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DESCRIPTION

TITLE OF INVENTION: DRY ETCHING METHOD, METHOD FOR
PRODUCING SEMICONDUCTOR DEVICE, AND ETCHING DEVICE

TECHNICAL FIELD
[0001]
The present disclosure relates to dry etching methods,
methods of producing semiconductor devices, and etching

devices.

BACKGROUND ART
[0002]

As the circuit patterns of semiconductor devices are
becoming finer, field effect transistors are also becoming
smaller. This has led to consideration of forming gate
insulating films from HfO, (dielectric constant k = 25),
one of the high dielectric constant (high-k) materials,
instead of Si0, (dielectric constant k = 3.9).

[0003]

Forming gate insulating films from high dielectric
constant materials requires etching of formed films into
predetermined shapes.

[0004]

For the methods of producing MOS transistors and the
like, Patent Literature 1 discloses a method of etching a
metal film and a metal oxide film that are formed on a
substrate and that contain at least one of Al, Zr, Hf, Y,
La, Ce, or Pr. The method uses P-diketone-containing
etching gas so as to reduce damage on the substrate. The
examples disclose a method of etching a HfO, film at a
wafer temperature of about 450°C using
hexafluoroacetylacetone gas containing oxygen.

[0005]

For the methods of producing semiconductor devices,
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Patent Literature 2 discloses a method of etching a sample
of a high relative dielectric constant film, such as an
oxide of hafnium, formed on a Si film. This method excites
a CH-type etching gas, which contains C and H, to a plasma
state to etch the high relative dielectric constant film.
[0006]

Patent Literature 3 discloses a method of cleaning
off a metal film adhering to a film-forming device using a
gas containing a PB-diketone and NO or N,0, wherein the
film-forming device forms a film of a metal gate material,
an electrode material, or a magnetic material on a

substrate surface.

CITATION LIST
- Patent Literature
[0007]
Patent Literature 1: JP 2004-91829 A
Patent Literature 2: JP 2006-310676 A
Patent Literature 3: JP 2013-194307 A

SUMMARY OF INVENTION
- Technical problem
[0008]

As described above, as the circuit patterns of
semiconductor devices are becoming finer, techniques have
been developed to use high dielectric constant materials as
gate insulating films. However, many high dielectric
constant materials such as oxides of hafnium are etch-
resistant materials.

[0009]

The invention of Patent Literature 1 discloses that
the etching gas preferably contains at least one of water
or alcohol in addition to oxygen, and that etching does not
proceed at a low wafer temperature of 400°C or lower.

Specifically, FIG. 9 of Patent Literature 1 shows that
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etching using a gas mixture of hexafluoroacetylacetone and
oxygen does not proceed at a wafer temperature of 400°C or
lower. Performing an etching step at a wafer temperature
of higher than 400°C causes great damage on semiconductor
devices. Thus, there is a demand for a method that can
etch an oxide of hafnium at a low temperature of 400°C or
lower, more preferably 300°C or lower.

[0010]

Patent Literature 2 discloses that CyH; used as a
plasma etching gas has provided an etching rate of 1.0
nm/min. However, plasma etching methods not only cause
plasma damage on portions other than etching targets on
semiconductor devices, but also require RF power sources
for generating plasma, making equipment expensive. There
is thus a demand for a method that does not use plasma.
Patent Literature 3 describes only a cleaning method for
metal films, and does not disclose any example of etching
of HfO,.

[0011]

In view of the above problems, the present disclosure
aims to provide a dry etching method using a gas
composition that enables non-plasma, low-temperature
etching of specific types of metal oxide film or metal film
including films of oxides of hafnium. The present
disclosure also aims to provide, among others, a method of

producing a semiconductor device by the dry etching method.

- Solution to problem
[0012]

The present inventors have found out that etching of
a particular metal oxide film or metal film such as a film
of an oxide of hafnium specifically proceeds even at a
temperature of 400°C or lower, or even 300°C or lower when
using nitrogen dioxide as an additive gas for a PB-diketone

as compared with when using other additive gases. The
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inventors thus have arrived at the present disclosure.
[0013]

The dry etching method of the present disclosure
includes reacting an etching target film formed on a
surface of a workpiece with a (-diketone and nitrogen
dioxide to etch the etching target film in a non-plasma
state, the etching target film containing a metal having an
M-0O bond energy of 5 eV or higher or an oxide of the metal.
[0014]

M-0O bond energy is the difference in potential energy
between the state where the metal exists as a metal and the
state where the metal exists as a metal oxide. A greater
M-0O bond energy indicates a stronger bond between the metal
and oxygen.

A metal having an M-O bond energy of 5 eV or higher
strongly bonds with oxygen, and forms a stable, etch-
resistant metal oxide. The metal itself is also considered
etch-resistant because the metal is easily oxidized by
nitrogen dioxide, and thus etching the metal is
substantially etching a metal oxide. However, the dry
etching method of the present disclosure can etch the metal
or metal oxide even at 300°C or lower.

[0015]

In the dry etching method of the present disclosure,
examples of the metal having an M-O bond energy of 5 eV or
higher include hafnium, zirconium, titanium, and aluminum.
Examples of oxides of these metals include oxides of
hafnium, oxides of zirconium, oxides of titanium, and
oxides of aluminum. These metals may be used alone, or
alloys containing two or more of them may be used. Thus,
oxides of these metals may be oxides of one metal or oxides
of alloys containing two or more of these metals.

[0016]
Either a first dry etching method or a second etching

method may be used as the dry etching method of the present
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disclosure: the first dry etching method includes bringing
an etching gas A containing the pB-diketone and the nitrogen
dioxide into contact with the etching target film; and the
second dry etching method includes a first etching step of
bringing an etching gas B containing the nitrogen dioxide
into contact with the etching target film and a second
etching step of bringing an etching gas C containing the f-
diketone into contact the etching target film.

[0017]

The method of producing a semiconductor device of the
present disclosure includes a step of reacting an etching
target film on a substrate with a (f-diketone and nitrogen
dioxide to etch the etching target film in a non-plasma
state, the etching target film containing a metal having an
M-0O bond energy of 5 eV or higher or an oxide of the metal.

Also in the method of producing a semiconductor
device of the present disclosure, either the first dry
etching method or the second dry etching method may be used.
[0018]

The etching device of the present disclosure
includes: a placement unit which is provided in a
processing container capable of being heated and on which a
workpiece with an etching target film formed on a surface
thereof is to be placed, the etching target film containing
a metal having an M-O bond energy of 5 eV or higher or an
oxide of the metal; a P-diketone supply unit configured to
supply a B-diketone to the workpiece; and a nitrogen
dioxide gas supply unit configured to supply nitrogen

dioxide to the workpiece.

