resonator 27 is kept in
20 the desired mode, and the microwaves can be efficiently
| radisted into the plasma discharge tube 21
Another method of adjnsting the electromagnetic
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field in the cavity resonator 27 and the intensity of the
elestromagnetic coupling between the microwave
introduction window 23 and the plasma discharge tube 21 is
exemplified by controlling the length of the slot antenna .
6§ hole. The electromagnetic coupling can be weakened, if
thé slot antenna hole is shortened, but intensified if
elongated.
In the case of the TEy) mode in the ring-shaped
cavity resonator 27, as shown in Fig. 12 (presenting the
10 case of the TE4; mode), the microwave magnetic field Hyg
has no radial (i.e., in the dirgction r) component in a plane
normal to the conter axis, As a result, when the angle 6
between the axial direction gnd the radial direction (i.e.,
the direction 1) of the slot antenna hole acting as the
15 radiation hole 28 is small, tlie electromagnetic field in the
cavity resonator 27 and the electromagnetic coupling
between the microwave intrdduction window 23 and the
plasma dischgrge tube 21 arg increased, By forming the
slot antenna hole or the radistion hole 28 into the shape as
20 shown, moreover, the radial .component of the
electromagnetic ficld of the microwaves, as radiated from
the adjacent slot antenna hole, is offset (or canceled), so
- that the electromagnetic field having the angular
" component (i.e., in the direction q), that is, composed
25 mainly of the TEgy mode (n =1, 2, 3, = - =) are radiated
through the microwave introgduction window 23 into the
plasma discharge tube 21. As a result, the plasma to be
generated takes a ring shape having a recessed center,
Even if the diameter D of the substrate 32 to be treated is
80 10 inches (about 254 mm), 12 inches (about 305 mm) or
more so that the plasma disappears on the processing
chamber wall face, it is pogsible to perform the plasma
processing which is uniform'in the radial direction of the
substrate 32, such as the etching treatment.

i

-, 29 —
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The microwave electric field of the case of the TMm1
mode in the ring-shaped cavity resonator 27 and the
surface current to flow in the bottom of the cavity
resonator are schematically shown in Fig. 13

—

3—

(corresponding to the case of the TMg4; mode). The

microwave electric field Emy has only the axial component

-(i.e., in the direction z) so that the antinode of the standing
-wave is formed in the angular direction (i.e., in the

direction q). On the other hand, the surface current to
flow through the bottom of the cavity resonator 27 flows
radially from the center or the location of the antinode of
the electric field standing wave. Thus, Fig. 13
(presenting the case of the TM4; mode) shows the case in
which the slot or the radiation hole 28a between the
antinodes of the electric field standing wave is formed -
perpendicular to the surface current and radially of the
center of the cavity resonator 27. The electromagnetic
field mainly in the mode TE4; i4 radiated from the
radiation hole 283, as shown in Fig. 13, through the
microwave introduction window 23 into the plasma
discharge tube 21. As a result, the spots, as formed at the
tips of the radiation holes 283, can merge into each otherto

 generate the ring-shaped plasma having the reccssed

center.

Fig. 14 (presenting the case of the TM4; mode)
shows the case in which the slot antenna holes 28a are
alternately formed. In this case, the electromagnetic
field mainly in the TEgy mode (n =1, 2, 3, - - =) is radiated
from the slot antenna holes 28a through the microwave
introduction window 23 into the plasma discharge tube 21
so that the ring-shaped plasma having the recessed center
is generated. Even if the diameter D of the substrate 32 to
be treated is 10 inches (about 254 mm), 12 inches (about
305 mm) or more so that the plasma disappears on the
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- processing chamber wall face , it is possible to perform the

plasma processing which is wniform in the radial direction

of the substrate 32, sych as the etching treatment,
Incidentally, in the present embodiment, even

when the diameter of the spbstrate 32 gradually .

increases from 10 inches (e,g., about 254 mm) to 12

inches (e.g., about 305 mm), for example, a ring-

shaped plasma having a recessed center portion may be
‘generated so as to effect the uniform plasma

processing over the radjal direction, but the ring-
shaped cavity resonator need not always be used, as
will be described hereinafter,

