WORKPIECE PROCESSING METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is based on and claims priority from Japanese Patent
Application No. 2014-206614, filed on October 7, 2014, with the Japan Patent Office, the
disclosure of which is incorporated herein in its entirety by reference.
TECHNICAL FIELD
10002} Exemplary embodiments disclosed herein relate to a method of processing an
object to be processed (“workpiece”). In particular, the exemplary embodiments relate

to a method including fabrication of a mask.

BACKGROUND

[0003] in a manufacturing process of electronic devices such as semiconductor
devices, a mask is formed on an etching target layer, and etching is performed in order to
transfer a pattern of the mask to the etching target layer. In general, a resist mask is
used as the mask. The resist mask is formed by a photolithography technique.
Accordingly, a critical dimension of the pattern formed on the etching target layer is
affected by a resolution limit of the resist mask formed by the photolithography
technique.

10004] With a recent high integration of the electronic devices, what is required is to
form a pattern with a size smaller than ﬂie réslﬁuﬁon limit of the resist mask. Therefore,
as disclosed in Japanese Patent Laid-Open Publication No. 2011-82560, a technique has
been suggested to reduce a width of an opening defined by the resist mask by depositing

a silicon oxide film on a resist mask.



[0005] Specifically, in the technique disclosed in Japanese Patent Laid-Open No.
2011-82560, the silicon oxide film is formed on the resist mask by an atomic layer
deposition (ALD) method. More specifically, an organic silicon-containing source gas
and activated oxygen species are altefnatélj; ‘supplie»d into a processing container that

accommodates a workpiece. As the source gas, aminosilane gas is used.

SUMMARY

{0006] According to an aspect, the present disclosure provides a method of
processing a workpiece including a mask. The processing method includes: a first
process of generating plasma of a first gas containing a silicon halide gas in a processing
container of a plasma processing apparatus that accommodates a workpiece having a
mask, to form a reactive precursor; a second process of purging a space in the processing
container; a third process of generating plasma of a second gas containing oxygen gas in
the processing container to form a silicon oxide film; and a fourth process of purging the
space in the processing container. A sequence including the first to fourth processes is
repeated.

10007} The foregoing summary is illustrative only and is not intended to be in any
way limiting. In addition to the illustrative aspects, embodiments, and features
described above, further aspects, embodiments, and features will become apparent by

reference to the drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
|6008] FIG. | is a flowchart illustrating a workpiece processing method according to
an exemplary embodiment.
[6069] FIG. 2 is a view illustrating an exemplary plasma processing apparatus.
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(0010} FIGS. 3A to 3C are sectional views each illustrating the state of a workpiece
after each step in the method illustrated in FIG. 1 is executed.

0011} FIGS. 4A to 4C are sectional views each illustrating the state of a workpiece
after each step in the method illustrated in FI1G. 1 is executed.

(0012} FIGS. 5A and 5B are views for describing a principle of formation of a
silicon oxide film.

(0013] FIG. 6 is a flowchart illustrating a workpiece processing method according to
another exemplary embodiment.

[0014] FIGS. 7A to 7D are sectional views each illustrating the state of a workpiece
after each step in the method illustrated in FIG. 6 is executed.

0615] FIGS. 8A to 8C are sectional views each illustrating the state of a workpiece
after each step in the method illustrated in FIG. 6 is executed.

[0016] FIG. 9 is a graph illustrating test results.

[0017] FIG. 10 is a plan view illustrating a pattern of a mask MK used in a test.

j0018] FIG. 11 is a graph illustrating test results.

DETAILED DESCRIPTION

{0019] In the following detailed description, reference is made to the accompanying
drawings, which form a part hereof. The illustrative embodiments described in the
detailed description, drawing, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be made without departing from
the spirit or scope of the subject matter presented here.

(0020} Since aminosilane is a liquid at normal temperature, an apparatus for
vaporizing the aminosilane is required in order to use the ALD method disclosed in

Japanese Patent Laid-Open No. 2011-82560. Thus, a dedicated film forming apparatus
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is required. In addition, in a film formation using the aminosilane gas, it is necessary to
maintain the workpiece at a high temperature. Therefore, the workpiece may be
damaged, and characteristics of electronic devices to be manufactured, such as, for
example, an electric characteristic, may be deteriorated.

{0021} Accordingly, in order to adjust an opening width of the mask, what is
required is to form the silicon oxide film at a low temperature without using any
dedicated film forming apparatus.

[0022] According to an aspect, the processing method includes: a first process of
generaling plasma of a first gas containing a silicon halide gas in a processing container
of a plasma processing apparatus that accommodates a workpiece having a mask, to form
a reactive precursor; a second process of purging a space in the processing container; a
third process of generating plasma of a second gas containing oxygen gas in the
processing container to form a silicon oxide filin; and a fourth process of purging the
space in the processing container, in which a sequence including the first to fourth
processes is repeated.

10023] The silicon halide gas such as, for example, SiCly gas, SiBry gas, SiFy gas, or
SiH,Cl, gas, lies in a vaporized state at normal temperature. Therefore, in the method
according to the exemplary embodiment, the silicon-containing precursor may be
deposited on the mask at a low temperature without using a dedicated film forming
apparatus including a vaporizer. Further, in the method, a purge is performed in the
second process, and the halogen atoms are substituted by oxygen to form a silicon oxide
film in the subsequent third process. Thereafter, the purge is performed in the fourth
process. In the second process and the fourth process, the purge is performed for the
purpose of substituting the gas in the processing container in order to prevent the silicon
halide gas and the oxygen gas from existing in the processing container at the same time.
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The purge may be either a gas purge in which an inert gas is poured into the processing
container or a purge by evacuation. Accordingly, as in the ALD method, a thin silicon
oxide film may be formed on the mask with a relatively uniform film thickness by
executing a sequence including the first to fourth processes once. That is, a thin silicon
oxide film may be conformally formed by executing the sequence once. Therefore, the
method is excellent in controllability of adjusting the opening width of the mask.
Further, since the mask is covered by the silicon oxide film, a line edge roughness (LER)
of the mask may also be enhanced.

[0024] Further, in the method, the film thickness of the silicon oxide film to be
formed may be adjusted by the number of times of repeating the sequence. Thus, the
opening width of the mask may be adjusted to a desired opening width.

[0025] In an exemplary embodiment, in the first process, the processing container
may be set under a high-pressure and low-power condition that a pressure therein is
13.33 Pa or more and a power of a high-frequency power source for plasma generation is
100 W or less. By generating the plasma under the high-pressure and low-power
condition, it is possible to suppress excessive generation of active species of the halogen
atoms. Accordingly, it is possible to suppress damage to the mask and/or damage to the
silicon oxide film which has already been formed. Further, a difference in filin
thickness between respective regions on the mask may be reduced. Further, when a
densely provided mask region and a loosely provided mask region are present, that is,
when loose and dense regions are present in the pattern of the mask, it is possible to
reduce the difference in film thickness of the silicon oxide films to be formed in both
regions.

[06026] Further, in an exemplary embodiment, no bias power for drawing ions is

applied to a pedestal that supports the workpiece. According to the exemplary
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embodiment, with respect to a mask shape in an unevenness portion, the uniformity of
the film thickness of each silicon oxide film formed in a top surface and side surfaces of
the mask, and a surface of a base of the mask, may be further enhanced.

[0027] In an exemplary embodiment, the workpiece further includes an etching
target layer, an organic film formed on the etching target layer, and a silicon-containing
antireflective film formed on the organic film. The mask is a resist mask provided on
the antireflective film. The method of the exemplary embodiment further includes:
removing a silicon oxide region on a surface of the antireflective film by the plasma
generated in the processing container; etching the antireflective film by the plasma
generated in the processing container; and etching the organic film by the plasma
generated in the processing container, after executing the sequence including the first to
fourth processes. According to the exemplary embodiment, the silicon oxide film is
formed on the resist mask, the width of the opening of the resist mask is adjusted, and
then, the silicon oxide region on the antireflective film is removed. Then, the
antireflective film and the organic film are etched to form a mask for etching the etching
target layer.