- Advantageous Effects of Invention
[0019]

The dry etching method of the present disclosure can
provide a dry etching method that can etch an etch-

resistant etching target film containing the metal having
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an M-O bond energy of 5 eV or higher or the oxide of the
metal at a temperature of 400°C or lower, or even 300°C or
lower, in a non-plasma state.

The dry etching method of the present disclosure can
provide a dry etching method having the same effects
described above either when using the first dry etching
method or when using the second dry etching method.

[0020]

The method of producing a semiconductor device of the
present disclosure can provide a method of producing a
semiconductor device that can etch an etch-resistant
etching target film containing the metal having an M-0O bond
energy of 5 eV or higher or the oxide of the metal on a
substrate at a temperature of 400°C or lower, or even 300°C
or lower, in a non-plasma state.

The method of producing a semiconductor device of the
present disclosure can provide a method of producing a
semiconductor device that has the same effects described
above either when using the first dry etching method or
when using the second dry etching method.

[0021]

The etching device of the present disclosure can etch
an etch-resistant etching target film containing the metal
having an M-0O bond energy of 5 eV or higher or the oxide of
the metal at a temperature of 400°C or lower, or even 300°C
or lower, in a non-plasma state.

The etching device of the present disclosure can
provide the same effects described above either when using
the first dry etching method or when using the second dry

etching method.

BRIEF DESCRIPTION OF DRAWINGS
[0022]
FIG. 1 is a schematic view illustrating an etching

device according to one embodiment of the present
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disclosure.

DESCRIPTION OF EMBODIMENTS
[0023]

Hereinafter, embodiments of the present disclosure
are described in detail.

The present disclosure is not limited to the
following embodiments, and can be modified as appropriate
without changing the gist of the present disclosure.

[0024]
[Dry etching method]

The dry etching method of the present disclosure
includes reacting an etching target film formed on a
surface of a workpiece with a Bf-diketone and nitrogen
dioxide to etch the etching target film in a non-plasma
state, the etching target film containing a metal having an
M-O bond energy of 5 eV or higher or an oxide of the metal.
[0025]

The metal having an M-O bond energy of 5 eV or higher
or the oxide of the metal is preferably at least one
selected from the group consisting of an oxide of hafnium,
an oxide of zirconium, an oxide of titanium, an oxide of
aluminum, hafnium metal, zirconium metal, titanium metal,
and aluminum metal.

The etching target film containing the metal having
an M-O bond energy of 5 eV or higher or the oxide of the
metal is preferably at least one film selected from the
group consisting of a film of an oxide of hafnium, a film
of an oxide of zirconium, a film of an oxide of titanium, a
film of an oxide of aluminum, a hafnium metal film, a
zirconium metal film, a titanium metal film, and an
aluminum metal film.

The etching target film may be a film of any of the
above single metals or the metal oxides, or a film of an

alloy containing two or more of the metals or an oxide of
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the alloy.
[0026]

The dry etching method of the present disclosure can
provide a dry etching method that can etch an etch-
resistant etching target film containing the metal having
an M-O bond energy of 5 eV or higher or the oxide of the
metal at a temperature of 400°C or lower, or even 300°C or
lower, in a non-plasma state.

[0027]

Hexafluoroacetylacetone (hereinafter also referred to
as HFAc), a B-diketone, has a decomposition temperature of
375°C. At an etching temperature of higher than 400°C as
disclosed in Patent Literature 1, HFAc may decompose and
the carbon component may accumulate on the etching target
film to be etched. It is fully expected that this causes
inconvenience in the subsequent processes.

In contrast, the dry etching method of the present
disclosure can reduce the formation of carbon film caused
by the decomposition of HFAc because the use of HFAc and
NO, as etching gases makes it possible to decrease the
etching temperature to 375°C or lower.

The reason that the etching temperature can be
decreased is presumably as follows: the NO, constituting
the etching gas is adsorbed onto the surface of the etching
target film, weakening the bonding strength between the
metal and the oxygen constituting the metal oxide. This
improves reactivity with HFAc, enabling etching at low
temperature.

[0028]
[First dry etching method]

A first dry etching method is first described as the
dry etching method of the present disclosure. The first
dry etching method includes bringing an etching gas A
containing the pf-diketone and the nitrogen dioxide into

contact with the etching target film.
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[0029]

In the first dry etching method of the present
disclosure, examples of the workpiece include silicon
substrates, compound semiconductor substrates, quartz
substrates, and glass substrates. On a surface of the
workpiece may be formed, in addition to the film containing
the metal having an M-O bond energy of 5 eV or higher or
the oxide of the metal, a silicon film, a film of an oxide
of silicon, a film of nitride of silicon, or a wiring film
of a metal other than the metal. The workpiece is placed
on a placement unit. The placement unit is heated to heat
the workpiece and the etching target film that is formed on
the surface of the workpiece and that contains the metal
having an M-0 bond energy of 5 eV or higher or the oxide of
the metal.

[0030]

The temperature of the workpiece is substantially
equal to the temperature of the etching target film.
Bringing an etching gas containing a R-diketone and
nitrogen dioxide into contact with the etching target film
in a heated state causes reaction of the pf-diketone, the
nitrogen dioxide, and the metal having an M-O bond energy
of 5 eV or higher or the oxide of the metal, forming a
complex on the etching target film. This complex, which
has a high vapor pressure, can etch the etching target film
when it evaporates.

[0031]

Examples of the oxide of hafnium constituting the
oxide of the metal having an M-O bond energy of 5 eV or
higher include hafnium oxide (HfOyx, wherein x is 1 or
greater and 3 or smaller, particularly HfO;), hafnium
silicon oxides, and hafnium aluminum oxides. Examples of
the hafnium silicon oxides include Hf;,Si,O, and Hf; xSi,OyN,.
Examples of the hafnium aluminum oxides include Hf;_yAl:On

and Hf;_;A1,0,N,. Here, x, vy, z, m, and n satisfy 0 < x < 1,



10

15

20

25

30

35

10

0 <y<2, 0<z<1.33, 0<m<1.5 and 0 < n £ 1.
[0032]

Examples of oxides of zirconium include zirconium
oxide (ZrOy, wherein u is 1 or greater and 3 or smaller,
particularly Zr0O;). Examples of oxides of aluminum include
aluminum oxide (AlO,, wherein v is 1 or greater and 2 or
smaller, particularly Al,03). Examples of oxides of
titanium include titanium oxide (TiO,, wherein w is 1 or
greater and 3 or smaller, particularly TiO).

[0033]

The etching target film containing the metal having
an M-O bond energy of 5 eV or higher or the oxide of the
metal may be formed on a surface of the workpiece by any
method. Examples of the method include a chemical vapor
deposition (CVD) method and a sputtering method. The
etching target film containing the metal having an M-0O bond
energy of 5 eV or higher or the oxide of the metal may have
any thickness. For example, the etching target film may
have a thickness of 0.1 nm or more and 1 um or less.

