DESCRIPTION

PLASMA PROCESSING APPARATUS AND PLASMA PROCESSING METHOD

TECHNICAL FIELD
[0001] The various embodiments described herein pertain generally to a plasma processing

apparatus and a plasma processing method.

BACKGROUND ART

[0002] In a semiconductor manufacturing process, a plasma process is widely performed to form or
etch a thin film, or the like. To obtain a highly functional high-performance semiconductor, it is
desirable to perform a uniform plasma process on a proces;sing target surface of a processing target
object.

[0003] In a plasma process, plasma of a processing gas is generated. The plasma contains active
species such as ions and radicals. The plasma process is performed by reacting the processing target
surface of the processing target object with the plasma containing the ions and the radicals.

[0004] Recently, for the semiconductor manufacturing process, there has been proposed a plasma
processing apparatus in which a grid electrode provided with a multiple number of through holes are
disposed within a processing vessel for performing therein the plasma process on the processing
target object, and the inside of the processing vessel is divided into two spaces by the grid electrode.
[0005] In this plasma processing apparatus, the processing target object is placed on a mounting
table which is provided within a processing space under the grid electrode, and a processing gas for
use in the plasma process is supplied into a plasma generation space above the grid electrode.
Further, in this plasma processing apparatus, a plasma of the processing gas supplied into the

plasma generation space is generated by supplying a high frequency power to the plasma generation



space. Furthermore, in this plasma processing apparatus, the processing gas and the radicals in the
plasma generated in the plasma generation space are attracted into the processing space from the
plasma generation space via the grid electrode by depressurizing the processing space. Further, in
this plasma processing apparatus, a plasma of the processing gas introduced into the processing
space is generated by supplying a high frequency bias power to the mounting table, and the ions in
the generated plasma are attracted into the processing target object placed on the mounting table.
Through these operations, a uniform plasma process can be performed on the processing target
object while controlling the density of the radicals in the plasma.
[0006] Patent Document 1: Japanese Patent Laid-open Publication No. H11-067737

Patent Document 2: Japanese Patent Laid-open Publication (Translation of PCT Application)

No. H07-500455

DISCLOSURE OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0007] However, in the above-described prior art, it has been difficult to control the densities of the
jons and the radicals in the plasma independently to obtain a required processing characteristic of
the processing target object.

[0008] That is, in the above-described prior art, since a sheath is not formed between the plasma
generated in the plasma generation space and the plasma generated in the processing space, the
plasmas have the same potential. For this reason, in the above-described prior art, it is difficult to
control the density of the ions and the density of the radials independently to obtain a required
processing characteristic such as a CD (Critical Dimension) or a mask selectivity in the processing

target surface of the processing target object.



MEANS FOR SOLVING THE PROBLEMS

[0009] In an exemplary embodiment, a plasma processing apparatus includes a processing vessel
having a processing space formed therein; a mounting table provided within the processing space,
and configured to mount a processing target object thereon; a dielectric member, disposed at the
processing vessel to close the processing space, having an internal space and communication holes
through which the internal space is allowed to communicate with the processing space; a first
electrode and a second electrode provided within the dielectric member and arranged to face each
other with the internal space therebetween; a first gas supply device configured to supply a first
processing gas for a plasma process into the internal space; a first high frequency power supply
configured to supply a first high frequency power to at least one of the first electrode and the
second electrode to generate a first plasma of the first processing gas supplied into the internal
space; a depressurizing device configured to depressurize the processing space to introduce the first
processing gas and radicals in the first plasma into the processing space from the internal space
through the communication holes; a second high frequency power supply configured to supply a
second high frequency power to the mounting table to generate a second plasma of the first
processing gas introduced into the processing space and to attract ions in the second plasma into
the processing target object; and a control unit configured to adjust, by controliing a total amount of
the first high frequency power supplied to the first electrode and the first high frequency power
supplied to the second electrode, an amount of the radicals in the first plasma introd.uced into the
processing space from the internal space through the communication holes and adjust, by the
radicals, an amount of radicals in the second plasma, and configured to adjust, by controlling a ratio
between the first high frequency power supplied to the first electrode and the first high frequency
power supplied to the second electrode, an amount of electrons in the first plasma introduced into
the processing space from the internal space through the communication holes and adjust, by the

electrons, an amount of the ions in the second plasma.



EFFECT OF THE INVENTION
[0010] According to the plasma processing apparatus of the exemplary embodiment, it is possible
to control the density of the jons and the density of the radicals in the plasma within the processing

space independently to obtain a required processing characteristic of the processing target object.

BRIEF DESCRIPTION OF THE DRAWINGS
in the detailed description that follows, embodiments are described as illustrations only since
various changes and modifications will become apparent to those skilled in the art from the
following detailed description. The use of the same reference numbers in different figures indicates
similar or identical items.
[0011] FIG. 1 is a schematic cross sectional view illustrating a plasma processing apparatus
according to a first exemplary embodiment.

FIG. 2 is a flowchart for describing an example of a processing sequence of a plasma process
performed in the plasma processing apparatus according to the first exemplary embodiment.

FIG. 3 is a flowchart for describing another example of a processing sequence of a plasma
process performed in the plasma processing apparatus according to the first exemplary embodiment.

FIG. 4 is a diagram for describing a case of controlling a ratio between plasma generation
powers respectively supplied to an upper electrode and a lower electrode.

FIG. 5 is a schematic cross sectional view illustrating a modification example of the plasma
processing apparatus according to the first exemplary embodiment.

FIG. 6 is a schematic plane view for describing an example structure of a dielectric member

shown in FIG 5.



DETAILED DESCRIPTION

[0012] in the following, a plasma processing apparatus and a plasma processing method according
to exemplary embodiments will be described in detail, and reference is made to the accompanying
drawings, which form a part of the description. Here, however, it should be noted that the
exemplary embodiments are not intended to be limiting. The various exemplary embodiments can
be appropriately combined as long as the contents of processes are not contradictory.

[0013] In an exemplary embodiment, a plasma processing apparatus includes a processing vessel
having a processing space formed therein; a mounting table provided within the processing space,
and configured to mount a processing target object thereon; a dielectric member, disposed at the
processing vessel to close the processing space, having an internal space and communication holes
through which the internal space is allowed to communicate with the processing space; a first
electrode and a second electrode provided within the dielectric member and arranged to face each
other with the internal space therebetween; a first gas supply device configured to supply a first
processing gas for a plasma process into the internal space; a first high frequency power supply
configured to supply a first high frequency power to at least one of the first electrode and the
second electrode to generate a first plasma of the first processing gas supplied into the internal
space; a depressurizing device configured to depressurize the processing space to introduce the first
processing gas and radicals in the first plasma into the processing space from the internal space
through the communication holes; a second high frequency power supply configured to supply a
second high frequency power to the mounting table to generate a second plasma of the first
processing gas introduced into the processing space and to attract ions in the second plasma into
the processing target object; and a control unit configured to adjust, by controlling a total amount of
the first high frequency power supplied to the first electrode and the first high frequency power
supplied to the second electrode, an amount of the radicals in the first plasma introduced into the

processing space from the internal space through the communication holes and adjust, by the



radicals, an amount of radicals in the second plasma, and configured to adjust, by controlling a ratio
hetween the first high frequency power supplied to the first electrode and the first high frequency
power supplied to the second electrode, an amount of electrons in the first plasma introduced into
the processing space from the internal space through the communication holes and adjust, by the
electrons, an amount of the ions in the second plasma.

[0014] Further, in the exemplary embodiment, the internal space of the dielectric member may be
divided into a plurality of concentric sub-spaces along a radial direction of the processing target
object, each of the sub-spaces may communicate with the processing space through the
communication holes, and the first electrode and the second electrode may be provided at each of
the sub-spaces, and arranged to face each other with a corresponding one of the sub-spaces
therebetween. By controlling the total amount of the first high frequency power supplied to the
first electrode and the first high frequency power supplied to the second electrode, the control unit
may adjust the amount of the radicals in the first plasma introduced into the processing space from
each of the sub-spaces through the communication holes and may adjust a distribution of the
amount of the radicals in the second plasma along the radial direction of the processing target
object by the radicals. Further, by controlling the ratio between the first high frequency power
supplied to the first electrode and the first high frequency power supplied to the second electrode,
the control unit may adjust the amount of the electrons in the first plasma introduced into the
processing space from each of the sub-spaces through the communication holes and may adjust a
distribution of the amount of the jons in the second plasma along the radial direction of the
processing target object by the electrons.

[0015] Moreover, in the exemplary embodiment, the control unit may adjust a phase difference
between the first high frequency power supplied to the first electrode and the first high frequency

power supplied to the second electrode.