Next, a forth embodiment of the presont invention
will be described with reference to Fig. 15. The same
reference numerals of Fig, 15 as those of Fig, 11 designate
the common members, and their description will be
omitted, The difference of Fig 15 from the
aforementioned third embodiment resides, in that a cavity
resonator which is low high is used, ,in that no static
magnetic field generator is provided, and in that high-
frequency power source is not used. The microwaves of a
frequency of 2.45 GHz, as radiated from the not-shown
microwave source such as g magnetron, are introduced

- through the isolator (not shown) and the matching device

(not shown) into the ring~shaped cavity resonator 27 by the
square waveguide 264, The cavity resonator 27 is
equipped in its bottom with the slot antenna holes 28a for
feeding the microwaves to the plasma discharge tube 21
through the ring-shaped microwave introduction window
23. The ring-shaped cavity resonator 27 and the
microwave introduction window 23 are cquipped at their
center with a gas supplier 24a which is conneoted to the gas
feed pipe 33. The face of the gas supplier 24a, as
confronting the plasma discharge tube 21, is provided with
8 plurality of gas feed holes for feeding one or more kinds

‘This Sheet Has Been Rep
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~ of processing gases at predetermined flow rates to the
inside of the plasma discharge tube 21.
Next, a fifth embodiment of the present invention
will be described with reference to Figs. 16 and 17, The
6 same reference numerals of Figs. 16 and 17 as those of Fig.
11 designate the common members, and their description:
will be omitted. The difference of Figs, 16 and 17 from
the aforementioned third embodiment resides, in that a
microwave solid circuit is nsed for transmitting the
10 microwaves, and in that the slot antenna plate as Fig. 1 is
used. The microwaves, as radiated from the microwave
source 39 , are transmitted through the isolator (not-
shown) and matching device to a coaxial linc 37 by the
rectangular waveguide tube. The coaxial waveguide
15 converter 38 can transmit the microwave power with a little
power loss from the rectangular wavegunide to the coaxial
line 37. The coaxial line 37 is provided at its leading end
with a matching chamber 40 for transmitting the microwave
power efficiently into the cavity resonator 36 while
20 preventing the reflections of the microwave power, as
might otherwise be caused at the boundary between a cavity
resonator 36 and the coaxial line 37,
When a reflected wave is to be synthesized by setting
. the height L of the matching chamber 40 to one quarter of
25 = the wavelength b of the microwaves, as shown in Fig, 17, it
is offset (or canceled) by the shift of the phase of one half
so that the reflection of the microwave power can be
suppressed. In other words, the maiching chamber 40 may
be given an impedance matching action by inserting a line
80 having a different impedance but should not be limited to
the construction of Fig, 16.

Incidentally, the power of the microwaves (or
electromagnetic waves) is partially reflected by the
portion, if any, where the constant or boundary of the

88 medium discontinuously changes. If the wavegunide path

- 25 - |
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is connected so as to excite the cavity sesonator 36,
reflections occur in the connection plane to exert adverge
effects upon the efficient transmission of the microwave
power into the plasma discharge tube 21. By providing
the matching chamber 40 in the tonnection portion to
optimize its diameter and height thereby to cancel the

‘reflected waves, therefore, the microwave power can be
officiently transmitted in its entirety into the plasma

discharge tube 21,

Thereby, the microwave power can be transmitted
with a low power loss from the square waveguide tube
through the coaxial waveguide tube transformer 38 fo the
coaxial line portion 37 and further efficiently into the
cavity resonator 36, while preventing by the matching
chamber 40 its reflection which might otherwise be cansed
at the boundary between the cavity resonator 36 and the
coaxial portion 37, so that the resonance can be cffected in
the mode called the circular TMpj] mode, in which the
electromagnetic field is not changed in the angunlar
direction (i.e., the direction q) with respect to the cavity
resonator 36.