[0034]

Any PB-diketone may be used. Examples thereof include
hexafluorocacetylacetone (HFAc, 1,1,1,5,5,5-hexafluoro-2,4-
pentanedione) and trifluorocacetylacetone (1,1,1-trifluoro-
2,4-pentanedione). One compound or two or more compounds
may be used as the pB-diketone.

[0035]

The volume ratio of the PR-diketone to the nitrogen
dioxide in the etching gas A preferably satisfies pB-
diketone:nitrogen dioxide = 10:0.001 or more and 100 or
less, more preferably B-diketone:nitrogen dioxide = 10:0.01
or more and 10 or less, still more preferably B-
diketone:nitrogen dioxide = 10:0.1 or more and 10 or less.
Too little B-diketone in the etching gas tends to decrease
the etching rate, whereas too much B-diketone makes the

etching gas too expensive. Moreover, either too little or
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too much nitrogen dioxide in the etching gas slows the
progress of etching.
[0036]

The etching gas A may consist only of the pB-diketone
and the nitrogen dioxide, or may further contain at least
one additive gas selected from the group consisting of Oy,
NO, N,O, CO, CO,, H,O0, Hy0,, and alcohol. The etching gas A
may further contain at least one inert gas selected from
the group consisting of N, Ar, He, Ne, and Kr. Examples
of alcohols that can be used include methanol, ethanol,
propanol, and isopropyl alcohol.

[0037]

When the etching gas A contains an additive gas other
than the nitrogen dioxide, the total content of nitrogen
dioxide and the additive gas other than nitrogen dioxide in
the etching gas A may be the same as the nitrogen dioxide
content mentioned above.

[0038]

When the etching gas A contains an inert gas, the
etching gas A preferably has an inert gas content of 1% by
volume or more and 90% by volume or less, more preferably
10% by volume or more and 80% by volume or less, still more
preferably 30% by volume or more and 50% by volume or less.
[0039]

[Second dry etching method]

Next, the second dry etching method is described as
the dry etching method of the present disclosure. The
second dry etching method includes a first etching step of
bringing an etching gas B containing the nitrogen dioxide
into contact with the etching target film and a second
etching step of bringing an etching gas C containing the f-
diketone into contact with the etching target film.

[0040]
In the second dry etching method of the present

disclosure, examples of the workpiece include silicon
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substrates, compound semiconductor substrates, quartz
substrates, and glass substrates, as in the case of the
first dry etching method. On a surface of the workpiece
may be formed, in addition to the film containing the metal
having an M-0O bond energy of 5 eV or higher or the oxide of
the metal, a silicon film, a film of an oxide of silicon, a
film of nitride of silicon, or a wiring film of a metal
other than the metal. The workpiece is placed on a
placement unit. The placement unit is heated to heat the
workpiece and the etching target film that is formed on the
surface of the workpiece and that contains the metal having
an M-O bond energy of 5 eV or higher or the oxide of the
metal.

[0041]

The temperature of the workpiece is substantially
equal to the temperature of the etching target film.
Bringing an etching gas B containing the nitrogen dioxide
into contact with the etching target film in a heated state
as the first etching step causes adsorption of the nitrogen
dioxide onto a surface of the etching target film. Then,
bringing an etching gas C containing the B-diketone into
contact with the etching target film as the second etching
step causes reaction of the P-diketone with the metal
having an M-0O bond energy of 5 eV or higher or the oxide of
the metal, with the nitrogen dioxide being adsorbed on the
surface. This forms a complex on the etching target film
as in the case of the first dry etching method. This
complex, which has a high vapor pressure, can etch the
etching target film containing the metal having an M-0 bond
energy of 5 eV or higher or the oxide of the metal when the
complex evaporates.

In the second dry etching method of the present
disclosure, the above steps may be repeated multiple times
so as to repeatedly etch the etching target film. Since

one cycle of the etching steps can etch a certain thickness,
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a layer having a predetermined thickness can be precisely
etched by specifying the number of cycles.
[0042]

The oxide of hafnium constituting the oxide of the
metal having an M-O bond energy of 5 eV or higher may be
the same as that used for the first dry etching method.
[0043]

The etching target film containing the metal having
an M-O bond energy of 5 eV or higher or the oxide of the
metal may be formed on a surface of the workpiece by any
method. Examples of the method include a chemical vapor
deposition (CVD) method and a sputtering method. The
etching target film containing the metal having an M-0 bond
energy of 5 eV or higher or the oxide of the metal may have
any thickness. For example, the etching target film may
have a thickness of 0.1 nm or more and 1 um or less.

[0044]

The (-diketone may be the same as that used for the
first dry etching method.
[0045]

The etching gas C may consist only of the pB-diketone
and the etching gas B may consist only of the nitrogen
dioxide, or the etching gases B and C each may further
contain at least one additive gas selected from the group
consisting of 0,, NO, N,O, CO, CO,, H,O0, H;0,, and alcohol.
The etching gases B and C each may further contain at least
one inert gas selected from the group consisting of N,, Ar,
He, Ne, and Kr. Examples of alcohols that can be used
include methanol, ethanol, propanol, and isopropyl alcohol.
[0046]

When the etching gas B contains additive gas(es)
other than the nitrogen dioxide, the volume ratio of the
nitrogen dioxide to the total of other additive gas(es) in
the etching gas A may be the same as the volume ratio of

the (f-diketone to the nitrogen dioxide in the etching gas A.
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When the etching gas C contains additive gas(es)
other than the pB-diketone, the volume ratio of the p-
diketone to the total of other additive gas(es) contained
in the etching gas C may be the same as the volume ratio of
the [(-diketone to the nitrogen dioxide in the etching gas A.
[0047]

When the etching gas B and the etching gas C each
contain an inert gas, the etching gas B and the etching gas
C preferably each have an inert gas content of 1% by volume
or more and 90% by volume or less, more preferably 10% by
volume or more and 80% by volume or less, still more
preferably 30% by volume or more and 50% by volume or less.
[0048]

[Etching device]

The dry etching method of the present disclosure can
be performed, for example, using a common etching device
used in a semiconductor production step. Such an etching
device is also encompassed by the present disclosure.

[0049]

FIG. 1 is a schematic view of an etching device
according to one embodiment of the present disclosure.

