DESCRIPTION

Title of Invention: ETCHING METHOD AND PLASMA PROCESSING APPARATUS

Technical Field
[0001]
Exemplary embodiments of the present disclosure relate to an etching method and a

plasma processing apparatus.

Background Art
[0002]

In the manufacture of an electronic device, plasma etching may be performed on a film
to form a recess in the film. For the formation of such a recess, a mask is formed on the etching
target film. As the mask, a resist mask is known. The resist mask is consumed during the plasma
etching of the etching target film. Therefore, a hard mask has been used. As the hard mask, as
described in JP2007-294836A, a hard mask formed of tungsten silicide (WSi) is known.

Citation List
Patent Literature
[0003]
PTL 1::JP2007-294836A

Summary of Invention
Technical Problem
[0004]

The present disclosure provides a technique of etching a film while suppressing a shape
abnormality.
Solution to Problem
[0005]

According to one exemplary embodiment, an etching method includes a step (a) of
providing a substrate, the substrate including a first film and a second film having an opening
on the first film, the first film containing a metallic element and a non-metallic element, a step
(b) of forming a protective film on a sidewall of a recess formed in the first film corresponding
to the opening, and a step (c) of etching the first film through the opening with a plasma
generated from a processing gas including a halogen-containing gas at the same time as or after

the step (b).



Advantageous Effects of Invention
[0006]
According to one exemplary embodiment, a technique of etching a film while

suppressing a shape abnormality is provided.

Brief Description of Drawings
[0007]

[FIG. 1] FIG. 1 is a diagram schematically showing a plasma processing apparatus
according to an exemplary embodiment.

[FIG. 2] FIG. 2 is a diagram schematically illustrating a plasma processing apparatus
according to an exemplary embodiment.

[FIG. 3] FIG. 3 is a flowchart of an etching method according to one exemplary
embodiment.

[FIG. 4] FIG. 4 is a cross-sectional view of an example of a substrate to which the
method of FIG. 3 may be applied.

[FIG. 5] FIG. 5 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 6] FIG. 6 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 7] FIG. 7 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 8] FIG. 8 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 9] FIG. 9 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 10] FIG. 10 is an example of a timing chart illustrating the temporal changes of
a source power and a bias power.

[FIG. 11] FIG. 11 is an example of a timing chart illustrating the temporal changes of
the source power and the bias power.

[FIG. 12] FIG. 12 is an example of a timing chart illustrating the temporal changes of
the source power and the bias power.

[FIG. 13] FIG. 13 is an example of a timing chart illustrating the temporal changes of
the source power and the bias power.

[FIG. 14] FIG. 14 is a flowchart of an etching method according to one exemplary

embodiment.



[FIG. 15] FIG. 15 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 16] FIG. 16 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 17] FIG. 17 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 18] FIG. 18 is a cross-sectional view illustrating a step in the etching method
according to one exemplary embodiment.

[FIG. 19] FIG. 19 shows a substrate processing system according to one exemplary
embodiment.

[FIG. 20] FIG. 20 is a cross-sectional view of an example substrate including a second
film having a sparse pattern.

[FIG. 21] FIG. 21 is a flowchart of an etching method according to one exemplary
embodiment.

[FIG. 22] FIG. 22 is an example of a timing chart illustrating the temporal changes of
the source power and a gas amount.

[FIG. 23] FIG. 23 is an example of a timing chart illustrating the temporal changes of

the source power and the gas amount.

Description of Embodiments
[0008]

Hereinafter, various exemplary embodiments will be described in detail with reference
to the drawings. Further, like reference numerals will be given to like or corresponding parts
throughout the drawings.

[0009]

FIG. 1 is a diagram for explaining an example of a configuration of a plasma processing
system. In an embodiment, a plasma processing system includes a plasma processing apparatus
1 and a controller 2. The plasma processing system is an example of a substrate processing
system, and the plasma processing apparatus 1 is an example of a substrate processing
apparatus. The plasma processing apparatus 1 includes a plasma processing chamber 10, a
substrate support 11, and a plasma generator 12. The plasma processing chamber 10 has a
plasma processing space. Further, the plasma processing chamber 10 has at least one gas supply
port for supplying at least one processing gas into the plasma processing space, and at least one
gas exhaust port for exhausting the gas from the plasma processing space. The gas supply port
is connected to a gas supply 20 which will be described later, and the gas exhaust port is

connected to an exhaust system 40 which will be described later. The substrate support 11 is
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disposed in the plasma processing space and has a substrate support surface for supporting the
substrate.
[0010]

The plasma generator 12 is configured to generate plasma from at least one processing
gas supplied into the plasma processing space. The plasma formed in the plasma processing
space may be Capacitively Coupled Plasma (CCP), Inductively Coupled Plasma (ICP),
Electron-Cyclotron-Resonance Plasma (ECR plasma), Helicon Wave Plasma (HWP), Surface
Wave Plasma (SWP), or the like. Further, various types of plasma generators, including an
alternating current (AC) plasma generator and a direct current (DC) plasma generator, may be
used. In one embodiment, an AC signal (AC power) used by the AC plasma generator has a
frequency in a range of 100 kHz to 10 GHz. Accordingly, the AC signal includes a radio
frequency (RF) signal and a microwave signal. In one embodiment, the RF signal has a
frequency in a range of 100 kHz to 150 MHz.

[0011]

The controller 2 processes computer-executable instructions for instructing the plasma
processing apparatus 1 to execute various steps described herein below. The controller 2 may
be configured to control the respective components of the plasma processing apparatus 1 to
execute the various steps described herein below. In an embodiment, part or all of the controller
2 may be included in the plasma processing apparatus 1. The controller 2 may include a
processor 2al, a storage unit 2a2, and a communication interface 2a3. The controller 2 is
implemented by, for example, a computer 2a. The processor 2al may be configured to read a
program from the storage unit 2a2 and perform various control operations by executing the read
program. The program may be stored in advance in the storage unit 2a2, or may be acquired via
a medium when necessary. The acquired program is stored in the storage unit 2a2, and is read
from the storage unit 2a2 and executed by the processor 2al. The medium may be various
storing media readable by the computer 2a, or may be a communication line connected to the
communication interface 2a3. The processor 2al may be a Central Processing Unit (CPU). The
storage unit 2a2 may include a random access memory (RAM), a read only memory (ROM), a
hard disk drive (HDD), a solid state drive (SSD), or a combination thereof. The communication
interface 2a3 may communicate with the plasma processing apparatus 1 via a communication
line such as a local area network (LAN).

[0012]

Hereinafter, a configuration example of a capacitively-coupled plasma processing
apparatus as an example of the plasma processing apparatus 1 will be described. FIG. 2 is a
view for explaining an example of a configuration of a capacitively-coupled plasma processing

apparatus.



[0013]

The capacitively-coupled plasma processing apparatus 1 includes the plasma
processing chamber 10, the gas supply 20, a power source 30, and the exhaust system 40.
Further, the plasma processing apparatus 1 includes a substrate support 11 and a gas
introduction unit. The gas introduction unit is configured to introduce at least one processing
gas into the plasma processing chamber 10. The gas introduction unit includes a shower head
13. The substrate support 11 is disposed in the plasma processing chamber 10. The shower head
13 is disposed above the substrate support 11. In one embodiment, the shower head 13
constitutes at least a part of a ceiling of the plasma processing chamber 10. The plasma
processing chamber 10 has a plasma processing space 10s defined by the shower head 13, a
sidewall 10a of the plasma processing chamber 10, and the substrate support 11. The plasma
processing chamber 10 is grounded. The shower head 13 and the substrate support 11 are
electrically insulated from a housing of the plasma processing chamber 10.

[0014]

The substrate support 11 includes a main body 111 and a ring assembly 112. The main
body 111 has a central region 111a for supporting a substrate W and an annular region 111b for
supporting the ring assembly 112. A wafer is an example of the substrate W. The annular region
111b of the main body 111 surrounds the central region 111a of the main body 111 in a plan
view. The substrate W is disposed on the central region 111a of the main body 111 and the ring
assembly 112 is disposed on the annular region 111b of the main body 111 to surround the
substrate W on the central region 111a of the main body 111. Accordingly, the central region
111a is also referred to as a substrate support surface for supporting the substrate W, and the
annular region 111b is also referred to as a ring support surface for supporting the ring assembly
112.

[0015]

In one embodiment, the main body 111 includes a base 1110 and an electrostatic chuck
1111. The base 1110 includes a conductive member. The conductive member of the base 1110
may function as a lower electrode. The electrostatic chuck 1111 is disposed on the base 1110.
The electrostatic chuck 1111 includes a ceramic member 1111a and an electrostatic electrode
1111b disposed in the ceramic member 1111a. The ceramic member 1111a has the central region
111a. In one embodiment, the ceramic member 1111a also has the annular region 111b. Other
members that surround the electrostatic chuck 1111, such as an annular electrostatic chuck and
an annular insulating member, may have the annular region 111b. In this case, the ring assembly
112 may be disposed on the annular electrostatic chuck or the annular insulating member, or
may be disposed on both the electrostatic chuck 1111 and the annular insulating member.

Further, at least one RF/DC electrode coupled to the RF power source 31 and/or the DC power
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source 32 to be described later may be disposed in the ceramic member 1111a. In this case, at
least one RF/DC electrode functions as the lower electrode. In a case where the bias RF signal
and/or the DC signal to be described later are supplied to at least one RF/DC electrode, the
RF/DC electrode is also referred to as a bias electrode. The conductive member of the base 1110
and at least one RF/DC electrode may function as a plurality of lower electrodes. Further, the
electrostatic electrode 1111b may function as the lower electrode. Accordingly, the substrate
support 11 includes at least one lower electrode.

[0016]

The ring assembly 112 includes one or more annular members. In one embodiment,
one or more annular members include one or more edge rings and at least one cover ring. The
edge ring is formed of a conductive material or an insulating material, and the cover ring is
formed of an insulating material.

[0017]

Further, the substrate support 11 may include a temperature control module configured
to adjust at least one of the electrostatic chuck 1111, the ring assembly 112, and the substrate to
a target temperature. The temperature control module may include a heater, a heat transfer
medium, a flow path 1110a, or a combination thereof. A heat transfer fluid, such as brine or gas,
flows through the flow path 1110a. In one embodiment, the flow path 1110a is formed inside
the base 1110, and one or more heaters are disposed in the ceramic member 1111a of the
electrostatic chuck 1111. Further, the substrate support 11 may include a heat transfer gas supply
configured to supply a heat transfer gas to a gap between a rear surface of the substrate W and
the central region 111a.

[0018]

The shower head 13 is configured to introduce at least one processing gas from the gas
supply 20 into the plasma processing space 10s. The shower head 13 has at least one gas supply
port 13a, at least one gas diffusion chamber 13b, and a plurality of gas introduction ports 13c.
The processing gas supplied to the gas supply port 13a passes through the gas diffusion chamber
13b and is introduced into the plasma processing space 10s from the plurality of gas introduction
ports 13c. Further, the shower head 13 includes at least one upper electrode. The gas
introduction unit may include, in addition to the shower head 13, one or a plurality of side gas
injectors (SGI) that are attached to one or a plurality of openings formed in the sidewall 10a.
[0019]

The gas supply 20 may include at least one gas source 21 and at least one flow rate
controller 22. In one embodiment, the gas supply 20 is configured to supply at least one
processing gas from the respective corresponding gas sources 21 to the shower head 13 via the

respective corresponding flow rate controllers 22. Each flow rate controller 22 may include, for
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example, a mass flow controller or a pressure-controlled flow rate controller. Further, the gas
supply 20 may include at least one flow rate modulation device that modulates or pulses the
flow rate of at least one processing gas.

