ETCHING METHOD AND PLASMA ETCHING APPARATUS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is based on and claims priority from Japanese Patent
Application Nos. 2020-136392 and 2021-103362, filed on August 12, 2020 and June 22,
2021, respectively, with the Japan Patent Office, the disclosures of which are

incorporated herein in their entireties by reference.

TECHNICAL FIELD
[0002] The present disclosure relates to an etching method and a plasma etching

apparatus.

BACKGROUND
[0003] Japanese Patent Laid-Open Publication No. 2016-122774 discloses a technique
of performing a plasma etching on a silicon oxide film which is an etching target film,
in order to form a recess having a relatively high aspect ratio. In this technique, the
silicon oxide film is etched by generating plasma from a processing gas that includes a
fluorine-containing gas such as a fluorocarbon gas or a hydrofluorocarbon gas, and a
hydrogen gas. In a structure with a relatively high aspect ratio such as a contact hole
of a memory device, the aspect ratio increases, and a supply amount of an etchant

decreases, as the etching is progressed.

SUMMARY
[0004] According to an aspect of the present disclosure, an etching method includes:

(a) providing a substrate that contains silicon, on a support; (b) etching the substrate



with plasma generated from a first gas that includes a fluorine-containing gas, to form
an etching shape having a bottom; (c) generating plasma from a second gas that includes
a hydrogen fluoride (HF) gas, to selectively form a condensed or solidified layer of HF
at the bottom of the etching shape; and (d) etching the bottom with the plasma generated
from the second gas, by supplying a bias power to the support. During (c) and (d), a
temperature of the substrate may be maintained to be 0 °C or lower.

[0005] The foregoing summary is illustrative only and is not intended to be in any
way limiting. In addition to the illustrative aspects, embodiments, and features
described above, further aspects, embodiments, and features will become apparent by

reference to the drawings and the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] FIG. 1 is a view illustrating an etching method according to an embodiment.
[0007] FIG. 2 is a view illustrating a flow of a second etching according to an
embodiment.
[0008] FIGS. 3A to 3C are views illustrating a flow of an etching of an etching target
film.
[0009] FIGS. 4A to 4C are views illustrating the flow of the etching of the etching
target film.
[0010] FIG. 5 is a schematic cross-sectional view illustrating an example of a plasma

etching apparatus according to an embodiment.

DETAILED DESCRIPTION
[0011] In the following detailed description, reference is made to the accompanying

drawing, which form a part hereof. The illustrative embodiments described in the



detailed description, drawing, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be made without departing from
the spirit or scope of the subject matter presented here.

[0012] An embodiment of the present disclosure provides a method of etching a film.
The method includes: (a) providing a substrate that contains silicon, on a support; (b)
etching the substrate with plasma generated from a first gas that includes a fluorine-
containing gas, to form an etching shape having a bottom; (c) generating plasma from a
second gas that includes a hydrogen fluoride (HF) gas, to selectively form a condensed
or solidified layer of HF at the bottom of the etching shape; and (d) etching the bottom
with the plasma generated from the second gas, by supplying a bias power to the
support. During (c) and (d), a temperature of the substrate may be maintained to be
0 °C or lower. According to this embodiment, an etchant is efficiently supplied to the
bottom of the etching shape, so that the etching rate may be improved.

[0013] In the embodiment, (c) and (d) may be repeated. Further, in the embodiment,
(c) and (d) may be performed at the same time.

[0014] In the embodiment, (c) and (d) may be performed when an opening diameter of
the etching shape is 200 nm or less, and an aspect ratio is 20 or more.

[0015] In the embodiment, after (a), the temperature of the substrate may be set to -
40 °C or lower.

[0016] In the embodiment, (d) may etch the bottom with the plasma generated from
the second gas or plasma generated from a rare gas.

[0017] In the embodiment, the etching may be performed by supplying a bias power
to attract ions in the plasma generated from the second gas to the bottom, and causing
the condensed or solidified layer that has been formed at the bottom to react with the

bottom.



[0018] Another embodiment of the present disclosure provides a method of etching a
film. The method includes: providing a substrate that contains silicon, on a support
inside a chamber; setting a temperature of the substrate to O °C or lower; supplying a
mixed gas that includes a hydrogen fluoride (HF) gas with a volume flow ratio of 30 %
or more with respect to a total flow rate of a processing gas into the chamber; and
etching the substrate with plasma generated from the mixed gas, by supplying a radio-
frequency power. During the supplying and the etching, the temperature of the
substrate may be maintained to be 0 °C or lower. According to this embodiment, the
etching rate may be improved.