An etching device 100 shown in FIG. 1 includes: a
processing container 110 in which a workpiece 10 is to be
placed, with a metal having an M-O bond energy of 5 eV or
higher or an oxide of the metal formed on a surface of the
workpiece 10; a P-diketone supply unit 140 connected to the
processing container 110 and configured to supply a gaseous
B-diketone; a nitrogen dioxide gas supply unit 150
configured to supply gaseous nitrogen dioxide; an inert gas
supply unit 160 configured to supply an inert gas; and
heating units 170 configured to heat the processing
container 110. The etching device 100 may or may not
include the inert gas supply unit 160.

[0050]

The etching device 100 further includes a controller
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(not shown). For example, this controller is composed of a
computer, and includes a program, a memory, and a CPU. In
the program, a group of steps is incorporated to implement
a series of operations in the first etching method or the
second etching method. 1In accordance with the program, the
controller adjusts the temperature of the workpiece 10,
opens or closes the valves of the supply units, adjusts the
flow rates of the gases, and adjusts the pressure in the
processing container 110, for example. This program is
stored in a computer storage medium such as a compact disk,
a hard disk, a magneto-optical disk, or a memory card, and
installed in the controller.

[0051]

The processing container 110 includes a placement
unit 111 on which the workpiece 10 is to be placed. The
processing container 110 is not limited as long as the
container is resistant to the pB-diketone used and the
pressure in the container can be reduced to a predetermined
pressure. Usually, for example, a typical processing
container installed in an etching device for semiconductors
can be used. Also, the supply pipes for supplying etching
gasses and the like and other pipes are not limited as long
as they are resistant to B-diketones.

[0052]

The (-diketone supply unit 140 controls the amount of
supply using valves V1 and V2 and a mass flow controller
MEFC1 to supply a Pf-diketone from pipes 141 and 142 to the
pipe 121.

[0053]

The nitrogen dioxide gas supply unit 150 controls the
amount of supply using valves V3 and V4 and a mass flow
controller MFC2 to supply nitrogen dioxide from pipes 151
and 152 to the pipe 121.

[0054]
The inert gas supply unit 160 controls the amount of
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supply using valves V5 and V6 and a mass flow controller
MFC3 to supply an inert gas from pipes 161 and 162 to the
pipe 121.

[0055]

The heating units 170 which heat the processing
container 110 are provided outside the processing container
110. A heater (not shown) may be provided inside the
placement unit 111 as a second heating unit. When a
plurality of placement units is installed in the processing
container 110, each placement unit can be provided with a
heater such that the workpieces on the placement units are
set to the respective predetermined temperatures.

[0056]

To one side of the processing container 110 is
connected a gas exhauster that exhausts the reacted gasses.
A vacuum pump 173 of the gas exhauster exhausts the reacted
gasses from the processing container 110 through a pipe 171.
The reacted gasses are collected by a liquid nitrogen trap
174 provided between the pipe 171 and a pipe 172. The
pipes 171 and 172 can be respectively provided with valves
V7 and V8 for pressure control. In FIG. 1, reference signs
PI1 and PI2 each indicate a pressure indicator. Based on
the pressure indicator readings, the controller can control
the mass flow controllers and the valves.

[0057]

The etching method is specifically described using
the etching device 100 as an example.

[First dry etching method using the above etching device]
In the first dry etching method of the present
disclosure, the etching gas A containing the (f-diketone and

the nitrogen dioxide is brought into contact with the
etching target film.
[0058]

In the first dry etching method, first, the workpiece

10, on which the etching target film containing the metal
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having an M-0O bond energy of 5 eV or higher or the oxide of
the metal is formed, is placed in the processing container
110. ©Next, the vacuum pump 173 is used to evacuate, to a
predetermined pressure, the inside of the processing
container 110, the pipe 121, the pipes 141 and 142, the
pipes 151 and 152, the pipes 161 and 162, the liquid
nitrogen trap 174, and the pipes 171 and 172, followed by
heating of the workpiece 10 with the heating units 170.

When the workpiece 10 reaches a predetermined
temperature, the B-diketone supply unit 140 and the
nitrogen dioxide gas supply unit 150 respectively supply
the [(-diketone and nitrogen dioxide gas to the pipe 121 at
the respective predetermined flow rates. Here, the inert
gas supply unit 160 may supply an inert gas to the pipe 121
at a predetermined flow rate.

[0059]

The (-diketone and the nitrogen dioxide are mixed 1in
predetermined proportions and supplied to the processing
container 110. While the mixed etching gas is introduced
into the processing container 110, the pressure in the
processing container 110 is controlled to a predetermined
pressure. The etching gas is reacted with the etching
target film containing the metal having an M-O bond energy
of 5 eV or higher or the oxide of the metal for a
predetermined period of time, thus forming a complex to
perform etching. This etching method enables non-plasma
etching, i.e., etching in a non-plasma state, eliminating
the need for excitation of the etching gas in plasma or the
like during etching. The flow rate of the etching gas may
be appropriately set according to the capacity, pressure,
and the like of the processing container.

[0060]

Etching in a plasma state refers to etching involving

generating low-temperature gas plasma in a reaction vessel

by introducing a gas or the like at a pressure of about 0.1
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to 10 Torr into the reaction vessel and applying a high-
frequency power to an outer coil or a counter electrode,
and performing etching with active species such as ions or
radicals generated in the reaction vessel.

The dry etching method of the present disclosure
brings gas into contact with the target film in a non-
plasma state, enabling dry etching without generating the
above gas plasma.

[0061]

After completion of the etching step, heating with
the heating units 170 is stopped to drop the temperature.
The vacuum pump 173 1is also stopped, followed by purging
with an inert gas to release the vacuum. As described
above, the first dry etching method using the above etching
device can etch an etching target film containing a metal
having an M-0 bond energy of 5 eV or higher or an oxide of
the metal.

[0062]
(Etching conditions for first dry etching method)

In the first dry etching method of the present
disclosure, the temperature of the etching target film when
the etching gas A is brought into contact with the etching
target film may be any temperature at which the complex is
evaporable. 1In particular, the temperature of the etching
target film to be removed is preferably 250°C or higher and
375°C or lower, more preferably 275°C or higher and 375°C
or lower, more preferably 275°C or higher and 350°C or
lower, more preferably 275°C or higher and 325°C or lower.
[0063]

When the etching gas A is brought into contact with
the etching target film, the pressure in the processing
container in which the workpiece with the etching target
film formed thereon is placed is not limited, but is
usually in a pressure range of 0.1 kPa or higher and 101.3

kPa or lower.
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[0064]

The pressure in the processing container during the
etching step is preferably 20 Torr or higher and 300 Torr
or lower (2.67 kPa or higher and 39.9 kPa or lower), more
preferably 20 Torr or higher and 200 Torr or lower (2.67
kPa or higher and 26.7 kPa or lower), still more preferably
20 Torr or higher and 100 Torr or lower (2.67 kPa or higher
and 13.3 kPa or lower), in order to achieve a sufficient
etching rate.