[0016] Further, in the exemplary embodiment, the control unit may adjust the phase difference
between the first high frequency power supplied to the first electrode and the first high frequency
power supplied to the second electrode to be 180°.

[0017] In the exemplary embodiment, the plasma processing apparatus may further include a
second gas supply device configured to supply a second processing gas into the processing space.
The second high frequency power supply may supply the second high frequency power to the
mounting table to generate a third plasma of the first processing gas and the second processing gas
supplied into the processing space and to attract ions in the third plasma into the processing target
object. The control unit may control ON/OFF of the second high frequency power supply
intermittently. During a period while the second high frequency power supply is controlled to be
turned OFF, by controlling the total amount of the first high frequency power supplied to the first
electrode and the first high frequency power supplied to the second electrode, the control unit
adjusts the amount of the radicals in the first plasma introduced into the processing space from the
internal space through the communication holes, and also, by controlling the ratio between the first
high frequency power supplied to the first electrode and the first high frequency power supplied to
the second electrode, the control unit adjusts the amount of the electrons in the first plasma
introduced into the processing space from the internal space through the communication holes;
activates a surface of the processing target object by the electrons; and generates a reaction product
by reacting the activated surface of the processing target object with the radicals in the first plasma
introduced into the processing space. Further, during a period while the second high frequency
power supply is controlled to be turned ON, by controlling the total amount of the first high
frequency power supplied to the first electrode and the first high frequency power supplied to the
second electrode, the control unit adjusts the amount of the radicals in the first plasma introduced
into the processing space from the internal space through the communication holes and adjusts, by

the radicals, the amount of the radicals in the third plasma, and also, by controlling the ratio
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between the first high frequency power supplied to the first electrode and the first high frequency
power supplied to the second electrode, the control unit adjusts the amount of the electrons in the
first plasma introduced into the processing space from the internal space through the
communication holes; adjusts an amount of the ions in the third plasma by the electrons; and etches
the reaction product with the third plasma in which the amounts of the jons and radicals are
controlled,

[0018] In another exemplary embodiment, a plasma processing method is performed in a plasma
processing apparatus including a processing vessel having a processing space formed therein; a
mounting table provided within the processing space, and configured to mount a processing target
object thereon; a dielectric member, disposed at the processing vessel to close the processing space,
having an internal space and communication holes through which the internal space is allowed to
communicate with the processing space; a first electrode and a second electrode provided within
the dielectric member and arranged to face each other with the internal space therebetween; a first
gas supply device configured to supply a first processing gas for a plasma process into the internal
space; a first high frequency power supply configured to supply a first high frequency power to at
least one of the first electrode and the second electrode to generate a first plasma of the first
processing gas supplied into the internal space; a depressurizing device configured to depressurize
the processing space and, thus, introduce the first processing gas and radicals in the first plasma into
the processing space from the internal space through the communication holes; a second high
frequency power supply configured to supply a second high frequency power to the mounting table
to generate a second plasma of the first processing gas introduced into the processing space and to
attract ions in the second plasma into the processing target object. The plasma processing method
includes adjusting an amount of the radicals in the first plasma introduced into the processing space
from the internal space through the communication holes and adjusting, by these radicals, an

amount of radicals in the second plasma by controlling a total amount of the first high frequency



power supplied to the first electrode and the first high frequency power supplied to the second
electrode; and adjusting an amount of electrons in the first plasma introduced into the processing
space from the internal space through the communication holes and adjusting, by these electrons,
an amount of ions in the second plasma by controlling a ratio between the first high frequency
power supplied to the first electrode and the first high frequency power supplied to the second
electrode.

[6019] (First exemplary embodiment)

FIG. 1 is a schematic cross sectional view illustrating a plasma processing apparatus according to a
first exemplary embodiment. As shown in FIG. 1, the plasma processing apparatus according to the
first exemplary embodiment includes a hermetically sealed processing vessel 1 which is electrically
grounded. The processing vessel 1 has therein a processing space S in which a plasma process is
performed. The processing vessel 1 has a cylindrical shape and is made of, by way of non-limiting
example, aluminum having thereon an anodically oxidized film. Provided within the processing
space S of the processing vessel 1 is a mounting table 2 which is configured to mount a
semiconductor wafer W as a processing target object thereon in a horizontal posture.

[0020] A base member 2a of the mounting table 2 is made of a conductive metal such as, but not
limited to, aluminum, and serves as a lower electrode. The mounting table 2 is supported on a
conductive supporting table 4 with an insulating plate 3 therebetween. Further, a focus ring 5 made
of, for example, single crystalline silicon, SiC or quartz is provided on a peripheral portion of a top
surface of the mounting table 2. Further, a cylindrical inner wall member 3a made of, by way of
non-limiting example, quartz or alumina is provided to surround the mounting table 2 and the
supporting table 4.

[0021] An electrostatic chuck 6 configured to attract and hold the semiconductor wafer W
electrostatically is provided on the top surface of the mounting table 2. The electrostatic chuck 6

includes an electrode 6a embedded in an insulator 6b, and the electrode 63 is connected with a DC
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power supply 12. By applying a DC voltage from the DC power supply 12 to the electrode 6a, the
semiconductor wafer W is attracted to and held by a Coulomb force or the like.
[0022] A coolant path 2b is formed within the mounting table 2, and a coolant inlet line 2c and a
coolant outlet line 2d are connected to the coolant path 2b. By circulating a coolant such as galden
within the coolant path 2b, the supporting table 4 and the mounting table 2 can be controlled to
have a preset temperature. Further, a backside gas supply line 30 through which a cold heat transfer
gas {backside gas) such as a helium gas is supplied to a rear surface side of the semiconductor wafer
W is provided to penetrate the mounting table 2 and so forth. The backside gas supply line 30 is
connected to a non-illustrated backside gas supply source. With this configuration, it is possible to
control the semiconductor wafer W attracted to and held on the top surface of the mounting table 2
by the electrostatic chuck 6 to have a preset temperature.
[0023] A dielectric member 16 is provided above the mounting table 2 to face the mounting table 2
in parallel, that is, to face the semiconductor wafer W held on the mounting table 2. The dielectric
member 16 is mounted to the processing vessel 1 with an insulating member 45 therebetween to
close the processing space S. The dielectric member 16 includes a disk-shaped internal space and
communication holes through which the internal space communicates the processing space S.
Specifically, the dielectric member 16 is made of such a material as, but not limited to, alumina,
ceramic, quartz or silicon. Further, the dielectric member 16 includes an upper dielectric member
16a and a circular plate-shaped lower electric member 16b detachably attached to the upper
dielectric member 16a.
[0024] The upper dielectric member 16a is formed in a disk shape having the same diameter as that
of the lower dielectric member 16b. A gas diffusion space 16c, which is the internal space, is formed
within the upper dielectric member 16a. A multiple number of gas through holes 16d are formed at

a bottom portion of the gas diffusion space 16c.
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[0025] Further, the lower dielectric member 16b is provided with a multiple number of gas inlet
holes 16e formed through the lower dielectric member 16b in a thickness direction thereof such that
the gas inlet holes 16e of the lower dielectric member 16b communicate with the gas through holes
16d of the upper dielectric member 16a, respectively. The gas inlet holes 16e of the fower dielectric
member 16b and the gas through holes 16d of the upper dielectric member 16a form
communication holes through which the gas diffusion space 16¢c communicates with the processing
space S. With this configuration, the processing gas introduced into the gas diffusion space 16c is
supplied into the processing space S within the processing vessel 1 via the gas through holes 16d and
the gas inlet holes 16e in a distributed manner as in a shower device. In the following description,
the gas through holes 16d and the gas inlet holes 16e may sometimes be appropriately referred to
“communication holes.”

[0026] The dietectric member 16 {the upper dielectric member 16a) is provided with a gas inlet
opening 16f through which the processing gas is introduced into the gas diffusion space 16c. A gas
supply line 17 is connected to the gas inlet opening 16f, and a base end portion of the gas supply line
17 is connected to a first gas supply source 18. Furthermore, the gas supply line 17 is equipped with
a valve 17a configured to open or close the gas supply line 17, a non-illustrated flow rate controller
{MFC: Mass Flow Controller), and so forth.