[0019] In the embodiment, the setting may set the temperature of the substrate to -
40 °C or lower, and during the supplying and the etching, the temperature of the
substrate may be maintained to be 0 °C or lower.

[0020] In the embodiment, the substrate that contains silicon may include a silicon
oxide film or a silicon nitride film.

[0021] In the embodiment, the substrate that contains silicon may include a stacked
film of a silicon oxide film and a silicon nitride film.

[0022] In the embodiment, the substrate that contains silicon may include a stacked
film of a silicon oxide film and polysilicon.

[0023] Yet another embodiment of the present disclosure provides a plasma etching
apparatus that includes: a chamber; a support provided inside a chamber and configured
to support a substrate; a plasma generator configured to generate plasma inside the
chamber; and a controller. The controller performs (a) receiving a substrate that
contains silicon, and supporting the substrate on the support; (b) etching the substrate
with plasma generated from a first gas that includes a fluorine-containing gas, to form

an etching shape having a bottom; (c) generating plasma from a second gas that includes



a hydrogen fluoride (HF) gas, to selectively form a condensed or solidified layer of HF
at the bottom of the etching shape; and (d) etching the bottom with the plasma generated
from the second gas, by supplying a bias power to the support. During (c) and (d), the
controller may maintain a temperature of the substrate to be 0 °C or lower.

[0024] Hereinafter, an embodiment for implementing the present disclosure will be
described with reference to the drawings. In the respective drawings, the same
components and parts may be denoted by the same reference numerals, and overlapping
descriptions thereof may be omitted.

[0025] In the following descriptions, the power supplied from one of the two radio-
frequency power supplies (RF power supplies) in FIG. 5 into a plasma etching
apparatus will also be referred to as an HF power, and the power supplied from the other
to a lower electrode in the plasma etching apparatus will also be referred to as an LF
power (also referred to as a bias power). The HF power is a plasma generation radio-
frequency power that mainly contributes to the generation of plasma. The LF power is
a bias radio-frequency power that mainly contributes to the attraction of ions into a
substrate W. Here, the substrate W which is a processing target is a wafer having a
diameter of 300 mm. The temperature of the substrate W may be controlled by
measuring the temperature of the front surface of the substrate W with a temperature
sensor attached to the front surface of the substrate W via an adhesive such as silicone
gel. Further, in the descriptions herein, a mixed gas refers to a gas in which two or
more types of gases are mixed (etching gas).

[0026] In the present embodiment, a method MT of etching the substrate will be
described with reference to FIG. 1. In addition to FIG. 1, FIG. 5 will also be referred-
to in the following descriptions. Hereinafter, the method MT will be described by

taking a case where the method MT is applied to the substrate W using a plasma etching



apparatus 10 as an example. The method MT includes steps S1 to S5. Further, step
S5 includes at least steps S51 to S53 of FIG. 2.

[0027] In step S1, the substrate W that includes an etching target film is supported by
a support ST inside a chamber 1 as illustrated in FIG. 5. The support ST includes an
electrostatic chuck 5, and holds the substrate W by an electrostatic force. The etching
target film is a silicon-containing film. The silicon-containing film includes a silicon
oxide film (SiO2) or a silicon nitride film (SiN). Further, the silicon-containing film
may include a silicon-containing film other than the silicon oxide film. The silicon-
containing film may contain two or more types of silicon-containing films. The two or
more types of silicon-containing films may include a stacked film of a silicon oxide film
and a polysilicon film, or a stacked film of a silicon oxide film and a silicon nitride film.
The present embodiment describes an example where a silicon oxide film is etched as
an etching target film. For example, the embodiment may be used for an etching shape
with an aspect ratio of 20 or more for a 3D-NAND or a DRAM.

[0028] The substrate W may further include a mask having an opening on the etching
target film. The mask may be formed of various films of which selectivity is obtained
with respect to the silicon-containing film that is the etching target film. The mask
may be a carbon-containing film. Examples of the carbon-containing film include
photoresist or amorphous carbon. The mask may be a silicon-containing film, and
may be, for example, a polysilicon mask.

