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(57) ABSTRACT

A plasma processing apparatus includes a plasma generation
unit for converting a processing gas into plasma by an induc-
tive coupling. The plasma generation unit includes a first high
frequency antenna formed of a vortex coil having open oppo-
site endse and, at a central portion of a line between the open
ends, a supply point of a high frequency power and a ground-
ing point grounded through a capacitor; a second high fre-
quency antenna formed of a planar vortex coil disposed
between first and second high frequency antenna elements of
the first high frequency antenna; and an impedance adjust-
ment unit for adjusting a resonant frequency of a circuit
viewed from a high frequency power supply toward the first
high frequency antenna which is configured to have two reso-
nant frequencies depending on adjustment of the impedance
adjustment unit when the frequency of the high frequency
power is changed.
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PLASMA PROCESSING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to Japanese Patent
Application No. 2014-225230 filed on Nov. 5, 2014, the
entire contents of which are incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to a plasma processing
apparatus which performs a process on a substrate by exciting
a processing gas.

BACKGROUND OF THE INVENTION

[0003] As one of the semiconductor manufacturing pro-
cesses, there is a plasma process such as an etching process, a
film forming process or the like which uses plasma of a
processing gas. For example, in a single-subatrate plasma
processing apparatus, it is required to properly control the
plasma density distribution to become appropriate in a plane
direction of a substrate depending on a process type, specifi-
cally based on a structure in a processing chamber or in
consideration of in-plane deviation of the substrate in a post-
process. Therefore, the requirement is not limited to making
the plasma density distribution uniform in an entire plane of
the substrate and may include making the plasma density
distribution different between a central portion and a periph-
ery portion of the substrate.

[0004] As one of the plasma generating method in the
plasma processing apparatus, there is a method in which, e.g.,
a high frequency power is supplied to an antenna and an
induced electric field is generated in a processing chamber to
excite a processing gas. For example, Japanese Patent Appli-
cation Publication No. 5227245 (paragraphs [0055]-[0062],
FIGS. 3 to 6) discloses a configuration in which a coil-shaped
inner antenna and a coil-shaped outer antenna formed con-
centric to the inner antenna are provided as a high frequency
antenna which outputs a high frequency, and each of the
antennas resonates at a frequency of %2 wavelength of the high
frequency. In this plasma processing apparatus, a circular
electric field is each formed by each antenna, and thus in-
plane distribution of the plasma density can be very delicately
adjusted. However, a high frequency power supply needs to
be provided at each of the inner antenna and the outer antenna.
[0005] Japanese Patent Application Publication No. 2011-
119659 (paragraph [0045], FIGS. 1 and 2) discloses a plasma
processing apparatus which includes a planar coil-shaped
radio frequency (RF) antenna for generating a plasma, and a
floating coil for performing an electromagnetic field correc-
tion with respect to a RF magnetic field generated from the RF
antenna, the floating coil provided at a position where it can
be combined with the RF antenna by electromagnetic induc-
tion. However, Japanese Patent Application Publication No.
2011-119659 does not disclose a technique for adjusting the
distribution of high frequency power to monopole antennas
connected in parallel to each other with respect to a common
high frequency power supply.

SUMMARY OF THE INVENTION

[0006] Inview of the above, the present invention provides
a technique for adjusting in-plane distribution of plasma den-
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sity in a plasma processing apparatus which performs a pro-
cess on a substrate by generating plasma by using a high
frequency antenna.

[0007] In accordance with an aspect, there is provided a
plasma processing apparatus for performing a plasma process
on a substrate in a processing chamber, the apparatus includ-
ing: a mounting table on which the substrate is mounted, the
mounting table being provided in the processing chamber; a
processing gas supply unit configured to supply a processing
gas into the processing chamber; an exhaust unit configured
to vacuum-exhaust an inside of the processing chamber; a
plasma generation unit arranged opposite to the mounting
table through a dielectric window, the plasma generation unit
including a high frequency antenna for converting the pro-
cessing gas supplied into the processing chamber into plasma
by an inductive coupling; and a shield member that surrounds
a space where the high frequency antenna is arranged.
[0008] The plasma generation unit includes: a first high
frequency antenna formed of a vortex coil having open ends
at an inner side and an outer side, and including, at a central
portion of a line between the open ends, a supply point of a
high frequency power supplied from a high frequency power
supply and a grounding point grounded through a capacitor,
the first high frequency antenna having a resonant frequency
corresponding to a frequency of the high frequency power, the
first high frequency antenna further including a first high
frequency antenna element formed of a portion of the vortex
coil from one open end at the inner side or the outer side to the
supply point of the high frequency power and a second high
frequency antenna element formed of a portion of the vortex
coil from the other open end to the grounding point; a second
high frequency antenna formed of a planar vortex coil dis-
posed between the first high frequency antenna element and
the second high frequency antenna element when the first
high frequency antenna is viewed from above; and an imped-
ance adjustment unit including a variable capacitor connected
to both ends of the second high frequency antenna and a
capacitor connected to the second high frequency antenna
element, the impedance adjustment unit being configured to
adjust a resonant frequency of a circuit viewed from the high
frequency power supply toward the first high frequency
antenna.