[0027] The first gas supply source 18 is configured to supply a first processing gas into the gas
diffusion space 16¢ via the gas supply line 17 and tﬁe gas inlet opening 16f. When a plasma etching
process is performed on, for example, a resist film, an antireflection film, an organic film, an oxide
film, a nitride film, a low dielectric film, titanium nitride, silicon, or the like, the first gas supply
source 18 supplies a CF-based gas, a CHF-based gas, 0,, Ch, HBr, Ar, H, He, or the like into the gas
diffusion space 16c as the first processing gas. Further, when an ALE (Atomic Layer Etching) process
in which a processing target film is etched on an atomic layer basis is performed, the first gas supply

source 18 supplies Cl, or the like into the gas diffusion space 16c as the first processing gas. The first
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processing gas supplied into the gas diffusion space 16¢ from the first gas supply source 18 is
introduced into the processing space S within the processing vessel 1 through the communication
holes. The first gas supply source 18 is an example of a first gas supply device.
[0028] The dielectric member 16 has a through hole 16g, which is formed through the upper
dielectric member 16a and the lower dielectric member 16b in a thickness direction thereof to reach
the processing space S within the processing vessel 1. The through hole 16g is connected to a gas
supply line 19, and a base end portion of the gas supply fine 19 is connected to a second gas supply
source 20. Further, the gas supply line 19 is equipped with a valve 19a configured to open or close
the gas supply line 19, a non-illustrated flow rate controller (MFC), and so forth.
[0029] The second gas supply source 20 is configured to supply a second processing gas into the
processing space S via the gas supply line 19 and the through hole 16g. For example, when the ALE
process is performed, the second gas supply source 20 supplies Ar or the like into the processing
space S as the second processing gas. The second gas supply source 20 is an example of a second
gas supply device. Further, the second processing gas may be the same as or different from the first
processing gas.
[0030] An upper electrode 21 and a lower electrode 22 are provided within the dielectric member
16 {upper dielectric member 16a). The upper electrode 21 and the lower electrode 22 are arranged
to face each other with the gas diffusion space 16¢ therebetween. The upper electrode 21 and the
lower electrode 22 are embedded in the dielectric member 16 by thermally spraying a conductive
material such as, but not limited to, molybdenum and, aiso, thermally spraying a dielectric material
thereon.
[0031] The upper electrode 21 and the lower electrode 22 are connected to a first high frequency
power supply 10a via a power splitter 23. The first high frequency power supply 10a is configured to
supply a high frequency power having a frequency equal to or less than, e.g., 1 MHz, desirably, 400

kHz, to at least one of the upper electrode 21 and the lower electrode 22 via the power splitter 23.
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To elaborate, a plasma of the first processing gas, which is supplied from the first gas supply source
18 into the gas diffusion space 16¢, is generated by supplying the high frequency power to at least
one of the upper electrode 21 and the lower electrode 22 via the power splitter 23 from the first
high frequency power supply 10a. In the following description, the high frequency power supplied
to at least one of the upper electrode 21 and the lower electrode 22 from the first high frequency
power supply 10a via the power splitter 23 will be appropriately referred to as “plasma generation
power.” Further, in the following description, the plasma of the first processing gas generated
within the gas diffusion space 16¢ by supplying the plasma generation power will be appropriately
referred to as “first plasma.”

[0032] The power splitter 23 is configured to split the plasma generation power inputted from the
first high frequency power supply 10a and distribute the split powers to the upper electrode 21 and
the lower electrode 22, respectively. A split ratio by which the power splitter 23 splits the plasma
generation power, that is, a ratio between plasma generation powers respectively supplied to the
upper electrode 21 and the lower electrode 22 from the first high frequency power supply 10a is
variable. A control value for the split ratio of the power splitter 23 is inputted by a control unit 60 to
be described later. That is, the power splitter 23 splits the plasma generation power inputted from
the first high frequency power supply 10a with the control value for the split ratio inputted by the
control unit 60 and sends the split powers to the upper electrode 21 and the lower electrode 22,
respectively.

[0033] Further, the power splitter 23 also has a function of adjusting a phase difference between
the plasma generation powers respectively supplied to the upper electrode 21 and the lower
electrode 22 from the first high frequency power supply 10a. A control value for the phase
difference between the plasma generation powers, which is adjusted by the power splitter 23, is
inputted by, for example, the control unit 60. That is, the power splitter 23 adjusts the phase

difference between the plasma generation powers, which are respectively supplied to the upper
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electrode 21 and the lower electrode 22 from the first high frequency power supply 103, with the
control value for the phase difference between the plasma generation powers, which is inputted by
the control unit 60.
[0034] The base member 2a of the mounting table 2 is connected to a second high frequency power
supply 10b via a matching device 11b. The second high frequency power supply 10b is configured to
supply a high frequency power having a frequency in the range from, e.g., 400 kHz to 27 MHz,
desirably, 13 MHz, to the mounting table 2 via the matching device 11b. To be more specific, by
supplying the high frequency power to the mounting table 2 from the second high frequency power
supply 10b, a plasma of the first processing gas introduced into the processing space S is generated,
and ions in the generated second plasma are attracted into the semiconductor wafer W. Hereinafter,
the high frequency power supplied from the second high frequency power supply 10b to the
mounting table 2 will be appropriately referred to as “bias power.” Further, in the following
description, the plasma of the first processing gas generated within the processing space S by
supplying the bias power will be appropriately referred to as “second plasma.”
[0035] When the ALE process is performed, the second high frequency power supply 10b is
operated as follows. That is, in addition to the first processing gas, the second processing gas such
as Ar is supplied into the processing space S from the second gas supply source 20. A plasma is
generated by supplying the bias power to the mounting table 2 from the second high frequency
power supply 10b, and ions in the generated plasma are attracted into the semiconductor wafer W.
In the following description, the plasma of the first processing gas and the second processing gas
generated within the processing space S by supplying the bias power will be appropriately referred
to as “third plasma.”
[0036] A gas exhaust opening 71 is formed at a bottom portion of the processing vessel 1, and a gas
exhaust device 73 is connected to the gas exhaust opening 71 via a gas exhaust line 72. The gas

exhaust device 73 has a vacuum pump and is configured to depressurize the processing space S
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within the processing vessel 1 to a preset pressure by operating the vacuum pump. To elaborate,
the gas exhaust device 73 depressurizes the processing space S, so that the processing gas and
radicals in the first plasma generated within the gas diffusion space 16¢ are introduced into the
processing space S from the gas diffusion space 16c through the communication holes {the gas
through holes 16d and the gas inlet holes 16e}. The gas exhaust device 73 is an example of a
depressurizing device.
[0037] A carry-in/out opening 74 for the semiconductor wafer W is formed at the sidewall of the
processing vessel 1, and a gate valve 75 configured to open or close the carry-infout opening 74 is
provided at the carry-in/out opening 74.
[0038] In the drawing, reference numerals 76 and 77 denote deposition shields detachably provided.
The deposition shields 76 and 77 are provided along an inner wall surface of the processing vessel 1,
and serve to suppress an etching byproduct {deposit) from adhering to the processing vesset 1.
[0039] An overall operation of the plasma etching apparatus having the above-described
configuration is controlled by the control unit 60. The control unit 60 includes a process controller
61 having a CPU and configured to control individual components of the plasma etching apparatus; a
user interface 62; and a storage unit 63.
[0040] The user interface 62 includes a keyboard through which a process manager inputs
commands to manage the plasma etching apparatus; a display that visually displays an operational
status of the plasma etching apparatus; and so forth.
[0041] The storage unit 63 stores therein control programs (software) for implementing various
processes performed in the plasma etching apparatus under the control of the process controller 61,
and recipes including processing condition data or the like. In response to an instruction from the
user interface 62, a necessary recipe is retrieved from the storage unit 63 and executed by the
process controlier 61, so that a required process is performed in the plasma etching apparatus under

the control of the process controller 61. Further, the control programs or the recipes including the
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processing condition data may be used while being stored in a computer-readable storage medium
(e.g., a hard disk, a CD, a flexible disk, a semiconductor memory, etc.}, or may be used on-line by
being received from another apparatus through, for example, a dedicated line, whenever necessary.