[0029] A gas that includes a fluorine-containing gas is used for the etching. The gas
that includes the fluorine-containing gas may be fluorocarbons such as CF4, CoFs, CsFe,
and C4Fs, hydrofluorocarbons such as CH3F, CH2F»>, and CHFs3, gases such as SFs and
NFs, hydrogen fluoride (HF) gas, or a combination of one or more gases selected

therefrom. The gas that includes the fluorine-containing gas may further include a



hydrogen-containing gas. The hydrogen-containing gas may be, for example, H> or
CH;. In addition to these gases, a rare gas such as Ar may be included. Since
fluorine ions and hydrogen ions in plasma generated from the gas that includes fluorine
or the gas that includes fluorine and hydrogen are light, the fluorine ions and the
hydrogen ions are unlikely to damage the mask. Accordingly, a relatively high mask
selectivity may be obtained. As an example, when the aspect ratio is a predetermined
value (e.g., 20) or more, a mixed gas that includes hydrogen fluoride gas is used as the
etching gas. The mixed gas that includes hydrogen fluoride gas may include the
hydrogen fluoride gas with a 30 % or more volume flow ratio with respect to the total
flow rate of the mixed gas (processing gas). In this example, aspect ratios Al to A3
are calculated without including the mask. As illustrated in FIGS. 4A to 4C, the aspect
ratios Al to A3 may be calculated including the mask. It may be preferable to
determine the aspect ratio at which a condensed layer or a solidified layer of hydrogen
fluoride to be described later is formed.

[0030] The mask on the silicon-containing film may be a metal-containing mask.
The metal-containing mask may be formed of a tungsten (W)-based, titanium (Ti)-
based, molybdenum (Mo)-based, ruthenium (Ru)-based, hafnium (Hf)-based or
aluminum (Al)-based material.

[0031] Next, in step S2, the temperature of the substrate is controlled to 0 °C or lower.
For example, the temperature of the substrate (the temperature of the support ST) is set
to -40 °C or lower before the start of the etching (the temperature of the substrate before
the start of the etching is substantially identical to the temperature of the support ST
before the start of the etching). When the temperature of the substrate is controlled to
0 °C or lower, for example, -40 °C or lower, the supply of an etchant to the bottom of an

etching shape is accelerated so that the etching rate may be improved. Further, the



temperature of the substrate before the start of the etching may be set to -70 °C or
lower. The temperature of the substrate may be adjusted by cooling the support ST
using a cooler or by causing a refrigerant such as liquid nitrogen or chlorofluorocarbon
to flow through the support ST. In consideration of heat input by plasma, the
temperature of the refrigerant caused to flow through the support ST is set to a
temperature 10 °C to 50 °C lower than a target temperature of the substrate, during the
etching. In an example, a refrigerant of -120 °C to -40 °C is supplied to a flow path 18
inside the support ST. In an embodiment, the target temperature of the substrate is
preset to a specific temperature which is equal to or lower than 0 °C. In addition to
supplying the refrigerant to the support ST, a heat transfer gas may be supplied from a
heat transfer gas pipe 19 of the support ST to the space between the front surface of the
electrostatic chuck 5 and the back surface of the substrate W held on the electrostatic
chuck 5. By controlling the pressure of the heat transfer gas supplied between the
front surface of the electrostatic chuck 5 and the back surface of the substrate W, the
heat conduction is controlled, so that the temperature of the substrate may be adjusted.
An inert gas may be used as the heat transfer gas. As an example, a rare gas, for
example, helium gas may be used. As a result, in an embodiment, the temperature of
the substrate W may be controlled to a temperature of 0 °C or lower during the etching.
Further, when the temperature of the substrate W is relatively low, the supply of the
etchant is accelerated.

[0032] Next, in step S3, the substrate W is etched. The etching in step S3 will be
referred to as a “first etching.” 1In step S3, the gas that includes the fluorine-containing
gas may be supplied as the etching gas from a gas source 8§ into the chamber, and a
plasma generation radio-frequency power of 27 MHz to 100 MHz may be supplied from

an RF source 6 to an upper electrode 3, so as to generate plasma from the etching gas.



In another example, the plasma generation radio-frequency power may be supplied from
the RF source 6 to the support base ST (lower electrode). The magnitude of the radio-
frequency power supplied from the RF source 6 may be, for example, 0.1 kW to 5 kW.
Further, the etching may be performed while supplying a bias power of 200 kHz to
13.56 MHz from an RF source 7 to the support ST (lower electrode). The magnitude
of the bias power may be 5 kW or more. Without being limited to the radio-frequency
power, a voltage pulse may be used. In an example, a direct current (DC) voltage
pulse may be applied. The gas supplied into the chamber during step S3, that is, the
gas that includes the fluorine-containing gas is an example of a “first gas.”