[0009] The circuit viewed from the high frequency power
supply toward the first high frequency antenna is configured
to have a first resonant frequency and a second resonant
frequency depending on adjustment of the impedance adjust-
ment unit when the frequency of the high frequency power is
changed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The objects and features of the present invention
will become apparent from the following description of
embodiments, given in conjunction with the accompanying
drawings, in which:

[0011] FIG. 1 is a vertical sectional side view of a plasma
processing apparatus in accordance with an embodiment of
the present invention;

[0012] FIG. 2 is a schematic view of a plasma generation
unit provided in the plasma processing apparatus;

[0013] FIGS. 3A and 3B are explanatory views of a helical
antenna having no absorbing coil;

[0014] FIG. 4 is a schematic view showing a modified
example of the plasma generation unit;
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[0015] FIG. 5 is a frequency characteristic graph of the
plasma generation unit;

[0016] FIG. 6 is an explanatory view showing a density
distribution of plasma generated by the plasma generation
unit; and

[0017] FIGS. 7A to 7C are explanatory views showing
states of plasma generated by the plasma generation unit.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0018] Hereinafter, embodiments of the present invention
will be described in detail with respect to the accompanying
drawings.

[0019] A plasma processing apparatus in accordance with
an embodiment of the present invention will be described.
FIG. 1 shows an example in which a plasma processing appa-
ratus of the present invention is applied to a plasma etching
apparatus for performing an etching of a wafer W that is a
substrate to be processed.

[0020] The plasma etching apparatus includes a grounded
processing chamber 10 made of a conductive material such as
aluminum, stainless steel or the like. A loading/unloading
port 101 that is opened and closed by a gate valve 102 and
through which the wafer W is loaded and unloaded is pro-
vided at a sidewall of the processing chamber 10.

[0021] At a central portion of the lower side in the process-
ing chamber 10, there is provided a disk-shaped susceptor 21
serving as a mounting table on which a wafer W to be pro-
cessed is mounted, and also serving as an electrode for attract-
ing ions in plasma (an electrode for bias). The susceptor 21 is
supported by a cylindrical susceptor support 22 made of an
insulating material and the susceptor 21 is connected to a high
frequency power supply 30 for bias through a power feed rod
32 and a matching unit 31. The high frequency power supply
30 supplies a high frequency power of, e.g., 13.56 MHz.
[0022] An electrostatic chuck 23 for holding the wafer W
with an electrostatic attractive force is provided on the top of
the susceptor 21. A focus ring 24 which surrounds the periph-
ery of the wafer W is arranged at the outer side of the elec-
trostatic chuck 23 in a diametric direction thereof.

[0023] A coolant path 212 through which a coolant, e.g.,
cooling water flows to control a temperature of the wafer W is
provided in the susceptor 21. The coolant path 212 is con-
nected to a chiller unit (not shown) through a line 213, and
temperature-controlled cooling water is supplied from the
chiller unit. A gas supply line 214 through which a heat
transfer gas, e.g., He gas is supplied to between the electro-
static chuck 23 and the wafer W is provided in the susceptor
21. The gas supply line 214 penetrates through the electro-
static chuck 23 and a leading end of the gas supply line 214 is
opened at the top surface of the electrostatic chuck 23.
[0024] In addition, elevating pins (not shown) for transfer-
ring and receiving the wafer W to and from an external trans-
fer arm (not shown) is provided to vertically penetrate
through the susceptor 12 and protrude beyond and retreat
below the surface of the electrostatic chuck 23.

[0025] An annular baffle plate 11 formed of a perforated
plate having a plurality of through-holes is provided between
the susceptor support 22 and an inner wall surface of the
processing chamber 10. At the bottom of the processing
chamber 10, an exhaust port 12 is formed below the baffle
plate 11. The exhaust port 12 is connected to a vacuum
exhaust mechanism 14 through an exhaust line 13. The
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exhaust port 12, the exhaust line 13 and the vacuum exhaust
mechanism 14 constitute an exhaust unit.

[0026] In the sidewall of the processing chamber 10, a
processing gas supply passageway 41 is formed, above the
loading/unloading port 101, along the circumferential direc-
tion of the sidewall. At an inner wall surface of the processing
chamber 10 corresponding to a region where the processing
gas supply passageway 41 is formed, a plurality of processing
gas supply holes 42 is formed at intervals and communicates
with the processing gas supply passageway 41. Connected to
the processing gas supply passageway 41 is a processing gas
supply mechanism 44 for supplying through a processing gas
supply line 43 a processing gas that is an etching gas such as
CF, gas, CF ; gas, chlorine gas or the like. The processing gas
supply passageway 41, the processing gas supply holes 42,
the processing gas supply line 43 and the processing gas
supply mechanism 44 constitute a processing gas supply unit
of the present embodiment.

[0027] A dielectric window 53 formed of a dielectric such
as quartz plate or the like is provided airtightly at a ceiling
portion of the processing chamber 10. A space above the
dielectric window 53 is covered with a shield box 51 thatis a
container made of a conductive material. A space surrounded
by the dielectric window 53 and the shield box 51 becomes an
antenna chamber 52 which accommodates antennas 541 and
542 for generating plasma. The shield box 51 arranged on the
processing chamber 10 is grounded through the processing
chamber 10.