[0065]

The processing time for the etching step is not
limited, and is preferably within 60 minutes in
consideration of the efficiency of the semiconductor device
production process. Here, the processing time for the
etching step refers to the time from introduction of an
etching gas to the processing container in which the
workpiece is placed to exhaustion of the etching gas in the
processing container with a vacuum pump or the like for
termination of the etching process.

[0066]
[Second dry etching method using etching device 100]

The second dry etching method of the present
disclosure includes the first etching step of bringing the
etching gas B containing the nitrogen dioxide into contact
with the etching target film and the second etching step of
bringing the etching gas C containing the (-diketone into
contact with the etching target film.

[0067]

In the second dry etching method, first, the
workpiece 10, on which the etching target film containing
the metal having an M-O bond energy of 5 eV or higher or
the oxide of the metal is formed, is placed in the
processing container 110. Next, the vacuum pump 173 is
used to evacuate, to a predetermined pressure, the inside

of the processing container 110, the pipe 121, the pipes
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141 and 142, the pipes 151 and 152, the pipes 161 and 162,
the liquid nitrogen trap 174, and the pipes 171 and 172,
followed by heating of the workpiece 10 with the heating
units 170.

[0068]

When the workpiece 10 reaches a predetermined
temperature, first, the nitrogen dioxide gas supply unit
150 supplies nitrogen dioxide gas to the pipe 121 at a
predetermined flow rate. Here, the inert gas supply unit
160 may supply an inert gas to the pipe 121 at a
predetermined flow rate. While the nitrogen dioxide gas or
the nitrogen dioxide gas and inert gas is/are introduced
into the processing container 110, the pressure in the
processing container 110 is controlled to a predetermined
pressure. Introducing the nitrogen dioxide gas into the
processing container 110 for a predetermined period of time
allows nitrogen dioxide to be adsorbed on the etching
target film.

After the gas containing the nitrogen dioxide gas is
evacuated, the pB-diketone supply unit 140 supplies a pB-
diketone gas to the pipe 121 at a predetermined flow rate.
Here, the inert gas supply unit 160 may supply an inert gas
to the pipe 121 at a predetermined flow rate. While the B-
diketone gas or the PB-diketone gas and inert gas is/are
introduced into the processing container 110, the pressure
in the processing container 110 is controlled to a
predetermined pressure. Introducing the pR-diketone gas
into the processing container 110 for predetermined time
causes reaction of the previously adsorbed nitrogen dioxide
with the B-diketone, forming a complex. The complex
further reacts with the etching target film, thus etching
the etching target film.

[0069]
In the second dry etching method of the present

disclosure, the first etching step of introducing the
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nitrogen dioxide gas into the processing container 110 and
the second etching step of introducing the B-diketone into
the processing container 110, which are defined as one
cycle, may be repeated for multiple cycles.

In the second dry etching method of the present
disclosure, the thickness of the etching target film that
can be etched in one cycle can be controlled by setting the
etching conditions for one cycle to predetermined
conditions. When the thickness of the etching target film
that can be etched in one cycle is set to be thin, the
thickness to be etched can be precisely controlled.

[0070]

The second dry etching method also enables non-plasma
etching, i.e., etching in a non-plasma state, thus
eliminating the need for excitation of the etching gas in
the plasma or the like during etching. The flow rates of
the nitrogen dioxide and the pB-diketone may be
appropriately set according to the capacity, pressure, and
the like of the processing container.

[0071]

As described above, the second dry etching method
using the etching device of the present disclosure can
bring gas into contact with the etching target film in a
non-plasma state, enabling dry etching without generating
the above gas plasma.

[0072]

After completion of the etching steps, heating with
the heating units 170 is stopped to drop the temperature.
The vacuum pump 173 is also stopped, followed by purging
with an inert gas to release the vacuum. Through the above
procedure, the etching target film containing the metal
having an M-O bond energy of 5 eV or higher or the oxide of
the metal can be etched.

[0073]

(Etching conditions for second dry etching method)
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In the second dry etching method of the present
disclosure, the temperature of the etching target film in
the etching steps may be any temperature at which the
complex is evaporable. 1In particular, the temperature of
the etching target film to be removed is more preferably
250°C or higher and 375°C or lower, more preferably 275°C
or higher and 375°C or lower, more preferably 275°C or
higher and 350°C or lower, more preferably 275°C or higher
and 325°C or lower. The temperature of the etching target
film is preferably the same in the first etching step and
in the second etching step.

[0074]

The pressure in the processing container in the
etching steps is not limited, but is usually in a pressure
range of 0.1 kPa or higher and 101.3 kPa or lower.

[0075]

The pressure in the processing container in the first
etching step and the second etching step is preferably 20
Torr or higher and 300 Torr or lower (2.67 kPa or higher
and 39.9 kPa or lower), more preferably 20 Torr or higher
and 200 Torr or lower (2.67 kPa or higher and 26.7 kPa or
lower), still more preferably 20 Torr or higher and 100
Torr or lower (2.67 kPa or higher and 13.3 kPa or lower),
in order to achieve a sufficient etching rate. The
pressure in the processing container in the second etching
step is preferably higher than the pressure in the
processing container in the first etching step.

[0076]

The processing time for the first etching step and
the second etching step is not limited. The processing
time for the first etching step in one cycle is preferably
within 60 minutes. The processing time for the second
etching step in one cycle is preferably within 60 minutes.
Here, the processing time for the etching step refers to

the time from introduction of an etching gas to the
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processing container in which the workpiece is placed to
exhaustion of the etching gas in the processing container
with a vacuum pump or the like for termination of the
etching process.

[0077]

[Method of producing semiconductor device]

The dry etching method of the present disclosure
described above is usable as an etching method for
formation of a predetermined pattern on a film of an oxide
of hafnium, hafnium metal, or the like in a conventional
semiconductor device. Etching a film of an oxide of
hafnium, hafnium metal, or the like on a substrate by the
dry etching method of the present disclosure enables

inexpensive production of a semiconductor device.

EXAMPLES
[0078]

Hereinafter, examples that specifically disclose the
present disclosure are described. The present disclosure
is not limited to these examples.

[0079]
(Example 1)

A workpiece 10 having an etching target film formed
on a surface of a silicon wafer was etched using the
etching device 100 shown in FIG. 1. The etching target
film included a hafnium oxide (HfO,) film (shape 1 cm x 1
cm, film thickness 5 nm).