[0033] Fluorocarbon gas (e.g., CF4) may be used as the etching gas. Further, a
hydrogen-containing gas (e.g., H> gas) may be supplied. Further, a rare gas may be
added. When the etching target film includes a silicon nitride film, fluorocarbon or
hydrofluorocarbon gas (e.g., CHF3) may be used as the etching gas. The plasma
generation radio-frequency power is not limited to a continuous wave, and may be a
pulse wave having a predetermined duty ratio (which is defined by ON-time/(ON-
time+OFF-time)). The duty ratio may be changed during the etching. In step S3, the
substrate W is etched with the plasma generated from the gas that includes the fluorine-
containing gas, so as to form an etching shape having a bottom. As a result, as
illustrated in FIG. 3A, ions and radicals in the plasma act to etch an etching target film
21 via a mask 20. In FIGS. 3A to 3C, an example of the etching shape includes a hole
H and a line shape. In the first etching, for example, the etching is performed to reach
a depth A1 having an aspect ratio of about 20.

[0034] Next, in step S4, it is determined whether the opening diameter of the etching
shape is equal to or less than a predetermined value, and the aspect ratio is equal to or

more than a predetermined value. For example, it is determined whether the opening



diameter of the etched shape is 200 nm or less, and the aspect ratio is 20 or more.
Here, the predetermined value of the aspect ratio may be any value as long as a
condensed or solidified layer 22 of hydrogen fluoride may be formed at the bottom of
the recess as illustrated in FIG. 3B. In an embodiment, the aspect ratio (or the opening
diameter) may be measured by an optical means provided inside or outside the chamber.
[0035] When the opening diameter of the etching shape is larger than the
predetermined value (e.g., 200 nm), or when the aspect ratio is less than the
predetermined value (e.g., 20), the process returns to step S3 to continue the first
etching. Meanwhile, when the opening diameter of the etching shape is equal to or
less than the predetermined value (e.g., 200 nm) and when the aspect ratio is equal to or
more than the predetermined value (e.g., 20), the process proceeds to step S5. In step
S4, it may be determined whether a predetermined time has elapsed since the start of the
first etching, instead of performing the determination described above. In this case, the
process returns to step S3 to continue the first etching until the predetermined time
elapses. Meanwhile, after the predetermined time elapses, the process proceeds to step
SS.

[0036] Next, in step S5, the substrate W is continued to be etched. The etching in
step S5 will be referred to as a “second etching.” The first etching and the second
etching are continuous etchings performed on the same etching target film. In another
example, the second etching may be performed after the first etching, and another step
may be performed between the first etching and the second etching. In step S5, an
etching gas that includes hydrogen fluoride (HF) gas is supplied as an etching gas into
the chamber from the gas source 8. When the gas used in step S3 includes the
hydrogen fluoride gas, the etching gas supplied in step S5 may be the same as the gas

supplied in step S3, that is, the gas that includes the fluorine-containing gas. When the
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gases are the same, it is unnecessary to switch the gas in step S5, so that the throughput
is improved. The etching gas supplied into the chamber in step S5, that is, the gas that
includes the hydrogen fluoride is an example of a “second gas.”

[0037] In another example, when the hydrogen fluoride gas is included in step S3, the
flow rate of the hydrogen fluoride gas supplied in step S5 may be larger than the flow
rate of the hydrogen fluoride gas supplied in step S3. The mixed gas supplied in step
S5 and the gas supplied in step S3 may include different gases. When the hydrogen
fluoride gas is included in step S3, the flow rate ratio of the hydrogen fluoride gas
supplied in step S5 to the other gas included in the mixed gas may be higher than the
flow rate ratio of the hydrogen fluoride gas supplied in step S3 to the other gas of the
mixed gas. As a result, hydrogen fluoride may be sufficiently supplied to the bottom
of the etching shape even when the aspect ratio is high.