[6028] In an exemplary embodiment, the plasma processing apparatus may be a
capacitively coupled plasma processing apparatus. The method of the exemplary
embodiment may further include: irradiating secondary electrons to the mask by
generating plasma in the processing container; and applying a negative DC voltage to an
upper electrode of the plasma processing apparatus, before executing the sequence
including the first to fourth processes. According to the exemplary embodiment, the
resist mask may be modified so as to suppress damage to the resist mask due to the
subsequent processes.

16029] In another exemplary embodiment, the workpiece further includes an etching
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target layer and an organic film formed on the etching target layer. The mask is
provided on the organic film. The method of the exemplary embodiment further
includes: etching an antireflective film having a resist mask thereon by the plasma
generated in the processing container, so that the mask is formed from the antireflective
film; and etching the organic film by the plasma generated in the processing container.
In the method of the exemplary embodiment, the sequence including the first to fourth
processes is executed between the etching of the antiretlective film and the etching of the
organic film. Further, the method of the exemplary embodiment further includes:
removing a silicon oxide region on a surface of the organic film by the plasma generated
in the processing container, after executing the sequence including the first to fourth
processes. In the method of the exemplary embodiment, the silicon oxide film is
formed on the mask formed from the antireflective film, the width of the opening of the
mask is adjusted, and then, the silicon oxide region on the organic film is removed.
Then, the organic film is etched to form a mask for etching the etching target layer.
{6030} In an exemplary embodiment, the plasma processing apparatus is a
capacitively coupled plasma processing apparatus. The method of the exemplary
embodiment further includes: irradiating secondary electrons to the resist mask by
generating plasma in the processing container; and applying a negative DC voltage to an
upper electrode of the plasma processing apparatus, before eiching the antireflective film.
According to the exemplary embodiment, the resist mask may be modified so as to
suppress damage to the resist mask due to the subsequent processes.

[0031] Further, in an exemplary embodiment, the method may further include:
forming a silicon oxide protective film on the workpiece, after etching the antireflective
film and before executing the sequence including the first to fourth processes.

According to the exemplary embodiment, the organic film may be protected from the
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plasma of the oxygen gas generated in the third process.

[0032] In an exemplary embodiment, the plasma processing apparatus is a
capacitively coupled plasma processing apparatus.  In the forming of the silicon oxide
protective film, plasma may be generated in the processing container and a negative DC
voltage may be applied to a silicon upper electrode of the plasma processing apparatus.
In the exemplary embodiment, silicon is released from the upper electrode. In addition,
oxygen is released from a member exposed to the plasma in the processing container.
Then, the released silicon and oxygen are bonded to form a silicon oxide protective film.
[0033] In an exemplary embodiment, in the forming of the silicon oxide protective
{ilm, plasma of a mixed gas containing a silicon halide gas and oxygen gas is generated
in the processing container. According to the eiemplafy embodiment, the silicon oxide
protective film is formed by a plasma CVD method.

[0034] In an exemplary embodiment, the plasma processing apparatus is a
capacitively coupled plasma processing apparatus. In the forming of the silicon oxide
protective film, a high frequency power for plasma generation is supplied to a silicon
oxide upper electrode of the plasma processing apparatus to generate plasma of a mixed
gas containing hydrogen gas and a noble gas. In the exemplary embodiment, the
protective film is formed by the silicon oxide released from the upper electrode.

[6035] As described above, in order to adjust the opening width of the mask, the
silicon oxide film may be formed at a low temperature without using any dedicated film
forming apparatus.

{0036} Hereinafter, various exemplary embodiments will be described in detail with
reference to the accompanying drawings. In addition, in the respective drawings, the
same or corresponding components will be given the same reference numerals.

6037} FIG. 1 is a flowchart illustrating a workpiece processing method according to
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an exemplary embodiment. Method MT1 illustrated in F1G. 1 is a method of reducing
an opening width of a resist mask of a workpiece (hereinafter, referred to as a “wafer
W) Method MT1 of the exemplary embodiment is also a method of etching an
etching target layer. Further, in method MT! of the exemplary embodiment, a series of
processes may be executed using a single plasma processing apparatus.

[0038] FIG. 2 is a view illustrating an exemplary plasma processing apparatus. FIG.
2 illustrates a schematic sectional structure of a plasma processing apparatus 10 which
may be used in various exemplary embodiments of the workpiece processing method.
As illustrated in FIG. 2, the plasma processing apparatus 10 is a capacitively coupled
plasma etching apparatus, and includes a processing container 12. The processing
container 12 has a substantially cylindrical shape. The processing container 12 is made
of, for example, aluminum, and the inner wall thereof is subjected to an anodizing
processing. The processing container 12 is grounded for safety.

j6039] A substantially cylindrical support 14 is provided on a bottom of the
pfocessing container 12.  The support 14 is made of, for example, an insulating material.
The insulating material constituting the support 14 may include oxygen, like quartz. In
the processing container 12, the support 14 extends vertically from the bottom of the
processing container 12.  Further, a pedestal PD is provided in the processing container
12.  The pedestal PD is supported by the support 14.

{0040} The pedestal PD holds the wafer W on its top surface. The pedestal PD
includes a lower electrode LE and an éiectmététié chﬁck ESC. The lower electrode LE
includes a first plate 18a and a second plate 18b. The first plate 18a and the second
plate 18b are made of a metal such as, for example, aluminum, and has a substantially
disc shape. The second plate 18b is provided on the first plate 18a, and electrically

connected to the first plate 18a.



[0041}] The electrostatic chuck ESC is provided on the second plate 18b. The
electrostatic chuck ESC has a structure in which an electrode serving as a conductive
film is disposed between a pair of insulating layers or insulating sheets. The electrode
of the electrostatic chuck ESC is electrically connected with a DC power source 22 via a
switch 23.  The electrostatic chuck ESC attracts the wafer W by electrostatic force such
as Coulomb force generated by DC voltage applied from the DC power source 22. In
this manner, the electrostatic chuck ESC can hold the wafer W.

[0042]} A focus ring FR is disposed on a periphery of the second plate 18b to
surround an edge of the wafer W and the electrostatic chuck ESC. The focus ring FR is
provided in order to enhance uniformity of the etching. The focus ring FR is made of a
material which is appropriately selected depending on a material of a film to be etched,
for example, quartz.

6043} A coolant path 24 is formed inside the second plate 18b. The coolant path
24 constitutes a temperature adjusting mechanism. A coolant is supplied from a chiller
unit, which is provided outside the processing container 12, to the coolant path 24
through a pipe 26a. The coolant supplied to the coolant path 24 returns to the chiller
 unit through a pipe 26b.  The coolant is circulated and supplied to the coolant path 24 in
this manner. The temperature of the wafer W supported by the electrostatic chuck ESC
is controlled by controlling the temperature of the coolant.

10044} Further, the plasma processing apparatus 10 includes a gas supply line 28,
The gas supply line 28 supplies a heat transfer gas such as, for example, helium (He) gas,
from a heat transfer gas supply mechanism to a gap between the top surface of the
electrostatic chuck ESC and the rear surface of the wafer W.

[0045] In addition, the plasma processing apparatus 10 includes a heater HT which is

a heating device. The heater HT is embedded in, for example, the second plate 18b.
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The heater HT is connected with a heater power source HP. A power is supplied from
the heater power source HP to the heater HP, so that the temperature of the pedestal PD
is adjusted, and the temperature of the wafer W placed on the pedestal PD is adjusted.
Further, the heater HT may be embedded in the electrostatic chuck ESC.