[0020]

The power source 30 includes an RF power source 31 coupled to plasma processing
chamber 10 via at least one impedance matching circuit. The RF power source 31 is configured
to supply at least one RF signal (RF power) to at least one lower electrode and/or at least one
upper electrode. As a result, plasma is formed from at least one processing gas supplied into the
plasma processing space 10s. Accordingly, the RF power source 31 may function as at least a
part of the plasma generator 12. Further, supplying the bias RF signal to at least one lower
electrode can generate a bias potential in the substrate W to attract an ionic component in the
formed plasma to the substrate W.

[0021]

In one embodiment, the RF power source 31 includes a first RF generator 31a and a
second RF generator 31b. The first RF generator 31a is configured to be coupled to at least one
lower electrode and/or at least one upper electrode via at least one impedance matching circuit
to generate a source RF signal (source RF power) for plasma generation. In one embodiment,
the source RF signal has a frequency in the range of 10 MHz to 150 MHz. In one embodiment,
the first RF generator 31a may be configured to generate a plurality of source RF signals having
different frequencies. The generated one or more source RF signals are supplied to at least one
lower electrode and/or at least one upper electrode.

[0022]

The second RF generator 31b is configured to be coupled to at least one lower electrode
via at least one impedance matching circuit to generate the bias RF signal (bias RF power). A
frequency of the bias RF signal may be the same as or different from a frequency of the source
RF signal. In one embodiment, the bias RF signal has a lower frequency than the frequency of
the source RF signal. In one embodiment, the bias RF signal has a frequency in the range of
100 kHz to 60 MHz. In one embodiment, the second RF generator 31b may be configured to
generate a plurality of bias RF signals having different frequencies. The generated one or more
bias RF signals are supplied to at least one lower electrode. Further, in various embodiments,
at least one of the source RF signal and the bias RF signal may be pulsed.

[0023]

Further, the power source 30 may include a DC power source 32 coupled to the plasma
processing chamber 10. The DC power source 32 includes a first DC generator 32a and a second
DC generator 32b. In one embodiment, the first DC generator 32a is configured to be connected

to at least one lower electrode to generate the first DC signal. The generated first DC signal is
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applied to at least one lower electrode. In one embodiment, the second DC generator 32b is
configured to be connected to at least one upper electrode to generate a second DC signal. The
generated second DC signal is applied to at least one upper electrode.

[0024]

In various embodiments, the first and second DC signals may be pulsed. In this case,
the sequence of voltage pulses is applied to at least one lower electrode and/or at least one upper
electrode. The voltage pulse may have a pulse waveform of a rectangle, a trapezoid, a triangle
or a combination thereof. In one embodiment, a waveform generator for generating a sequence
of voltage pulses from the DC signal is connected between the first DC generator 32a and at
least one lower electrode. Accordingly, the first DC generator 32a and the waveform generator
configure a voltage pulse generator. In a case where the second DC generator 32b and the
waveform generator configure the voltage pulse generator, the voltage pulse generator is
connected to at least one upper electrode. The voltage pulse may have a positive polarity or a
negative polarity. Further, the sequence of the voltage pulses may include one or more positive
voltage pulses and one or more negative voltage pulses in one cycle. The first and second DC
generators 32a and 32b may be provided in addition to the RF power source 31, and the first
DC generator 32a may be provided instead of the second RF generator 31b.

[0025]

The exhaust system 40 may be connected to, for example, a gas exhaust port 10e
disposed at a bottom portion of the plasma processing chamber 10. The exhaust system 40 may
include a pressure adjusting valve and a vacuum pump. The pressure in the plasma processing
space 10s is adjusted by the pressure adjusting valve. The vacuum pump may include a turbo
molecular pump, a dry pump, or a combination thereof.

[0026]

FIG. 3 is a flowchart of an etching method according to one exemplary embodiment.
An etching method MT1 illustrated in FIG. 3 (hereinafter referred to as "method MT1") may
be performed by the plasma processing apparatus 1 of the embodiment. The method MT1 may
be applied to a substrate W.

[0027]

FIG. 4 is a cross-sectional view of an example of a substrate to which the method of
FIG. 3 may be applied. As illustrated in FIG. 4, in one embodiment, the substrate W includes a
first film F1 and a second film F2 on the first film F1. The substrate W may further include a
third film F3 below the first film F1. The substrate W may further include an underlayer region
UR below the third film F3.

[0028]

The first film F1 contains a metallic element and a non-metallic element. The first film
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F1 may contain at least one transition metallic element selected from the group consisting of
tungsten, titanium, molybdenum, hafnium, zirconium, and ruthenium, as the metallic element.
The first film F1 may contain at least one of silicon, carbon, nitrogen, oxygen, hydrogen, boron,
and phosphorus as the non-metallic element. The first film F1 may contain at least one tungsten
compound selected from the group consisting of tungsten silicide (W«xSiy), tungsten silicon
nitride (WxSiyN,), tungsten silicon boron (WxSiyB;), and tungsten silicon carbon (WxSiyC,).
Each of the composition ratios x, y, and z may be a real number larger than 0. The first film F1
may be a film for forming a hard mask.

[0029]

The second film F2 has an opening OP. The second film F2 may have a plurality of
openings OP. The opening OP may have a hole pattern or a line pattern. The dimension (CD)
of the opening OP may be 30 nm or less. The second film F2 may be a mask. The second film
F2 may be a silicon-containing film or a silicon oxide film. The second film F2 may be a resist
mask. The second film F2 may be a photoresist mask containing tin. The second film F2 may
be a resist mask for EUV exposure. The second film F2 may have a sparse pattern (see FIG.
20). The second film F2 may have a plurality of first openings OP arranged at a first pitch PT1
and having first dimensions CD1, and a plurality of second openings OP arranged at a second
pitch PT2 and having second dimensions CD2. The second pitch PT2 is different from the first
pitch PT1. The second dimension CD2 is different from the first dimension CD1. Here,
"dimension" refers to the diameter of a circle (insert diameter) when the opening is circular, or
at least one of the major and minor diameters of an ellipse when the opening is oval. When the
opening is oval, the comparison between the first dimension CD1 and second dimension CD2
is made by comparing the major diameters with each other or the minor diameters with each
other.

[0030]

The second film F2 may be formed by pattern inversion. For example, a fourth film is
formed on the first film F1, and the fourth film is patterned through photolithography and
etching. Thereafter, a fifth film is formed on the patterned fourth film, and the opening of the
fourth film is filled with the fifth film. The patterned fourth film is then removed by lift-off,
and the remaining fifth film becomes the second film F2. Pattern inversion technology is
described, for example, in Japanese Patent Application Publication No. 2021-173638 filed on
October 25, 2021. The entirety of Japanese Patent Application Publication No. 2021-173638 is
hereby incorporated by reference.

[0031]
The third film F3 may be a silicon-containing film or a nitride film. The silicon-

containing film may be a silicon nitride film (SiN film) or a silicon carbonitride film (SiCN
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film). The third film F3 may be an etching stop layer.
[0032]

The underlayer region UR may include at least one film for a memory device such as
a DRAM or a 3D-NAND.

[0033]

Hereinafter, the method MT1 will be described by taking as an example a case where
the method MT1 is applied to the substrate W using the plasma processing apparatus 1 of the
embodiment described above, with reference to FIGS. 3 to 13. FIGS. 5 to 9 are cross-sectional
views illustrating a step of the etching method according to one exemplary embodiment. In a
case where the plasma processing apparatus 1 is used, the method MT1 may be performed in
the plasma processing apparatus 1 under the control of each part of the plasma processing
apparatus 1 by the controller 2. In the method MT1, as illustrated in FIG. 2, the substrate W on
the substrate support 11 disposed in the plasma processing chamber 10 is processed.

[0034]

As illustrated in FIG. 3, the method MT1 may include step ST1 to Step ST5. Step ST1
to Step STS may be performed sequentially. Steps ST1 to ST5 may be performed in-situ. The
method MT1 may eliminate at least one of step ST1, step ST2, and step ST5. Step ST1 may be
performed after step ST4 or step STS.

[0035]
(Step ST1)

In step ST1, the plasma processing chamber 10 is cleaned. In step ST1, a cleaning gas
may be used. The cleaning gas may contain fluorine, chlorine, or oxygen.
[0036]

(Step ST2)

In step ST2, the inner wall of the plasma processing chamber 10 is pre-coated. In step
ST2, a pre-coating gas may be used. The pre-coating gas may contain at least one of a silicon
tetrachloride (SiCls) gas and an aminosilane-based gas.

[0037]
(Step ST3)

In step ST3, the substrate W illustrated in FIG. 4 is provided. The substrate W may be
provided in the plasma processing chamber 10. The substrate W may be supported by the
substrate support 11 in the plasma processing chamber 10. The underlayer region UR may be
disposed between the substrate support 11 and the third film F3.

[0038]
(Step ST4)
In step ST4, the first film F1 is etched through the opening OP as shown in FIGS. 5 to
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7. Step ST4 may include step ST41, step ST42, and step ST43. Step ST42 may be performed
after step ST41 or before step ST41. Step ST43 may be performed after step ST41 and step
ST42.

[0039]

(Step ST41)

In step ST41, as shown in FIG. 5, the first film F1 is etched through the opening OP
by a first plasma PL1 generated from a first processing gas that includes a halogen-containing
gas. As aresult, a recess RS corresponding to the opening OP is formed in the first film F1. The
first plasma PL1 may be generated by supplying a radio-frequency power (first radio-frequency
power). The radio-frequency power may be a continuous wave or a pulse. The radio-frequency
power may be a source power.

[0040]

In step ST41, a bias power (first bias power) may be supplied to the substrate support
11. The bias power may be a continuous wave or a pulse.

[0041]

In step ST41, the first plasma PL1 may be generated under a first pressure. The first
pressure may be 30 mTorr (4 Pa) or less.
[0042]

In Step ST41, a temperature of the substrate support 11 may be 60°C or higher, or
100°C or higher.
[0043]

The halogen-containing gas may include a chlorine-containing gas or a fluorine-
containing gas. Examples of the chlorine-containing gas include a chlorine gas. Examples of
the fluorine-containing gas include a CF4 gas and an NF3 gas. The first processing gas may
further contain an inert gas. Examples of the inert gas include a noble gas and a nitrogen gas.
[0044]

Step ST41 may include a deposition step and an etching step. The deposition step and
the etching step may be separated from each other by changing conditions for each time. The
deposition step and the etching step may be separated by adjusting the source power and the
bias power. The deposition step and the etching step may be separated by shifting the phase of
the pulse of the source power and the phase of the pulse of the bias power.