[0028] Hereinafter, with reference to FIG. 2, description
will be made on a configuration of a plasma generation unit
including antennas 541 and 542 for converting a processing
gas into plasma.

[0029] A helical antenna 541 that is a first high frequency
antenna is formed of a planar vortex coil in which a conduct-
ing wire is wound in the same plane in a vortex shape (in FIG.
2, in a counterclockwise direction when viewed from above).
[0030] A configuration and operation of the helical antenna
541 will be briefly described with reference to FIGS. 3A and
3B. FIG. 3A shows a schematic view of the helical antenna
541 in which variable capacitors 62 to 64 for adjusting imped-
ance, which will be described later, are omitted.

[0031] The helical antenna 541 has a configuration in
which an inner antenna element 5414 and an outer antenna
element 5415 are connected to each other. The inner antenna
element 541a forms an inner part of the vortex coil, and the
outer antenna element 5415 is arranged outward of the inner
antenna element 5414 when viewed from above and forms an
outer part of the vortex coil.

[0032] Ifan inner end of the inner antenna element 541a is
referred to as one end portion, the one end portion is an open
end and the other end portion connected to the outer antenna
element 5415 is connected to the high frequency power sup-
ply 61. Further, if an outer circumferential end of the outer
antenna element 54154 is referred to as one end portion, the
one end portion is an open end and the other end portion
connected to the inner antenna element 541a is grounded
(through the shield box 51 in FIG. 3A).

[0033] The inner antenna element 54la and the outer
antenna element 5415 each have a line length of ((A/4)+n-(A/
2)) (where n is a natural number including 0) with respect to
a wavelength A of high frequency power having a frequency
fapplied from the high frequency power supply 61. In FIGS.
2 and 3 A, a line length of the inner antenna element 541a and
a line length of the outer antenna element 5415 appear difter-
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ent from each other, but actually, they have the same line
length satisfying the above-mentioned requirement.

[0034] The other end portion of the inner antenna element
541a and the other end portion of the outer antenna element
5415 are connected to each other through a connection por-
tion 541¢ that is a conducting wire forming a part of the vortex
coil.

[0035] When thehigh frequency power ofa wavelength A is
applied from the high frequency power supply 61 to the
helical antenna 541 having the above-described configura-
tion, a capacity coupling C is generated between the inner
antenna element 541a and the shield box 51, and between the
outer antenna element 5415 and the shield box 51. As a result,
there is formed a monopole antenna that has a resonant fre-
quency near the wavelength A (frequency f) of the high fre-
quency power supplied from the high frequency power supply
61 and that is connected in parallel with respect to the high
frequency power supply 61 (see FIG. 3B, which shows a case
of (A/4) at n=0).

[0036] Herein, actual line length of each of the antenna
elements 541a and 5415 may not be strictly equal to A/4. Inan
antenna design, a line length of the monopole antenna is set to
a value of an electromagnetic wavelength multiplied by a
fractional shortening. In the present embodiment, the frac-
tional shortening varies depending on how to wind the vortex
coil and depending on the surrounding circumstances in
which the antenna elements 541a and 54156 are arranged.
Accordingly, in the present embodiment, the expression “the
antenna elements 541a and 5415 each have a line length
corresponding to A/4” includes a case that the line length is set
to about A/4 in consideration of the effect of the fractional
shortening and as a result, the antenna elements 541a and
54156 each have a resonant frequency corresponding to the
wavelength A.

[0037] A distance h from the inner and outer antenna ele-
ments 541a and 5415 to the shield box 51 that is a grounded
plate (e.g., a distance to a ceiling plate of the shield box 51)
becomes a variable for adjusting the fractional shortening of
the inner and outer antenna elements 541a and 5415 that are
the monopole antenna. Therefore, by adjusting the distance h,
resonant frequencies of the inner and outer antenna elements
541a and 5415 can be changed.

[0038] Moreover, a line length of the connection portion
541c arranged between the high frequency power supply 61
and the grounding terminal becomes a variable for adjusting
reflectivity. Therefore, the connection portion 541¢ functions
as a matching circuit.

[0039] When a processing gas is supplied into the vacuum-
exhausted processing chamber 10 and high frequency power
is applied from the high frequency power supply 61 to the
helical antenna 541 (the inner and outer antenna elements
541a and 5415), the high frequency power is efficiently sup-
plied at a resonant frequency to the inner and cuter antenna
elements 541a and 5415. As a result, a high frequency mag-
netic field is formed in the processing chamber 10 through the
dielectric window 53, and the processing gas is converted into
plasma by a high frequency electric field induced by the
formation of the magnetic field.

[0040] In the above-described perspective, the helical
antenna 541 constitutes the first high frequency antenna of the
present embodiment. Further, the inner antenna element 541a
constitutes a first high frequency antenna element and the
outer antenna element 5415 constitutes a second high fre-
quency antenna element.
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[0041] According to the above-described configuration,
plasma is formed in the processing chamber 10 by using the
helical antenna 541 as a parallel-connected monopole
antenna. Further, in the helical antenna, a distribution ratio of
high frequency power to the inner and outer antenna elements
541a and 5415 is fixed, so that it is not possible to control the
plasma density distribution on the wafer W mounted on the
susceptor 21.