[0038] As to other process conditions in step S5, for example, a plasma generation
radio-frequency power of 27 MHz to 100 MHz may be supplied from the RF source 6
to the upper electrode 3, so as to generate plasma from the etching gas. The plasma
generation radio-frequency power may be supplied from the RF source 6 to the support
ST (e.g., the lower electrode). The etching gas may be a mixed gas of two or more
types of gases that include hydrogen fluoride (HF) gas. As the mixed gas, the two or
more types of gases may be individually supplied to and mixed in the chamber 1, or
may be mixed before being supplied to the chamber 1. In an example, the frequency
of the radio-frequency power supplied from the RF source 6 may be 0.1 kW to 5 kW.
Further, the etching is accelerated by supplying a bias power of 200 kHz to 13.56 MHz
from the RF source 7 to the support ST. The magnitude of the bias power may be 5
kW or more. The bias power is not limited to the radio-frequency power, and may be

a voltage pulse such as a DC pulse.
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[0039] The gas supplied in step S5 may include at least one of fluorocarbon gas,
hydrofluorocarbon gas, and other halogen-containing gases, in addition to the hydrogen
fluoride gas. Examples of the fluorocarbon gas include CFi, CsFg, C4F¢, C4Fg, and
CsFs. Examples of the hydrofluorocarbon gas include CHsF, CH>F>, and CHF;. The
other halogen-containing gases may include Cl, and/or HBr. In addition, SFs and NF3
may be included. The fluorocarbon gas or the hydrofluorocarbon gas protects the
mask.

[0040] The etching gas used in step S5 may further include a hydrogen-containing gas
(e.g., H> gas). Further, a rare gas may be included. When the etching target film
includes a silicon nitride film, fluorocarbon or hydrofluorocarbon gas (e.g., CHF3) may
be used as the etching gas. The plasma generation radio-frequency power is not
limited to a continuous wave, and may be a pulse wave having a predetermined duty
ratio. The duty ratio may be changed during the etching.

[0041] Step S5 includes at least steps S51 to S53 illustrated in FIG. 2. In step S51,
the substrate W is etched with the plasma generated from the mixed gas that includes
the hydrogen fluoride gas, so as to selectively form a condensed or solidified layer of
hydrogen fluoride at the bottom of the etching shape.

[0042] In an etching shape with a predetermined opening diameter or less and a
predetermined aspect ratio or more, for example, the etching shape with the opening
diameter of 200 nm or less and the aspect ratio of 20 or more, the pressure at the bottom
becomes higher than that of the vapor phase due to an etching by-product volatilized
from the bottom, so that hydrogen fluoride is easily condensed or solidified. When
hydrogen fluoride is condensed, the capillary condensation phenomenon occurs, and
thus, hydrogen fluoride is selectively adsorbed to the bottom. Even when hydrogen

fluoride is not cohered, the polarization of hydrogen fluoride molecules generates the
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cohesive force among the respective hydrogen fluoride molecules, so that hydrogen
fluoride is selectively adsorbed to the bottom where the surface energy is the smallest.
[0043] During the etching, the temperature of the substrate increases due to the heat
input from the plasma. Then, the temperature of the substrate is controlled by
adjusting the pressure of the heat transfer gas supplied between the back surface of the
substrate and the front surface of the support, so that the temperature of the substrate is
maintained to be 0 °C or lower even during the etching. That is, the temperature of the
substrate is maintained to be 0 °C or lower during the step of supplying the etching gas
that includes the hydrogen fluoride gas into the chamber 1 and the step of supplying the
plasma generation radio-frequency power to etch the substrate W with the plasma
generated from the etching gas.

[0044] As to the method of maintaining the temperature of the substrate to be 0 °C or
lower, for example, the pressure of the heat transfer gas supplied between the substrate
W and the electrostatic chuck 5 may be controlled, and/or the magnitude of the bias
power may be controlled, during the etching. As a result, after the etching shape
reaches the predetermined opening diameter or less and the predetermined aspect ratio
or more, for example, the opening diameter of 200 nm or less and the aspect ratio of 20
or more, the flow rate of the hydrogen fluoride gas is adjusted, so that a liquid-phase
condensed layer or a solid-phase solidified layer in which hydrogen fluoride is
condensed may be selectively formed at the bottom of the etched shape. The
condensed or solidified layer is formed in the manner that hydrogen fluoride which
functions as an etchant is preferentially physically adsorbed to the bottom of the etching
shape. According to the method MT, the etching rate may be maintained or improved
by the condensed or solidified layer, even after the etching is progressed to a depth

where the aspect ratio is a predetermined value or more, for example, 20 or more.
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[0045] FIG. 3A represents the etching of the hole H with the etching depth A1 where
the aspect ratio is less than a predetermined value, for example, 20 (the first etching).
[0046] FIG. 3B represents the etching of the hole H with the etching depth A2 (>Al)
where the aspect ratio is a predetermined value or more (the second etching). In the
second etching, the hole H becomes deeper, and thus, the condensation or solidification
phenomenon occurs. By using the phenomenon, the etchant of the hydrogen fluoride
gas is efficiently supplied to the bottom of the etching shape, so that the condensed or
solidified layer 22 of hydrogen fluoride is selectively formed at the bottom of the
etching shape.