[0045]
(Step ST42)

In step ST42, as shown in FIG. 6, a sidewall RSa of the recess RS formed in step ST41

is modified by a second plasma PL2 generated from a second processing gas. As a result, a

modified region MR is formed at the sidewall RSa of the recess RS. The second processing gas
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is different from the first processing gas. The second processing gas may include an oxygen-
containing gas. Examples of the oxygen-containing gas include an oxygen gas. The second
processing gas may further contain an inert gas. Examples of the inert gas include a noble gas
and a nitrogen gas. The modified region MR may contain the oxide of a metallic element
included in the first film F1 or may contain the oxide of a non-metallic element included in the
first film F1. A bottom portion RSb of the recess RS may be modified by the second plasma
PL2.

[0046]

In step ST42, the pressure in the plasma processing chamber 10 may be 50 mTorr (6.7
Pa) or more.

[0047]

In Step ST42, a temperature of the substrate support 11 may be 60°C or higher, or
100°C or higher.
[0048]

(Step ST43)

In step ST43, step ST41 and step ST42 are repeated. The modified region MR on the
sidewall RSa of the recess RS suppresses the etching of the sidewall RSa in the subsequent step
ST41. The modified region MR formed at the bottom portion RSb of the recess RS is removed
by etching in the subsequent step ST41. As illustrated in FIG. 7, step ST43 may be performed
until the bottom portion RSb of the recess RS reaches the third film F3.

[0049]
(Step STS)

In step STS, the first film F1 is further etched as shown in FIGS. 8 and 9. Step ST5
may be initiated in a state where the bottom portion RSb of the recess RS reaches the third film
F3. Step ST5 may be an over-etching step. Step ST5 may include step ST51, step ST52, and
step ST53. Step STS may eliminate at least one of step ST52 and step ST53. Step ST52 may be
performed after step ST51 or before step ST51. Step ST53 may be performed after step ST51
and step ST52.

[0050]
(Step ST51)

In step STS1, the first film F1 is etched through the opening OP by a third plasma PL3
generated from a third processing gas that includes a halogen-containing gas, as shown in FIG.
8. The first film F1 may be etched in the lateral direction. In step ST51, the third film F3 may
be etched with the third plasma PL3. In the lower portion of the first film F1 adjacent to the
interface between the first film F1 and the third film F3, the dimension of the recess RS formed

by the third plasma PL3 may be smaller than the dimension of the recess formed when the first
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plasma PL1 is used instead of the third plasma PL3. The etching rate of the third film F3 by the
third plasma PL3 may be smaller than the etching rate of the first film F1 by the third plasma
PL3, or may be larger than the etching rate of the third film F3 by the first plasma PL1. The
dimension of the recess refers to the length in the direction perpendicular to the depth direction
of the recess. Alternatively, the dimension of the recess refers to the insert diameter of the
recess.

[0051]

The third plasma PL3 may be generated by supplying a radio-frequency power (second
radio-frequency power). The radio-frequency power may be a continuous wave or a pulse. The
radio-frequency power may be a source power. When the power is a pulse, the energy per unit
time of the power is the average value of the pulse. For example, when the power in the ON
state of the pulse is 100 W, the power in the OFF state of the pulse is 0 W, and the duty ratio is
50%, the average value of the pulse is 50 W.

[0052]

In step ST51, the bias power (second bias power) may be supplied to the substrate
support 11. The bias power may be a continuous wave or a pulse. The energy per unit time of
the second bias power in step ST51 may be larger than the energy per unit time of the first bias
power in step ST41. As a result, in step ST51, the etching rate of the third film F3 by the third
plasma PL3 increases.

[0053]

The first bias power in step ST41 may be a first pulse. The second bias power in step
ST51 may be a second pulse. The product (effective power) of the duty ratio and the amplitude
of the second pulse may be larger than the product (effective power) of the duty ratio and the
amplitude of the first pulse. Accordingly, the energy per unit time of the second bias power may
be larger than the energy per unit time of the first bias power. For example, when the duty ratio
of the second pulse is larger than the duty ratio of the first pulse, the energy per unit time of the
second bias power can be increased. For example, when the maximum value of the second pulse
is larger than the maximum value of the first pulse, the energy per unit time of the second bias
power can be increased.

[0054]

The example of the type of gas included in the third processing gas may be the same
as the example of the type of gas included in the first processing gas. The third processing gas
may include a reaction-promoting gas that increases the etching rate of the third film F3 by the
third plasma PL3. The reaction-promoting gas may include at least one of a hydrogen-
containing gas and a CxHyF; (x is an integer of 1 or more, y and z are integers of 0 or more).

The hydrogen-containing gas may be a hydrogen gas. The CxHyF, gas may be a fluorocarbon
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gas, a hydrofluorocarbon gas, or a hydrocarbon gas. The third processing gas may include a
reaction-promoting gas as the halogen-containing gas, or may include a reaction-promoting gas
in addition to the halogen-containing gas. The third processing gas may further include an
oxygen-containing gas. Examples of the oxygen-containing gas include an oxygen gas.

[0055]

In step ST51, the third plasma PL3 may be generated under a second pressure. The
second pressure in step ST51 may be smaller than the first pressure in step ST41. As a result,
in step ST51, the anisotropy of the etching increases, and thus the etching rate of the third film
F3 by the third plasma PL3 increases.

[0056]

In step ST51, the temperature of the substrate support 11 may be changed to increase
the etching rate of the third film F3 by the third plasma PL3.
[0057]

The total flow rate of the third processing gas in step ST51 may be larger than the total
flow rate of the first processing gas in step ST41. Accordingly, it is possible to shorten the
residence time of the gas in step ST51. Therefore, the reaction products in the vicinity of the
bottom portion RSb of the recess RS can be quickly separated. That is, the exhaust is
accelerated, and the reaction products are easily scraped out from the recess RS. The reactive
species contributing to the shape abnormality (notching) do not accumulate in the vicinity of
the bottom portion RSb of the recess RS, and are easily exhausted. When the total flow rate of
the gas is increased, the pressure may be set to be constant in step ST41 and step ST51, and the
flow rate of each gas may be set to be constant in step ST41 and step ST51.

[0058]
(Step ST52)

In step ST52, the sidewall RSa of the recess RS formed in step ST51 is modified by
fourth plasma PL4 generated from a fourth processing gas, as shown in FIG. 9. As a result, the
modified region MR is formed at the sidewall RSa of the recess RS in the lower portion of the
first film F1 adjacent to the interface between the first film F1 and the third film F3. The
example of the type of gas included in the fourth processing gas may be the same as the example
of the type of gas included in the second processing gas. The partial pressure of the oxygen-
containing gas in the fourth processing gas may be lower than the partial pressure of the oxygen-
containing gas in the second processing gas.

[0059]
(Step ST53)
In step ST53, step STS51 and step ST52 are repeated. The modified region MR on the

sidewall RSa of the recess RS suppresses the etching of the sidewall RSa in the subsequent step
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ST51. Step ST53 may be performed until the dimension (CD) of the bottom portion RSb of the
recess RS reaches a desired dimension.
[0060]

After step ST4 or step STS, the aspect ratio of the recess RS may be 5 or more, or may
be 10 or more. The aspect ratio of the recess RS is represented by D1/D2, where D1 is the depth
of the recess RS, and D2 is the dimension of the recess RS at the upper end of the recess RS.
[0061]

After step ST5, the modified region MR on the sidewall RSa of the recess RS may be
removed by, for example, dilute hydrofluoric acid (DHF).

[0062]

FIGS. 10 to 13 are examples of timing charts illustrating temporal changes of the
source power and the bias power. These timing charts relate to step ST41. The source power
may be a radio-frequency power HF provided to the counter electrode (upper electrode). The
bias power may be a radio-frequency power LF provided to the electrode in the main body 111
of the substrate support 11. When the pulse of the power is supplied, the pulse may be generated
by switching ON/OFF of the power, or the pulse may be generated based on the magnitude of
a power value.

[0063]

As illustrated in FIG. 10, in step ST41, the pulse of the source power may be supplied,
and the continuous wave of the bias power may be supplied. The source power may be
periodically applied in a cycle CY. The cycle CY may include a first period PA and a second
period PB. The second period PB is a period after the first period PA. In the first period PA, the
source power may be maintained at high power H2, and the bias power may be maintained at
high power H1. In the present specification, each of the value of the source power and the value
of the bias power may be an effective value of the radio-frequency power. In the second period
PB, the source power may be maintained at low power L2, and the bias power may be
maintained at high power H1. The low power L2 may be OW.

[0064]

As illustrated in FIG. 11, in step ST41, the continuous wave of the source power may
be supplied, and the pulse of the bias power may be supplied. The bias power may be
periodically applied in the cycle CY. In the first period PA, the bias power may be maintained
at high power H1 and the source power may be maintained at high power H2. In the second
period PB, the bias power may be maintained at low power L1, and the source power may be
maintained at high power H2. The low power L1 may be OW.

[0065]

As illustrated in FIG. 12, in step ST41, the pulse of the source power may be supplied,
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and the pulse of the bias power may be supplied. The source power and the bias power may be
periodically applied in the cycle CY. The pulse of the source power may be synchronized with
the pulse of the bias power. In the first period PA, the bias power may be maintained at high
power H1 and the source power may be maintained at high power H2. In the second period PB,
the bias power may be maintained at low power L1 and the source power may be maintained at
low power L2.

[0066]

As illustrated in FIG. 13, in step ST41, the pulse of the source power may be supplied,
and the pulse of the bias power may be supplied. The source power and the bias power may be
periodically applied in the cycle CY. The cycle CY may include the first period PA, the second
period PB, and a third period PC. The third period PC is a period after the second period PB.
The phase of the pulse of the source power may be misaligned with the phase of the pulse of
the bias power. In the first period PA, the source power may be maintained at low power LI,
and the bias power may be maintained at high power H2. In the first period PA, the first plasma
PL1 (see FIG. 5) is generated. In the second period PB, the bias power may be maintained at
low power L1, and the source power may be maintained at high power H2. In the second period
PB, ions having high energy collide with the bottom portion RSb of the recess RS. In the third
period PC, the source power may be maintained at low power L1, and the bias power may be
maintained at low power L2. In the third period PC, the by-products of the etching are exhausted
from the recess RS.

[0067]

According to the plasma processing apparatus 1 and the method MT1 described above,
since the first plasma PL1 is generated by the pulse of the radio-frequency power, excessive
dissociation of the halogen-containing gas is suppressed. Therefore, the etching of the sidewall
RSa of the recess RS is suppressed. Accordingly, the first film F1 can be etched while
suppressing the shape abnormality (bowing) of the sidewall RSa of the recess RS. Therefore,
the verticality of the sidewall RSa of the recess RS and the local dimensional uniformity of the
recess RS are improved. In addition, in-plane uniformity of the etching rate of the first film F1
is also improved. Further, when excessive dissociation of the halogen-containing gas is
suppressed, the etching amount of the second film F2 can be reduced. Therefore, the etching
selectivity of the first film F1 to the second film F2 can be improved.