[0080]

The inside of the processing container 110, the pipe
121, the pipes 141 and 142, the pipes 151 and 152, the
pipes 161 and 162, the liquid nitrogen trap 174, and the
pipes 171 and 172 was evacuated to lower than 10 Pa. Then,
the workpiece 10, placed on the placement unit 111, was
heated with the heating units 170 and the heater installed

in the placement unit 111. After confirmation that the
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temperature of the workpiece 10 reached 300°C, gaseous
hexafluorocacetylacetone (HFAc) and NO, gas respectively
from the B-diketone supply unit 140 and the nitrogen
dioxide gas supply unit 150 were supplied to the pipe 121
at the respective predetermined flow rates. While the
etching gases were thereby introduced into the processing
container 110, the pressure inside the processing container
110 was controlled to 90 Torr to perform the etching step.
The temperature of the workpiece was 300°C. The etching
gas flow rates were as follows: HFAc = 10 sccm, NO, = 1
sccm. After 30 minutes from the start of the introduction
of the etching gases, the introduction of the etching gases
was stopped. The inside of the processing container 110
was then evacuated to lower than 10 Pa, and purged with N
gas supplied from the inert gas supply unit 160 before the
workpiece 10 was taken out. The film thickness was
measured to evaluate the etching amount.

[0081]

In Examples 1 to 22 including Examples 2 to 20 below,
the first dry etching method was used in which an etching
gas A containing a B-diketone and nitrogen dioxide is
brought into contact with an etching target film.
Similarly in Comparative Examples 1 to 17 excluding
Comparative Examples 4, 7, 10, 12, and 17, an etching gas
containing a pP-diketone and a gas shown in Table 1 or 2 was
brought into contact with the etching target film. In
Comparative Examples 4, 7, 10, 12, and 17, an etching gas
containing only a P-diketone was brought into contact with
the etching target film.

[0082]
(Examples 2 to 4 and Comparative Examples 1 to 4)

Table 1 below shows the type of additive gas, the
flow rate of HFAc, the flow rate of the additive gas, the
pressure in the processing container, the temperature in

etching, the etching time, and the quality of etching in
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the etching described above.

The quality of etching was determined as “Good” when

the etching rate was 0.1 nm/min or more, or “Poor” whe

n the

etching rate was less than 0.1 nm/min. The etching rate

refers to the change in film thickness before and after

etching divided by the time needed for etching.
The following explains where Examples 2 to

Comparative Examples 1 to 4 differ from Example

4 and
1. In

Example 2, the flow rate of NO, as an additive gas was

changed. 1In Example 3, the flow rate of NO, as an additive

gas, the etching time, and the temperature of the workpiece

10 were changed. 1In Example 4, the temperature of the

workpiece 10 was changed. In Comparative Examples 1 to 3,

respectively, nitrogen monoxide (NO), oxygen (O,

), and

dinitrogen monoxide (N,0) were used as additive gases.

Comparative Example 4, no additive gas was used.

The

In

operations were otherwise performed in the same manner as

in Example 1, and the quality of etching of the hafnium

oxide (HfO,;) film was evaluated.

[0083]
[Table 1]
Gas flow rate [sccm]
Etching target| Additive Addit Pressure | Temperature | Time Quality of
film gas HFAC g:s've Torr [°C] [min] etching
Example 1 HfO, NO, 10 1 90 300 30 Good
Example 2 HfO, NO, 10 5 90 300 30 Good
Example 3 HfO, NO, 10 5 90 350 10 Good
Example 4 HfO, NO, 10 1 90 275 30 Good
Comparative Example 1 HfO, NO 10 1 90 300 30 Poor
Comparative Example 2 HfO, O, 10 1 90 300 30 Poor
Comparative Example 3 HfO, N,O 10 1 90 300 30 Poor
Comparative Example 4 HfO, None 10 0 90 300 30 Poor
[0084]
(Examples 5 to 22 and Comparative Examples 5 to 17)
A workpiece having an etching target film formed on a
surface of a silicon wafer was etched using the etching
device 100 shown in FIG. 1. The etching target film

included an aluminum oxide (Al,03) film, a zirconium oxide
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(ZrOy) film, a hafnium oxide (HfO,) film, or a titanium
oxide (TiO;) film having a shape of 1 cm x 1 cm and a film
thickness of 60 nm.

[0085]

The operations were performed in the same manner as
in Example 1 except that the material of the etching target
film, the type and flow rate of the etching gases, the
pressure in the processing container, and the temperature
of the workpiece in etching (275°C, 300°C, 350°C) were
changed as shown in Table 2. The etching rate for the
etching target film was measured. Table 2 shows the
results.

In Table 2, A indicates an etching rate of 0.1 nm/min
or more and less than 1.0 nm/min, B indicates an etching
rate of 1.0 nm/min or more and less than 10.0 nm/min, C
indicates an etching rate of 10.0 nm/min or more and less
than 50.0 nm/min, and X indicates an etching rate of less
than 0.1 nm.

[0086]
[Table 2]
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Etching Gas typefflow rate | Pressure Etching rate at the following
target film temperatures
[sccm] [sccm] (Torr) 275°C 300°C 350°C

Example 5 AL,O3 HFAc/10 NO,/5 90 B B C
Example 6 AL,O3 HFAc/10 NO,/1 90 A B B
Example 7 AL,O4 HFAc/10 NO,/5 120 B B C
Example 8 A,O3 HFAc/10 NO,/5 60 A B C
Comparative Example 5 AlL,O4 HFAc/10 NO/5 90 X X X
Comparative Example 6 A,O3 HFAc/10 0,/5 90 X X X
Comparative Example 7 ALO; HFAc/10 - 90 X X X
Example 9 ZrQO, HFAC/10 | NO./5 90 A A B
Example 10 ZrO, HFAc/10 NO,/1 90 A A B
Example 11 ZrO, HFAc/10 NO,/5 120 A A B
Example 12 ZrO, HFAc/10 NO,/5 60 A A B
Comparative Example 8 ZrO, HFAc/10 NO/5 90 X X X
Comparative Example 9 ZrO, HFAc/10 0,/5 90 X X X
Comparative Example 10 ZrO, HFAc/10 - 90 X X X
Example 13 HfO, HFAc/10 NO,/5 90 A B B
Example 14 HfO, HFAc/10 NO,/1 90 A A A
Example 15 HfO, HFAc/10 NO,/5 120 A B B
Example 16 HfO, HFAc/10 NO,/5 60 A B B
Comparative Example 11 HfO, HFAc/10 N,O/5 90 X X X
Comparative Example 12 HfO, HFAc/10 - 90 X X X
Example 17 Hf HFAc/10 NO,/5 90 A B C
Example 18 Hf HFAc/10 NO,/1 90 A A B
Comparative Example 13 Hf HFAc/10 NO/5 90 X X X
Comparative Example 14 Hf HFAc/10 0,/5 90 X X X
Example 19 TiO, HFAc/10 NO,/5 90 A A A
Example 20 TiO, HFAc/10 NO,/1 90 A A A
Example 21 TiO, HFAc/10 NO,/5 120 A A A
Example 22 TiO, HFAc/10 NO,/5 60 A A A
Comparative Example 15 TiO, HFAc/10 NO/5 90 X X X
Comparative Example 16 TiO, HFAc/10 0,/5 90 X X X
Comparative Example 17 TiO, HFAc/10 - 90 X X X

[0087]

The above results show that using HFAc and NO; as
etching gases enabled etching of an aluminum oxide film, a
zirconium oxide film, a hafnium oxide film, a hafnium metal
film, and a titanium oxide film at a workpiece temperature
of 350°C or lower and a rate of 0.1 nm/min or more. In
particular, the films were etched even at a workpiece
temperature of 300°C. Moreover, no carbon film was formed
on the workpiece surface in Examples 1 to 4 because the
films were etched at a workpiece temperature not higher
than the decomposition temperature of HFAc (375°C).