[0042] Here, the present inventors have found that it is
possible to change the distribution of high frequency power to
the inner and outer antenna elements 541a and 5415 by
arranging an absorbing antenna (absorbing coil) 542 of an
electrically-floated state between the inner antenna element
541a and the outer antenna element 5415 that are a parallel-
connected monopole antenna to adjust impedance.

[0043] Hereinafter, description will be made on a configu-
ration of the plasma generation unit including the absorbing
antenna 542 and a variable capacitor group for adjusting
impedance with reference to FIG. 2.

[0044] Asshown in FIG. 2, in the helical antenna 541 of the
present example, the other end portion of the inner antenna
element 541a connected to the high frequency power supply
61 and the other end portion of the outer antenna element
5415 connected to a ground are arranged offset in a diametric
direction of the vortex. As a result, the inner and the outer
antenna elements 541a and 5415 are arranged at separate
positions in the diametric direction and thus a space for dis-
posing the absorbing antenna 542 is formed therebetween.
The other end portions of the inner and the outer antenna
elements 541a and 5415 are connected to each other by the
connection portion 541¢ having a line extending in the dia-
metric direction.

[0045] The high frequency power supply 61 has, e.g., a
center frequency of 27 MHz and can change the frequency in
a range of £1 MHz depending on the impedance adjustment.
A first variable capacitor 62 connected in series to the high
frequency power supply 61 is provided between the high
frequency power supply 61 and the inner antenna element
541a. A second variable capacitor 63 connected in parallel to
the high frequency power supply 61 is provided between the
grounding terminal of the high frequency power supply 61
and the first variable capacitor 62.

[0046] The other end of the outer antenna element 5415 is
grounded through a third variable capacitor 64, instead of the
shield box 51 shown in FIG. 3A.

[0047] The first to third variable capacitors 62 to 64 (vari-
able capacitor group) described above constitute an imped-
ance adjustment unit of the present embodiment. In the
present example, the first to third variable capacitors 62 to 64
constituting the impedance adjustment unit are mainly used
as a matching circuit for adjusting reflectivity.

[0048] With respect to a wavelength A of the center fre-
quency of the high frequency power supply 61, each of the
antenna elements 541a and 5415 has a line length corre-
sponding to A/4. The numbers of turns of winding of the
antenna elements 541a and 5415 may be appropriately
adjusted depending on the areas of arrangement regions of the
antenna elements 541a and 5415 and the like.

[0049] In summarizing the above description, the helical
antenna 541 has open ends at the inner side and the outer side
and is formed of a vortex coil having a resonant frequency
corresponding to a frequency of the high frequency power
supplied from the high frequency power supply 61. More-
over, a high frequency supply point from the high frequency
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power supply 61 and a ground point grounded through the
third variable capacitor 64 are provided at a central portion of
the line between two open ends.

[0050] When viewing the helical antenna 541 from above,
the inner antenna element 541a from the open end at the inner
side to the high frequency supply point corresponds to the first
high frequency antenna element, and the outer antenna ele-
ment 5415 from the open end at the outer side to the ground
point corresponds to the second high frequency antenna ele-
ment.

[0051] The arrangements of the first and second high fre-
quency antenna elements are not limited to the above
example. For example, in FIG. 2, it may be possible to switch
the high frequency supply point and the ground point. Then,
the outer antenna element 5415 from the the open end at the
outer side to the high frequency supply point corresponds to
the first high frequency antenna element, and the inner
antenna element 541a from the open end at the inner side to
the ground point corresponds to the second high frequency
antenna element.

[0052] Between the inner antenna element 541a and the
outer antenna element 5415 arranged at separate positions in
the diametric direction, there is provided the absorbing
antenna 542 that is a second high frequency antenna for
controlling distribution of the high frequency power to the
inner and outer antenna elements 541a and 5415. The absorb-
ing antenna 542 is formed of an annular coil which is formed
of'a conducting wire wound in a round ring shape in the same
plane.

[0053] Distances from the center of the annular coil to one
end and the other end of the annular coil forming the absorb-
ing antenna 542 are almost the same to each other.

[0054] A coil usable as the absorbing antenna 542 in the
present embodiment is not limited to the annular coil having
one turn of winding. There may be used a planar vortex coil
formed of a conducting wire wound in a vortex shape (e.g., in
a clockwise direction when viewed from above) of which the
number of turns of winding is larger than one.

[0055] The “planar vortex coil” mentioned herein includes
both of an annular coil having one turn of winding and a
vortex coil having two or more turns of winding.

[0056] One end and the other end of the absorbing antenna
542 are both connected to a fourth variable capacitor 65. A
circuit formed by the absorbing antenna 542 and the fourth
variable capacitor 65 does not have a contact point with a
circuit including the absorbing antenna 542 and the third
variable capacitor 64, and is in an electrically-floated state.
The fourth variable capacitor 65 forms a part of the imped-
ance adjustment unit of the plasma generation unit. In this
example, the fourth variable capacitor 65 forming the imped-
ance adjustment unit is mainly used in adjustment of a reso-
nant frequency.