[0068]

According to the plasma processing apparatus 1 and the method MT1 described above,
in step STS, the difference between the etching rate of the third film F3 and the etching rate of
the first film F1 can be reduced. Therefore, in step STS5, the side etching in the sidewall RSa of

the recess RS can be suppressed in the lower portion of the first film F1 adjacent to the interface
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between the first film F1 and the third film F3. Therefore, it is possible to suppress the
occurrence of notching caused by the side etching. Therefore, the first film F1 can be etched
while shape abnormality (notching) is suppressed.

[0069]

When the occurrence of the notching is suppressed, the dimensional uniformity of the
bottom portion RSb of the recess RS can be improved. As an indicator of dimensional
uniformity, the value (36) of LCDU (local CD uniformity) is used. A decrease in the value of
LCDU indicates an improvement in dimensional uniformity. According to the plasma
processing apparatus 1 and the method MT1 described above, the value of LCDU in the recess
RS can be reduced to, for example, 1.5 nm or less.

[0070]

Hereinafter, various experiments performed to evaluate the method MT1 will be
described. The following experiments are not intended to limit the present disclosure.
[0071]

(First Experiment)

In a first Experiment, a substrate having a WSi film and a mask on the WSi film was
prepared. The mask is a silicon oxide film having an opening. With respect to this substrate,
steps ST41 to ST43 of the method MT1 were performed to etch the WSi film. In step ST41, a
processing gas that included a chlorine gas was used. In step ST41, plasma was generated by
the pulse of the source power (radio-frequency power HF). The duty ratio of the pulse is 75%.
In step ST42, a processing gas that included an oxygen gas was used.

[0072]
(Second Experiment)

A second experiment was performed in the same manner as in the first experiment
except that the duty ratio of the pulse was 50%.

[0073]
(Third Experiment)

A third experiment was performed in the same manner as the first experiment except
that a continuous wave of the source power was used instead of the pulse of the source power.
[0074]

(Test Results)

In the cross-section of the substrate, the etching selectivity of the WSi film to the mask
was calculated by measuring the depth of the recess formed in the WSi film and the remaining
thickness of the mask. The etching selectivity in the first experiment was 2.44. The etching
selectivity in the second experiment was 2.90. The etching selectivity in the third experiment

was 2.16. Therefore, it is understood that the etching selectivity is improved by using the pulse
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of the source power. Further, it is understood that the etching selectivity is improved by reducing
the duty ratio of the pulse.

[0075]

(Fourth Experiment)

In a fourth experiment, a substrate having a WSi film and a mask on the WSi film was
prepared. The mask is a silicon oxide film having a plurality of hole patterns. With respect to
this substrate, step ST41 to step ST43 and step ST51 of the method MT1 were performed to
etch the WSi film. Steps ST52 and ST53 were not performed. In step ST41 and step ST51, a
processing gas that includes a chlorine gas was used. In step ST42, a processing gas that
includes an oxygen gas was used.

[0076]
(Fifth Experiment)

A fifth experiment was performed in the same manner as the fourth experiment except
that step ST52 and step STS53 were performed after step ST51. In step ST52, a processing gas
that included an oxygen gas was used.

[0077]
(Test Results)

The values of LCDU were calculated from the dimensions at the bottom of a plurality
of recesses (holes) formed in the WSi film. The value of LCDU in the fourth experiment was
smaller than the value of LCDU in the fifth experiment. Therefore, it can be understood that
dimensional uniformity at the bottom portion RSb of the recess RS is improved by not
modifying the sidewall RSa of the recess RS in the over-etching step.

[0078]
(Sixth Experiment)

In a sixth experiment, a substrate having a WSi film and a mask on the WSi film was
prepared. The mask is a silicon oxide film having a plurality of hole patterns. With respect to
this substrate, step ST41 to step ST43 and step ST51 of the method MT1 were performed to
etch the WSi film. Steps ST52 and ST53 were not performed. In step ST41 and step ST51, a
processing gas that includes a chlorine gas was used. In step ST42, a processing gas that
includes an oxygen gas was used. In step ST51, plasma was generated by the pulse of the bias
radio-frequency power.

[0079]
(Seventh Experiment)

A seventh experiment was performed in the same manner as in the sixth experiment
except that the duty ratio of the pulse was increased by 5% in step ST51.

[0080]
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(Eighth Experiment)

An eighth experiment was performed in the same manner as in the sixth experiment
except that the duty ratio of the pulse was increased by 15% in step ST51.
[0081]

(Ninth Experiment)

A ninth experiment was performed in the same manner as the sixth experiment except
that a processing gas including an oxygen gas and a hydrofluorocarbon gas was used in step
STS1.

[0082]
(Test Results)

The values of LCDU were calculated from the dimensions at the bottom of a plurality
of recesses (holes) formed in the WSi film. The values of LCDU in the seventh and eighth
experiments were smaller than the value of LCDU in the sixth experiment. Therefore, it can be
understood that the dimensional uniformity of the recess RS at the bottom portion RSb is
improved by increasing the duty ratio of the pulse of the bias radio-frequency power in the
etching step of the over-etching step.

[0083]

The value of LCDU in the ninth experiment was smaller than the value of LCDU in
the sixth experiment. Therefore, it can be understood that the dimensional uniformity of the
recess RS at the bottom portion RSb is improved by using the processing gas that includes the
hydrofluorocarbon gas in the etching step of the over-etching step.

[0084]

FIG. 14 is a flowchart of an etching method according to one exemplary embodiment.
An etching method MT?2 illustrated in FIG. 14 (hereinafter referred to as "method MT2") may
be performed by the plasma processing apparatus 1 of the embodiment. The method MT2 may
be applied to the substrate W of FIG. 4.

[0085]

Hereinafter, the method MT2 will be described by taking as an example a case where
the method MT?2 is applied to the substrate W using the plasma processing apparatus 1 of the
embodiment described above, with reference to FIGS. 14 to 18. FIGS. 15 to 18 are cross-
sectional views illustrating a step of the etching method according to one exemplary
embodiment. In a case where the plasma processing apparatus 1 is used, the method MT2 may
be performed in the plasma processing apparatus 1 under the control of each part of the plasma
processing apparatus 1 by the controller 2. In the method MT2, as illustrated in FIG. 2, the
substrate W on the substrate support 11 disposed in the plasma processing chamber 10 is

processed.
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[0086]

As illustrated in FIG. 14, the method MT2 may include Step ST1 to Step ST3, and Step
ST6 to Step ST7. Steps ST1 to ST3 and steps ST6 to ST7 may be performed sequentially. Steps
ST1 to ST3 and steps ST6 to ST7 may be performed in-situ. The method MT2 may eliminate
at least one of Step ST1 and Step ST2. Step ST1 may be performed after Step ST7. Step ST1
to Step ST3 may be performed in the same manner as Step ST1 to Step ST3 of the method MT1.
[0087]

(Step STo6)

In step ST6, as illustrated in FIG. 15, a protective film DP1 is formed on the sidewall
RSa of the recess RS formed in the first film F1 corresponding to the opening OP. The protective
film DP1 may not be formed at the bottom portion RSb of the recess RS, or may be formed at
the bottom portion RSb of the recess RS. The protective film DP1 may be formed on the second
film F2. The protective film DP1 may be formed of a plasma PL5 generated from the processing
gas. The protective film DP1 may be formed by CVD. In step ST6, the thickness of the
protective film DP1 on the sidewall RSa of the recess RS can be made larger than the thickness
of the protective film DP on the bottom portion RSb of the recess RS by increasing the pressure
or adjusting the temperature.

[0088]

The processing gas in step ST6 may include at least one of a silicon-containing gas, a
carbon-containing gas, a boron-containing gas, a phosphorus-containing gas, a metal-
containing gas, a sulfur-containing gas, a bromine-containing gas, and an iodine-containing gas.
Examples of the silicon-containing gas include a SiCls4 gas and a SiF4 gas. Examples of the
carbon-containing gas include a fluorocarbon gas, a hydrofluorocarbon gas, and a hydrocarbon
gas. Examples of the boron-containing gas include a BCI; gas. Examples of the phosphorus-
containing gas include a PFx gas. Examples of the metal-containing gas include a WFg gas and
a TiCl4 gas. Examples of the sulfur-containing gas include an SO; gas and a COS gas. Examples
of the bromine-containing gas include a HBr gas. Examples of the iodine-containing gas include
HI.

[0089]

The processing gas of a first example in step ST6 includes a HBr gas. The processing
gas of the first example may further include an oxygen gas. In this case, the protective film DP1
contains SiBrxOy.

[0090]

The processing gas in a second example in step ST6 includes a SiCl4 gas and an oxygen

gas. In this case, the protective film DP1 includes SiOx.

[0091]
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The processing gas in a third example in step ST6 includes a BCI 3 gas and an oxygen
gas. In this case, the protective film DP1 contains BOx.
[0092]

The processing gas in a fourth example in step ST6 includes a C4Fg gas or a C4Fs gas.
In this case, the protective film DP1 contains CxFy.

[0093]

The processing gas in a fifth example in step ST6 includes a CH3F gas or a CHy gas.
In this case, the protective film DP1 contains CxHy.

[0094]

The processing gas in a sixth example in step ST6 includes a COS gas or a CHxFy gas.
[0095]

The recess RS may be formed by etching performed at the same time as or before step
STé6. In this case, the etching may be performed in the same manner as the etching in step ST7.
[0096]

(Step ST7)

In step ST7, as illustrated in FIG. 16, the first film F1 is etched through the opening
OP by a plasma PL6 generated from the processing gas that includes a halogen-containing gas.
Step ST7 may be performed at the same time as step ST6. The plasma processing chamber in
which step ST7 is performed may be the same as or different from the plasma processing
chamber in which step ST6 is performed.

[0097]

Step ST7 may include step ST71, step ST72, and step ST73. Step ST7 may eliminate
at least one of step ST72 and step ST73. Step ST72 may be performed after step ST71 or before
step ST71. Step ST73 may be performed after step ST71 and step ST72. Step ST6 may be
performed between step ST71 and step ST72, or may be performed between step ST72 and step
ST73. Step ST6 may be performed at the same time as step ST71 or may be performed at the
same time as step ST72.

[0098]
(Step ST71)

In step ST71, as illustrated in FIG. 16, the first film F1 is etched through the opening
OP by the plasma PL6. As a result, since the bottom portion RSb of the recess RS is etched, the
recess RS is deeper. Step ST71 may be performed in the same manner as step ST41 of the
method MTT1.

[0099]
(Step ST72)

Step ST72 may be performed in the same manner as step ST42 of the method MT1.
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[0100]
(Step ST73)

In step ST73, step ST71 and step ST72 are repeated.
[0101]

After step ST7, the thickness of the protective film DP1 may be 25% or less of the
dimension of the recess RS. For example, when the dimension of the recess RS is 20 nm, the
thickness of the protective film DP1 may be 5 nm or less. The dimension of the recess RS is a
dimension at the upper end of the recess RS.

[0102]

After step ST7, the protective film DP1 may be removed by, for example, dilute
hydrofluoric acid (DHF).
[0103]

According to the plasma processing apparatus 1 and the method MT2 described above,
in step ST7, the etching of the sidewall RSa is suppressed by the protective film DP1 on the
sidewall RSa of the recess RS of the first film F1. Accordingly, the first film F1 can be etched
while suppressing shape abnormalities (bowing). Further, the value of LCDU in the bottom
portion RSb of the recess RS can also be reduced. Further, the etching of the second film F2 is
suppressed by the protective film DP1 on the second film F2. Therefore, the etching selectivity
of the first film F1 to the second film F2 can be improved.

