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(57) ABSTRACT

An plasma etching method for etching a film layer includes
a plurality of times repeating a step set including a first step
of introducing a gas containing hydrogen fluoride into a
processing chamber and supplying hydrogen fluoride mol-
ecules to the surface of an oxide film, a second step of
exhausting the interior of the processing chamber in vacuum
to remove the hydrogen fluoride, and a third step of intro-
ducing a gas containing hydrogen nitride into the processing
chamber and supplying hydrogen nitride to the surface of the
oxide film to form a compound layer containing nitrogen,
hydrogen, and fluorine on the surface of the film layer, and
removing the compound layer formed on the surface of the
film layer. Foreign object contamination is prevented by
inhibiting mixing of hydrogen fluoride gas and hydrogen
nitride gas, and the etching amount is controlled by the
number of times of repeating application thereof.
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PLASMA ETCHING METHOD AND PLASMA
ETCHING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to Japanese
Patent Application No. 2018-122658, filed Jun. 28, 2018.
The contents of this application are incorporated herein by
reference in their entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to an plasma etching
method and an plasma etching apparatus.

2. Description of the Related Art

[0003] In the field of semiconductor devices, further min-
iaturization and three-dimensional device structure are pro-
gressing due to the demand for lower power consumption
and increased storage capacity. In manufacturing the device
with a three-dimensional structure, in addition to “vertical
(anisotropic) etching” in which etching proceeds in a direc-
tion perpendicular to the conventional wafer surface, “iso-
tropic etching” which allows etching also in the lateral
direction is often used. This is because the three-dimensional
structure is more stereoscopic and complicated than a two-
dimensional structure.

[0004] Conventionally, isotropic etching has been carried
out by wet processing using chemical solutions, but, due to
the progress of miniaturization, problems such as pattern
collapse caused by surface tension of chemical solutions and
unetched portions in minute gaps have occurred notably. In
isotropic etching, therefore, there is an increasing tendency
to adopt dry processing without using chemical solutions
instead of wet processing using conventional chemical solu-
tions.

[0005] JP 2017-92144 A discloses a method of processing
a substrate, as an example of dry etching, in which HF gas
molecules are adsorbed to a corner SiO, layer that is left at
a corner portion of a groove of a wafer W from which an
oxide film has been removed, the excess HF gas is
exhausted, and NH; gas is supplied toward the corner SiO,
layer to which molecules of HF gas are adsorbed. Accord-
ingly, AFS is generated by reacting the corner SiO, layer, HF
gas and NH; gas, and AFS is sublimed and removed.

SUMMARY OF THE INVENTION

[0006] In processing layered films of the next generation
3D-NAND flash memory and processing around the gate of
the FinFET, for example, it is expected in the future to
achieve a technique to carry out etching of the oxide film
highly selectively and isotropically against the polycrystal-
line silicon film or silicon nitride film with controllability at
the atomic layer level, but such a technique may not be
achieved by the technique disclosed in JP 2017-92144 A.
Further, in the technique disclosed in JP 2017-92144 A, there
is a concern of contamination of the wafer due to foreign
objects during processing.

[0007] The present invention has been made in view of the
above problems, and it is an object of the present invention
to provide an plasma etching method and an plasma etching
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apparatus capable of preventing contamination caused by
foreign objects, while controlling etching amount highly
accurately.

[0008] In order to solve the above-mentioned problems, a
representative plasma etching method of the present inven-
tion is an plasma etching method for etching a film layer of
an object to be processed disposed in a processing chamber
inside a vacuum container and is made of a member con-
taining silicon, the plasma etching method including
[0009] forming a film by repeating a set of steps a plurality
of times, the set of steps including

[0010] a first step of introducing a gas containing at least
hydrogen fluoride into the processing chamber and supply-
ing hydrogen fluoride molecules to a surface of the film layer
of the object to be processed,

[0011] a second step of exhausting the interior of the
processing chamber to remove the gas containing hydrogen
fluoride, and

[0012] a third step of supplying hydrogen nitride mol-
ecules to the surface of the film layer of the object to be
processed to form a compound layer containing nitrogen,
hydrogen, and fluorine on the surface of the film layer, and
[0013] removing the compound layer formed on the sur-
face of the film layer to be processed after the forming of the
film.

[0014] A typical plasma etching apparatus of the present
invention is an plasma etching apparatus including

[0015] a vacuum container in which an object to be
processed made of a member containing silicon is disposed,
[0016] a first gas source that supplies hydrogen fluoride
gas into the vacuum container,

[0017] a second gas source that supplies hydrogen nitride
gas into the vacuum container,

[0018] an exhaust device that exhausts the interior of the
vacuum container,

[0019] a heating device that heats the object to be pro-
cessed, and

[0020] a control unit, in which

[0021] the control unit repeats a set of steps a plurality of

times, the set of steps including

[0022] introducing hydrogen fluoride gas from the first gas
source into the processing chamber and supplying hydrogen
fluoride molecules to a surface of a film layer of the object
to be processed,

[0023] exhausting the interior of the processing chamber
by the exhaust device to remove the hydrogen fluoride gas,
and

[0024] introducing hydrogen nitride gas from the second
gas source into the vacuum container to form a compound
layer containing nitrogen, hydrogen, and fluorine on the
surface of the film layer, and

[0025] heating the object to be processed by the heating
device to remove the compound layer formed on the surface
of the film layer.