[0057] Inthe plasma generation unit having the above con-
figuration, it has been found that two different resonant fre-
quencies appear when a frequency of the high frequency
power supplied from the high frequency power supply 61 is
changed by properly adjusting capacities of the first to fourth
variable capacitors 62 to 65 forming the impedance adjust-
ment unit (refer to a test example to be described later). The
positions at which the resonant frequencies appear can be
controlled by setting each capacity of the impedance adjust-
ment unit.

[0058] With respect to the resonant frequencies, in order to
reduce loss of the high frequency power supplied to the inner
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and outer antenna elements 541a and 5415, it is preferable
that a frequency difference between the resonant frequencies
is made small. A distribution ratio of the high frequency
power to the inner and outer antenna elements 541a and 5415
can be controlled by, e.g., adjusting reflectivity in the connec-
tion portion 541¢. The fourth variable capacitor 65 functions
to adjust alevel and direction of current flowing in the absorb-
ing antenna 542. Levels of current flowing in the inner and
outer antenna elements 541a and 5415 are slightly different
from each other. Therefore, the plasma density distribution
formed by the inner and outer antenna elements 541a and
5415 can be changed by interaction with the current flowing
in the absorbing antenna 542.

[0059] When using the absorbing antenna 542 described
above, it is possible to control the plasma density distribution
formed in the processing chamber 10 by changing the high
frequency power distributed to the absorbing antenna 542,
and the inner antenna element 541a and the outer antenna
element 5415 included in the helical antenna 541 connected
to the common high frequency power supply 61.

[0060] The detailed principle on the distribution of the high
frequency power supplied from the high frequency power
supply 61 to the inner antenna element 541a, the outer
antenna element 5415, and the absorbing antenna 542 is not
obvious. However, it seems to be a result of capacity coupling
formed between the inner antenna element 541a and the
absorbing antenna 542, and between the outer antenna ele-
ment 5415 and the absorbing antenna 542.

[0061] As will be described in a test result, it is not possible
to specify that which one of two resonant frequencies corre-
sponds to which one of two antenna elements 541a and 5415.
[0062] For example, when high frequency power having a
frequency of 27+1 MHz is supplied from the high frequency
power supply 61, it becomes possible to control the positions
at which two resonant frequencies appear by adjusting each
capacity of the first to fourth variable capacitors 62 to 65
(impedance adjustment unit). As an adjustment method ofthe
variable capacitors 62 to 65, there is a method of; e.g., con-
trolling reflections at the first to third variable capacitors 62 to
64 while changing a resonant frequency by changing a capac-
ity of the fourth variable capacitor 64 provided at the side of
the absorbing antenna 542.

[0063] The configuration of the impedance adjustment unit
is not limited to the above example as long as the positions at
which the two resonant frequencies appear can be adjusted.
For example, since a capacity between the helical antenna
541 (the inner antenna element 541a and the outer antenna
element 5415) and the shield box 51 is changed by changing
a distance therebetween, the two resonant frequencies may be
adjusted by changing the distance. In this case, the distance
may be changed by providing a height adjustment mechanism
for the helical antenna 541 including an elevating mechanism.
Alternatively, a plate, which has an elevating mechanism and
is electrically connected to the shield box 51, may be installed
and a distance between the plate and the helical antenna 541
may be changed.

[0064] Returning to the description of the plasma etching
apparatus, as shown in FIG. 1, the plasma etching apparatus is
connected to the control unit 7 which controls the entire
operation. The control unit 7 includes a computer having a
CPU (central processing unit) (not shown) and a storage unit
(not shown). The storage unit stores programs including step
(command) groups for the operation of the plasma etching
apparatus, i.e., operations such as loading and unloading of
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the wafer W into the processing chamber 10, a vacuum
exhaust, adjustment of a processing gas supply amount, sup-
ply of the high frequency power from the high frequency
power supply 61, a capacity setting of the impedance adjust-
ment unit, and the like. The programs are stored in a storage
medium, e.g., hard disk, compact disk, magnet optical disk,
memory card or the like and are installed in the computer
therefrom.

[0065] The operation of the plasma etching apparatus hav-
ing the above configuration will be described.

[0066] When a wafer W to be processed is loaded into the
processing chamber 10 through the loading/unloading port
101 by, e.g., a transfer arm in a vacuum transfer chamber
provided adjacent to the processing chamber 10, the elevating
pins (not shown) are raised to receive the wafer W from the
transfer arm. When the transfer arm is withdrawn from the
processing chamber 10, the gate valve 102 is closed and the
elevating pins are lowered to mount the wafer W on the
electrostatic chuck 23.