[06042] By way of example, the control unit 60 controls the individua!l components of the plasma
etching apparatus to perform a plasma process to be described later. As a specific example, when a
plasma etching process is performed on an organic film, the control unit 60 performs the following
operations. That is, a total amount of the plasma generation powers respectively supplied to the
upper electrode 21 and the lower electrode 22 from the first high frequency power supply 10a is
controlled by the control unit 60. As a result, the amount of the radicals in the first plasma supplied
into the processing space S from the gas diffusion space 16c¢ through the communication holes is
adjusted and the amount of radicals in the second plasma is also adjusted by the radicals in the first
plasma. Furthermore, a ratio between the plasma generation powers respectively supplied to the
upper electrode 21 and the lower electrode 22 from the first high frequency power supply 10a is
controlled by the control unit 60. As a result, electrons in the first plasma are allowed to be moved
into the processing space S from the gas diffusion space 16¢ through the communication holes an;l
the amount of ions in the second plasma are adjusted by these electrons. The first plasma and the
second plasma have different potentials. An anode sheath is formed above the first plasma, and a
cathode sheath is formed under the first plasma. Likewise, an anode sheath is formed above the
second plasma, and a cathode sheath is formed under the second plasma. That is, the cathode
sheath of the first plasma and the anode sheath of the second plasma are adjacent to each other.,
Therefore, the electrons in the first plasma are accelerated by a potential difference between the
cathode sheath of the first plasma and the anode sheath of the second plasma, and introduced into
the second plasma as an electron beam. The magnitude of the cathode sheath of the first plasma
can be easily adjusted by controlling the ratio between the plasma generation powers respectively

supplied to the upper electrode 21 and the lower electrode 22 from the above-described first high
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frequency power supply 10a. As a result, incident energy of the electron beam and the amount of
the ions in the second plasma can be easily adjusted. Moregver, by controlling the total amount of
the plasma generation powers respectively supplied to the upper electrode 21 and the lower
electrode 22 from the first high frequency power supply 10a, the amount of the radicals in the first
plasma can be easily adjusted. That is, as stated above, the amount of the radicals and the amount
of the ions can be independently controlled by regulating the total amount and the ratio between
the powers supplied from the first high frequency power supply 10a, respectively, so that a desired
processing characteristic can be achieved. Here, the processing characteristic includes a plasma
processing rate (an etching rate, a deposition rate, etc.), a processing uniformity over an entire
surface of the wafer W, a device shape, or the like.

{0043] Further, as another example, when the ALE process is performed, the control unit 60
performs the following operations. That is, the control unit 60 controls ON/OFF of the second high
frequency power supply 10b intermittently. During a period while the second high frequency power
supply 10b is controlled to be turned OFF, the total amount of the plasma generation powers
respectively supplied to the upper electrode 21 and the lower electrode 22 is controlled by the
control unit 60. As a result, the amount of the radicals in the first plasma supplied into the
processing space S from the gas diffusion space 16¢ through the communication holes is adjusted.
Furthermore, the ratio between the plasma generation powers respectively supplied to the upper
electrode 21 and the lower electrode 22 is controlied by the controls unit 60. As a result, the
electrons in the first plasma are allowed to be accelerated and introduced as an electron beam into
the processing space S from the gas diffusion space 16¢ through the communication holes. A surface
of the processing target object is activated by the electrons, and a reaction product is generated by a
reaction between the activated surface of the processing target object and the radicals in the first
plasma introduced into the processing space S. Further, during a period while the second high

frequency power supply 10b is controlled to be turned ON, the total amount of the plasma



generation powers respectively supplied to the upper electrode 21 and the lower electrode 22 is
controlled by the control unit 60. As a result, the amount of the radicals in the first plasma supplied
into the processing space form the internal space through the communication holes is adjusted, and
the amount of radicals in the third plasma is adjusted by the radicals in the first plasma. Moreover,
the ratio between the first high frequency powers respectively supplied to the first and second
electrodes is controlled by the control unit 60. As a result, the electrons in the first plasma are
supplied into the processing space S from the gas diffusion space 16¢ through the communication
holes, and the amount of fons in the third plasma of the first processing gas and the second
processing gas is adjusted by these electrons. Furthermore, the reaction product is etched by the
third plasma in which the amount of the ions is controlled. Here, controlling the ON/OFF of the
second high frequency power supply 10b intermittently corresponds to, for example, repeatedly
performing a supply of the bias power from the second high frequency power supply 10b and a stop
of the supply of the bias power alternately.

[0044] Now, an example of a processing sequence of a plasma process performed in the plasma
processing apparatus according to the first exemplary embodiment will be explained. FIG. 2 is a
flowchart illustrating an example of the processing sequence of the plasma process performed in the
plasma processing apparatus according to the first exemplary embodiment. In the example shown
in FIG. 2, a processing sequence of a plasma etching process performed on an organic film will be
illustrated.

[0045] As depicted in FIG. 2, the plasma processing apparatus depressurizes the processing space S
and the gas diffusion space 16¢ within the processing vessel 1 {process $101). Then, the plasma
processing apparatus supplies the first processing gas into the gas diffusion space 16¢ of the
dielectric member 16 {process 5102). For example, the plasma processing apparatus supplies a CF-
based gas and/or a CHF-based gas into the gas diffusion space 16¢ of the dielectric member 16 as

the processing gas.
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[0046] A more specific example will be elaborated. The control unit 60 of the plasma processing
apparatus supplies the first processing gas inte the gas diffusion space 16¢ of the dielectric member
16 from the first gas supply source 18.
[0047] Thereafter, the plasma processing apparatus depressurizes the processing space S until a
pressure difference between the processing space S and the gas diffusion space 16¢ is stabilized
{process S103). For example, the plasma processing apparatus depressurizes the processing space S
within the processing vessel 1 until the pressure of the processing space S within the processing
vessel 1 becomes equal to or less than 1/10 (desirably, 1/100) of the pressure of the gas diffusion
space 16c of the dielectric member 16.
j0048} A more specific example will be elaborated. The control unit 60 of the plasma processing
apparatus depressurizes the processing space S within the processing vessel 1 by operating the gas
exhaust device 73. At this time, diameters of the communication holes between the processing
space S and the gas diffusion space 16c are adjusted in advance, and the processing space S is
depressurized such that a stable pressure difference between the processing space S and the gas
diffusion space 16c is obtained. By the depressurization of the processing space S, the first
processing gas and the radicals in the first plasma generated in the gas diffusion space 16¢ are
introduced into the processing space S from the gas diffusion space 16¢ through the communication
holes.
[0049] Subsequently, the plasma processing apparatus supplies the bias power to the mounting
table 2 {process $S104). By way of example, the plasma processing apparatus supplies the high
frequency power of 13 MHz to the mounting table 2 as the bias power.
[0050] A more specific example will be elaborated. By suppling the bias power to the mounting
table 2 from the second high frequency power supply 10b, the control unit 60 of the plasma

processing apparatus generates the second plasma of the first processing gas introduced into the
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processing space S and allows the ions in the generated second plasma to be attracted into the
semiconductor wafer W,
[0051] Thereafter, the plasma processing apparatus supplies the plasma generation power to at
least one of the upper electrode 21 and the lower electrode 22 {process S105). For example, the
plasma processing apparatus supplies the high frequency power of 400 kHz to at least one of the
upper electrode 21 and the lower electrode 22 as the plasma generation power.
[0052] A more specific example will be elaborated. By supplying the plasma generation power to at
least one of the upper electrode 21 and the lower electrode 22 from the first high frequency power
supply 10a via the power splitter 23, the control unit 60 of the plasma processing apparatus
generates the first plasma of the first processing gas supplied into the gas diffusion space 16c.
[0053] A more specific example will be elaborated. By controlling the total amount of plasma
generation powers respectively supplied to the upper electrode 21 and the lower electrode 22, the
control unit 60 of the plasma processing apparatus adjusts the amount of radicals in the first plasma
supplied into the processing space S from the gas diffusion space 16¢ through the communication
holes and, by these radicals, also adjusts the amount of radicals in the second plasma. Accordingly,
the density of the radicals in the second plasma is controlled by the total amount of the plasma
generation powers respectively supplied to the upper electrode 21 and the lower electrode 22.
[0054] Subsequently, the plasma processing apparatus controls the ratio between the plasma
generation powers respectively supplied to the upper electrode 21 and the lower electrode 22
{process S106). For example, the plasma processing apparatus controls the ratio between the
plasma generation powers respectively supplied to the upper electrode 21 and the lower electrode
22 by the power splitter 23 configured to split the plasma generation power and distribute the split
powers to the upper electrode 21 and the lower electrode 22, respectively.
{0055] A more specific example will be elaborated. By controlling the ratio between the plasma

generation powers respectively supplied to the upper electrode 21 and the lower electrode 22, the
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control unit 60 of the plasma processing apparatus adjusts the amount of electrons in the first
plasma supplied into the processing space S from the gas diffusion space 16¢ through the
communication holes, and, by these electrons, also adjusts the amount of ions in the second plasma.
The first plasma and the second plasma have different potentials. The electrons are accelerated by
the sheath of the first plasma and the sheath of the second plasma, and introduced into the second
plasma as the electron beam. At this time, the control unit 60 outputs, to the power splitter 23, a
value of P1 : P2 = (plasma generation power supplied to the upper electrode 21} : (plasma
generation power supplied to the lower electrode 22} as a control value for the split ratio of the
power splitter 23. By way of example, for the split ratio of the power splitter 23, the control unit 60
outputs a control value in which the P2 is larger than the P1. As the P2 is increased with respect to
the P1, the number of electrons in the first plasma moved into the processing space S from the gas
diffusion space 16c through the communication holes is increased. As a result, the number of
electrons that collide with gas atoms in the processing gas within the processing space S is increased
as well, so that the amount of the ions in the second plasma generated in the processing space S is
also Increased. As another example, for the split ratio of the power splitter 23, the control unit 60
outputs a control value in which the P2 is smaller than the P1. As the P2 is decreased with respect to
P1, the number of electrons in the first plasma moved into the processing space S from the gas
diffusion space 16c¢ through the communication holes is decreased. As a result, the number of
electrons which are collided with the gas atoms in the processing gas within the processing space S is
also decreased, so that the amount of the ions in the second plasma generated in the processing
space S is decreased. As stated above, the density of the ions in the second plasma is controlled by
controlling the ratio between the plasma generation powers respectively supplied to the upper
electrode 21 and the lower electrode 22. In this way, the density of the ions and the density of the
radicals in the second plasma within the processing space can be independently adjusted to achieve