[0046] Further, the plasma processing apparatus 10 includes an upper electrode 30.
The upper electrode 30 is disposed above the pedestal PD to face the pedestal PD. The
lower electrode LE and the upper electrode 30 are provided substantially in parallel to
each other. A processing space S is provided between the upper electrode 30 and the
lower electrode LE to perform a plasma processing on the wafer W.

{6047} The upper electrode 30 is supported in the upper portion of the processing
container 12 through an insulating shielding member 32. The insulating shielding
member 32 is made of an insulating material that may contain oxygen, such as, for
example, quartz. The upper electrode 30 may include an electrode plate 34 and an
electrode support 36. The electrode plateé 34 faces the processing space S. The
electrode plate 34 includes a plurality of gas ejection holes 34a formed therein. In an
exemplary embodiment, the electrode plate 34 is made of silicon. Further, in another
exemplary embodiment, the electrode plate 34 may be made of silicon oxide.

[0048] The electrode support 36 detachably supports the electrode plate 34, and may
be made of a conductive material such as, for example, aluminum. The electrode
support 36 may have a water-cooling structure. A gas diffusion chamber 36a is
provided inside the electrode support 36. A plurality of gas passage holes 36b
communicating with the gas ejection holes 34a extends downwardly from the gas
diffusion chamber 36a. Further, the electrode support 36 is formed with a gas inlet 36¢
configured to guide a processing gas to the gas diffusion chamber 36a. The gas inlet

36¢ is connected with a gas supply pipe 38.

11



|6049] The gas supply pipe 38 is connected with a gas source group 40 through a
valve group 42 and a flow rate controller group 44. The gas source group 40 includes a
plurality of gas sources. The gas sources may include a source of a silicon halide gas, a
source of oxygen gas, a source of pitrogen gas, a source of a fluorocarbon gas, and a
source of a noble gas. The silicon halide gas may be SiCly gas. Further, the silicon
halide gas may be SiBry gas, SiFs gas, or SiHCly gas. Further, the fluorocarbon gas
may be any fluorocarbon gas such as CFy4 gas, C4F; gas, or C4Fg gas.  Further, the noble
gas may be any noble gas such as He gas or Ar gas.

0050} The valve group 42 includes a plurality of valves. The flow rate controller
group 44 includes a plurality of flow rate controllers such as, for example, mass flow
controllers. Each gas source of the gas source group 40 is connected to the gas supply
pipe 38 through the corresponding valve of the valve group 42 and the corresponding
flow rate controller of the flow rate controller group 44. Therefore, the plasma
processing apparatus 10 is capable of supplying gases of one or more gas sources
selected from the plurality of gas sources of the gas source group 40, into the processing
container 12 at an individually adjusted flow rate.

[0051] Further, in the plasma processing apparatus 10, a deposit shield 46 is
detachably provided along the inner wall of the processing container 12. The deposit
shield 46 is also provided on the outer periphery of the support 14. The deposit shield
46 prevents any etching byproduct (deposit) from being attached to the processing
container 12, and may be coustituted by coating ceramics such as, for example, Y,0; on
an aluminum material. The deposit shield 46 may be made of an oxygen-containing
material such as, for example, quartz, in addition to Y,0s.

[0052] At the bottom side of the processing container 12, an exhaust plate 48 is
provided between the support 14 and the inner wall of the processing container 12. The
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exhaust plate 48 may be constituted by coating ceramics such as, for example, Y,03 on
an aluminum material. The processing container 12 is formed with an exhaust port 12e
below the exhaust plate 48. The exhaust port 12e is connected with an exhaust device
50 through an exhaust pipe 52. The exhaust device 50 is provided with a vacuum pump
such as, for example, a turbo molecular pump, and may decompress the space inside the
processing container 12 to a desired degree of vacuum. Further, a wafer W carry-in/out
port 12g is formed through the side wall of the processing container 12, and the carry-
in/out port 12g is able to be opened or closed by a gate.vaive 54.

{0053] The plasma processing apparatus 10 further includes a first high frequency
power source 62 and a second high frequency power source 64. The first high
frequency power source 62 generates a first high frequency power for plasma generation,
and generates a high frequency power of 27 MHz to IQO MHz, for example, 40 MHz.
The first high frequency power source 62 is connected to the upper electrode 30 through
a matcher 66. The matcher 66 is a circuit configured to match an output impedance of
the first high frequency power source 62 and an input impedance of a load side (lower
electrode LE side). Meanwhile, the first high frequency power source 62 may be
connected to the lower electrode LE through the matcher 66.

[0054] The second high frequency power source 64 generates a second high
frequency power, that is, a high frequency bias power for drawing electrons into the
wafer W, and supplies a high frequency of 400 kHz to 13.56 MHz, for example, 3.2 MHz.
The second high frequency power source 64 is connected to the lower electrode LE
through a matcher 68. The matcher 68 is a circuit configured to match an output
impedance of the second high frequency power source 64 and the input impedance of the
load side (lower electrode LE side).

[0055] ThAe plasma processing apparatus 10 further incudes a power source 70. The
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power source 70 is connected to the upper electrode 30. The power source 70 applies a
voltage to the upper electrode 30 so as to draw positive ions, which are present in the
processing space S, into the electrode plate 34. In an example, the power source 70 is a
DC power source that generates a negative DC voltage. When such a voltage is applied
from the power source 70 to the upper electrode 30, the positive ions present in the
processing space S collides with the electrode plate 34. Thus, secondary electrons
and/or silicon are released from the electrode plate 34.

10056} Further, in an exemplary embodiment, the plasma processing apparatus 10
may further include a controller Cnt. The controller Cnt is a computer provided with,
for example, a processor, a storage unit, an input device, and a display device, and
controls each component of the plasma processing apparatus 10. Specifically, the
controller Cnt is connected to the valve group 42, the flow rate controller group 44, the
exhaust device 50, the first high frequency power source 62, the matcher 66, the second
high frequency power source 64, the matcher 68, the power source 70, the heater power
source HP, and the chiller unit.

[0057] The controller Cnt is operated according to a program based on an input
recipe, and transmits a control signal. According to the control signal from the
controller Cnt, selection of the gas supplied from the gas source group and a flow rate
thereof, exhaust of the exhaust device 50, power supply from the first high frequency
power source 62 and the second high frequency power source 64, voltage application
from the power source 70, power supply of the heater power source HP, a flow rate of the
coolant from the chiller unit, and a temperature of the coolant may be controlled.
Further, each step in the workpiece processing method disclosed herein may be executed
by operating each unit of the plasma processing apparatus 10 according to the control by

the controller Cnt.
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[6058] Referring back to FIG. 1, methoé MT1 will be described in detail.
Hereinafter, descriptions will be made on an example in which the plasma processing
apparatus 10 is used to perform method MTI1. TFurther, the following descriptions will
be made in reference to FIGS. 3A to 3C, FIGS. 4A to 4C, and FIGS. 5A and 5B. FIGS.
3A to 3C and FIGS. 4A to 4C are sectional views each illustrating a workpiece state after
each step in the method iliustrated in FIG. 1 is executed. FIGS. 5A and 5B are views
for describing a principle of formation of a silicon oxide film.

100591 In method MT1 illustrated in FIG. 1, a water W is first prepared in step ST1.
The wafer W provided in step ST1 includes a substrate SB, an etching target layer EL, an
organic film OL, an antireflective film AL, and a mask MK, as illustrated in F1G. 3A.
The etching target layer EL is formed on the substrate SB. The etching target layer EL
is a layer made of a material which is selectively etched against the organic film OL.
An insulating film is used therefor. The etching target layer EL may be made of, for
example, silicon oxide (SiO;). The etching target layer EL may be made of other
materials such as, for example, polycrystalline silicon. The organic film OL is a
carbon-containing layer such as, for example, a spin-on hardmask (SOH) layer. The
antireflective film AL is a silicon-containing antireflective film, and is formed on the
organic film OL.