[0067] When a direct current power is supplied to the elec-
trostatic chuck 23, the wafer W is held on the electrostatic
chuck 23. At this time, a temperature-controlled coolant flows
through the coolant path 212, and a temperature of the wafer
W is controlled through a heat transfer gas supplied from the
gas supply line 214 to the backside of the water W. The inside
of the processing chamber 10 is vacuum-exhausted through
the exhaust port 12 by the vacuum exhaust mechanism 14.
[0068] If the inside of the processing chamber 10 becomes
a predetermined pressure, a processing gas is supplied from
the processing gas supply mechanism 44 into the processing
chamber 10 while the vacuum-exhaust is continuously per-
formed by the vacuum exhaust mechanism 14. Further, high
frequency power is supplied from the high frequency power
supply 61 to the helical antenna 541. Furthermore, high fre-
quency power for bias is supplied from the high frequency
power supply 30 to the susceptor 21.

[0069] When the high frequency power is supplied to the
helical antenna 541, the power is distributed to the inner
antenna element 541a and the outer antenna element 5415
while being affected by the absorbing antenna 542. Further,
an inductively coupled plasma (ICP) is formed under the
inner antenna element 5414, the outer antenna element 5415,
and the absorbing antenna 542 through the dielectric window
53.

[0070] At this time, a frequency of the high frequency
power supplied from the high frequency power supply 61 to
the helical antenna 541 and capacities of the first to fourth
variable capacitors 62 to 65 are previously set by a processing
recipe and the like. Accordingly, under the inner antenna
element 541a, the outer antenna element 54156 and the absorb-
ing antenna 542, a desired plasma density distribution corre-
sponding to the set values is formed, and further, density
distribution of an active species such as ions of the processing
gas and the like is formed corresponding to the plasma density
distribution.

[0071] The active species thus obtained is attracted to the
wafer W on the susceptor 21 by an act of the bias power and
reaches the surface of the wafer W to perform an etching
process. Since the density distribution of the active species is
formed corresponding to the above plasma density distribu-
tion, the progress of the etching process can be controlled in
the plane of the wafer W.

[0072] The plasma density distribution formed by the inner
antenna element 541a, the outer antenna element 5415 and
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the absorbing antenna 542 is not limited to a case where the
plasma density distribution is controlled to become non-uni-
form in the plane ofthe wafer W. For example, in a case where
a plasma density of the ICP formed by the inner and outer
antenna elements 541a and 5415 that are a parallel-connected
monopole antenna is non-uniform between the central side
and peripheral side of the water W, the distribution of the high
frequency power may be controlled between the antenna ele-
ments 541a and 5415 by using the absorbing antenna 542. BY
doing so, the non-uniformity of the plasma density distribu-
tion, which will be caused in a case of only using the inner and
outer antenna elements 541a and 5415, is resolved, so that a
uniform process in the plane of the wafer W can be per-
formed.

[0073] After the etching process of the wafer W is per-
formed for a predetermined period of time, the supply of the
processing gas through the processing gas supply hole 42 and
the supply of high frequency power from the high frequency
power supplies 61 and 30 are stopped. Next, a pressure in the
processing chamber 10 is controlled. Thereafter, the gate
valve 102 is opened and in the reverse order to the loading of
the wafer W, the transfer arm receives the wafer W to unload
the processed wafer W from the processing chamber 10.
[0074] With the plasma etching apparatus (plasma process-
ing apparatus) in accordance with the present embodiment,
the following effect is presented. The absorbing antenna (the
second high frequency antenna) 542 is arranged between the
inner and outer antenna elements 541a and 5415 included in
the helical antenna (the first high frequency antenna) 541, and
the impedance adjustment unit is adjusted such that the
antenna elements 541a and 5415 have different resonant fre-
quencies from each other. By doing so, distribution of high
frequency power supplied to the high frequency antenna ele-
ments 541a and 5415 can be changed. As a result, the plasma
density distribution formed in the processing chamber 10 is
changed and thus the progress of processing the wafer W can
be adjusted in the plane of the wafer W.

[0075] The arrangement of the helical antenna 541 and the
absorbing antenna 542 is not limited to a case where they are
positioned at the same height. For example, as shown in FIG.
4, the absorbing antenna 542 may be positioned above the
helical antenna 541. Alternatively, contrary to the example
shown in FIG. 4, the absorbing antenna 542 may be posi-
tioned under the helical antenna 541. As such, in a case where
the helical antenna 541 and the absorbing antenna 542 are
arranged in vertically different positions so as not to interfere
with each other, it is not necessary to provide a space in which
the absorbing antenna 542 is disposed. For example, when the
helical antenna 541 is formed of a vortex coil in which the
other end portions of the inner and outer antenna elements
541a and 54156 are continuously connected to each other
through the connection portion 541¢ without being separated
in the diametric direction, the absorbing antenna 542 may be
disposed above or under the helical antenna 541.

[0076] In a case where the absorbing antenna 542 is
arranged under the helical antenna 541, it is not necessary to
dispose the absorbing antenna 542 in the antenna chamber 52
surrounded by dielectric window 53 and the the shield box 51.
For example, the absorbing antenna 542 may be disposed in
the processing chamber 10. In this case, the absorbing
antenna 542 may be accommodated in a cover made of a
conductor of the same material as the absorbing antenna 542,
a dielectric such as quartz, alumina or the like, or a resin such
as fluorine resin, aromatic polyetherketone resin (e.g., PEEK
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(polyetheretherketone)) or the like. Here, in order to suppress
the generation of abnormal discharge at a high potential, the
inside of the cover is preferably filled with a dielectric or a
resin. In this example, the metallic processing chamber 10
accommodating the helical antenna 541 also serves as a shield
box.