a required processing characteristic of the processing target object {semiconductor wafer W),
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[0056] Moreover, after controlling the ratio between the plasma generation powers respectively
supplied to the upper electrode 21 and the lower electrode 22, the control unit 60 may adjust the
phase difference between the plasma generation powers respectively supplied to the upper
electrode 21 and the lower electrode 22. In this case, the control unit 60 may adjust the phase
difference between the plasma generation powers by the power splitter 23. For example, the
control unit 60 outputs, to the power splitter 23, 180° as a control value for the phase difference
between the plasma generation powers adjusted by the power splitter 23. As a result, it is possible
to generate the first plasma in the gas diffusion space efficiently without changing the total amount
of the plasma generation powers respectively supplied to the upper electrode 21 and the lower
electrode 22,
[0057] Now, another example of a processing sequence of a plasma process performed in the
plasma processing apparatus according to the first exemplary embodiment will be explained. FIG. 3
is a flowchart illustrating another example of the processing sequence of the plasma process
performed in the plasma processing apparatus according to the first exemplary embodiment. In the
example shown in FIG. 3, a processing sequence of a plasma process in case of performing the ALE
process is illustrated.
{0058] As depicted in FIG. 3, the plasma processing apparatus depressurizes the processing space S
and the gas diffusion space 16c within the processing vessel 1 {process 5201}). Then, the plasma
processing apparatus supplies the first processing gas into the gas diffusion space 16¢ of the
dielectric member 16 (process S202). For example, the plasma processing apparatus supplies Cl, or
the like into the gas diffusion space 16c of the dielectric member 16 as the first processing gas.
[0059] A more specific example will be elaborated. The control unit 60 of the plasma processing
apparatus supplies the first processing gas into the gas diffusion space 16¢ of the dielectric member

16 from the first gas supply source 18.
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[0060] Then, the plasma processing apparatus supplies the second processing gas into the
processing space S within the processing vessel 1 {process 5203}, For example, the plasma
processing apparatus supplies Ar or the like into the processing space S within the processing vessel
1 as the second processing gas.
[0061] A more specific example will be elaborated. The control unit 60 of the plasma processing
apparatus supplies the second processing gas into the processing space S within the processing
vessel 1 from the second gas supply source 20.
[0062] Then, the plasma processing apparatus depressurizes the processing space S until a pressure
difference between the processing space S and the gas diffusion space 16¢ is stabilized {process
$204). For example, the plasma processing apparatus depressurizes the processing space S within
the processing vessel 1 until the pressure of the processing space S within the processing vessel 1
becomes equal to or less than 1/10 {desirably, 1/100) of the pressure of the gas diffusion space 16¢
of the dielectric member 16.
[0063] A more specific example will be elaborated. The control unit 60 of the plasma processing
apparatus depressurizes the processing space S within the processing vessel 1 by operating the gas
exhaust device 73. At this time, the diameters of the communication holes between the processing
space S and the gas diffusion space 16¢ are adjusted in advance, and the processing space S is
depressurized such that a stable pressure difference between the processing space S and the gas
diffusion space 16c is obtained. By the depressurization of the processing space S, the first
processing gas and radicals in a first plasma generated in the gas diffusion space 16¢ are introduced
into the processing space S from the gas diffusion space 16¢ through the communication holes.
[0064] Subsequently, the plasma processing apparatus supplies the plasma generation power to at
least one of the upper electrode 21 and the lower electrode 22 {process S205). By way of example,
the plasma processing apparatus supplies the high frequency power of 400 kHz to at least one of the

upper electrode 21 and the lower electrode 22 as the plasma generation power.
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[0065] A more specific example will be elaborated. By supplying the plasma generation power to at
least one of the upper electrode 21 and the lower electrode 22 from the first high frequency power
supply 10a via the power splitter 23, the control unit 60 of the plasma processing apparatus
generates the first plasma of the first processing gas supplied into the gas diffusion space 16c.
[0066] A more specific example will be elaborated. By controlling the total amount of the plasma
generation powers respectively supplied to the upper electrode 21 and the lower electrode 22, the
control unit 60 of the plasma processing apparatus adjusts the amount of radicals in the first plasma
supplied into the processing space S from the gas diffusion space 16c¢ through the communication
holes, and, by these radicals, also adjusts the amount of radicals in the second plasma. Accordingly,
the density of the radicals in the second plasma is controlled by the total amount of the plasma
generation powers respectively supplied to the upper electrode 21 and the lower electrode 22.
[0067] Thereafter, the plasma processing apparatus stops a supply of a bias power to the mounting
table 2 {process S206).
[0068] A more specific example will be elaborated. The control unit 60 of the plasma processing
apparatus controls the second high frequency power supply 10b to be turned OFF.
[0069] Then, the plasma processing apparatus controls the ratio between the plasma generation
powers respectively supplied to the upper electrode 21 and the lower electrode 22 {process S207).
For example, the plasma processing apparatus controls the ratio between the plasma generation
powers respectively supplied to the upper electrode 21 and the lower electrode 22 by the power
splitter 23 configured to split the plasma generation power and distribute the split powers to the
upper electrode 21 and the lower electrode 22, respectively.
[0070] A more specific example will be elaborated. During a period while the second high frequency
power supply 10b is controlied to be turned OFF, by controliing the ratio between the plasma
generation powers respectively supplied to the upper electrode 21 and the lower electrode 22, the

control unit 60 of the plasma processing apparatus adjusts the amount of electrons in the first
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plasma supplied into the processing space S from the gas diffusion space 16¢ through the
communication holes, and, the surface of the semiconductor wafer W is activated by these electrons,
and a reaction product is generated by a reaction between the activated surface of the
semiconductor wafer W and the radicals in the first plasma introduced into the processing space S.
At this time, the control unit 60 outputs, to the power splitter 23, a value of P1 : P2 = {plasma
generation power supplied to the upper electrode 21) : {plasma generation power supplied to the
lower electrode 22) as a control value for the split ratio of the power splitter 23. By way of example,
for the split ratio of the power splitter 23, the control unit 60 outputs a controi value in which the P2
is larger than the P1. As the P2 is increased with respect to the P1, the number of electrons in the
first plasma moved into the processing space S from the gas diffusion space 16¢ through the
communication holes is increased. As a result, the number of electrons to activate the surface of the
semiconductor wafer W is increased as well, so that the thickness of the reaction product is also
increased on the atomic layer basis. As another example, for the split ratio of the power splitter 23,
the control unit 60 outputs a control value in which the P2 is smaller than the P1. As the P2 is
decreased with respect to the P1, the number of electrons in the first plasma moved into the
processing space S from the gas diffusion space 16c¢ through the communication holes is decreased.
As a result, the number of electrons to activate the surface of the semiconductor wafer W is
decreased as well, so that the thickness of the reaction product is also decreased on the atomic layer
basis.