In contrast, using NO, 0, or N;O as an additive gas
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or using no additive gas resulted in failure to etch an
aluminum oxide film, a zirconium oxide film, a hafnium
oxide film, a hafnium metal film, and a titanium oxide film
even at a workpiece temperature of 350°C.

[0088]

(Examples 23 to 26)

In each of these examples, an etching target film
formed on a surface of a silicon wafer and including a
hafnium oxide (HfO;) film (shape 1 cm x 1 cm, film
thickness 60 nm) was etched. The etching was performed by
the second dry etching method including repeating a first
etching step of bringing an etching gas B containing
nitrogen dioxide into contact with an etching target film
and a second etching step of bringing an etching gas C
containing a P-diketone into contact with the etching
target film.

[0089]

The inside of the processing container 110, the pipe
121, the pipes 141 and 142, the pipes 151 and 152, the
pipes 161 and 162, the liquid nitrogen trap 174, and the
pipes 171 and 172 was evacuated to lower than 10 Pa. Then,
the workpiece 10 with the hafnium oxide (HfO;) film, placed
on the placement unit 111, was heated with the heating
units 170 and the heater installed in the placement unit
111.

[0090]

After confirmation that the temperature of the
workpiece 10 reached 350°C, NO, gas was supplied to the
pipe 121 from the nitrogen dioxide gas supply unit 150, and
carried into the processing container 110 while the
pressure in the processing container 110 was controlled at
30 Torr. The temperature of the workpiece was 350°C, and
the etching gas flow rate was as follows: NO, = 5 sccm.
The NO, gas was supplied for the time shown in Table 3 and
brought into contact with the etching target film. The
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introduction of the etching gas was then stopped, and the
inside of the processing container 110 was evacuated to
lower than 10 Pa.

[0091]

Next, gaseous hexafluoroacetylacetone (HFAc) was
supplied to the pipe 121 from the R-diketone supply unit
140, and the HFAc gas was carried into the processing
container 110 while the pressure in the processing
container 110 was controlled at 60 Torr. The temperature
of the workpiece was 350°C. The etching gas flow rate was
as follows: HFAc = 10 sccm. The HFAc gas was supplied for
the time shown in Table 3 and brought into contact with the
etching target film. The introduction of the etching gas
was then stopped, and the inside of the processing
container 110 was evacuated to lower than 10 Pa.

[0092]

The step of carrying NO, gas into the processing
container 110 and the step of carrying HFAc gas into the
processing container 110 above, which are defined as one
cycle, were repeated the number of times (number of cycles)
shown in Table 3. Thereafter, the inside of the processing
container 110 was evacuated to lower than 10 Pa, and purged
with N, gas supplied from the inert gas supply unit 160
before the workpiece 10 was taken out. The film thickness
was measured to measure the total etched thickness and also
to calculate the etched thickness per cycle. Table 3 shows
the results.

[0093]
[Table 3]



30

Gco L€ gl 14 0se 09 ol g 0se 0€ ] 9¢ adwex3
2co '€ Gl 14 0se 09 ol 4 0se 0€ S Gz o/dwex3
120 ¥'G 0c c 0se 09 (0] 4 0s€e o€ S ¢ a/dwex3
G20 x4 oL c 0se 09 oL 4 0s€e (01 S ¢z o|dwex3
[wu] [wy] (U] [0.] [uoy] [woos] [unw] [0.] [uoy] [woos]

=TleTi%) Jaquinu

Jod ssawyoiyy | SSSUXIIY} %) swi] | ainmesadwa] ainssald ojel Moj4 awl] | ainjesedws] | ainssaid | a1es moj4
payal3 Payd (91942 8u0) suonpuod Buyole v4H (91942 auo) suonipuod Buyse 20N




10

15

20

25

31

[0094]

The results shown in Table 3 clearly indicate that
under constant etching conditions, the thickness of the
etching target film that can be etched per cycle is
substantially constant. This shows that setting the number
of cycles allows an etching target film to be etched almost

exactly by a desired thickness.

REFERENCE SIGNS LIST
[0095]
10 workpiece
100 etching device
110 processing container
111 placement unit
121 pipe
140 B-diketone supply unit
141, 142 pipe
150 nitrogen dioxide gas supply unit
151, 152 pipe
160 inert gas supply unit
161, 162 pipe
170 heating unit
171, 172 pipe
173 vacuum pump
174 liquid nitrogen trap
MFC1l, MFC2, MFC3 mass flow controller
PI1, PI2 pressure indicator
v1i, v2, V3, v4, V5, Ve, V7, V8 valve
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CLAIMS

Claim 1. A dry etching method comprising

reacting an etching target film formed on a surface
of a workpiece with a pB-diketone and nitrogen dioxide to
etch the etching target film in a non-plasma state,

the etching target film containing a metal having an

M-0O bond energy of 5 eV or higher or an oxide of the metal.

Claim 2. The dry etching method according to claim 1,

wherein the metal having an M-O bond energy of 5 eV
or higher or the oxide of the metal is at least one
selected from the group consisting of an oxide of hafnium,
an oxide of zirconium, an oxide of titanium, an oxide of
aluminum, hafnium metal, zirconium metal, titanium metal,

and aluminum metal.

Claim 3. The dry etching method according to claim 1
or 2,

wherein the etching target film is at least one film
selected from the group consisting of a film of an oxide of
hafnium, a film of an oxide of zirconium, a film of an
oxide of titanium, a film of an oxide of aluminum, a
hafnium metal film, a zirconium metal film, a titanium

metal film, and an aluminum metal film.

Claim 4. The dry etching method according to any one
of claims 1 to 3,
wherein the [(-diketone is hexafluoroacetylacetone or

trifluoroacetylacetone.

Claim 5. The dry etching method according to any one
of claims 1 to 4,
wherein an etching gas A containing the p-diketone

and the nitrogen dioxide is brought into contact with the
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etching target film.