[0047] In step S51, when the flow rate of the hydrogen fluoride gas is excessively
large, the opening of the etching shape is clogged, and the etching is stopped. Thus,
by controlling the hydrogen fluoride gas at a predetermined flow rate, and further,
controlling the temperature of the substrate to O °C or lower, the condensed or solidified
layer is selectively formed at the bottom of the etching shape as a result of the
condensation or solidification phenomenon, so that the etching is accelerated.

[0048] In step S52 subsequent to step S51 illustrated in FIG. 2, the bias power is
supplied to the support ST, such that the ions in the plasma generated from the mixed
gas reach the bottom of the etching shape. Then, the condensed or solidified layer 22
of hydrogen fluoride reacts with the etching target film by the energy of the ions, so that
the etching of the etching target film is accelerated. As a result, as illustrated in FIG.
3B, an anisotropic etching is performed on the etching target film 21.

[0049] In particular, in step S52, the bias power is applied to the support ST, thereby
controlling the ions to reach the condensed or solidified layer 22. As a result, the
etching is accelerated via the condensed or solidified layer 22 that functions as the

etchant, so that the etching rate may be improved.
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[0050] In step S53, it is determined whether the etching of the etching target film has
been completed. For example, it may be determined that the etching has been
completed, at the timing when a base film 23 of the etching target film 21 is exposed as
illustrated in FIG. 3C. The exposure of the base film 23 may be determined by using,
for example, an end point detection technique. However, the method of determining
whether the etching has been completed is not limited thereto.

[0051] When it is determined in step S53 that the etching has not been completed, the
process returns to step S51, and steps S51 and S52 are repeated. During the repetition
of steps S51 and S52, the temperature of the substrate is maintained to be 0 °C or lower.
When it is determined in step S53 that the etching has been completed, the method MT
is ended.

[0052] In the method MT described above, step S51 for forming the condensed or
solidified layer 22, and step S52 for performing the etching with plasma generated from
the mixed gas are described as different steps. However, the steps may be performed
at the same time. Steps S51 and S52 may be repeated. Without being limited to a
case where steps S51 and S52 are repeated in an order, the etching with the plasma
generated from the mixed gas may be simultaneously performed, while the condensed
or solidified layer 22 is formed. When steps S51 and S52 are performed at the same
time, the etching throughput is improved.

[0053] The gas used for the second etching, that is, the mixed gas that includes the
hydrogen fluoride gas may include a rare gas. Examples of the rare gas include argon
gas and helium gas. The rare gas contributes to the acceleration of the etching by the
action of the ions (e.g., argon ions) in the plasma during the second etching. That is, in
the second etching, the bias power is supplied to the support ST, such that the ions in

the plasma are attracted to the bottom of the etching shape. As a result, the condensed
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or solidified layer 22 formed at the bottom of the etching shape reacts with the bottom
of the etching shape by the energy of the ions, so that the etching is progressed.
However, the ions that apply energy to the condensed or solidified layer 22 so as to
contribute to the acceleration of the etching are not limited to the ions of the rare gas.
Various ions in the plasma generated from the mixed gas that includes the rare gas may
be attracted into the substrate W, thereby applying energy to the condensed or solidified
layer 22, so that the etching may be progressed. The gas used for the first etching may
include the rare gas, so that plasma is stably generated.
[0054] Steps S51 and S52 may be repeated in the manner that in step S51, the mixed
gas that includes hydrogen fluoride is supplied to form the condensed or solidified layer
22, and in step S52, the type of the gas is switched from the mixed gas to the rare gas to
perform the etching while supplying the rare gas. However, the mixed gas may
include the rare gas, and steps S51 and S52 may be performed using the same gas type.
[Plasma Etching Apparatus]
[0055] A plasma etching apparatus described herein below may be used for the
method MT described above. FIG. 5 is a schematic cross-sectional view illustrating an
example of the plasma etching apparatus 10 according to an embodiment. The plasma
etching apparatus 10 is an example of some plasma generation systems used for exciting
plasma from a processing gas.
[0056] FIG. 5 illustrates a capacitively coupled plasma (CCP) apparatus, in which
plasma 2 is formed between the upper electrode 3 and the support ST in the chamber 1.
The support ST includes the lower electrode 4 and the electrostatic chuck 5. The
substrate W is held on the support ST. The RF sources 6 and 7 are connected to the
upper electrode 3 and the lower electrode 4, respectively, and may use different RF