[0104]

As illustrated in FIG. 14, in the method MT2, step ST6 may include step ST61, step
ST62, and step ST63. Steps ST61, ST62, and ST63 may be performed sequentially. Step ST6
may not include step ST63.

[0105]

In step ST61, as illustrated in FIG. 17, a precursor layer AB is formed on the sidewall
RSa of the recess RS. The precursor layer AB may be an adsorption layer. In step ST61, a
plasma PL7 may be generated from a precursor gas for forming the precursor layer AB. The
precursor layer AB may be formed by exposing the substrate W to a precursor gas without
generating the plasma PL7. Examples of the precursor gas include an aminosilane-based gas.
Chemical species in the plasma PL7 may form the precursor layer AB. The precursor layer AB
may not be formed on the bottom portion RSb of the recess RS, or may be formed on the bottom
portion RSb of the recess RS. The precursor layer AB may be formed on the second film F2.
[0106]

In step ST62, the precursor layer AB may be modified as illustrated in FIG. 18. The
protective film DP2 is formed by modifying the precursor layer AB. In step ST62, a plasma

PL8 may be generated from a processing gas that includes a modification gas for modifying the
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precursor layer AB. The modification gas may include an oxygen-containing gas. The
processing gas may further include an inert gas. Chemical species in the plasma PL8 may
modify the precursor layer AB. The chemical species used in step ST62 may be the same as or
different from the etchant in the plasma PL6 in step ST7. Step ST62 may be performed at the
same time as step ST7 or before step ST7.

[0107]

In step ST63, the step of forming the precursor layer AB and the step of modifying the
precursor layer AB are repeated.
[0108]

The gas introduction port 13c (see, FIG. 2) through which the modification gas for
modifying the precursor layer AB is supplied in step ST62 may be different from the gas
introduction port 13c through which the precursor gas for forming the precursor layer AB is
supplied in step ST61. As a result, it is possible to suppress the blockage of the gas introduction
port 13c caused by the deposition of the protective film DP2 in the vicinity of the gas
introduction port 13c.

[0109]

At least one of the period for supplying the precursor gas in step ST61, the period for
supplying the modification gas in step ST62, and the period for supplying the processing gas in
step ST7 may be changed according to the depth or the specification of the recess RS. At least
one of the period for supplying the precursor gas in step ST61, the period for supplying the
modification gas in step ST62, and the period for supplying the processing gas in step ST7 may
be longer as the recess RS becomes deeper. For example, when the recess RS is deeper, the
precursor gas is less likely to reach the bottom portion RSb of the recess RS. When the period
for supplying the precursor gas in step ST61 is made longer as the recess RS becomes deeper,
the precursor gas easily reaches the bottom portion RSb of the recess RS.

[0110]

As described above, the protective film DP2 may be formed by ALD. In step ST62,
chemical species (for example, oxygen radicals) in the plasma PL8 are easily adsorbed onto the
surface of the precursor layer AB. Therefore, the probability of adsorption of chemical species
in the plasma PL8 increases at the sidewall RSa of the recess RS, and the probability of
adsorption of chemical species in the plasma PL8 decreases at the bottom portion RSb of the
recess RS. Accordingly, the protective film DP2 is easily formed on the sidewall RSa, but is
less likely to be formed at the bottom portion RSb. Therefore, in step ST7, the sidewall RSa is
less likely to be etched, and the bottom portion RSb is easily etched.

[0111]

Further, since the protective film DP2 is relatively thin, blockage by the protective film
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DP2 is less likely to occur at the upper end of the sidewall RSa of the recess RS.
[0112]

When step ST62 is performed at the same time as step ST7, the protective film DP2 is
removed by etching even when the protective film DP2 is formed at the bottom portion RSb of
the recess RS. Meanwhile, the protective film DP2 is formed on the sidewall RSa of the recess
RS.

[0113]

Hereinafter, various experiments performed to evaluate the method MT2 will be
described. The following experiments are not intended to limit the present disclosure.
[0114]

(Tenth Experiment)

In a tenth experiment, a substrate having a WSi film and a mask on the WSi film was
prepared. The mask is a silicon oxide film having an opening. With respect to this substrate,
steps ST6 to ST7 of the method MT2 were performed to etch the WSi film. Step ST71 was
performed at the same time as step ST6. In step ST6 and step ST71, a processing gas including
a chlorine gas and a SiCl4 gas was used. In step ST72, a processing gas that includes an oxygen
gas was used.

[0115]
(Eleventh Experiment)

An eleventh experiment was performed in the same manner as the tenth experiment
except that the processing gas did not include a SiCls gas in step ST6 and step ST71.
[0116]

(Twelfth Experiment)

A twelfth experiment was performed in the same manner as the tenth experiment except
that the processing gas further included an oxygen gas in step ST6 and step ST71.
[0117]

(Thirteenth Experiment)

A thirteenth experiment was performed in the same manner as in the twelfth experiment
except that the processing gas did not include a SiCls gas in step ST6 and step ST71.
[0118]

(Test Results)

In the cross-section of the substrate, the etching selectivity of the WSi film to the mask
was calculated by measuring the depth of the recess formed in the WSi film and the remaining
thickness of the mask. The etching selectivity in the tenth experiment was 4.43. The etching
selectivity in the eleventh experiment was 2.37. The etching selectivity in the twelfth

experiment was 5.22. The etching selectivity in the thirteenth experiment was 3.76. Therefore,
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it can be understood that in step ST6, the etching selectivity is improved by forming a silicon
oxide film on the mask by a SiCly gas.

[0119]

(Fourteenth Experiment)

In a fourteenth experiment, a substrate having a WSi film and a mask on the WSi film
was prepared. The mask is a silicon oxide film having a plurality of hole patterns. With respect
to this substrate, steps ST6 to ST7 of the method MT2 were performed to etch the WSi film.
Step ST71 was performed at the same time as step ST6. In step ST6 and step ST71, a processing
gas including a chlorine gas, an NF; gas, an oxygen gas, and a SiCl4 gas was used. In step ST72,
a processing gas that includes an oxygen gas was used.

[0120]
(Fifteenth Experiment)

A fifteenth experiment was performed in the same manner as the fourteenth experiment
except that a processing gas including a chlorine gas, a helium gas, and a CF4 gas was used in
step ST6 and step ST71. The processing gas does not include a SiCl4 gas.

[0121]
(Test Results)

The values of LCDU were calculated from the dimensions at the bottom of a plurality
of recesses (holes) formed in the WSi film. The value of LCDU in the fourteenth experiment
was 1.5 nm. The value of LCDU in the fifteenth experiment was 2.1 nm. Therefore, it can be
understood that the dimensional uniformity of the recess is improved by forming the silicon
oxide film on the sidewall of the recess by SiCls gas.

[0122]
(Sixteenth Experiment)

In a sixteenth experiment, a substrate having a Si film and a mask on the Si film was
prepared. The mask is a silicon oxide film having an opening. With respect to this substrate,
step ST6 to step ST7 of the method MT2 were performed to etch the Si film. Step ST63, step
ST72, and step ST73 were not performed. Step ST71 was performed at the same time as step
ST62. In step ST61, the precursor layer was formed in the recess formed in the Si film
corresponding to the opening by using the aminosilane-based gas. No plasma was generated in
step ST61. In step ST62 and step ST71, the modification of the precursor layer and the etching
of the Si film were performed at the same time, using a processing gas that includes a HBr gas
and an oxygen gas. The HBr gas contributes to the etching of the Si film. The oxygen gas
contributes to the modification of the precursor layer. As a result, a silicon oxide film was
formed on a surface of the mask and the sidewall of the recess.

[0123]
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(Seventeenth Experiment)

A seventeenth experiment was performed in the same manner as the sixteenth
experiment except that step ST6 was not performed.
[0124]

(Test Results)

The dimension (bowing dimension) of the recess at the position where bowing was
observed was measured in the cross-section of the substrate. In the sixteenth experiment, the
bowing dimension was 14.9 nm. In the seventeenth experiment, the bowing dimension was 16.3
nm. Therefore, it is understood that bowing can be suppressed when the precursor layer is
formed.

[0125]

Further, in the sixteenth experiment, the etching selectivity of the mask to the Si film
was 6.9. Further, in the seventeenth experiment, the etching selectivity of the mask to the Si
film was 4.9 nm. Therefore, it is understood that when the precursor layer is formed, the etching
selectivity can be improved.

[0126]

Further, the silicon oxide film formed on the sidewall of the recess was removed by
using dilute hydrofluoric acid. The thickness of the silicon oxide film was calculated by
measuring the dimensions of the recesses before and after the removal. In the sixteenth
experiment, the thickness of the silicon oxide film was 4.6. In the seventeenth experiment, the
thickness of the silicon oxide film was 6.8 nm. Therefore, it is understood that the thickness of
the silicon oxide film can be reduced when the precursor layer is formed. When the thickness
of the silicon oxide film can be reduced, the blockage at the upper end of the recess can be
suppressed.

[0127]
(Eighteenth Experiment)

In step ST62 and step ST71, an eighteenth experiment was performed in the same
manner as the sixteenth experiment except that the ratio of the flow rate of the oxygen gas to
the total flow rate of the processing gas was increased.

[0128]
(Nineteenth Experiment)

In step ST62 and step ST71, a nineteenth experiment was performed in the same
manner as the seventeenth experiment except that the ratio of the flow rate of the oxygen gas
to the total flow rate of the processing gas was increased.

[0129]

(Test Results)
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The etching rate of the Si film in the eighteenth experiment was equal to the etching
rate of the Si film in the sixteenth experiment. The etching rate of the Si film in the nineteenth
experiment was lower than the etching rate of the Si film in the seventeenth experiment.
Therefore, it is understood that when the precursor layer is not formed, the etching rate of the
Si film decreases in a case where the ratio of the flow rate of the oxygen gas is increased. On
the other hand, it is understood that when the precursor layer is formed, the etching rate of the
Si film does not decrease even in a case where the ratio of the flow rate of the oxygen gas is
increased.

[0130]

The results of sixteenth experiment to nineteenth experiment can also be applied to the
etching of the WSi film.
[0131]

FIG. 19 shows a substrate processing system according to one exemplary embodiment.
A substrate processing system PS shown in FIG. 19 may be used in the method MT1 or the
method MT2. The substrate processing system PS includes load ports 102a-102d, containers
4a-4d, loader module LM, aligner AN, load-lock modules LL1 and LL2, process modules PM 1
to PM6, a transfer module TM, and the controller 2. The number of load ports, number of
containers, and number of load-lock modules in the substrate processing system PS can be any
one or more. Further, the substrate processing system PS may include one or more process
modules.