The cavity resonator 36 is constructed to have such a

* size as will resonate in the mode called the circular TMO011

mode, in this case. This cavity resonator 36 is made of a
metal having a high conductivity such as alnminum or
copper to prevent the loss ip the microwave power. Ths
cavity resonator 36 ig provided at the side of the microwave
introduoetion window 34 with 3 slot antenna plate 35 for
radiating the microwaves through the miecrowave
introduction window 34 into the plasma discharge tube 21.
The slot antenna plate 35 have slot antenna holes 8 as
showing in fig. 3. The material for the microwave
introduction window 34 is exemplified by quartz or
aluming ceramics having a low loss in the microwaves to
exert no adverse influence ypon the plasms processing.
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The processing chamber is covered with a quartz cover so
that it may not be invaded by a foreign substance. Asa
resylt, the ring-shaped microwave electromagnetic field is
radiated from the slot antenna hole 8, which is formed in
the bottom of the cavity resonstor 36, throngh the
microwave introduction window 34 info the plasma

‘discharge tube 21, and the electron cyclotron resonance
‘'phenomenon is caused by the static magnetic field H; by

the statio magnetic field generators 29 and 30 thereby to
generate the ring-shaped plasma having the recessed
center. The high-frequency power by the high-frequency
power source 31 is supplied the substrate electrode so
that the substrate 32 is subjected to the plasma
processing or the etching treatmeént, '

The circular TMg11 mode is advantageous for
radiating the micrawaves homogéneously in the angular
direction because the electromagnetic field does not
change in the angular direction (i.e., the direction q). In
order to excite the circular TMy)1 mode, it is necessary to
use the wavegnide path which is so connected that an
slectromagnetic ficld similar to the ciroular TMp1; mode is

~ established in the connectipn plane. In the present

embodiment, the coaxial line 37 is connected to the center
of the cavity resonator 36 so that a similar electromagnetic
field can be established. As a result, the microwaves can
be excited in the circular TMgy; mode in which the
electromagnetic field will not change in the angular
direction (i.e., the direction q) with respect to the cavity
resonator 36.

The slot antenna plate 7 is provided on the bottom of
the cavity resonator. 36. In the bottom of the cavity
resonator 36 in the ciroular TMg1; mode, there flows a
surface current 81 (as indicated by a vector J) radially from
the center axis. If the angle & between an outward nnit

il
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vector 82 (as indicated by a vector n;) in the longitudinal
| direction of slot antennas hole 8, as shown in Fig. 3, and
the radial direction is adjusted, it is possible to control the
magnitude of the surface current to be shielded by the slot
6 antenna hole 8 and the direction of the electric field of the
- microwaves to be radiated, to be radiated into the plasma
discharge tube 21 can be controlled. In the case of the
slot antenna of Fig. 3, when the angle &is near 90 degrees,
the ratio of the electric field component in the radial
10  direction increases. When the angle fis near 0 degrees,
the ratio of the electric field component in the axial
direction inoreases, It is alsa considered that the
intensity of the electromagnetic field to be radiated is
proportional to the magnitude of the current to be shiclded
15 by the slot antenna hole 8, It follows that the intensity of
the electromagnetic field to be radiated is proportional to
the magnitude of the vector product af ng X7J of the vectors
ny and J. On the other hand, the surface current I, to be
induced in the slot antenna plate 35 by the slot antenna hole
20 8 is perpendicular to the longitudinal direction of the slot
antenna hole 8. If the slot antenna hole(i.¢., the coupling
holes) 8 is arranged, as shown in Fig, 3, the surface current
* Ip has 3 compounent (in the TEo; mode) to flow in the
angular direction (i.e., the direction q) of the slot antenns
25 plate 35 so that the intensity distribution of the electric
field of the microwaves, as distributed in the ring shape,
can be achieved, By making the angle 8, more
| ) specifically, the microwave electromagnetic field in the
. TE¢; mode and the microwave electromagnetic field in the
30 TMp; mode are emitted in the synthesized form, as
illustrated in Fig. 4, from the slot antenna hole 8 thronugh
. the microwave introduction window 34 into the plasma
discharge tube 21, Incidentally, the miecrowave
slectromagnetic field (i.¢., the ring-shaped microwave
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electromagnetio field) in the TEog; made establishes the
ring-shaped microwave power distribution having a
recessed center to generate the ring-shaped plasma. On
the other hand, the microwave electromagnetic field in the

8 TMpg; mode establishes the microwave power dxstnbunon
having a recessed center.

Thanks to the angle 6, as has been described
herembefore the ring~-shaped microwave clectromagnetic
field (i.e., the microwave electromagnetic field in the TEq;

10 mode) is radiated from the slot antenna hole 8 through the
microwave introduction window 34 into the plasma
discharge tube 21 so that the ring-shaped microwave power
distribution having the recessed center is established to
generate the ring-shaped plasma. Even if the diameter D