frequencies. In another example, the RF sources 6 and 7 may be connected to the

16



same electrode. Further, a direct current (DC) power may be connected to the upper
electrode. The gas source 8 is connected to the chamber 1 to supply a processing gas.
Further, an exhaust device 9 is connected to the chamber 1 to exhaust the inside of the
chamber 1. A temperature sensor may be provided to measure the temperature of the
substrate in a non-contact manner.
[0057] The plasma etching apparatus of FIG. 5 includes a controller 80 that includes a
processor and a memory, and the controller 20 controls each component of the plasma
etching apparatus 10 to process the substrate W with plasma.

[Examples]
[0058] Below are examples of process conditions for each step in the method MT
according to the embodiment.
[0059] <First Etching (S3 of FIG. 1)>

Target film: SiO; film (aspect ratio of less than 20)

HF power: 0.1 kW to 5 kW, 27 MHz to 100 MHz

LF power: 5 kW or more, 200 kHz to 13.56 MHz

First gas: Mixed gas that includes fluorine-containing gas (e.g., CF4 gas and Ar
gas)

Substrate temperature: 0 °C or lower

Pressure in the space between the back surface of the substrate and the
electrostatic chuck: 10 Torr to 200 Torr (1,333 Pa to 26,665 Pa)
[0060] <Second Etching (S5 of FIG. 1)>

Target film: SiO; film (aspect ratio of 20 or more)

(Condensed layer forming step (S51 of FIG. 2) and etching step (S52 of FIG.
2))

HF power: 0.1 kW to 5 kW, 27 MHz to 100 MHz
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LF power: 5 kW or more, 200 kHz to 13.56 MHz

Second gas: Mixed gas that includes fluorine-containing gas (e.g., HF gas and
Ar gas)

Substrate temperature: 0 °C or lower

Pressure in the space between the back surface of the substrate and the
electrostatic chuck: 10 Torr to 200 Torr
[0061] As described above, according to the etching method of the present
embodiment, the etching may be accelerated.
[0062] Steps S3 and S4 of FIG. 1 may not be performed. For example, the substrate
W in which a recess having a predetermined aspect ratio is already formed may be
prepared (step S1), and the second etching of step S5 may be performed while
controlling the temperature of the substrate (step S2). The aspect ratio referred-to here
may be an aspect ratio calculated including the opening formed in the mask as
illustrated in FIGS. 4A to 4C (FIGS. 4A to 4C represent the depths Al to A3 of the
recesses including the mask). When the aspect ratio of the mask opening is equal to or
more than the aspect ratio at which the condensed or solidified layer is formable, step
S3 may be omitted. The predetermined aspect ratio indicates an aspect ratio at which
the condensed or solidified layer is formable in an etching target region (the bottom of a
recess or the surface of an etching target film), and steps S3 and S4 may be omitted
when a substrate in which the shape having the aspect ratio is formed is provided.
[0063] The embodiment further includes the following aspects (A1) and (A2).
[0064] (A1) An etching method, comprising

(a) providing a substrate on a support, in which the substrate includes a silicon-
containing film that includes a silicon oxide film, and a mask formed on the silicon-

containing film, and a recess defined by a bottom and a side wall and having a first
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aspect ratio is formed in the silicon-containing film and the mask,

(b) forming a condensed or solidified layer of hydrogen fluorine (HF) at the
bottom, by supplying a gas that includes HF,

(c) etching the bottom using plasma by supplying an electric bias to the support,
to form a recess having a second aspect ratio higher than the first aspect ratio,

wherein the first aspect ratio is higher than an aspect ratio at which the
condensed or solidified layer of HF is formed, and

during (b) and (c), a temperature of the substrate is maintained to be 0 °C or
lower.
[0065] (A2) An etching method comprising

(a) providing a substrate on a support, in which the substrate includes a silicon-
containing film that includes a silicon oxide film, and a mask with an opening having a
first aspect ratio on the silicon-containing film,