[0077] In the embodiment described with reference to
FIGS. 1 to 3, the helical antenna 541 and the absorbing
antenna 542 are formed of a planar vortex coil. However, the
vortex coil forming the antennas 541 and 542 is not limited to
the plane shape.

[0078] Asanother example, the inner antenna element 541a
formed of a vortex coil having a helix shape extending in an
axial direction is provided, and the outer antenna element
5415 having the same helix shape is arranged in a double pipe
shape so as to surround the periphery of the inner antenna
element 541a. A high frequency supply point provided at the
side of the inner antenna element 541a and a grounding point
provided at the side of the outer antenna element 5415 are
connected to each other with the connection portion 541c¢
therebetween. This forms the helical antenna 541.

[0079] The absorbing antenna 542 formed of a vortex coil
of'ahelix shape is inserted into a space between the inner and
outer antenna elements 541a and 5415 arranged in a double
pipe shape. In the absorbing antenna 542, the fourth variable
capacitor 65 is provided at a position that connects one end
and the other end of the helix extending in an axial direction.

[0080] In the embodiment with reference to FIG. 1, the
plasma generation unit of the present invention has been
applied to the plasma etching apparatus. However, the plasma
processing apparatus to which the plasma generation unit can
be applied is not limited to the plasma etching apparatus. For
example, the plasma generation unit of the present invention
can be applied to a plasma ashing apparatus which removes a
resist film formed on a wafer W by activating a processing gas
such as oxygen gas or the like by using plasma, a plasma film
forming apparatus which forms a film by CVD (chemical
vapor deposition) or ALD (atomic layer deposition) by react-
ing a film forming gas (processing gas) activated by plasma
on the surface of a wafer W, and the like.

TEST EXAMPLE

Test 1

[0081] A resonanct frequency was examined by changing a
frequency of high frequency power supplied from the high
frequency power supply 61 by using the plasma generation
unit described with reference to FIGS. 1 and 2.

A. Test Condition

[0082] There was used the helical antenna 541 including
the inner and outer antenna elements 541a and 5415 that have
two turns of winding and a line length at which a resonant
frequency becomes 27 MHz. The helical antenna 541 and the
absorbing antenna 542 were arranged at the same height
position in the shield box 51. Under the condition that the
capacities of the first to fourth variable capacitors 62 to 65
were fixed to a predetermined value, a reflectivity of a circuit
viewed from the high frequency power supply 61 were mea-
sured while changing a frequency of the high frequency
power supplied from the high frequency power supply 61 in a
range of 10 to 60 MHz.
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B. Test Result

[0083] Thetestresultis shown in FIG. 5. In a graph of FIG.
5, the horizontal axis indicates a frequency of the high fre-
quency power and the vertical axis indicates a reflectivity of
the high frequency power viewed from the high frequency
power supply 61. According to FIG. 5, frequencies at which
reflectivity is sharply reduced were observed at two portions
near 27 MHz that is the resonant frequency of the the inner
and outer antenna elements 541a and 5415. The observed
frequencies are resonant frequencies of a circuit including the
inner and outer antenna elements 541a and 5415. The posi-
tions at which the resonant frequencies are generated vary
depending on capacities of variable capacitors 62 to 65. It is
difficult to specify which resonant frequency corresponds to
which one of the two high frequency antenna elements 541a
and 5415. A small reduction of reflectivity presented in a
higher frequency region than 30 MHz is considered caused by
an effect of resonance between fixed parameters in a periph-
eral circuit and is negligible in view of ICP formation using
the helical antenna 541 and the absorbing antenna 542.

Test 2

[0084] A state of the ICP formed by the inner and outer
antenna elements 5414 and 5415 and the absorbing antenna
542 was observed while changing the capacity of the fourth
variable capacitor 65 by using the plasma generation unit that
is the same as that used in the test 1.

A. Test Condition

[0085] A state of plasma was measured while controlling
capacities of the first to third variable capacitors 62 to 64 so as
to reduce the reflectivity viewed from the high frequency
power supply 61 and while gradually increasing capacity of
the fourth variable capacitor 65 provided at the absorbing
antenna 542. At that time, a frequency of the high frequency
power supplied from the high frequency power supply 61 was
changed in a range of about 27+1 MHz. The state of plasma
was observed by the measurement of plasma density distri-
bution and photography (visual observation).