10060 The mask MK1 is provided on the antireflective film AL. The mask MK is
a resist mask made of a resist material and is fabricated by patterning a resist layer by the
photolithography technique. The mask MK partially covers the antireflective film AL.
Further, the mask MK1 defines an opening OP1 where the antireflective film AL is
partially exposed. The pattern of the mask MKT1 is, for example, a line-and-space
pattern. Further, the mask MK1 may have a pattern that provides a circular opening

when viewed from the top. Alternatively, the mask MK1 may have a pattern that
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provides an elliptical opening when viewed from the top.

[0061] In step ST1, a wafer W illustrated in FIG. 3A is prepared. The wafer W is
accommodated in the processing container and placed on the pedestal PD.

[6662] In method MTI of an exemplary embodiment, step ST2 is then executed. In
step ST2, secondary electrons are irradiated to the wafer W. Specifically, hydrogen gas
and a noble gas are supplied into the processing container 12, and a high frequency
power is supplied thereto from the first high frequency power source 62 to generate
plasma. Further, a negative DC voltage is applied to the upper electrode 30 by the
power source 70. Therefore, positive ions in the processing space S are drawn into the
upper electrode 70, and the positive ions collide with the upper electrode 30, so that
secondary electrons are released from the Lt;;ﬁer 'e§ectr0de 30. The released secondary
electrons are irradiated to the wafer W, so that the mask MK 1 is modified. When a high
level of the absolute value of the negative DC voltage is applied to the upper electrode 30,
the positive ions collide with the electrode plate 34, so that the silicon, which is a
constituent material of the electrode plate 34, is released along with the secondary
electrons. The released silicon is bonded to oxygen released from the components of
the plasma processing apparatus 10 which are exposed to the plasma. The oxygen is
released from a member such as, for example, the support 14, the insulating shielding
member 32, and the deposition shield 46. A silicon oxide compound is produced by the
bonding of the silicon and the oxygen, and the silicon oxide compound is deposited on
the wafer W to cover the mask MK, thereby protecting the mask MK1. By the effects
of the modification and protection, the mask MK1 is suppressed from being damaged by
subsequent steps. Further, in step ST2, for the modification by the irradiation with the
secondary electrons or the formation of the protective film, the bias power of the

secondary high frequency power source 64 may be minimized to suppress the release of
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the silicon.

[0063] Subsequently, in method MT1, a sequence SQ is executed once or more.
The sequence SQ includes step ST3, step ST4, step ST5, and step ST6. In step ST3,
plasma of a first gas containing a silicon halide gas is produced in the processing
container 12. Specifically, the silicon halide gas and a noble gas are supplied into the
processing container 12 from the gas sources selected among the plurality of gas sources
of the gas source group 40. In addition, the high frequency power is supplied from the
first high frequency power source 62. Further, the pressure of the space in the
processing container 12 is set to a predetermined pressure by operating the exhaust
device 50. Thus, the plasma of the first gas is generated. The first gas includes, for
example, SiCly gas as the silicon halide gas. Further, the first gas may further include a
noble gas such as, for example, Ar gas or He gas. Alternatively, the first gas may
include SiBry gas, SiFy4 gas, or SiH,Cl, gas as the silicon halide gas.

[0064] As illustrated in FIG. 5A, when the plasma P of the first gas is generated, a
reactive precursor such as, for example, dissociated species of the silicon halide
contained in the first gas are produced. The produced precursor is attached to the wafer
W. FIG. 5A illustrates an example in which SiCls gas is used as the silicon halide gas.
In F1G. 5A, the bonding of Si and Cl in the plasma P1 represents a precursor.

[6065] In the subsequent step ST4, the space in the processing container 12 is purged.
Specifically, the first gas supplied in step ST3 is exhausted. In step ST4, an inert gas
such as, for example, nitrogen gas m;ay b'eqs'uppiied. as a purge gas to the processing
container of the plasma processing apparatus. That is, the purge in step ST4 may be
either a gas purge in which the inert gas is poured into the processing container or a
purge by evacuation. In step ST4, the precursor excessively attached on the wafer W is

removed. Therefore, the precursor forms a very thin film on the wafer W.
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[0066] In the subsequent step ST5, plasma of a second gas containing oxygen gas is
produced in the processing container 12. Specifically, the second gas containing the
oxygen gas is supplied into the processing container 12 from a gas source selected among
the plurality of gas sources of the gas source gfoup 46. In addition, the high frequency
power is supplied from the first high frequency power source 62. Further, the pressure
of the space in the processing container 12 is set to a predetermined pressure by operating
the exhaust device 50.

{0067] As described above, the precursor attached to the wafer W by executing step
ST3 contains a bond of silicon and halogen atoms such as, for example, chlorine. The
bond energy of silicon and halogen atoms is lower than that of silicon and oxygen.
Accordingly, as illustrated in FIG. 5B, the plasma P2 of the second gas is produced, and
when active species of the oxygen, for example, oxygen radicals are produced, the
halogen atoms of the precursor are substituted by the oxygen. Therefore, a silicon oxide
film is formed on the wafer W. In FIG. 5B, “O” represents oxygen.

0068} Referring back to FIG. 1, in subsequent step ST5, the space in the processing
container 12 is purged. Specifically, the second gas supplied in step ST5 is exhausted.
In step ST6, an inert gas such as, for example, nitrogen gas may be supplied as a purge
gas to the processing container of the plasma processing apparatus. That is, the purge in
step ST6 may be either a gas purge in which the inert gas is poured into the processing
container or a purge by evacuation.

[6069] In step ST3 of the sequence SQ, the silicon halide gas is used as a gas for the
precursor gas. The silicon halide gas such as, for example, SiCly gas, SiBry gas, SiFy
gas, or SiH»Cl, gas, lies in a vaporized state at normal temperature. Therefore, in step
ST3, the silicon-containing precursor may be deposited on the wafer W at a low

temperature without using a dedicated film forming apparatus including a vaporizer.
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[0070] Further, in the sequence SQ, a purge is performed in step ST4, and the
halogen atoms in the precursor are substituted by oxygen in subsequent step STS.
Accordingly, as in the ALD method, a thin silicon oxide film may be formed on the
surface of the wafer W with a uniform film thickness by executing the sequence SQ once.
That is, a thin silicon oxide film may be conformally formed by executing the sequence
once. Therefore, method MT1 inciuding the sequence SQ is excellent in controllability
of adjusting the width of the opening formed by the mask MK1. Further, since the
mask MK is covered by the silicon oxide film, a line edge roughness (LER) of the mask
formed by the mask MK1 and the silicon oxide film may also be enhanced.

[0071] In method MT1, it is determined whether the execution of the sequence SQ is
terminated in the subsequent step ST7. Specifically, in step ST7, it is determined
whether the number of times of executing the sequence SQ reaches a predetermined
number. The number of times of executing the sequence SQ determines the film
thickness of the silicon oxide film formed on the wafer W. That is, the final film
thickness of the silicon oxide film formed on the wafer W is substantially determined by
the product of the film thickness of the silicon oxide film formed by one-time execution
of the sequence SQ and the number of times of executing the sequence SQ. Therefore,
the number of times of executing the sequence SQ is set depending on a desired film
thickness of the silicon oxide film formed on the wafer W.

{0072] In method MTI1, when it is determined in step ST7 that the number of times
of executing the sequence SQ does not reach the predetermined number of execution, the
sequence SQ is executed repeatedly.  On the contrary, when it is determined in step ST7
that the number of times of executing the sequence SQ reaches a predetermined number
of times, the execution of sequence SQ is terminated. Therefore, as illustrated in FIG.