[0132]

The load ports 102a to 102d are arranged along one edge of the loader module LM.
The containers 4a to 4d are placed on the load ports 102a to 102d, respectively. Each of the
containers 4a to 4d is, for example, a container referred to as a front opening unified pod
(FOUP). Each of the containers 4a to 4d is configured to accommodate a substrate W therein.
[0133]

The loader module LM has a chamber. A pressure in the chamber of the loader module
LM is set to an atmospheric pressure. The loader module LM has a transfer device TU1. The
transfer device TU1 is, for example, a transfer robot and is controlled by the controller 2. The
transfer device TUI is configured to transfer the substrate W to the chamber of the loader
module LM. The transfer device TU1 can transfer the substrate W between each of the
containers 4a to 4d and the aligner AN, between the aligner AN and each of the load-lock
modules LL1 and LL2, and between each of the load-lock modules LL1 and LL2 and each of
the containers 4a to 4d. The aligner AN is connected to the loader module LM. The aligner AN
is configured to adjust a position of the substrate W (calibration of the position).

[0134]
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Each of the load-lock modules LL1 and LL2 is disposed between the loader module
LM and the transfer module TM. Each of the load-lock module LL1 and the load-lock module
LL2 has a preliminary decompression chamber.

[0135]

The transfer module TM is connected to each of the load-lock modules LL1 and LL2
through gate valves. The transfer module TM has a transfer chamber TC whose interior space
is configured to be depressurizable. The transfer module TM has a transfer device TU2. The
transfer device TU2 is, for example, a transfer robot and is controlled by the controller 2. The
transfer device TU2 is configured to transfer the substrate W through the transfer chamber TC.
The transfer device TU2 may transport the substrate W between each of the load-lock modules
LL1 and LL2 and each of the process modules PM1 to PM6, and between any two process
modules among the process modules PM1 to PM6.

[0136]

Each of the process modules PM1 to PM6 is configured to perform dedicated substrate
processing. One of the process modules PM1 to PM6 may be the plasma processing apparatus
1 used in the method MT1 or the method MT?2.

[0137]

Step ST6 of the method MT2 may be performed in one process module among the
process modules PM1 to PM6, and step ST7 of the method MT2 may be performed in another
process module among the process modules PM1 to PM6.

[0138]

FIG. 21 is a flowchart of an etching method according to one exemplary embodiment.
An etching method MT3 illustrated in FIG. 21 (hereinafter referred to as "method MT3") may
be performed by the plasma processing apparatus 1 of the embodiment. The method MT3 may
be performed using the substrate processing system PS of FIG. 19. The method MT3 may be
applied to the substrate W of FIG. 4.

[0139]

Hereinafter, the method MT3 will be described by taking as an example a case where
the method MT3 is applied to the substrate W using the plasma processing apparatus 1 of the
embodiment described above, with reference to FIGS. 5 to 7 and FIGS. 21 to 23. Each of FIGS.
22 and 23 is an example of a timing chart illustrating the temporal changes of the source power
and the gas amount. In a case where the plasma processing apparatus 1 is used, the method MT3
may be performed in the plasma processing apparatus 1 under the control of each part of the
plasma processing apparatus 1 by the controller 2. In the method MT3, as illustrated in FIG. 2,
the substrate W on the substrate support 11 disposed in the plasma processing chamber 10 is

processed.
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[0140]

As illustrated in FIG. 21, the method MT3 may include step ST3 and step ST4a. Step
ST3 and step S4a may be performed sequentially. Before step ST3, at least one of step ST1 and
step ST2 of the method MT1 may be performed. After step ST4a, step STS of the method MT1
may be performed. Step ST3 may be performed in the same manner as step ST3 of the method
MTI.

[0141]
Step ST4a

In step ST4a, the first film F1 is etched through the opening OP as shown in FIGS. 5
to 7. Step ST4a may include step ST41, step ST41a, step ST42, and step ST43. Step ST41, step
ST41a, step ST42, and step ST43 may be performed sequentially. Step ST4a may eliminate at
least one of step ST41a and step ST43. Step ST41 and step ST42 may be performed in the same
manner as step ST41 and step ST42 of the method MT]1.

[0142]
Step ST41a

In step ST41a, the interior space of the plasma processing chamber 10 is purged. In
step ST41a, the purge gas may be supplied into the plasma processing chamber 10, or the
interior space of the plasma processing chamber 10 may be decompressed. By purging the
interior space of the plasma processing chamber 10, the first processing gas remaining in the
plasma processing chamber 10 is exhausted. Accordingly, the amount of the first processing gas
in the plasma processing chamber 10 gradually decreases over time from the start of step ST41a.
[0143]

(Step ST43)

In step ST43, step ST41, step ST41a and step ST42 are repeated. When the method
MT?3 does not include step ST41a, step ST41 and step ST42 are repeated.

[0144]

When the method MT3 includes step ST41a, the first processing gas remaining in the
plasma processing chamber 10 is exhausted in step ST41a. In step ST41a, the halogen active
species in the first plasma PL1 generated in step ST41 are also exhausted. As a result, in step
ST42, halogen active species are less likely to be mixed into the second plasma PL2. Therefore,
in step ST42, the etching of the sidewall RSa of the recess RS caused by the halogen active
species is suppressed. Examples of the halogen active species include chlorine radicals, fluorine
radicals, chloride ions, and fluorine ions. The halogen active species may react with the oxygen
radicals in the second plasma PL2 and a metallic element (for example, tungsten) contained in
the first film F1 to generate a metal halogen oxide (for example, a WOFy or a WOClx). Since

the metal halogen oxide has high volatility, the etching of the sidewall RSa of the recess RS
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may be promoted.
[0145]

Alternatively, in the initial stage of step ST42 of the method MT3, the effective value
of the source power for generating the second plasma PL2 may be continuously or gradually
increased. Accordingly, in the initial stage of step ST42, the plasma density may be
continuously or gradually increased. In this case, since the plasma density in the initial stage of
step ST42 is low, even in a case where halogen active species are mixed into the second plasma
PL2 in the initial stage of step ST42, the generation reaction of the metal halogen oxide is less
likely to be progressed. Accordingly, since the time (purging time) of step ST4la may be
shortened, the throughput is improved. The time in step ST41a may be zero. That is, the method
MT3 may not include step ST41a.

[0146]

FIGS. 22 and 23 are examples of a timing chart illustrating the temporal changes of the
source power and the gas amount. These timing charts relate to step ST4a. The vertical axis of
the timing chart represents the effective value of the source power or the amount of gas in the
plasma processing chamber 10.

[0147]

As illustrated in FIG. 22, the cycle including step ST41, step ST41a, and step ST42
may be periodically repeated in the cycle CY1. The cycle CY1 may include the first period
PA1, the second period PB1, and a third period PC1. The first period PA1, the second period
PB1, and the third period PC1 correspond to step ST41, step ST41a, and step ST42, respectively.
The second period PB1 is a period after the first period PA1. The third period PC1 is a period
after the second period PBI1.

[0148]

In the first period PA1, the effective value of the source power for generating the first
plasma PL1 may be maintained at the high power H2. Examples of the frequency of the source
power include 40 MHz, 60 MHz, and 100 MHz. In the first period PA1, the bias power may be
supplied to the substrate support 11. The bias power may be radio-frequency power. Examples
of the frequency of the bias power include 400 kHz and 3.2 MHz. The bias supplied to the
substrate support 11 may be a direct-current voltage pulse. The supply of the first processing
gas is started at the start of the first period PA1, and the supply of the first processing gas is
stopped at the end of the first period PA1. As a result, the amount of the first processing gas in
the plasma processing chamber 10 increases from the start of the first period PA1 to reach the
gas amount GV 1. Thereafter, the amount of the first processing gas is maintained to be the gas
amount GV1. In the first period PA 1, the second processing gas is not supplied.

[0149]
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In the second period PB1, the effective value of the source power may be maintained
at low power L2. In the second period PB1, the bias power may not be supplied to the substrate
support 11. In the second period PB1, the first processing gas is not supplied. Therefore, the
amount of the first processing gas remaining in the plasma processing chamber 10 continuously
decreases over time from the start of the second period PB1. At the end of the second period
PB1, the amount of the first processing gas in the plasma processing chamber 10 may be zero.
In the second period PBI1, the second processing gas is not supplied.

[0150]

In the third period PCl1, the effective value of the source power for generating the
second plasma PL2 may be maintained at the high power H2. The high power H2 in the third
period PC1 may be different from the high power H2 in the first period PA1. In the third period
PCl1, the bias power may not be supplied to the substrate support 11. In the third period PC1,
the first processing gas is not supplied. The supply of the second processing gas is started at the
start of the third period PC1, and the supply of the second processing gas is stopped at the end
of the third period PC1. As a result, the amount of the second processing gas in the plasma
processing chamber 10 increases from the start of the third period PC1 to reach the gas amount
GV2. Thereafter, the amount of the second processing gas is maintained to be the gas amount
GV2. Since the second processing gas is not supplied in the first period PA1 after the third
period PC1, the amount of the second processing gas remaining in the plasma processing
chamber 10 continuously decreases over time from the start of the first period PA1. At the end
of the first period PA1 after the third period PC1, the amount of the second processing gas in
the plasma processing chamber 10 may be zero.

[0151]

As illustrated in FIG. 23, the cycle including step ST41, step ST41a, and step ST42
may be periodically repeated in the cycle CY2. The cycle CY2 may include the first period
PA2, the second period PB2, and a third period PC2. The first period PA2, the second period
PB2, and the third period PC2 correspond to step ST41, step ST41a, and step ST42, respectively.
The second period PB2 is a period after the first period PA2. The third period PC2 is a period
after the second period PB2. The cycle CY2 may not include the second period PB2.

[0152]

In the first period PA2, the same processing as that in the first period PA1 of the cycle
CY1 may be performed. In the second period PB2, the same processing as that in the second
period PB1 of the cycle CY1 may be performed. At the end of the second period PB2, the
amount of the first processing gas in the plasma processing chamber 10 may be larger than zero.
[0153]

In the initial stage in the third period PC2, the effective value of the source power for
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generating the second plasma PL2 gradually increases. The effective value of the source power
may be maintained at the high power H2 after reaching the high power H2 from the low power
L2. In the initial stage in the third period PC2, the effective value of the source power may
continuously increase. The high power H2 in the third period PC2 may be different from the
high power H2 in the first period PA2. In the third period PC2, the bias power may not be
supplied to the substrate support 11. In the third period PC2, the first processing gas is not
supplied. Therefore, the amount of the first processing gas remaining in the plasma processing
chamber 10 continuously decreases over time from the start of the third period PC2. At the end
of the third period PC2, the amount of the first processing gas in the plasma processing chamber
10 may be zero. The supply of the second processing gas is started at the start of the third period
PC2, and the supply of the second processing gas is stopped at the end of the third period PC2.
As a result, the amount of the second processing gas in the plasma processing chamber 10
increases from the start of the third period PC2 to reach the gas amount GV2. Thereafter, the
amount of the second processing gas is maintained to be the gas amount GV2. Since the second
processing gas is not supplied in the first period PA2 after the third period PC2, the amount of
the second processing gas remaining in the plasma processing chamber 10 continuously
decreases over time from the start of the first period PA2. At the end of the first period PA1
after the third period PC2, the amount of the second processing gas in the plasma processing
chamber 10 may be zero.

[0154]

Although various exemplary embodiments have been described above, various
additions, omissions, substitutions and changes may be made without being limited to the
exemplary embodiments described above. In addition, other embodiments may be formed by
combining elements in different embodiments.