B. Test Result

[0086] FIG. 6 shows plasma density distribution viewed in
a diametric direction of the wafer W. In FIG. 6, the horizontal
axis indicates a distance in the diametric direction from a
position corresponding to the center of the wafer W, and the
vertical axis indicates a value of an electron density Na stan-
dardized by a maximum value NeMax of the electron density.
In FIG. 6, a black circle plot indicates a state of the smallest
capacity of the fourth variable capacitor 65, an asterisk plot
indicates a state of the largest capacity of the fourth variable
capacitor 65, and a cross plot indicates an intermediate state
of'the two previous conditions of the fourth variable capacitor
65. In photographs of FIGS. 7A to 7C, FIG. 7A represents
when the capacity of the fourth variable capacitor 65 is the
smallest, FIG. 7B represents when the capacity of the fourth
variable capacitor 65 is intermidiate. Further, FIG. 7C shows
a result of examining an expanded state of plasma in accor-
dance with the adjustment of the other variable capacitors 62
to 64. A test condition such as the capacity of the fourth
variable capacitor 65 and the like is not the same between
FIG. 6 and FIGS. 7A to 7C.
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[0087] According to the result shown in FIG. 6, as the
capacity of the fourth variable capacitor 65 is increased, a
region having a high standardized electron density moves
toward the periphery of the wafer W whereas the standardized
electron density gradually becomes smaller in the central
portion of the wafer W. This tendency is observed in a result
of'the photography. It is also found that as the capacity of the
fourth variable capacitor 65 is increased, a plasma emitting
region moves toward the periphery of the wafer W whereas
plasma in the central portion of the wafer W is weakened
(darkened).

[0088] As such, there is used the plasma generation unit
including a circuit having two resonant frequencies by
arranging the absorbing antenna 542 of an electrically-floated
state between the inner and outer antenna elements 541a and
5415 which form the monopole antenna connected in parallel
to the high frequency power supply 61. Accordingly, even if
only one high frequency power supply 61 is provided, it is
possible to control the plasma density distribution.

[0089] While the invention has been shown and described
with respect to the embodiments, it will be understood by
those skilled in the art that various changes and modifications
may be made without departing from the scope of the inven-
tion as defined in the following claims.

What is claimed is:

1. A plasma processing apparatus for performing a plasma
process on a substrate in a processing chamber, the apparatus
comprising:

a mounting table on which the substrate is mounted, the
mounting table being provided in the processing cham-
ber;

a processing gas supply unit configured to supply a pro-
cessing gas into the processing chamber;

an exhaust unit configured to vacuum-exhaust an inside of
the processing chamber;

aplasma generation unit arranged opposite to the mounting
table through a dielectric window, the plasma generation
unit including a high frequency antenna for converting
the processing gas supplied into the processing chamber
into plasma by an inductive coupling; and

a shield member that surrounds a space where the high
frequency antenna is arranged,

wherein the plasma generation unit includes:

a first high frequency antenna formed of a vortex coil
having open ends at an inner side and an outer side,
and including, at a central portion of a line between
the open ends, a supply point of a high frequency
power supplied from a high frequency power supply
and a grounding point grounded through a capacitor,
the first high frequency antenna having a resonant
frequency corresponding to a frequency of the high
frequency power, the first high frequency antenna
further including a first high frequency antenna ele-
ment formed of a portion of the vortex coil from one
open end at the inner side or the outer side to the
supply point of the high frequency power and a sec-
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ond high frequency antenna element formed of a por-
tion of the vortex coil from the other open end to the
grounding point;

a second high frequency antenna formed of a planar
vortex coil disposed between the first high frequency
antenna element and the second high frequency
antenna element when the first high frequency
antenna is viewed from above; and

an impedance adjustment unit including a variable
capacitor connected to both ends of the second high
frequency antenna and a capacitor connected to the
second high frequency antenna element, the imped-
ance adjustment unit being configured to adjust a
resonant frequency of a circuit viewed from the high
frequency power supply toward the first high fre-
quency antenna,

wherein the circuit viewed from the high frequency
power supply toward the first high frequency antenna
is configured to have a first resonant frequency and a
second resonant frequency depending on adjustment
of'the impedance adjustment unit when the frequency
of the high frequency power is changed.

2. The plasma processing apparatus of claim 1, wherein
each of the first high frequency antenna element and the
second high frequency antenna element has a line length of
((W4)+(nA\/2)) multiplied by a fractional shortening, where A
is a wavelength of a high frequency and n is a natural number.

3. The plasma processing apparatus of claim 1, wherein the
impedance adjustment unit includes a variable capacitor
group.

4. The plasma processing apparatus of claim 2, wherein the
impedance adjustment unit includes a variable capacitor
group.

5. The plasma processing apparatus of claim 1, wherein the
second high frequency antenna is arranged at a same height
position as the first high frequency antenna.

6. The plasma processing apparatus of claim 2, wherein the
second high frequency antenna is arranged at a same height
position as the first high frequency antenna.

7. The plasma processing apparatus of claim 3, wherein the
second high frequency antenna is arranged at a same height
position as the first high frequency antenna.

8. The plasma processing apparatus of claim 4, wherein the
second high frequency antenna is arranged at a same height
position as the first high frequency antenna.

9. The plasma processing apparatus of claim 1, wherein the
second high frequency antenna is arranged at a different
height position from the first high frequency antenna.

10. The plasma processing apparatus of claim 2, wherein
the second high frequency antenna is arranged at a different
height position from the first high frequency antenna.

11. The plasma processing apparatus of claim 3, wherein
the second high frequency antenna is arranged at a different
height position from the first high frequency antenna.

12. The plasma processing apparatus of claim 4, wherein
the second high frequency antenna is arranged at a different
height position from the first high frequency antenna.
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