3B, a silicon oxide film SX is formed on the surface of the wafer W. The silicon oxide
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film SX includes regions R1, regions R2, and regions R3. Each region R3 is a region
on a side surface of the mask MK that extends along the side surface. Each region R3
extends from the surface of the antireflective film AL to the bottom of the region R1I.
Each region R1 extends above the top surface of the mask MK1 and above the region R3.
Further, each region R2 extends between the adjacent regions R3 and on the surface of
the antireflective film AL. As described above, since the sequence SQ forms a silicon
oxide film in the same manner as in the ALD method, the film thicknesses of the region
R1, the region R2, and the region R3 are substantially the same as each other. Further,
according to method MTI, a dense silicon oxide film SX, for example, a film having a
film density of 2.28 g/cm’ may be obtained.

16673] In an exemplary embodiment, the pressure in the processing container 12 is
set to a pressure of 13.33 Pa (100 mTorr) or more during the execution of step ST3.
Further, the high frequency power of the first high frequency power source 62 is set to a
power of 100 W or less during the execution of step ST3. When plasma is generated
under such a high-pressure and low-power condition, excessive dissociation of the silicon
halide gas may ;be suppressed. That is, active species of the halogen atoms may be
suppressed from being excessively generated. Alternatively, the second high frequency
power source 64 may be used as a measure for producing the same plasma state in which
the excessive dissociation is suppressed. Therefore, it is possible to suppress damage to
the mask and/or damage to the silicon oxide film which has already been formed.
Further, a difference in film thickness among the region R1, the region R2 and the region
R3 may be reduced. Further, when a region where the mask MK1 is densely provided
and a region where the mask MKI1 is loosely provided are present, that is, when a
roughness is present in the pattern of the mask, it is possible to reduce the difference in

film thickness between the silicon oxide films to be formed in both regions.
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{0074} Further, in an exemplary embodiment, during the execution of step ST3, the
high frequency bias power is substantially not supplied from the second high frequency
power source 64. This is caused by an anisotropic component occurring when the bias
power is applied. Thus, the precursor may be isotropically attached to the wafer W by
minimizing the bias power. As a result, the uniformity of the film thickness of each
silicon oxide film formed in a top surface and side surfaces of the mask MK1, and a
surface of a base thereof, may be further. enhanced. In addition, when plasma is
generated using the second high frequency power source 64, it is necessary to select a
condition to minimize ion energy in order to isotropically attach the precursor. Further,
the execution of ST5 requires an isotropic reaction, which is similar to step ST3
described above, for substituting the precursor attached in step ST3 with the silicon oxide
film. Hence, even in step ST5, the high frequency bias power from the second high
frequency power source 64 is substantially not supplied to the lower electrode LE.

[0075] When the execution of the above-described sequence SQ is terminated, step
ST8 of method MT1 is executed. In step ST8, the silicon oxide film SX is etched so as
to remove the region R1 and the region R2. In order to remove the region Rl and the
region R2, an anisotropic etching condition is required. Therefore, in step ST, a
processing gas including a fluorocarbon gas is supplied into the processing container 12
from a gas source selected among the plurality of gas sources of the gas source group 40.
Further, a high frequency power is supplied from the first high frequency power source
62 to generate plasma. Further, a high frequency power is supplied from the second
high frequency power source 64. In addition, the pressure of the space in the processing
container 12 is set to a predetermined pressure by operating the exhaust device 50.
Accordingly, plasma of the fluorocarbon gas is generated. Fluorine-containing active
species in the generated plasma are drawn vertically by the high frequency bias power, so
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that the region R1 and the region R2 are preferentially etched. As a result, as illustrated
in F1G. 3C, the region R1 and the region R2 are removed, and a mask MS is formed from
the remaining region R3. The mask MS forms a mask MK2 together with the mask
MK1 so as to reduce a width of an opening OP1 of the mask MK1. By the mask MK2,
an opening OP2 having a width smaller than that of the opening OP1 is provided.

10076} In the subsequent step ST9, the antireflective film AL is etched.
Specifically, a processing gas including a fluorocarbon gas is supplied into the processing
container 12 from a gas source selected among the plurality of gas sources of the gas
source group 40. Further, a high frequency power is supplied from the first high
frequency power source 62. Further, a high frequency power is supplied from the
second high frequency power source 64. In addition, the pressure of the space in the
processing container 12 is set to a predetermined pressure by operating the exhaust
device’ 50.  Accordingly, plasma of the fluorocarbon gas is generated. Fluorine-
containing active species in the generated plasma etch a region exposed from the mask
MK2 among the entire regions of the antireflective film AL. Accordingly, as illustrated
in FIG. 4A, a mask ALM is formed from the antireflective film AL. Thereafter, the
mask MK2 may be removed.

[6677] In the subsequent step ST10, the organic film OL is etched. Specifically, a
processing gas including oxygen gas is supplied into the processing container 12 from a
gas source selected among the plurality of gas sources of the gas source group 40.
Further, a high frequency power is supplied from the first high frequency power source
62. Further, a high frequency power is supplied from the second high frequency power
source 64. In addition, the pressure of the space in the processing container 12 is set to
a predetermined pressure by operating the exhaust device 50. Accordingly, plasma of
the processing gas including oxygen gas is generated. Active species of the oxygen in
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the generated plasma etch a region exposed frlom the mask ALM among the entire
regions of the antireflective film AL. Accordingly, as illustrated in FIG. 4B, a mask
OLM is formed from the organic film OL. A width of an opening OP3 provided by the
mask OLM is substantially the same as the width of the opening OP2 (see FIG. 3C).
Alternatively, a processing gas including nitrogen gas and hydrogen gas may be used as a
gas for etching the organic film OL.

16078} In the subsequent step ST11, the etching target layer EL is etched.
Specifically, a processing gas is supplied into the processing container 12 from a gas
source selected among the plurality of gas sources of the gas source group 40. The
processing gas may be appropriately selected depending on a material constituting the
etching target layer EL. For example, when the etching target layer EL is made of
silicon oxide, the processing gas may include a fluorocarbon gas. Further, a high
frequency power is supplied from the first high frequency power source 62. Further, a
high frequency power is supplied from the second high frequency power source 64. In
addition, the pressure of the space in the processing container 12 is set to a predetermined
pressure by operating the exhaust device 50. Accordingly, plasma is generated.
Active species in the generated plasma etch a region exposed from the mask OLM
among the entire regions of the etching target layer EL. Accordingly, as illustrated in
FIG. 4C, a pattern of the mask OLM is transferred to the etching target layer EL.
According to method MT1, step ST2 to step ST11, that is, the entire steps from the
fabrication of the mask based on the resist mask to the etching of the etching target layer
may be executed using a single plasma processing apparatus 10.

[0079] Hereinafter, descriptions will be made on a workpiece processing method
according to another exemplary embodiment. FIG. 6 is a flowchart illustrating a
workpiece processing method according to another exemplary embodiment. In the
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following, descriptions will be made on an example in which the plasma processing
apparatus 10 is used in method MT?2 illustrated in FIG. 6. FIGS. 7A to 7D and 8A to
8C are sectional views each illustrating a workpiece state after each step in the method
illustrated in F1G. 6 is executed.

[0080] In method MT2, step ST21 is first executed. Step ST21 is the same step as
step ST1 in method MT1. Accordingly, in step S121, a wafer W illustrated in FIG. 7A
is prepared. The wafer W is accommodated in the processing container 12 and placed
on the pedestal PD.

{6081} Subsequently, in method MT?2, step ST22, which is the same as step ST2 in
method MT]1, is executed. That is, secondary electrons are irradiated to the wafer W, so
that the mask MK is modified. Whe‘n a h}gh 1e§ei <;f the absolute value of the negative
DC voltage is applied to the upper electrode 30, as described above with respect to step
ST2, a silicon oxide compound may be produced by the bonding of the silicon released
from the electrode plate 34 by sputtering of the electrode plate 34 and the oxygen
released from the components of the plasma processing apparatus 10 exposed to the
plasma, and the silicon oxide compound may be deposited on the wafer W to cover the
mask MK, thereby protecting the mask MK1.