[0071] Moreover, after controfling the ratio between the plasma generation powers respectively
supplied to the upper electrode 21 ansi the lower electrode 22, the control unit 60 may adjust the
phase difference between the plasma generation powers respectively supplied to the upper
electrode 21 and the lower electrode 22. In this case, the control unit 60 may adjust the phase
difference between the plasma generation powers by the power splitter 23. For example, the

control unit 60 outputs, to the power splitter 23, 180° as a control value for the phase difference
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between the plasma generation powers adjusted by the power splitter 23. As a result, it is possible
to generate the first plasma in the gas diffusion space efficiently without changing the total amount
of the plasma generation powers respectively supplied to the upper electrode 21 and the lower
electrode 22.
[0072] Subsequently, the plasma processing apparatus supplies the bias power to the mounting
table 2 (process $208).
[0073] A more specific example will be elaborated. The control unit 60 of the plasma processing
apparatus controls the second high frequency power supply 10b to be turned ON. That is, by
supplying the bias power to the mounting table 2 from the second high frequency power supply 10b,
the control unit 60 generates the third plasma of the first and second processing gases (Cl,, Ar, etc.)
introduced into the processing space S, and allows the ions in the generated third plasma to be
attracted into the semiconductor wafer W. Here, in order to improve the effect of Ar ions, a flow
rate ratio between the Cl, gas and the Ar gas may be set to about 1: 100.
[0074] Subsequently, the plasma processing apparatus controls the ratio between the plasma
generation powers respectively supplied fo the upper electrode 21 and the lower electrode 22
{process S209). For example, the plasma processing apparatus controls the ratic between the
plasma generation powers respectively supplied to the upper electrode 21 and the lower electrode
22 by the power splitter 23 configured to split the plasma generation power and distribute the split
powers to the upper electrode 21 and the lower electrode 22, respectively.
[0075] A more specific example will be elaborated. During a period while the second high
frequency power supply 10b is controlled to be turned ON, by controlling the ratio between the
plasma generation powers respectively supplied to the upper electrode 21 and the lower electrode
22, the control unit 60 of the plasma processing apparatus adjusts the amount of electrons in the
first plasma supplied into the processing space S from the gas diffusion space 16¢ through the

communication holes; adjusts, by these electrons, the amount of jons in the third plasma; and
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etches the reaction product by the third plasma in which the amount of ions is controlled. At this
time, the control unit 60 outputs, to the power splitter 23, a value of P1: P2 = {plasma generation
power supplied to the upper electrode 21) : (plasma generation power supplied to the lower
electrode 22) as a control value for the split ratio of the power splitter 23. By way of example, for
the split ratio of the power splitter 23, the control unit 60 outputs a control value in which the P2 is
farger than the P1. As the P2 is increased with respect to the P1, the number of electrons in the first
plasma moved into the processing space S from the gas diffusion space 16¢ through the
communication holes is increased. As a result, the number of electrons which are collided with gas
atoms in the first and second processing gases within the processing space S is increased as well, so
that the amount of ions in the third plasma generated in the processing space S is also increased. As
a result, an etching depth upon the reaction product is increased on the atomic layer basis. As
another example, for the split ratio of the power splitter 23, the control unit 60 outputs a control
value in which the P2 is smaller than the P1. As the P2 is decreased with respect to the P1, the
number of electrons in the first plasma moved into the processing space S from the gas diffusion
space 16c¢ through the communication holes is decreased. As a result, the number of the electrons
which are collided with the gas atoms in the first and second processing gases within the processing
space Sis also decreased, so that the amount of ions in the third plasma generated in the processing
space S is decreased. Accordingly, the etching depth upon the reaction product is decreased on the
atomic layer basis,

[0076] Moreover, after controlling the ratio between the plasma generation powers respectively
supplied to the upper electrode 21 and the lower electrode 22, the control unit 60 may adjust the
phase difference between the plasma generation powers respectively supplied to the upper
electrode 21 and the lower electrode 22. In this case, the control unit 60 may adjust the phase
difference between the plasma generation powers by the power splitter 23. For example, the

control unit 60 outputs, to the power splitter 23, 180° as a control value for the phase difference
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between the plasma generation powers adjusted by the power splitter 23. As a result, it is possible
to generate the first plasma in the gas diffusion space efficiently without changing the total amount
of the plasma generation powers respectively supplied to the upper electrode 21 and the lower
electrode 22.

[6077] Thereafter, if the number of repetition of the ON/OFF controls over the second high
frequency power supply 10b has yet to reach a preset number (process 5210; No), the plasma
processing apparatus returns the process back to the process S205. Meanwhile, if the number of
repetition of the ON/OFF controls over the second high frequency power supply 10b is found to
reach the present number {process 5210; Yes), the plasma processing apparatus finishes the plasma
process.

[0078} As stated above, according to the first exemplary embodiment, by controlling the total
amount of the plasma generation powers respectively supplied to the upper electrode 21 and the
lower electrode 22 from the first high frequency power supply 10a, the amount of the radicals in the
first plasma supplied into the processing space S from the gas diffusion space 16¢ through the
communication holes is adjusted, and, by these radicals, the amount of the radicals in the second
plasma is also adjusted. Further, by controlling the ratio between the plasma generation powers
respectively supplied to the upper electrode 21 and the lower electrode 22 from the first high
frequency power supply 10a, the amount of the electrons in the first plasma supplied into the
processing space S from the gas diffusion space 16c¢ through the communication holes is adjusted,
and, by these electrons, the amount of the jons in the second plasma is also adjusted. Thus,
according to the first exemplary embodiment, it is possible to control the amount of the radicals and
the amount of the ions in the plasma within the processing space S to appropriate quantities
independently. As a result, according to the first exemplary embodiment, the ion density for
obtaining a required processing characteristic such as a CD or a mask selectivity in the processing

target surface of the processing target object can be adjusted independently of the radical density.
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[0079] Here, as a comparative example, assume that the inside of the processing vessel is divided
into two spaces by a grid electrode having a multiple number of through holes: one is a plasma
generation space in which a plasma is generated therein, and the other is a processing space for
processing a processing target object therein with plasma. In the comparative example, however, a
sheath is not formed between the plasma generated in the plasma generation space and the plasma
generated in the processing space, and the plasmas have the same potential. For this reason, in the
comparative example, it is difficult to adjust the ion density for obtaining a required processing
characteristic such as a CD or a mask selectivity in the processing target surface of the processing
target object, independently of the radical density.

[0080] FIG. 4 is a diagram for describing a case of controlling the total amount of the plasma
generation powers respectively supplied to the upper electrode and the lower electrode, or
controlling the ratio therebetween. In FIG. 4, a horizontal axis represents a ratio I, / T; between a
radical amount I'nr in the plasma within the processing space S and an ion amount I, in the plasma
within the processing space S, and a vertical axis represents an etch yield which is a parameter
indicating how many atoms forming the surface of the processing target object are etched by a
single ion. Here, the etch yield is proportion to a plasma processing rate {(etching rate} in a plasma
process. That is, the etch yield is determined by interaction between the ion amount and the radical
amount. Further, details of the correlation between the ratio I',, / I, and the etch yield shown in FIG.
4 is described in 'R. A. Gottscho, Gaseous Electronics Conference & American Physical Society, Nov,
2011', and description thereof is omitted herein.

[0081] By controlling the total amount of the plasma generation powers respectively supplied to
the upper electrode 21 and the lower electrode 22, it is possible to adjust the amount of the radicals
in the first plasma supplied into the processing space S from the gas diffusion space 16¢ through the
communication holes and, also, to adjust the amount of the radicals in the second plasma by these

radicals. Further, by controlling the ratio between the plasma generation powers respectively
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supplied to the upper electrode 21 and the lower electrode 22 from the first high frequency power
supply 10a, it is possible to allow the electrons in the first plasma to be moved into the processing
space S from the gas diffusion space 16¢ through the communication holes and, also, to adjust the
amount of the ions in the second plasma by these electrons. That is, in this case, the ratio I / Ty
between the radical amount [, in the plasma within the processing space S and the ion amount I, in
the plasma within the processing space S can be changed as required. Accordingly, as depicted in
FIG. 4, it is possible to adjust the etch yield to an optimum value by changing the ratio I,/ . Asa
consequence, a required processing characteristic such as a CD or a mask selectivity in the
processing target surface of the processing target object can he achieved. By way of example, to
etch the wafer W uniformly over the entire surface thereof while maintaining the etch yield (etching
rate) constant, the ratio I,, / Ty between the radical amount I',, and the ion amount I, in the second
plasma needs to be set to be large.

[0082] As stated above, according to the first exemplary embodiment, it is possible to obtain a
required processing characteristic such as a CD or a mask selectivity in the processing target surface
of the processing target object, as compared to the comparative example where the inside of the
processing vessel is divided into the plasma generation space and the processing space by the grid
electrode.

[0083] Furthermore, in the first exemplary embodiment, the ON/OFF of the second high frequency
power supply 10b are controlled intermittently. During a period while the second high frequency
power supply 10b is controlled to be turned QFF, by controlling the ratio between the plasma
generation powers respectively supplied to the upper electrode 21 and the lower electrode 22, the
amount of the electrons in the first plasma supplied into the processing space S from the gas
diffusion space 16¢ through the communication holes is adjusted; the surface of the processing
target object is activated by these electrons; and the reaction product is generated by reacting the

activated surface of the processing target object with the radicals in the first plasma introduced into



the processing space S. Furthermore, in the first exemplary embodiment, during a period while the
second high frequency power supply 10b is controlled to be turned ON, by controlling the ratio
between the plasma generation powers respectively supplied to the upper electrode 21 and the
lower electrode 22, the amount of the electrons in the first plasma supplied into the processing
space S from the gas diffusion space 16¢ through the communication holes is adjusted; the amount
of the ions in the third plasma is adjusted by these electrons; and the reaction product is etched by
the third plasma in which the amount of the ions is controlled. As a result, even when the ALE
process is performed, it is possible to independently control the ion density and the radical density
for obtaining a required processing characteristic such as a CD or a mask selectivity in the processing
target surface of the processing target object.