Claim 6. The dry etching method according to claim 5,

wherein the etching target film has a temperature of
250°C or higher and 375°C or lower when the etching gas A
is brought into contact with the etching target film.

Claim 7. The dry etching method according to claim 5
or 6o,

wherein a volume ratio of the B-diketone to the
nitrogen dioxide in the etching gas A satisfies -
diketone:nitrogen dioxide = 10:0.001 or more and 100 or

less.

Claim 8. The dry etching method according to claim 7,
wherein the volume ratio of the B-diketone to the
nitrogen dioxide in the etching gas A satisfies f-

diketone:nitrogen dioxide = 10:0.01 or more and 10 or less.

Claim 9. The dry etching method according to any one
of claims 5 to 8,

wherein a pressure in a processing container in which
the workpiece with the etching target film formed thereon
is placed is in a pressure range of 0.1 kPa or higher and
101.3 kPa or lower when the etching gas A is brought into
contact with the etching target film.

Claim 10. The dry etching method according to claim 5,

wherein the etching target film is a film containing
at least one selected from the group consisting of hafnium
oxide represented by HfOx wherein x is 1 or greater and 3
or smaller, zirconium oxide represented by Zr0O, wherein u
is 1 or greater and 3 or smaller, aluminum oxide
represented by AlO, wherein v is 1 or greater and 2 or

smaller, and titanium oxide represented by TiO, wherein w
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is 1 or greater and 3 or smaller;

the (-diketone is hexafluoroacetylacetone;

the etching target film has a temperature of 250°C or
higher and 375°C or lower when the B-diketone and the
nitrogen dioxide are brought into contact with the etching
target film;

a volume ratio of the PB-diketone to the nitrogen
dioxide in the etching gas A satisfies R-diketone:nitrogen
dioxide = 10:0.001 or more and 100 or less;

a pressure in a processing container in which the
workpiece with the etching target film formed thereon is
placed is in a pressure range of 0.1 kPa or higher and
101.3 kPa or lower when the etching gas A is brought into
contact with the etching target film; and

an etching rate for the etching target film is 0.1

nm/min or more.

Claim 11. The dry etching method according to any one
of claims 5 to 10,

wherein the etching gas A further contains at least
one inert gas selected from the group consisting of N,, Ar,
He, Ne, and Kr.

Claim 12. The dry etching method according to claim
11,
wherein the etching gas A has an inert gas content of

1% by volume or more and 90% by volume or less.

Claim 13. The dry etching method according to claim
11,
wherein the etching gas A has an inert gas content of

30% by volume or more and 50% by volume or less.

Claim 14. The dry etching method according to any one

of claims 1 to 4, including:



10

15

20

25

30

35

35

a first etching step of bringing an etching gas B
containing the nitrogen dioxide into contact with the
etching target film; and

a second etching step of bringing an etching gas C
containing the pf-diketone into contact with the etching

target film.

Claim 15. The dry etching method according to claim
14,
wherein the first etching step and the second etching

step are repeated for multiple cycles.

Claim 16. The dry etching method according to claim
14 or 15,

wherein the etching target film has a temperature of
250°C or higher and 375°C or lower when the etching gas B
is brought into contact with the etching target film and
when the etching gas C is brought into contact with the
etching target film.

Claim 17. The dry etching method according to any one
of claims 14 to 1lo0,

wherein a pressure in a processing container in which
the workpiece with the etching target film formed thereon
is placed is in a pressure range of 0.1 kPa or higher and
101.3 kPa or lower when the etching gas B is brought into
contact with the etching target film and when the etching
gas C is brought into contact with the etching target film.

Claim 18. The dry etching method according to claim
14,

wherein the etching target film is a film containing
at least one selected from the group consisting of hafnium
oxide represented by HfO, wherein x is 1 or greater and 3

or smaller, zirconium oxide represented by ZrO, wherein u
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is 1 or greater and 3 or smaller, aluminum oxide
represented by AlO, wherein v is 1 or greater and 2 or
smaller, and titanium oxide represented by TiO, wherein w
is 1 or greater and 3 or smaller;

the [(-diketone is hexafluoroacetylacetone;

the etching target film has a temperature of 250°C or
higher and 375°C or lower when the etching gas B is brought
into contact with the etching target film and when the
etching gas C is brought into contact with the etching
target film; and

a pressure in a processing container in which the
workpiece with the etching target film formed thereon is
placed is in a pressure range of 0.1 kPa or higher and
101.3 kPa or lower when the etching gas B is brought into
contact with the etching target film and when the etching
gas C is brought into contact with the etching target film.

Claim 19. The dry etching method according to any one
of claims 14 to 18,

wherein the etching gas B and the etching gas C each
further contain at least one inert gas selected from the

group consisting of N,, Ar, He, Ne, and Kr.

Claim 20. The dry etching method according to claim
19,

wherein the etching gas B and the etching gas C each
have an inert gas content of 1% by volume or more and 90%

by volume or less.

Claim 21. The dry etching method according to claim
20,

wherein the etching gas B and the etching gas C each
have an inert gas content of 30% by volume or more and 50%

by volume or less.
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Claim 22. A method of producing a semiconductor
device, comprising

a step of reacting an etching target film on a
substrate with a pB-diketone and nitrogen dioxide to etch
the etching target film in a non-plasma state,

the etching target film containing a metal having an

M-O bond energy of 5 eV or higher or an oxide of the metal.

Claim 23. The method of producing a semiconductor
device according to claim 22,

wherein the etching target film is at least one film
selected from the group consisting of a film of an oxide of
hafnium, a film of an oxide of zirconium, a film of an
oxide of titanium, a film of an oxide of aluminum, a
hafnium metal film, a zirconium metal film, a titanium

metal film, and an aluminum metal film.

Claim 24. An etching device comprising:

a placement unit which is provided in a processing
container capable of being heated and on which a workpiece
with an etching target film formed on a surface thereof is
to be placed, the etching target film containing a metal
having an M-0 bond energy of 5 eV or higher or an oxide of
the metal;

a PB-diketone supply unit configured to supply a -
diketone to the workpiece; and

a nitrogen dioxide gas supply unit configured to

supply nitrogen dioxide to the workpiece.

Claim 25. The etching device according to claim 24,
further comprising an inert gas supply unit configured to

supply an inert gas to the workpiece.

Claim 26. The etching device according to claim 24 or
25,
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wherein the etching target film is at least one film
selected from the group consisting of a film of an oxide of
hafnium, a film of an oxide of zirconium, a film of an
oxide of titanium, a film of an oxide of aluminum, a
hafnium metal film, a zirconium metal film, a titanium

metal film, and an aluminum metal film.