[0082] In the subsequent step ST23, the antireflective film AL 1is etched.
Specifically, a processing gas including a fluorocarbon gas is supplied into the processing
container 12 from a gas source selected among the plurality of gas sources of the gas
source group 40. Further, a high frequency power is supplied from the first high
frequency power source 62. Further, a high frequency power is supplied from the
second high frequency power source 64. In addition, the pressure of the space in the
processing container 12 is set to a predetermined pressure by operating the exhaust

device 50. Accordingly, plasma of the fluorocarbon gas is generated. Fluorine-
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containing active species in the generated plasma etch a region exposed from the mask
MK 1 among the entire regions of the antireflective film AL. Accordingly, as illustrated
in FIG. 7B, a mask ALM2 is formed from the antireflective film AL.

[0083] In the subsequent step ST24, a protective film PF is formed on the surface of
the wafer W illustrated in FIG. 7B. The protective film PF is formed in order to protect
the organic film from active species of oxygen produced when a subsequent sequence
SQ2 is executed.

[0084] In an exemplary embodiment, the electrode plate 34 of the upper electrode 30
is made of silicon. In step ST24 of the exemplary embodiment, a mixed gas including,
for example, hydrogen gas and a noble gas is supplied into the processing container 12
from a gas source selected among the plurality of gas sources of the gas source group 40.
Further, a high frequency power is supplied from the first high frequency power source
62. In addition, the pressure of the space in the processing container 12 is set to a
predetermined pressure by operating the exhaust device 50. Accordingly, plasma is
generated in the processing container 12. Further, a negative DC voltage is applied to
the upper electrode 30 from the power source 70.  Therefore, positive ions in the plasma
collide with the electrode plate 34, so that silicon is released from the electrode plate 34,
Further, oxygen is released from the components of the plasma processing apparatus 10
which are exposed to the plasma. The oxygen thus released and the silicon released
form the electrode plate 34 are bonded {o produce a silicon oxide compound, and the
silicon oxide compound is deposited on the wafer W to form: the protective film PF as
illustrated in FI1G. 7C.

[0085] In step ST24 of another exemplary embodiment, a mixed gas including a
silicon halide gas and oxygen gas is supplied into the processing container 12 from a gas

source selected among the plurality of gas sources of the gas source group 40. Further,
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a high frequency power is supplied from the first high frequency power source 62. In
addition, the pressure of the space in the processing container 12 is set to a predetermined
pressure by operating the exhaust device 50. Accordingly, silicon oxide is produced,
and the silicon oxide is deposited on the wafer W to form the protective film PF as
illustrated in FIG. 7C.

6086} In still another exemplary embodiment, the electrode plate 34 of the upper
electrode 30 is made of silicon oxide. In step ST24 of the exemplary embodiment, a
mixed gas including, for example, hydrogen gas and a noble gas is supplied into the
processing container 12 from a gas source selected among the plurality of gas sources of
the gas source group 40. Further, a high frequency power is supplied to the upper
electrode 30 from the first high frequency power source 62. 1In addition, the pressure of
the space in the processing container 12 is set to a predetermined pressure by operating
the exhaust device 50. Accordingly, plasma is generated in the processing container 12,
Further, charged particles in the plasma collide with the electrode plate 34 by a sheath
voltage generated near the upper electrode 30. Accordingly, silicon oxide is released
from the electrode plate 34, and the silicon oxide is deposited on the wafer W to form the
protective film PF as illustrated in FIG. 7C. Further, in step ST24, since the silicon
oxide is deposited to form a protective film, it is necessary to minimize the bias power of
the second high frequency power source 64.

{0087} Subsequently, in method MT2, the sequence SQ2 including step ST25, step
ST26, step ST27, and step ST28 is executed a predetermined number of times. The
sequence SQ2 is the same as the sequence SQ. Therefore, step ST25, step ST26, step
ST27, and step ST28 are the same as step ST3, step ST4, step ST5, and step ST,
respectively.

[0088] When the sequence SQ2 is executed a predetermined number of times, a
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silicon oxide film SX2 is formed on the wafer W, as illustrated in FIG. 7D. The silicon
oxide film SX2 includes regions R1, regions R2, and regions R3. [Each region R3 is a
region on a side surface of the mask MK1 and the mask ALM2 that extends along the
side surface. Each region R3 extends from the surface of the protective film PF formed
on the organic film OL, to the bottom of the region R1. Each region Rl extends above
the top surface of the mask MK1 and above the region R3. Further, each region R2
extends between the adjacent regions R3 and on the surface of the organic film OL (i.e.,
on the protective film PF on the organic film OL). Since the sequence SQ2 forms a
silicon oxide film in the same manner as in the ALD method, the film thicknesses of the
region R1, the region R2, and the region R3 are substantially the same as each other.

[0089] Step 29 is the same as step ST7 in method MT1. In step ST29, when it is
determined that the number of times of executing the sequence SQ2 reaches the
predetermined number of execution, step ST30 is subsequently executed. In step ST30,
the silicon oxide SX2 is etched so as to remove the region Rl and the region R2.
Specifically, a processing gas including a fluorocarbon gas is supplied into the processing
container 12 from a gas source selected among the plurality of gas sources of the gas
source group 40. TFurther, a high frequency power is supplied from the first high
frequency power source 02 to generate plasma. Further, a high frequency power is
supplied from the second high frequency power source 64. In addition, the pressure of
the space in the processing container 12 is set to a predetermined pressure by operating
the exhaust device 50. Accordingly, plasma of the fluorocarbon gas is generated.
Fluorine-containing active species in the generated plasma are drawn vertically by the
high frequency bias power, so that the region R1 and the region R2 are preferentially
etched. As a result, as illustrated in FIG. 8A, the region R1 and the region R2 are

removed, and a mask MS2 is formed from the remaining region R3. The mask MS2
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forms a mask MK22 together with the mask ALM2 so as to reduce the width of the
opening OP1 of the mask MK1. By the mask MK22, an opening OP2 having a width
smaller than that of the opening OP1 is provided.

16090] In the subsequent step ST31, the organic film OL is etched. Specifically, a
processing gas including oxygen gas is supplied into the processing container 12 from a
gas source selected among the plurality of gas sources of the gas source group 40.
Further, a high frequency power is supplied from the first high frequency power source
62. Further, a high frequency power is supplied from the second high frequency power
source 64. In addition, the pressure of the space in the processing container 12 is set to
a predetermined pressure by operating the exhaust device 50. Accordingly, plasma of
the processing gas including oxygen gas is generated. Active species of the oxygen in
the generated plasma etch a region exposed from the mask MK22 among the entire
regions of the organic film OL. Accordingly, as illustrated in F1G. 8B, a mask OLM is
formed from the organic film OL. A width of an opening OP3 provided by the mask
OLM is substantially the same as the width of the opening OP2 (see FIG. 8A).

[0091] In the subsequent step ST32, the etching target layer EL is etched.
Specifically, a processing gas is supplied into the processing container 12 from a gas
source selected among the plurality of gas sources of the gas source group 40. The
processing gas may be appropriately selected depending on a material constituting the
etching target layer EL. For example, when the etching target layer EL is made of
silicon oxide, the processing gas may include a fluorocarbon gas. Further, a high
frequency power is supplied from the first high frequency power source 62. Further, a
high frequency power is supplied from the second high frequency power source 64. In
addition, the pressure of the space in the processing container 12 is set to a predetermined

pressure by operating the exhaust device 50. Accordingly, plasma is generated.
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Active species in the generated plasma etch a region exposed from the mask OLM
among the entire regions of the etching target layer EL. Accordingly, as illustrated in
F1G. 8C, a pattern of the mask OLM is transferred to the etching target layer EL.