[0084] {Modification examples)

Now, a modification example of the plasma processing apparatus according to the first exemplary
embodiment will be described. FIG. 5 is a schematic cross sectional view illustrating a modification
example of the plasma processing apparatus according to the first exemplary embodiment. FiG. 6 is
a schematic plane view for describing an example structure of a dielectric member shown in FIG. 5.
A plasma processing apparatus according to this modification example is different from the plasma
processing apparatus shown in FIG. 1 in the structure of the dielectric member 16, the arrangement
of the upper electrode 21 and the lower electrode 22, and the controlling operations of the control
unit 60, and the other configurations are the same as shown in FIG. 1. Thus, redundant description
of the same parts as those of the plasma processing apparatus shown in FIG. 1 will be omitted
herein.

[0085] As depicted in FIG. 5 and FIG. 6, in the plasma processing apparatus according to the
modification example, one or more annular partition walls 24 are provided within a gas diffusion
space 16c of an upper dielectric member 16a of the dielectric member 16. The one or more annular

partition walls 24 are arranged at different positions in a radial direction of the dielectric member 16,
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i.e., in a radial direction of a semiconductor wafer W. In FIG. 6, the one or more annular partition
wall 24 includes a first annular partition wall 24a, a second annular partition wall 24b and a third
annular partition wall 24c which are arranged along the radial direction of the semiconductor wafer
W in sequence from the center thereof. With this configuration, the gas diffusion space 16c of the
upper dielectric member 16a is divided into a first gas diffusion space 16¢-1, a second gas diffusion
space 16¢-2, a third gas diffusion space 16¢-3 and a fourth gas diffusion space 16c-4 along the radial
direction of semiconductor wafer W in sequence from the center thereof. As stated, the gas
diffusion space 16c¢ of the upper dielectric member 16a is divided into concentric sub-spaces along
the radial direction of the semiconductor wafer W.
[0086] Here, the number of the annular partition walls 24 is not particularly limited as long as at
least one is provided. By way of example, three annular partition walls may be provided as depicted
in FIG. 6, or two annular partition walls or more than four or more annular partition walls may be
provided,
[0087] Multiple gas through holes 16d are formed at the bottom portion of each of the first to
fourth gas diffusion spaces 16¢-1 to 16¢-4.
[0088] Further, the lower dielectric member 16b is provided with a multiple number of gas inlet
holes 16e formed through the lower dielectric member 16b in a thickness direction thereof such that
the gas inlet holes 16e of the lower dielectric member 16b communicate with the gas through holes
16d of the upper dielectric member 16a, respectively. The gas inlet holes 16e of the lower dielectric
member 16b and the gas through holes 16d of the upper dielectric member 16a form
communication holes through which the gas diffusion space 16¢c communicates with the processing
space S. Accordingly, each of the first to fourth gas diffusion spaces 16¢-1 to 16¢-4 communicates
with the processing space S through the communication holes. With this configuration, the first
processing gas supplied into the gas diffusion space 16c is introduced into the processing space S

within the processing vessel 1 via the gas through holes 16d and the gas inlet holes 16e in a
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distributed manner as in a shower device. In the following description, the gas through holes 16d
and the gas inlet holes 16e may sometimes be appropriately referred to “communication holes”
[0089] The dielectric member 16 {upper dielectric member 16a) is provided with four gas inlet
openings 16f through which the processing gas is introduced into the first to fourth gas diffusion
spaces 16¢-1 to 16¢-4, respectively. Four branch lines which are branched from the gas supply line
17 are connected to the gas inlet openings 16f, respectively, and the base end portion of the gas
supply line 17 is connected to the first gas supply source 18. Furthermore, each of the four branch
lines branched from the gas supply line 17 is equipped with the valve 17a configured to open or
close the gas supply line 17, a non-illustrated flow rate controller (MFC: Mass Flow Controller), and
so forth.
[0090] In the dielectric member 16, multiple through holes 16g are formed through the upper
dielectric member 16a, the annular partition walls 24 and the lower dielectric member 16b in a
thickness direction thereof to reach the processing space S within the processing vessel 1. Plural
branch lines branched from the gas supply line 19 are connected to the through holes 16g,
respectively, and the base end portion of the gas supply line 19 is connected to the second gas
supply source 20. Further, each of the branch lines branched from the gas supply line 19 is equipped
with the valve 19a configured to open or close the gas supply line 19, a non-illustrated flow rate
controller {MFC), and so forth.
[0091] Further, multiple pairs of the upper electrode 21 and the lower electrode 22 are provided at
positions corresponding to the four gas diffusion spaces within the dielectric member 16 {upper
dielectric member 16a)}, respectively. The upper electrode 21 and the lower electrode 22 in each
pair are arranged to face each other with the corresponding one of the four gas diffusion spaces
therebetween.
[0092] Each pair of the upper electrode 21 and the lower electrode 22 is connected to the first high

frequency power supply 10a via the corresponding one of multiple power splitters 23. The first high
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frequency power supply 10a is configured to supply the high frequency power to at least one of the
upper electrode 21 and the lower electrode 22 in each pair via the corresponding one of the multiple
power splitters 23. To elaborate, the first high frequency power supply 10a supplies the high
frequency power to at least one of the upper electrode 21 and the lower electrode 22 in each pair
via the corresponding one of the multiple power splitters 23, As a result, the plasma of the first
processing gas, which is supplied from the first gas supply source 18 into each of the four gas
diffusion spaces, is generated independently within each of the four gas diffusion spaces. In the
following description, the high frequency power supplied from the first high frequency power supply
10a to at least one of the upper electrode 21 and the lower electrode 22 in each pair via the
corresponding one of the multiple power splitters 23 will be appropriately referred to as “plasma
generation power.” Further, in the following description, the plasmas of the first processing gas
generated within the four gas diffusion space independently by supplying the plasma generation
power will be appropriately referred to as “first plasma.”

[0093] Each of the multiple power splitters 23 is configured to split the plasma generation power
inputted from the first high frequency power supply 10a into the upper electrode 21 and the lower
electrode 22. A total amount of the split plasma generation powers by each of the multiple power
splitters 23 and a split ratio therebetween, that is, the total amount of plasma generation powers
respectively supplied to the upper electrode 21 and the lower electrode 22 from the first high
frequency power supply 10a and a ratio therebetween are variable. Control values for the total
amount of the powers and the split ratio of each power splitter 23 are individually inputted by, for
example, the control unit 60 to be described later. That is, each of the multiple power splitters 23 is
configured to split the plasma generation power inputted from the first high frequency power supply
10a into the upper electrode 21 and the lower elecirode 22 with the control values for the total

amount of the powers and the split ratio inputted by the control unit 60.
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{0094] The control unit 60 according to the modification example adjusts the amount of radicals in
the first plasma supplied into the processing space S from each of the four gas diffusion spaces
through the communication holes by controlling the total amount of the plasma generation powers
respectively supplied to the upper electrode 21 and the lower electrode 22 from the first high
frequency power supply 10a. Further, the control unit 60 according to the modification example
also adjusts the amount of electrons in the first plasma supplied into the processing space S from
each of the four gas diffusion spaces through the communication holes by controlling the ratio
between the plasma generation powers respectively supplied to the upper electrode 21 and the
lower electrode 22 from the first high frequency power supply 10a. Further, distributions of the
amount of radicals and the amount of ions in the second plasma along the radial direction of the
semiconductor wafer W are adjusted by the radicals and the electrons. For example, the control
unit 60 controls the total amount of the plasma generation powers respectively supplied to the
upper electrode 21 and the lower electrode 22 and the ratio between these plasma generation
powers by the power splitters 23 configured to split the plasma generation powers to the upper
electrode 21 and the lower electrode 22.