15  of the substrate 32 to be treated is 10 inches (i.e., about
254 mm), 12 inches (i.¢., about 305 mm) or more so that the
plasma disappears on the processing chamber wall, a
homogeneous plasma processing can be realized in the
radial direction of the substrate 32,

20 By thus adjusting the angle & of the aforementioned
slot antenna hole &, the extent of the aforementioned '
ring-shaped field intensity distribution can be adjusted to

. control the homogeneity of the plasma. This method of
. constructing the slot antenna is not unique to the present

25 embodiment but can be likewise applied to the case in
which another cavity resonator of the third or forth
embodiment is used. .

According to the present embodiment, there can be
achieved an effect that a substrate to be treated, as large as

30 10 inches or more, can be subjected to a plasma processing
such as a homogeneons etching treatment.

According to the present embodiment, moreover, the
power loss in the microwave solid circuit portion of the
plasma processing apparatus using the microwaves can be
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- suppressed to provide an effeot for making effective use of

the microwave power. Thanks to the suppression of the
power loss, still moreover, there san be achisved an effeot
for suppressing the nanecessary heating of the microwave
solid circuit portion. .
A sixth embodiment of the present invention will -
be described with reference to Figs. 18 to 21.
Fig. 18 shows a magnetic filed microwave dry

‘etching apparatus agcording to one embodiment of the

plasma processing apparatuys of the present invention,

The inside of a processing chamber 1, as defined by a
container la, a discharge tube 1b and a quariz window 2, is
evacuated by the (not-shown) evacuator. After this, an
etching gas is introduced by the (not-shown) gas feeder
into the processing chamber 1 to adjust it to a desired
pressure. On the other hand, the processing chamber 1 is
in the magnetic field region which is generated by a coil 3.
The microwaves of 2,45 GHz, as oscillated from a
magnetron 4, propagate in a rectangular waveguide 44 and
further through a coaxial waveguide converter 38a into a
coaxial waveguide 37a,” The microwaves having
propagated in the coaxial waveguide 37a are introduced
throngh a matching chamber 403 into a cavity resonator

- 36a. In the bottom portion of the cavity resonator 36a,

there is disposed a slot antenna 10. The microwaves, as
radiated from this slot antenna 10, propagate in a mode’
filter 11 and are then introdnced through the quartz window
2 into the processing chamber 1. A wafer 10, as arranged
on a sample bed 9, is etched with the plasma which is
generated by the microwaves. In order to comtrol the
etched shape of the wafer 10, on the other hand, a high-
frequency power source 14 is connected with the sample
bed 9 through a matching device so that it can apply a
high-frequency voltage.

Fig. 19 is a view of section . XIX- XIX as taken in the
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direction of arrow, of the mode filter 41 of Fig, 18. A slot -
antenna hole 8'is so arranged in a ring direction as is
- inclined at a constant sngle with respect to the radial

direction. The cavity resonator 36a is designed to

5 resonate in a TMpj); mode. As aresult, a TMo; mode and
a TEq; mode, as mixed, are introduced from the
aforementioned so~called “slot antenna” into the mode
‘filter 11, This mode filter 41 is constructed to include a
plurality of waveguides 42 having a generally triangular

10 section. As shown in Fig. 20, each waveguide 42 having
the triangular section is sized to pfopagate only
microwaves in a single mode. Fig. 20 shows a strength
distribution of the electric field 17 of the micrawaves to be
transmitted. As a result, the overall field strength

15 - distribution of the waveguides 42 having the triangular

| section is generally jdentical to the TEq; mode having the

, ring-shaped field strength distribution, as shown in fig, 21,

l By thus providing the mode filter 41 of the TEp} mode

. between the slot antenns plate 7 and the microwave

! 20 introducing window 2, only the microwaves in a TEq) (n: an

i arbitrary positive integer) having the ring-shaped strength

_ distribution can be introduced into the processing chamber

i . 1. Thuys, the generally ring-shaped plasma distribution is

|

I

|

established on the ECR face or the main plasma generating
26 region so that a homogeneous plasma distribution can be
achieved on the wafer 10 thereby to provide an effect that
a homogencous plasma processing can be achieved.
In another embodiment of the mode filter, an inner
. " conductor is provided at the center portion of the mode
' 80 filter 41. This mode filter i formed to have a donut-
A shaped (or ring-shaped) section. The highest field
strength is generally located at an intermediate position
between the external digmeter @ Cof an inner conductor 18
and the internal diameter D of the mode filter 41. By
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selecting the ¢ Cand @ Dsuitably, therefore, it is possible
to alter the position where the field strength of the

microwaves to be introduced into the processing chamber 1
takes the maximum. As 8 result, the ring diameter of the