[0155]

For example, each step of the method MT1, each step of the method MT2, and each
step of the method MT3 may be arbitrarily combined. Step ST6 of the method MT2 may be
performed between step ST3 and Step ST4 of the method MT1.

[0156]
Hereinafter, various exemplary embodiments included in the present disclosure will be
described in the following [E1] to [ES3].
[0157]
[E1]
An etching method including:
a step (a) of providing a substrate, the substrate including a first film and a second film

having an opening on the first film, the first film containing a metallic element and a non-
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metallic element, and

a step (b) of etching the first film through the opening, in which

the step (b) includes:

a step (i) of etching the first film through the opening with a first plasma
generated from a first processing gas including a halogen-containing gas by supplying a pulse
of a radio-frequency power,

a step (i) of modifying a sidewall of a recess formed in the step (i) with a
second plasma generated from a second processing gas, and

a step (iii) of repeating the step (i) and the step (ii).

[0158]

According to the etching method [E1], since the first plasma is generated by the pulse
of the radio-frequency power, excessive dissociation of the halogen-containing gas is
suppressed. Therefore, the etching of the sidewall of the recess is suppressed. Therefore,
according to the etching method [E1], the first film can be etched while suppressing a shape
abnormality.

[0159]
[E2]

According to the etching method [E1], in the step (i), a continuous wave of a bias power
is supplied to a substrate support for supporting the substrate.
[0160]

[E3]

According to the etching method [E1], in the step (i), a pulse of a bias power is supplied
to the substrate support for supporting the substrate, and the pulse of the radio-frequency power
and the pulse of the bias power are synchronized.

[0161]
[E4]

According to the etching method [E1], in the step (i), the pulse of the bias power is
supplied to the substrate support for supporting the substrate, and a phase of the pulse of the
radio-frequency power is misaligned with a phase of the pulse of the bias power.

[0162]
[E5]

An etching method including:

a step (a) of providing a substrate, the substrate including a first film, a second film
having an opening on the first film, and a third film below the first film, the first film containing
a metallic element and a non-metallic element,

a step (b) of etching the first film through the opening, and
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a step (c) of further etching the first film after the step (b), in which

the step (b) includes:

a step (i) of etching the first film through the opening with a first plasma
generated from a first processing gas that includes a halogen-containing gas,

a step (i1) of modifying a sidewall of a recess formed in the step (i) with a
second plasma generated from a second processing gas, and

a step (iii) of repeating the step (i) and the step (ii),

the step (c) includes a step (iv) of etching the first film and the third film through the
opening with a third plasma generated from a third processing gas that includes a halogen-
containing gas, and

at a lower portion of the first film adjacent to an interface between the first film and
the third film, a dimension of the recess formed with the third plasma is smaller than a
dimension of a recess formed when the first plasma is used instead of the third plasma.

[0163]

According to the etching method [E5], in the step (c), since it is possible to suppress
the etching (side etching) of the sidewall of the recess, it is possible to suppress the occurrence
of notching caused by the side etching. Therefore, according to the etching method [ES5], the
first film can be etched while suppressing a shape abnormality.

[0164]
[E6]

In the etching method according to [E5], in the step (i), a first bias power is supplied
to the substrate support for supporting the substrate, and in the step (iv), a second bias power is
supplied to the substrate support for supporting the substrate, and energy per unit time of the
second bias power is larger than energy per unit time of the first bias power.

[0165]

In this case, in the step (iv), chemical species in the third plasma are attracted toward
the substrate by the second bias power. Therefore, the etching rate of the third film in the step
(iv) increases.

[0166]
[E7]

In the etching method according to [E6], the first bias power is a first pulse, the second
bias power is a second pulse, and a product of a duty ratio and an amplitude of the second pulse
is larger than a product of a duty ratio and an amplitude of the first pulse.

[0167]
[E8]
In the etching method according to any one of [E5] to [E7], the third processing gas
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includes a reaction-promoting gas that increases an etching rate of the third film with the third
plasma.
[0168]
In this case, the etching rate of the third film in the step (iv) increases.
[0169]
[E9]

In the etching method according to [E8], the reaction-promoting gas includes at least
one of a hydrogen-containing gas and CxHyF; (x is an integer of 1 or more, y and z are integers
of 0 or more) gas.

[0170]
[E10]

In the etching method according to any one of [ES] to [E9], the step (¢) does not include
a step of modifying the sidewall of the recess with a fourth plasma generated from a fourth
processing gas.

[0171]

In this case, in the step (iv), the sidewall of the recess is not excessively modified.
[0172]

[El1]

In the etching method according to any one of [E5] to [E9], the step (c) further includes
a step (v) of modifying the sidewall of the recess with a fourth plasma generated from a fourth
processing gas,

in the step (ii), the second processing gas includes an oxygen-containing gas, in the
step (v), the fourth processing gas includes an oxygen-containing gas, and partial pressure of
the oxygen-containing gas in the fourth processing gas is lower than a partial pressure of the
oxygen-containing gas in the second processing gas.

[0173]

In this case, in the step (iv), excessive oxidation of the sidewall of the recess can be
suppressed.
[0174]
[E12]

In the etching method according to any one of [E5] to [E11],

in the step (1), a first radio-frequency power for generating the first plasma is supplied,

in the step (iv), a second radio-frequency power for generating the third plasma is
supplied, and

energy per unit time of the second radio-frequency power is smaller than energy per

unit time of the first radio-frequency power.
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[0175]
In this case, in the step (iv), excessive dissociation of the halogen-containing gas is

suppressed. Therefore, the etching of the sidewall of the recess is suppressed.
[0176]

[E13]
In the etching method according to any one of [E5] to [E12],
in the step (i), the first plasma is generated under a first pressure,
in the step (iv), the third plasma is generated under a second pressure, and
the second pressure is smaller than the first pressure.
[0177]

In this case, in the step (iv), anisotropy increases when chemical species in the third
plasma move toward the substrate. Therefore, the etching of the sidewall of the recess is
suppressed.

[0178]
[E14]

In the etching method according to any one of [E5] to [E13], the third film is an etching
stop layer.
[0179]
[E15]

In the etching method according to any one of [E1] to [E14], the first film contains at
least one transition metallic element selected from the group consisting of tungsten, titanium,
molybdenum, hafnium, zirconium, and ruthenium, as the metallic element.

[0180]
[E16]

In the etching method according to any one of [E1] to [E15], the first film contains at
least one of silicon, carbon, nitrogen, oxygen, hydrogen, boron, and phosphorus, as the non-
metallic element.

[0181]
[E17]

In the etching method according to [E16], the first film contains at least one tungsten
compound selected from the group consisting of tungsten silicide, tungsten silicon nitride,
tungsten silicon boron, and tungsten silicon carbon.

[0182]
[E18]
In the etching method according to any one of [E1] to [E17], the second film is a mask.

[0183]
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[E19]

In the etching method according to any one of [El] to [E18], in the step (i), a
temperature of the substrate support for supporting the substrate is 60°C or higher.
[0184]

[E20]

In the etching method according to any one of [E1] to [E19], the second film includes
a plurality of first openings arranged at a first pitch and having a first dimension, and a plurality
of second openings arranged at a second pitch and having a second dimension, and the second
pitch is different from the first pitch and the second dimension is different from the first
dimension.

[0185]
[E21]

In the etching method according to any one of [E1] to [E20], after the step (iii), an
aspect ratio of the recess is 5 or more.
[0186]

[E22]

In the etching method according to any one of [E1] to [E21], before the step (a) or after
the step (b), a step (d) of cleaning a chamber in which the first plasma is generated is further
included.

[0187]
[E23]

In the etching method according to any one of [E1] to [E22], before the step (a), a step
(e) of pre-coating an inner wall of a chamber in which the first plasma is generated is further
included.

[0188]
[E24]

In the etching method according to any one of [E1] to [E23], the step (a) and the step
(b) are performed in-situ.

[0189]
[E25]

A plasma processing apparatus including:

a chamber,

a substrate support for supporting a substrate in the chamber, the substrate including a
first film and a second film having an opening on the first film, the first film containing a
metallic element and a non-metallic element,

a gas supply configured to supply a first processing gas and a second processing gas
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into the chamber, the first processing gas including a halogen-containing gas,

a plasma generator configured to generate a first plasma from the first processing gas
in the chamber and a second plasma from the second processing gas in the chamber, and

a controller, in which

the controller is configured to cause the gas supply and the plasma generator to
perform:

a step (i) of etching the first film through the opening with the first plasma by
supplying a pulse of a radio-frequency power,

a step (i1) of modifying a sidewall of a recess formed in the step (i) with the
second plasma, and

a step (iii) of repeating the step (i) and the step (ii).
[0190]
[E26]

A plasma processing apparatus including:

a chamber,

a substrate support for supporting a substrate in the chamber, the substrate including a
first film, a second film having an opening on the first film, and a third film below the first film,
the first film containing a metallic element and a non-metallic element,

a gas supply unit configured to supply a first processing gas, a second processing gas,
and a third processing gas into the chamber, the first processing gas including a halogen-
containing gas, and the third processing gas including a halogen-containing gas,

a plasma generator configured to generate a first plasma from the first processing gas
in the chamber, a second plasma from the second processing gas in the chamber, and a third
plasma from the third processing gas in the chamber, and

a controller, in which

the controller is configured to cause the gas supply and the plasma generator to
perform:

a step (i) of etching the first film through the opening with the first plasma,

a step (ii) of modifying a sidewall of a recess formed in the step (i) with the
second plasma,

a step (iii) of repeating the step (i) and the step (ii), and

a step (iv) of etching the first film and the third film through the opening with
the third plasma, after the step (iii), and

the controller is configured to control the gas supply and the plasma generator so that
at a lower portion of the first film adjacent to an interface between the first film and the third

film, a dimension of the recess formed with the third plasma is smaller than a dimension of a
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recess formed when the first plasma is used instead of the third plasma.
[0191]
[E27]

In the etching method according to any one of [E1] to [E24], the substrate further
includes a third film below the first film, the etching method further includes a step (c) of further
etching the first film, after the step (b), the step (c) includes a step (iv) of etching the first film
and the third film through the opening with a third plasma generated from a third processing
gas that includes a halogen-containing gas, and at a lower portion of the first film adjacent to
an interface between the first film and the third film, a dimension of the recess formed with the
third plasma is smaller than a dimension of a recess formed when the first plasma is used instead
of the third plasma.

[0192]
[E28]

The etching method according to any one of [E1] to [E24], further including a step (f)
of forming a protective film on the sidewall of the recess formed in the first film corresponding
to the opening, in which the step (b) is performed at the same time as or after the step (f).
[0193]

[E29]

An etching method including:

a step (a) of providing a substrate, the substrate including a first film and a second film
having an opening on the first film, the first film containing a metallic element and a non-
metallic element,

a step (b) of forming a protective film on a sidewall of a recess formed in the first film
corresponding to the opening, and

a step (c) of etching the first film through the opening with a plasma generated from a
processing gas including a halogen-containing gas at the same time as or after the step (b).
[0194]

According to the etching method [E29], in the step (c), the etching of the sidewall of
the recess of the first film is suppressed by the protective film. Therefore, according to the
etching method [E29], the first film can be etched while suppressing a shape abnormality.
[0195]

[E30]

In the etching method according to [E29], the step (b) includes: a step (i) of forming a
precursor layer on the sidewall of the recess, and a step (ii) of modifying the precursor layer.
[0196]

[E31]
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In the etching method according to [E30], in the step (i), a plasma is generated.