[0095] A more specific example will be described. By controlling the total amount of plasma
generation powers respectively supplied to the upper electrode 21 and the lower electrode 22, the
control unit 60 adjusts the amount of radicals in the first plasma supplied into the processing space S
from each of the four gas diffusion spaces through the communication holes. Further, by these
radicals, the control unit 60 adjusts the amount of radicals in the second plasma. At this time, the
control unit 60 outputs the total amount of the powers split by each of the power splitters 23 to the
corresponding power splitter 23 individually as a control value. Accordingly, the density of the
radicals in the second plasma is controlled by the total amount of the plasma generation powers
respectively supplied to the upper electrode 21 and the lower electrode 22. Thus, it is possible to

adjust the distribution of the amount of the radicals in the second plasma in the radial direction of
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the semiconductor wafer W. Furthermore, by controlling the ratio between the plasma generation
powers respectively supplied to the upper electrode 21 and the lower electrode 22, the control unit
60 adjusts the amount of electrons in the first plasma supplied into the processing space S from each
of the four gas diffusion spaces through the communication holes. Further, by these electrons, the
control unit 60 adjusts the amount of ions in the second plasma. At this time, the controf unit 60
outputs, to each of the multiple power splitters 23 individually, a value of P1 : P2 = (plasma
generation power supplied to the upper electrode 21) : {plasma generation power supplied to the
lower electrode 22) as a control value for the split ratio of each of the power splitters 23. By way of
example, the control unit 60 outputs a control value for the split ratio of the power splitter 23, in
which the P2 is larger than the P1. As the P2 is increased with respect to the P1, the number of the
electrons in the first plasma moved into the processing space S from the gas diffusion space 16¢
through the communication holes is increased. As a result, the number of electrons that collide with
gas atoms in the processing gas within the processing space S is increased as well, so that the
amount of the jons in the second plasma generated in the processing space S is also increased.
Further, for example, the control unit 60 outputs a control value for the split ratio of the power
splitter 23, in which the P2 is smaller than the P1. As the P2 is decreased with respect to the P1, the
number of the electrons in the first plasma moved into the processing space S from the gas diffusion
space 16¢ through the communication holes is decreased. As a result, the number of electrons
which are collided with the gas atoms in the processing gas within the processing space S is also
decreased, so that the amount of the ions in the second plasma generated in the processing space S
is decreased. Thus, it is possible to adjust the distribution of the amount of the ions in the second
plasma along the radial direction of the semiconductor wafer W.

[0096] According to the plasma processing apparatus of the modification example, the total amount
of the plasma generation powers respectively supplied to the upper electrode 21 and the lower

electrode 22 from the first high frequency power supply 10a and the ratio between these plasma
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generation powers can be controlled independently. Furthermore, according to the plasma
processing apparatus of the modification example, the amount of the radicals and the amount of the
electrons in the first plasma supplied into the processing space S from each of the four gas diffusion
spaces through the communication holes can also be adjusted independently. By using the radicals
and the electrons, the distributions of the amount of the radical and amount of the ion in the second
plasma can be adjusted independently in the radial direction of the semiconductor wafer W. As a
result, it is possible to adjust the distributions of the radical density and the ion density along the

radial direction of the semiconductor wafer W independently.

EXPLANATION OF REFERENCE NUMERALS
[0097] W: Semiconductor wafer

S: Processing space

1: Processing vessel

2: Mounting table

10a: First high frequency power supply

10b: Second high frequency power supply

16: Dielectric member

16a: Upper dielectric member

16b: Lower dielectric member

16c¢: Gas diffusion space

16d: Gas through hole

16e: Gas inlet hole

18: First gas supply source

20: Second gas supply source

21: Upper electrode
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22: Lower electrode
23: Power splitter
60: Control unit

73: Gas exhaust device
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WE CLAIM

1. A plasma processing apparatus, comprising:

a processing vessel having a processing space formed therein;

a mounting table provided within the processing space, and configured to mount a
processing target object thereon;

a dielectric member, disposed at the processing vessel to close the processing space, having
an internal space and communication holes through which the internal space is allowed to
communicate with the processing space;

a first electrode and a second electrode provided within the dielectric member and arranged
to face each other with the internal space therebetween;

a first gas supply device configured to supply a first processing gas for a plasma process into
the internal space;

a first high frequency power supply configured to supply a first high frequency power to at
least one of the first electrode and the second electrode to generate a first plasma of the first
processing gas supplied into the internal space;

a depressurizing device configured to depressurize the processing space to introduce the first
processing gas and radicals in the first plasma into the processing space from the internal space
through the communication holes;

a second high frequency power supply configured to supply a second high frequency power
to the mounting table to generate a second plasma of the first processing gas introduced into the
processing space and to attract ions in the second plasma into the processing target object; and

a control unit configured to adjust, by controlling a total amount of the first high frequency
power supplied to the first electrode and the first high frequency power supplied to the second
electrode, an amount of the radicals in the first plasma introduced into the processing space from

the internal space through the communication holes and adjust, by the radicals, an amount of
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radicals in the second plasma; and configured to adjust, by controlling a ratio between the first high
frequency power supplied to the first electrode and the first high frequency power supplied to the
second electrode, an amount of electrons in the first plasma introduced into the processing space
from the internal space through the communication holes and adjust, by the electrons, an amount of

the ions in the second plasma.

2. The plasma processing apparatus of Claim 1,

wherein the internal space of the dielectric member is divided into a plurality of concentric
sub-spaces along a radial direction of the processing target object,

each of the sub-spaces communicates with the processing space through the communication
holes,

the first electrode and the second electrode are provided at each of the sub-spaces, and
arranged to face each other with a corresponding one of the sub-spaces therebetween,

by controlling the total amount of the first high frequency power supplied to the first
electrode and the first high frequency power supplied to the second electrode, the control unit
adjusts the amount of the radicals in the first plasma introduced into the processing space from each
of the sub-spaces through the communication holes and adjusts a distribution of the amount of the
radicals in the second plasma along the radial direction of the processing target object by the
radicals, and

by controlling the ratio between the first high frequency power supplied to the first
electrode and the first high frequency power supplied to the second electrode, the control unit
adjusts the amount of the electrons in the first plasma introduced into the processing space from
each of the sub-spaces through the communication holes and adjusts a distribution of the amount of
the ions in the second plasma along the radial direction of the processing target object by the

electrons.
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3. The plasma processing apparatus of Claim 1 or 2,
wherein the control unit adjusts a phase difference between the first high frequency power

supplied to the first electrode and the first high frequency power supplied to the second electrode.

4, The plasma processing apparatus of Claim 3,
wherein the control unit adjusts the phase difference between a high frequency power
supplied to the first electrode and a high frequency power supplied to the second electrode to be

180°.

5. The plasma processing apparatus of Claim 1, further comprising:

a second gas supply device configured to supply a second processing gas into the processing
space,

wherein the second high frequency power supply supplies the second high frequency power
to the mounting table to generate a third plasma of the first processing gas and the second
processing gas supplied into the processing space and to attract ions in the third plasma into the
processing target object,

the control unit controls ON/OFF of the second high frequency power supply, intermittently,

during a period while the second high frequency power supply is controlled to be turned
OFF, by controlling the ratio between the first high frequency power supplied to the first electrode
and the first high frequency power supplied to the second electrode, the control unit adjusts the
amount of the electrons in the first plasma introduced into the processing space from the internal
space through the communication holes; activates a surface of the processing target object by the
electrons; and generates a reaction product by reacting the activated surface of the processing target

object with the radicals in the first plasma introduced into the processing space, and
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during a period while the second high frequency power supply is controfled to be turned ON,
by controlling the ratio between the first high frequency power supplied to the first electrode and
the first high frequency power supplied to the second electrode, the control unit adjusts the amount
of the electrons in the first plasma introduced into the processing space from the internal space
through the communication holes; adjusts an amount of the ions in the third plasma by the
electrons; and etches the reaction product with the third plasma in which the amount of the ions is

controlled.

6. A plasma processing method performed in a plasma processing apparatus including
a processing vessel having a processing space formed therein; a mounting table provided within the
processing space, and configured to mount a processing target object thereon; a dielectric member,
disposed at the processing vessel to close the processing space, having an internal space and
communication holes through which the internal space is allowed to communicate with the
processing space; a first electrode and a second electrode provided within the dielectric member and
arranged to face each other with the internal space therebetween; a first gas supply device
configured to supply a first processing gas for a plasma process into the internal space; a first high
frequency power supply configured to supply a first high frequency power to at least one of the first
electrode and the second electrode to generate a first plasma of the first processing gas supplied into
the internal space; a depressurizing device configured to depressurize the processing space and,
thus, introduce the first processing gas and radicals in the first plasma into the processing space from
the internal space through the communication holes; a second high frequency power supply
configured to supply a second high frequency power to the mounting table to generate a second
plasma of the first processing gas introduced into the processing space and to attract ions in the

second plasma into the processing target object, the plasma processing method comprising:
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adjusting an amount of the radicals in the first plasma introduced into the processing space
from the internal space through the communication holes and adjusting, by these radicals, an
amount of radicals in the second plasma by controlling a total amount of the first high frequency
power supplied to the first electrode and the first high frequency power supplied 1o the second
electrode; and

adjusting an amount of electrons in the first plasma introduced into the processing space
from the internal space through the communication holes and adjusting, by these electrons, an
amount of ions in the second plasma by controlling a ratio between the first high frequency power

supplied to the first electrode and the first high frequency power supplied to the second electrode.