5 ring-shaped plasma generating region, as formed on the
aforementioned ECR face, can be controlled to control the
-plasma distribution on the wafer 10 thereby to provide an

-effect that the homogeneity of the plasma processing of the
wafer 10 can be controlled.

10 A seventh embodiment will be described with
reference to Fig. 22 and 23. As shown in Fig. 22, the
present embodiment is modified from the sixth embodiment
such that the mode filter 41 is replaced by a TEp1; cavity
resonator 45, Below this TEq;] fesonator 45, moreover,

18 there is arranged a radial slot snteana hole 47, as shown in
Fig. 23. The microwaves of TMp; mode and TEp; mode, as
radiated from aforementioned sloped slot antenna 7, are
passed through the TEq); cavity resonator 45 so that only
the microwaves of TEg, (n: an arbitrary positive integer)

20 mode ‘are introduced through the slot antenna hole 47 into
the processing chamber. In the present embodiment,
therefore, the homogeneous plasma distribution can also be

" achieved on the wafer 10 as in the first embodiment
thereby to provide an effect that the wafer 10 can be to the

25 homogeneously prooessed with the plasma, As shown in
Fig. 23, moreover, the inside of the cavity resonator 45

| | may be partitioned by radial conductor plates 48 to have a

; structure similar to that of the mode filter 11 shown in Fig,
21. As aresult, only purer microwaves of the TEp, (a: an

80 arbitrary positive integer) are introduced through the slot
antenna hole 47 into the processing chamber 1 thereby to
provide an effect that the wafer 10 can be highly

| homogeneously processed with the plasma. :

According to the present embodiment, the mode filter

w—




-~

10

15

[ RECEIVED B2/1% G9:S6 1957 AT 5330694 PAGE 38 (PRINTED PAGE 38) ]
1997- 2-14 1@i41 3

PFERYLS Fh NO.638

_ 7

ThlS Sheet Has Been R

TN

for the TEq1 mode is interposed between the slot antenna
and the microwave introduction window so that the
microwaves of the TEpy (2n: an arbitrary positive integer)
mode having the ring-shaped field strength distribution can
be introduced into the processing chamber, As a resuit, _
the generally ring-shaped plasma distribution can be
achieved on the ECR plane or the main plasma generating

region so that the homogeneous plasma distribution can be

achieved on the wafer thereby to provide the effect to
effect the homogeneous plasma processing.

The modes of embodiment thus far described shounld
not be limited only to the etching apparatus but can be
applied to another plasma processing apparatus such as the
CVD (Chemical Vapor Deposition) apparatus or the ashing
apparatus by changing the processing gas to be introduced.
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What is claimed is: .

1. A plasma processing method characterized by
radiating a microwave electromagnetic field, which has an
angular component aronnd vicinity of center axis of a

b  cavity resonator, from said cavity resonator through g .
microwave introduction window into a processing chamber,
to generate a ring-shaped plasma in a region opposed to a
substrate to be treated, so that said substrate may be
subjected to a plasma processing with said ring-shaped
10 plasma.
| 2, A plasma processing method according to claim 1,
wherein said microwave electromagnetic field is
synthesized from TEg, and TMoy modes.
. 3. A plasma processing method according to claim 1,
15 wherein said microwave slectromagnetic field is TEqmy
mode. '
4. A plasma processing method comprising:
introducing a microwaves in a TMp] mode into a cavity
resonator; exciting said microwaves in 2 mode TMomp in
20 said cavity resonator; and radiating said microwave from
* the slot antenna arranged in a ring shape at an angle neither
in parallel with nor perpendicular to the direction of a
"surface curient fo flow through & bottom of a cavity
 resonator, |

26 5. A plasma processing method comprising:
generating 2 plasma in a processing chamber by using the
microwaves radiated from a slot antenna; evacuating inside
a processing chamber; feeding a gas to the inside of said
processing chamber; limiting in 4 TEgmy mode between a

| 80 slot antenna and a microwave introduction window;

i radiating said microwave from said microwave

: introduction window. .