(b) forming a condensed or solidified layer of hydrogen fluorine (HF) on the
silicon-containing film, by supplying HF, and

(c) etching the silicon-containing film using plasma by supplying an electric
bias to the support,

wherein the first aspect ratio is higher than an aspect ratio at which the
condensed or solidified layer of HF is formed on the silicon-containing film, and

during (b) and (c), a temperature of the substrate is maintained to be 0 °C or
lower.
[0066] (A3) An etching method defined in either (A1) or (A2), wherein the forming
the condensed or solidified layer, plasma is formed by HF.
[0067] While the plasma etching apparatus of the present disclosure represents a

capacitively coupled plasma (CCP) type plasma processing apparatus, other plasma
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processing apparatuses may be used. For example, inductively coupled plasma (ICP),
radial line slot antenna (RLSA), electron cyclotron resonance plasma (ECR), or Helicon
wave plasma (HWP) may be used.

[0068] According to an aspect, an etchant may be efficiently supplied to the bottom of
an etching shape, so that the etching rate may be improved.

[0069] 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. Accordingly, the various embodiments disclosed herein are not
intended to be limiting, with the true scope and spirit being indicated by the following

claims.
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WHAT IS CLAIMED IS:

1. An etching method comprising:

(a) providing a substrate that contains silicon, on a support;

(b) etching the substrate with plasma generated from a first gas that includes a
fluorine-containing gas, to form an etching shape having a bottom;

(c) generating plasma from a second gas that includes a hydrogen fluoride (HF)
gas, to selectively form a condensed or solidified layer of HF at the bottom of the
etching shape; and

(d) etching the bottom with the plasma generated from the second gas, by
supplying a bias power to the support,

wherein during (c) and (d), a temperature of the substrate is maintained to be

0 °C or lower.

2. The etching method according to claim 1, wherein (c) and (d) are performed at

the same time.

3. The etching method according to claim 1 or 2, wherein (c) and (d) are
performed when an opening diameter of the etching shape is 200 nm or less, and an

aspect ratio is 20 or more.

4, The etching method according to any one of claims 1 to 3, wherein after (a), the

temperature of the substrate is set to -40 °C or lower.

5. The etching method according to any one of claims 1 to 4, wherein (d) etches
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the bottom with the plasma generated from the second gas or plasma generated from a

rare gas.

6. The etching method according to any one of claims 1 to 5, wherein the etching
is performed by attracting ions in the plasma generated from the second gas into the
bottom, and causing the condensed or solidified layer that has been formed at the

bottom to react with the bottom.

7. An etching method comprising:
providing a substrate that contains silicon, on a support inside a chamber;
setting a temperature of the substrate to 0 °C or lower;
supplying a mixed gas that includes an HF gas with a volume flow ratio of
30 % or more with respect to a total flow rate of a processing gas, into the chamber; and
etching the substrate with plasma generated from the mixed gas, by supplying a
radio-frequency power,
wherein during the supplying and the etching, the temperature of the substrate

is maintained to be 0 °C or lower.

8. The etching method according to claim 7, wherein the setting sets the
temperature of the substrate to -40 °C or lower, and
during the supplying and the etching, the temperature of the substrate is

maintained to be 0 °C or lower.

0. The etching method according to any one of claims 1 to 8, wherein the substrate

that contains silicon includes a silicon oxide film or a silicon nitride film.
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10. The etching method according to any one of claims 1 to 8, wherein the substrate
that contains silicon includes a stacked film of a silicon oxide film and a silicon nitride

film.

11. The etching method according to any one of claims 1 to 8, wherein the substrate

that contains silicon includes a stacked film of a silicon oxide film and polysilicon.

12. A plasma etching apparatus comprising:

a chamber;

a support provided inside a chamber and configured to support a substrate;

a plasma generator configured to generate plasma inside the chamber; and

a controller,

wherein the controller is configured to perform a process including:

(a) receiving a substrate that contains silicon, and supporting the substrate on
the support;

(b) etching the substrate with plasma generated from a first gas that includes a
fluorine-containing gas, to form an etching shape having a bottom;

(c) generating plasma from a second gas that includes a hydrogen fluoride (HF)
gas, to selectively form a condensed or solidified layer of HF at the bottom of the
etching shape; and

(d) etching the bottom with the plasma generated from the second gas, by
supplying a bias power to the support,

wherein during (c) and (d), a temperature of the substrate is maintained to be

0 °C or lower.
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