[0197]
[E32]

In the etching method according to [E30] or [E31], the step (c) is performed at the same
time as the step (ii).

[0198]
[E33]

In the etching method according to [E30] or [E31], the step (c) is performed after the
step (i1).
[0199]
[E34]

In the etching method according to any one of [E30] to [E33], the chemical species
used in the step (ii) are the same as the etchant in the plasma in the step (c).

[0200]
[E35]

In the etching method according to any one of [E30] to [E33], the chemical species
used in the step (i1) are different from the etchant in the plasma in the step (c).

[0201]
[E36]

In the etching method according to any one of [E30] to [E35], in the step (b), a gas
introduction port to which a modification gas for modifying the precursor layer is supplied is
different from a gas introduction port to which the precursor gas for forming the precursor layer
is supplied.

[0202]
[E37]

In the etching method according to any one of [E29] to [E36], the chamber in which
the step (c) is performed is different from the chamber in which the step (b) is performed.
[0203]

[E38]

In the etching method according to any one of [E29] to [E37], after the step (c), a
thickness of the protective film is 25% or less of a dimension of the recess.
[0204]

[E39]

In the etching method according to any one of [E29] to [E38], the first film contains at

least one of tungsten, titanium, and molybdenum, as the metallic element.

[0205]
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[E40]

In the etching method according to any one of [E29] to [E39], the first film contains at
least one of silicon, carbon, nitrogen, oxygen, and hydrogen, as the non-metallic element.
[0206]

[E41]

In the etching method according to [E40], the first film contains tungsten silicide.
[0207]

[E42]

In the etching method according to any one of [E29] to [E41], in the step (c), a
temperature of the substrate support for supporting the substrate is 60°C or higher.
[0208]

[E43]

In the etching method according to any one of [E29] to [E42],

the second film includes a plurality of first openings arranged at a first pitch and having
a first dimension, and a plurality of second openings arranged at a second pitch and having a
second dimension, and

the second pitch is different from the first pitch and the second dimension is different
from the first dimension.

[0209]
[E44]

In the etching method according to any one of [E29] to [E43], after the step (c), an
aspect ratio of the recess is 5 or more.
[0210]

[E45]

The etching method according to any one of [E29] to [E44], further including:

before the step (a) or after the step (c), a step (d) of cleaning a chamber in which the
plasma is generated.

[0211]
[E46]

The etching method according to any one of [E29] to [E45], further including:

before the step (a), a step (e) of pre-coating an inner wall of the chamber in which the
plasma is generated.

[0212]
[E47]
In the etching method according to any one of [E29] to [E46], the step (a) to the step

(c) are performed in-situ.
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[0213]
[E48]

A plasma processing apparatus including:

a chamber,

a substrate support for supporting a substrate in the chamber, the substrate including a
first film and a second film having an opening on the first film, the first film containing a
metallic element and a non-metallic element,

a gas supply configured to supply a processing gas into the chamber, the processing
gas including a halogen-containing gas,

a plasma generator configured to generate a plasma from the processing gas in the
chamber, and

a controller, in which

the controller is configured to control the gas supply and the plasma generator so that
a protective film is formed on a sidewall of a recess formed in the first film corresponding to
the opening and the first film is etched through the opening by the plasma at the same time as
or after the protective film is formed.

[0214]
[E49]

In the etching method according to any one of [E39] to [E47], the second film is a
mask.
[0215]
[E5S0]

In the etching method according to any one of [E30] to [E36] and [E37] to [E47] that
cite [E30], at least one of a period for supplying the precursor gas in the step (i), a period for
supplying the modification gas in the step (ii), and a period for supplying the processing gas in
the step (c) is changed according to a depth of the recess.

[0216]
[E50]

In the etching method according to any one of [ES] to [E13], a total flow rate of the
third processing gas is larger than a total flow rate of the first processing gas.
[0217]

[EST]

An etching method including:

a step (a) of providing a substrate in a chamber, the substrate including a first film and
a second film having an opening on the first film, the first film containing a metallic element

and a non-metallic element; and
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a step (b) of etching the first film through the opening, in which
the step (b) includes
a step (bl) of forming a recess in the first film with a first plasma generated
from a first processing gas including a halogen-containing gas,
a step (b2) of purging an interior space of the chamber, and
a step (b3) of modifying a sidewall of the recess with a second plasma
generated from a second processing gas.
[0218]
[ES2]

An etching method including:

a step (a) of providing a substrate in a chamber, the substrate including a first film and
a second film having an opening on the first film, the first film containing a metallic element
and a non-metallic element; and

a step (b) of etching the first film through the opening, in which

the (b) includes

a step (b1) of forming a recess in the first film with a first plasma generated
from a first processing gas including a halogen-containing gas, and

a step (b2) of modifying a sidewall of the recess with a second plasma
generated from a second processing gas, and

in initial stage in the step (b2), an effective value of a radio-frequency power for
generating the second plasma continuously or gradually increases.

[0219]
[E5S3]

In the etching method according to [E53], in which the step (b) further includes a step
(b3) of purging an interior space of the chamber between the step (bl) and the step (b2).
[0220]

From the foregoing, it will be appreciated that various 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. Therefore, the various embodiments disclosed herein are not intended to be limiting,
with the true scope and spirit being indicated by the following claims.

Reference Signs List

[0221]
1 Plasma processing apparatus
2: Controller

10: Plasma processing chamber
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11: Substrate support
12: Plasma generator
20: Gas supply

DP1, DP2: Protective film
F1: First film

F2: Second film

OP: Opening

PL6: Plasma

RS: Recess

RSa: Sidewall

W: substrate

44



CLAIMS

[Claim 1]

An etching method including:

a step (a) of providing a substrate, the substrate including a first film and a second film
having an opening on the first film, the first film containing a metallic element and a non-
metallic element,

a step (b) of forming a protective film on a sidewall of a recess formed in the first film
corresponding to the opening, and

a step (c) of etching the first film through the opening with a plasma generated from a

processing gas including a halogen-containing gas at the same time as or after the step (b).

[Claim 2]
The etching method according to claim 1, wherein
the step (b) includes
a step (i) of forming a precursor layer on the sidewall of the recess, and

a step (i1) of modifying the precursor layer.

[Claim 3]
The etching method according to claim 2, wherein

in the step (1), the plasma is generated.

[Claim 4]
The etching method according to claim 2 or 3, wherein

the step (c) is performed at the same time as the step (ii).

[Claim 5]
The etching method according to claim 2 or 3, wherein

the step (c) is performed after the step (ii).

[Claim 6]
The etching method according to claim 2 or 3, wherein

chemical species used in the step (ii) are the same as an etchant in the plasma in the step (c).

[Claim 7]
The etching method according to claim 2 or 3, wherein
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chemical species used in the step (ii) are different from an etchant in the plasma in the step (c).

[Claim 8]

The etching method according to claim 2 or 3, wherein
in the step (b), a gas introduction port to which a modification gas for modifying the precursor
layer is supplied is different from a gas introduction port to which a precursor gas for forming

the precursor layer is supplied.

[Claim 9]
The etching method according to any one of claims 1 to 3, wherein
a chamber in which the step (c) is performed is different from a chamber in which the step (b)

is performed.

[Claim 10]
The etching method according to any one of claims 1 to 3, wherein

after the step (c), a thickness of the protective film is 25% or less of a dimension of the recess.

[Claim 11]

The etching method according to any one of claims 1 to 3, wherein

the first film contains at least one transition metallic element selected from the group
consisting of tungsten, titanium, molybdenum, hafnium, zirconium, and ruthenium, as the

metallic element.

[Claim 12]
The etching method according to any one of claims 1 to 3, wherein
the first film contains at least one of silicon, carbon, nitrogen, oxygen, hydrogen,

boron, and phosphorus, as the non-metallic element.

[Claim 13]

The etching method according to claim 12, wherein

the first film contains at least one tungsten compound selected from the group
consisting of tungsten silicide, tungsten silicon nitride, tungsten silicon boron, and tungsten

silicon carbon.

[Claim 14]

The etching method according to any one of claims 1 to 3, wherein
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in the step (c), a temperature of a substrate support for supporting the substrate is 60°C

or higher.

[Claim 15]

The etching method according to any one of claims 1 to 3, wherein

the second film includes a plurality of first openings arranged at a first pitch and having
a first dimension, and a plurality of second openings arranged at a second pitch and having a
second dimension, and

the second pitch is different from the first pitch and the second dimension is different

from the first dimension.

[Claim 16]
The etching method according to any one of claims 1 to 3, wherein

after the step (c), an aspect ratio of the recess is 5 or more.

[Claim 17]
The etching method according to any one of claims 1 to 3, further comprising:
a step (d) of cleaning a chamber in which the plasma is generated, before the step (a)

or after the step (c).

[Claim 18]
The etching method according to any one of claims 1 to 3, further comprising:
a step (e) of pre-coating an inner wall of a chamber in which the plasma is generated,

before the step (a).

[Claim 19]
The etching method according to any one of claims 1 to 3, wherein

the step (a) to the step (c) are performed in-situ.

[Claim 20]

A plasma processing apparatus including:

a chamber,

a substrate support for supporting a substrate in the chamber, the substrate including a
first film and a second film having an opening on the first film, the first film containing a
metallic element and a non-metallic element,

a gas supply configured to supply a processing gas into the chamber, the processing
47



gas including a halogen-containing gas,

a plasma generator configured to generate a plasma from the processing gas in the
chamber, and

a controller, wherein

the controller is configured to control the gas supply and the plasma generator so that
a protective film is formed on a sidewall of a recess formed in the first film corresponding to
the opening and the first film is etched through the opening by the plasma at the same time as

or after the protective film is formed.

[Claim 21]
An etching method including:
a step (a) of providing a substrate in a chamber, the substrate including a first film and
a second film having an opening on the first film, the first film containing a metallic element
and a non-metallic element; and
a step (b) of etching the first film through the opening, wherein
the step (b) includes
a step (bl) of forming a recess in the first film with a first plasma generated
from a first processing gas including a halogen-containing gas,
a step (b2) of purging an interior space of the chamber, and
a step (b3) of modifying a sidewall of the recess with a second plasma

generated from a second processing gas.

[Claim 22]
An etching method including:
a step (a) of providing a substrate in a chamber, the substrate including a first film and
a second film having an opening on the first film, the first film containing a metallic element
and a non-metallic element; and
a step (b) of etching the first film through the opening, wherein
the (b) includes
a step (bl) of forming a recess in the first film with a first plasma generated
from a first processing gas including a halogen-containing gas, and
a step (b2) of modifying a sidewall of the recess with a second plasma
generated from a second processing gas, and
in initial stage in the step (b2), an effective value of a radio-frequency power for

generating the second plasma continuously or gradually increases.
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[Claim 23]
The etching method according to claim 22, wherein
the step (b) further includes a step (b3) of purging an interior space of the chamber, between

the step (b1) and the step (b2).
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