I. . 6. A plasma processing apparatus comprising: a

' processing chamber connected to an evacuator so that its

I 85 inside can be evacuated; and a gas supplier for supplying a
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gas into said processing chamber; and plasma generating

means for generating a plasma in said processing chamber
by making use of microwaves radiated from slot antennas,
wherein said slot antennas is disposed at an angle neither in

5 parallel to nor perpendioular to a surface current to flow on
a slot antenna plate, _

7. A plasmsa processing apparatus according to claim
‘6, further comprising a quartz window disposed at such a

~side of said slot antenna as to radiate said microwaves and

10 having a thickness of a quarter of or longer than the
wavelength of said microwaves,

8. A plasma processing apparatus comprising: a
processing chamber connected to an evacuator so that its
inside can be cvacuatcd; and a gas supplier for supplying a

15  gas into said processing chamber; and plasma generating
means for generating a plasma in said processing chamber
by making use of microwaves radiated from slot antennas,
wherein said microwaves gre mixed a mode TEgp and &
mode TMgy. ‘

20 9. A plasma processing apparatus comprising: a
microwave source; a microwave waveguide for transmitting
microwaves radiated from said microwave source; a cavity
resonator for resonating the microwaves transmitted by

 said microwave waveguide; g processing chamber including

25 asample stand for placing thereon a substrate to be treated:
and microwave electromagnetic field radiating means for
radiating the microwave electromagnetic field, which has
an angular component around the vicinity of the center axis
of said cavity resonator, from said cavity resonator

30 through a microwave intraduction window into said
processing chamber, to generate a ring-shaped plasma in s
region opposed 'to said substrate.

10. A plasma processing apparatus comprising: a
microwave source; a microwave waveguide for transmitting

8 miorowaves radiated from said microwave source; a

=
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coaxial line for tranamitting the microwaves transmitted by
said microwave waveguide; a cavity resonator coaxially
connected to said coaxial line for resonating the
microwaves transmitted from said coaxial line; 2
processing chamber including a sample stand for placing
thereon 3 substrate to be treated; and microwave

‘electromagnetic field radiating means for radiating the

misrowave electromagnetic field, which has an angular.
component around the vicinity of the center axis of said
cavity resonator, from said cavity resonator through a
microwave introduction window into said processing
chamber, to generate a ring-shaped plasma in a region
opposed to said substrate.

11. A plasma processing apparatus according to claim
10, wherein said cavity resonator is constructed to
resonate in 2 TM mode,

12. A plasma processing apparatus according to claim
10, wherein said microwave electromagnetic field
radiating means is made of slot antennas.

13. A plasma processing apparatug according to claim
10,wherein said microwave electromagnetic field radiating
means is made of slot antennas for radiating the microwave

.. electromagnetic field, which is synthesized from TEq, and

TMop modes, into said processing chamber,

14. A plasma processing apparatus comprising: a
microwave source; a microwave waveguide for transmitting
microwsaves radiated from said microwave source; a ring-
shaped cavity resonator for resondting the microwaves
transmitted by said microwave waveguide; a processing
chamber including & sample stand for placing therson a
gsubstrate to be treated; and microwave electromagnetic
field radiating means for radiating the microwave
electromagnetic: field from said ring-shaped cavity
resonator through a microwave introduction window into
said processing chamber, to generate a ring-shaped plasma
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in a region opposed to said substirate.

'15. A plasma processing apparatus comprising: a
processing chamber connected to an evacuator so that its
inside can be evacuated; a gas feed nnit for feeding a gas to
the inside of said processing chamber; and plasma
generating means for generating a plasma in a processing
chamber by using the microwaves radiated from a slot

‘antenna; a mode filter of a TEoma (m and n: positive

integers) mode interpoging between said slot antenna and a
microwsave introduction window,

16, A plasma processing apparatus according to claim
15, wherein the mode filter is a cavity resonator of the
TEompn mode.

17. A plasma processing apparatus according to clagim

15, wherein the mode filter includes a plurality of

waveguides having 3 triangular section.
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