[6092] According to method MT2, the silicon-containing precursor may be deposited
on the wafer W at a low temperature without using a dedicated film forming apparatus
including a vaporizer. Further, since the silicon oxide film is formed by the sequence
SQ2 which is the same as the ALD method, method MT2 is excellent in controllability of
adjusting the width of the opening formed by the mask MKI1. Further, according to
method MT2, since the mask ALM2 is covered by the silicon oxide film, a line edge
roughness (LER) of the mask formed by the mask ALM2 and the silicon oxide film may
also be enhanced. In addition, according to method MT2, step ST22 to step ST32, that
is, the entire steps from the fabrication of the mask based on the resist mask to the
etching of the etching target layer may be executed using a single plasma processing
apparatus 10.

[0093] Although various exemplary embodiments have been described, various
modifications may be made without being limited thereto. For example, in the
exemplary embodiments described above, the capacitively coupled plasma processing
apparatus 10 are used. However, in a method in which a process of releasing silicon or
silicon oxide rom the upper electrode is omitted from both of method MT1 and method
MT?2, the method may be performed using a plasma processing apparatus having an
arbitrary plasma source. Such a plasma processing apparatus may include, for example,
an inductively coupled plasma processing apparatus, and a plasma processing apparatus
using surface waves such as microwaves.

[0094] Hereinafter, descriptions will be made on various tests which were performed

for evaluations of method MT1 and method MT2.
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(Test Examples 1 to 3)
[0095] [n Test Examples 1 to 3, with respect to the wafer illustrated in FIG. 3A, step
ST2 and the sequence SQ were executed using the plasma processing apparatus 10.
Further, in Test Examples 1 to 3, the pressure in the processing container 12 and the high
frequency power of the first high frequency power source 62 during the execution of step
ST3 were changed as parameters. Specifically, in Test Example 1, the pressure in the
processing container 12 and the high frequency power of the first high frequency power
source 62 in step ST3 were set to 200 mTorr (26.66 Pa) and 500 W, respectively. In
Test Example 2, the pressure in the processing container 12 and the high frequency
power of the first high frequency power source 62 in st'ep ST3 were set to 200 mTorr
(26.66 Pa) and 500 W, respectively. In Test Example 3, the pressure in the processing
container 12 and the high frequency power of the first high frequency power source 62 in
step ST3 were set to 200 mTorr (26.66 Pa) and 100 W, respectively. Other conditions
of step ST2 and the sequence SQ executed in Test Examples 1 to 3 were listed as follows.
In addition, the number of times of executing the sequence SQ was 72.
[6096] <Conditions of Step ST2>

* Pressure in processing container: 50 mTorr (6.66 Pa)

s Flow rate of hydrogen gas: 100 scem

» Flow rate of Ar gas: 800 sccm

« High frequency power of first bigh frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 300 W

» High frequency bias power of second high frequency power source 64: 13
MHz, 0 W

« Applied voltage of power source 70: -1,000 V

¢ Processing time: 60 seconds
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<Conditions of Step ST3>

* Pressure in processing container: 200 mTorr (26.66 Pa)

* Flow rate of SiCly gas: 20 scem

* Flow rate of Ar gas: 200 sccm

* High frequency power of first high frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 100 W

 High frequency bias power of second high frequency power source 64: 13
MHz, 0 W

* Processing time: 5 seconds

<Conditions of Step ST5>

* Pressure in processing container: 200 mTorr (26.66 Pa)

* Flow rate ofoxygen gas: 200 scem

* Flow rate of Ar gas: 200 sccm

* High frequency power of first high frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 500 W

 High frequency bias power of second high frequency power source 64: 13
MHz, 0 W

* Processing time: 5 seconds
[6097] Then, the film thickness of the silicon oxide film formed on the top surface of
the mask MK1 (a film thickness T1 of the region R1 illustrated in FIG. 3B) and the film
thickness of the silicon oxide formed on the side surface of the mask MK} (a film
thickness W3 of the region R3 illustrated in FIG. 3B) were measured in both of a region
where a line pattern of the mask MK is loosely provided (hereinafter, referred to as a
“loose region”) and a region where the line pattern is densely provided (hereinafter,
referred to as a “dense region™). And, a film thickness ratio, that is, a ratio of the film
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thickness of the region R1 in the loose region to the film thickness of the region R1 in the
dense region, and a film thickness ratio, that is, a ratio of the film thickness of the region
R3 in the loose region to the film thickness of the region R3 in the dense region were
calculated. The results are illustrated in FIG. 9. Further, in FIG. 9, the legend “R1”
represents the film thickness ratio calculated from the film thickness of the region R1,
and the legend “R3” represents the film thickness ratio calculated from the film thickness
of the region R3.

[0098] As illustrated in FIG. 9, as the high frequency power of the first high
frequency power source 62 was reduced, the film thickness ratio was closer to 1. That
is, the difference in film thickness between the silicon oxide films formed in the dense
region and the loose region was 1‘edu§ed. | £:\/i0re spéoiﬁcaliy, when the high frequency
power of the first high frequency power was 500 W rather than 100 W, the film thickness
ratio was closer to 1. Therefore, it has been confirmed that, when the high frequency
power of the first high frequency power source 62 is 100 W or less, the difference in {ilm
thickness between the silicon oxide film formed in the dense region and the silicon oxide
film formed in the loose region may be reduced. Further, as illustrated in FI1G. 9, it has
been confirmed that, when step ST3 is executed under a condition that the pressure in the
processing container 12 is high, that is, under a high-pressure condition, the difference
between the film thickness ratio of the region R1 and the film thickness ratio of the
region R3 is reduced. That is, it has been confirmed that, when step ST3 is executed
under the high-pressure condition, the difference between the film thickness T1 of the
region R1 and the film thickness W3 of the region R3 is reduced.

(Test Example 4)
[0099] In Test Example 4, as illustrated in FIG. 10, wafers W of Samples 1 to 4

having a mask MK were prepared. The mask MK1 is provided with a plurality of
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elliptical openings OP which are two-dimensionally arranged. A minor axis width CD1
and a major axis width CD2 of each sample were set to be different from CD1 and CD2
of other samples. And, with respect to Samples 1 to 4, step ST2 and the sequence SQ
were executed using the plasma processing apparatus 10. Further, in Test Example 4,
the number of times of executing the sequence SQ was changed as a parameter.
Conditions of step ST2 and the sequence SQ executed in Test Example 4 are listed as
follows.
[0100] <Conditions of Step ST2>

= Pressure in processing container: 50 mTorr (6.66 Pa)

« Flow rate of hydrogen gas: 100 scem

« Flow rate of Ar gas: 800 scem

» High frequency power of first high frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 300 W

« High frequency bias power of second high frequency power source 64: 13
MHz, 0 W

 Applied voltage of power source 70: -1,000 V

« Processing time: 60 seconds

<Conditions of Step ST3>

» Pressure in processing container: 200 mTorr (26.66 Pa)

* Flow rate of SiCly gas: 20 scem

« Flow rate of Ar gas: 200 scem

« High frequency power of first high frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 100 W

 High frequency bias power of second high frequency power source 64: 13
MHz, 0 W
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* Processing time: 5 seconds

<Conditions of Step ST5>

* Pressure in processing container: 200 mTorr (26.66 Pa)

» Flow rate of oxygen gas: 200 sccm

* Flow rate of Ar gas: 200 sccm

* High frequency power of first high frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 500 W

* High frequency bias power of second high frequency power source 64: 13
MHz, 0 W

» Processing time: 5 seconds
[0161] Then, with respect to Samples | to 4, a relationship between the number of
times of executing the sequence SQ and a change amount of the minor axis width CD1 of
the opening OP or a change amount of the major axis width CD2 of the opening OP was
obtained, respectively. The results are illustrated in FIG. 11. In FIG. 11, the
horizontal axis represents the number of times of executing of the sequence SQ, and the
vertical axis represents the change amounts of CD1 and CD2. As illustrated in FIG. 11,
as a result of Test Sample 4, the change amount of the minor axis width CD1 and the
change amount of the major axis width CD2 of the opening OP were equally increased
depending on the number of times of executing the sequence SQ. In this regard, it has
been confirmed that the width of the elliptical opening may be uniformly reduced in any
direction, depending on the number of times of executing the sequence SQ.

(Test Examples 5 and 6 and Comparative Test Examples | and 2)
[0102] In Test Example 5, with respect to the wafer W illustrated in FIG. 3A, steps
ST3 to ST10 were executed using the plasma processing apparatus 10.  The number of

times of executing the sequence SQ in Test Example 5 was 72. Further, in Test
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Example 6, with respect to the wafer W illustrated in FIG. 3A, steps ST2 to ST10 were
executed using the plasma processing apparatus 10. The number of times of executing
the sequence SQ in Test Example 6 was 72. Further, in Comparative Test Example 1,
with respect to the wafer W illustrated in FIG. 3A, an etching step of the antireflective
film AL and an etching step of the organic film OL were sequentially performed using
the plasma processing apparatus 10. 1n Comparative Test Example 2, with respect to
the wafer W illustrated in FIG. 3A, a modifying step of the mask MK1 by irradiation
with secondary electrons, an etching stép of the antireflective film AL, and an etching
step of the organic film OL were sequentially performed. Further, in Comparative Test
Examples | and 2, conditions of respective steps were set such that the width of the
opening of the mask finally fabricated from the organic film OL is equal to the width of
the opening of the mask fabricated from the organic film OL in Test Examples 5 and 6.
Conditions of step ST2 and the sequence SQ executed in Test Examples 5 and 6 are
listed as follows.
[0103] <Conditions of Step ST2>

* Pressure in processing container: 50 mTorr (6.66 Pa)

* Flow rate of hydrogen gas: 100 sccm

* Flow rate of Ar gas: 800 sccm

« High frequency power of first high frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 300 W

» High frequency bias power of second high frequency power source 64: 13
MHz, 0 W

* Applied voltage of power source 70: -1,000 V

* Processing time: 60 seconds

<Conditions of Step ST3>
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e Pressure in processing container: 200 mTorr (26.66 Pa)

« Flow rate of SiCly gas: 20 sccm

» Flow rate of Ar gas: 200 sccm

» High frequency power of first high frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 100 W

- High frequency bias power of second high frequency power source 64: 13
MHz, 0 W

» Processing time: 5 seconds

<Conditions of Step ST5>

¢ Pressure in processing container: 200 mTorr (26.66 Pa)

» Flow rate of oxygen gas: 200 scem

 Flow rate of Ar gas: 200 scem

« High frequency power of first high frequency power source 62 (supplied to
upper electrode 30): 60 MHz, 500 W

« High frequency bias power of second high frequency power source 64: 13
MHz, 0 W

* Processing time: 5 seconds
[0104] Then, after the execution of Test Example 5, Test Example 6, Comparative
Example [, and Comparative Example 2, a sum of a line edge roughness (LER), a line
width roughness (LWR), and a sidewall roughness (SWR) of the mask formed from the
organic film OL was obtained. As a result, in Test Example 5, Test Example 6,
Comparative Example 1, and Comparative Example 2, the sum of the LER, the LWR,
and the SWR was 7.0 nm, 6.7 nm, 8.5 nm and 7.5 nm, respectively. Therefore, it has
been confirmed that the LER of the mask may be enhanced, that is, the LER may be

reduced by the method including the sequence SQ.
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[0105] From the foregoing, it will be appreciated that various exemplary
embodiments of the present disclosure have been described herein for purposes of
illustration, and that various modifications may be made without departing from the
scope and spirit of the present disclosure.  Accordingly, the various exemplary
embodiments disclosed herein are not intended to be limiting, with the true scope and

spirit being indicated by the following claims.
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WHAT IS CLAIMED IS:

1. A workpiece processing method including:

a first process of generating plasma of a first gas containing a silicon halide gas
in a processing container of a plasma processing apparatus that accommodates a
workpiece having a mask, to form a reactive precursor;

a second process of purging a space in the processing container;

a third process of generating plasma of a second gas containing oxygen gas in
the processing container to form a silicon oxide film; and

a fourth process of purging the space in the processing container,

wherein a sequence including the first process to the fourth process is repeated.

2. The workpiece processing method of claim 1, wherein, in the first process, the
processing container is set to a high-pressure and low-power condition that a pressure
therein is 13.33 Pa or more and a power of a high-frequency power source for plasma

generation is 100 W or less.

3. The workpiece processing method of claim 1 or 2, wherein, in the first process,

no bias power for drawing ions is applied to a pedestal that supports the workpiece.

4. The workpiece processing method of any one of the preceding claims, wherein

the silicon halide gas is SiCly gas.

5. The workpiece processing method of any one of the preceding claims, wherein

the workpiece further includes an etching target layer, an organic film formed on the
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etching target layer, and a silicon-containing antireflective film formed on the organic
film,

the mask is a resist mask provided on the antireflective {ilm, and

after executing the sequence including the first process to the fourth process, the
method further comprises:

removing a silicon oxide region on a surface of the antireflective film by the
plasma generated in the processing container;

etching the antireflective film by the plasma generated in the processing
container; and

etching the organic {ilm by the plasma generated in the processing container.

6. The workpiece processing method of claim 5, wherein the plasma processing
apparatus is a capacitively coupled plasma processing apparatus, and

before executing the sequence including the first process to the fourth process,
the method further comprises:

irradiating secondary electrons to the mask by generating plasma in the
processing countainer and applying a negative DC voltage to an upper electrode of the

plasma processing apparatus,

7. The workpiece processing method of any one of claims 1 to 4, wherein the
workpiece further includes an etching target layer and an organic [ilm formed on the
etching target layer,

the mask is provided on the organic film,

the method further comprises:

etching an antireflective film having a resist mask thereon by the plasma
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generated in the processing container, so that the mask is formed from the antireflective
film; and

etching the organic film by the plasma generated in the processing container,

the sequence including the first process to the fourth process is executed
between the etching of the antireflective film and the etching of the organic film, and

after executing the sequence inciuding the first process to the fourth process, the
method further comprises:

removing a silicon oxide region on a surface of the organic film by the plasma

generated in the processing container.

8. The workpiece processing method of claim 7, wherein the plasma processing
apparatus is a capacitively coupled plasma processing apparatus, and

before etching the antireflective film, the method further comprises:

irradiating secondary electrons to the resist mask by generating plasma in the
processing container and applying a n.egatlivﬂeA DC Véltage to an upper electrode of the

plasma processing apparatus.

9. The workpiece processing method of claim 7, further comprising:
forming a silicon oxide protective film on the workpiece after etching the
antireflective film and before executing the sequence including the first process o the

fourth process.

10. The workpiece processing method of claim 9, wherein the plasma processing
apparatus is a capacitively coupled plasma processing apparatus, and
in the forming of the silicon oxide protective film, plasma is generated in the
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processing container and a negative DC voltage is applied to a silicon upper electrode of

the plasma processing apparatus.

11. The workpiece processing method of claim 9 or 10, wherein, in the forming of
the silicon oxide protective film, plasma of a mixed gas containing a silicon halide gas

and oxygen gas is generated in the processing container.

12. The workpiece processing method of claim 9, wherein the plasma processing
apparatus is a capacitively coupled plasma processing apparatus, and

in the forming of the silicon oxide protective film, a high frequency power for
plasma generation is supplied to a silicon oxide upper electrode of the plasma processing

apparatus to generate plasma of a mixed gas containing hydrogen gas and a noble gas.
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