[0026] Another typical plasma etching apparatus of the
present invention is an plasma etching apparatus including
[0027] a vacuum container in which an object to be
processed made of a member containing silicon is disposed,
[0028] a first gas source that supplies hydrogen fluoride
gas into the vacuum container,

[0029] asecond gas source that supplies N, gas and H, gas
into the vacuum container,

[0030] a plasma device that generates plasma in the
vacuum container,
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[0031] an exhaust device that exhausts the interior of the
vacuum container,

[0032] a heating device that heats the object to be pro-
cessed, and

[0033] a control unit, in which

[0034] the control unit repeats a set of steps a plurality of

times, the set of steps including

[0035] introducing hydrogen fluoride gas from the first gas
source into the processing chamber and supplying hydrogen
fluoride molecules to a surface of a film layer of the object
to be processed,

[0036] exhausting the interior of the processing chamber
by the exhaust device to remove the hydrogen fluoride gas,
[0037] introducing N, gas and H, gas from the second gas
source into the vacuum container and generating plasma in
the vacuum container by the plasma device to generate NH,
molecules, and

[0038] forming a compound layer containing nitrogen,
hydrogen, and fluorine on the surface of the film layer, and
[0039] heating the object to be processed by the heating
device to remove the compound layer formed on the surface
of the film layer.

[0040] According to an embodiment of the present inven-
tion, it is possible to prevent generation of foreign objects
and controlling etching amount highly accurately in isotro-
pic dry etching of an oxide film.

[0041] Other problems, structures, and effects that have
not been described above will be apparent from the follow-
ing description of the embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] FIG.1is a schematic diagram of an etching process
of etching an oxide film by supplying hydrogen fluoride and
hydrogen nitride at the same time in a reference example;
[0043] FIG. 2 is a graph illustrating the dependence of
etching amount on gas irradiation time in the plasma etching
method illustrated in FIG. 1, in which the vertical axis
represents the etching amount and the horizontal axis rep-
resents the gas irradiation time;

[0044] FIG. 3 is a schematic diagram of an etching process
of etching an oxide film by supplying hydrogen fluoride and
hydrogen nitride separately in a reference example;

[0045] FIG. 4 is a graph illustrating the dependence of
etching amount on gas irradiation time in the plasma etching
method illustrated in FIG. 3, in which the vertical axis
represents the etching amount and the horizontal axis rep-
resents the gas irradiation time;

[0046] FIG. 5 is a schematic diagram illustrating an
example of a processing procedure of an plasma etching
method according to first and second embodiments of the
present invention;

[0047] FIG. 6 is a graph illustrating an experimental result
of the relationship between the etching amount and the
number of times of repetition of gas irradiation when the
plasma etching method of the present invention is used;
[0048] FIG. 7 is a cross-sectional view schematically
illustrating an plasma etching apparatus according to a first
embodiment of the present invention;

[0049] FIG. 8 is a time sequence diagram of an plasma
etching method according to a first embodiment of the
present invention;

[0050] FIG. 9 is a cross-sectional view schematically
illustrating an plasma etching apparatus according to a
second embodiment of the present invention; and
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[0051] FIG. 10 is a time sequence diagram of an plasma
etching method according to a modification of the second
embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0052] Preferred embodiments of the present invention
will be described in detail below with reference to the
accompanying drawings. As used in the present specifica-
tion, the terms “to exclude gas” is to exclude 70% or more,
preferably 90% or more, and more preferably 99% or more
of the input gas.

[0053] First, an isotropic dry plasma etching method of an
oxide film illustrated as a reference example is described
with reference to FIG. 1. It is assumed that, in an example
film structure, an oxide film 1 is formed on a crystalline
silicon substrate (wafer).

[0054] In this method, first, the surface of the oxide film 1
is irradiated with a mixed gas of hydrogen fluoride and
hydrogen nitride in a vacuum environment such as a vacuum
container. The adsorbed hydrogen fluoride molecules and
hydrogen nitride molecules are reacted with the surface of
the oxide film 1 to form a surface modified layer 2 made of
diammonium hexafluorosilicate (NH,),SiF. Next, thermal
energy is applied to the silicon substrate, and the substrate is
heated to approximately 120° C. or higher, whereby the
modified layer 2 is converted into a highly volatile molecule
through thermal decomposition reaction. As a result, the
oxide film 1 can be etched by desorbing the modified layer.
[0055] The etching amount of the oxide film 1 is con-
trolled as the film thickness of the modified layer 2 formed
on the surface. It is known that a typical film thickness of the
modified layer 2 is proportional to Y2 power of irradiation
time of the mixed gas of hydrogen fluoride and hydrogen
nitride (FIG. 2). To increase the removal amount of the oxide
film 1, it is necessary to increase the irradiation time of
hydrogen fluoride and hydrogen nitride.

[0056] However, in the method illustrated in FIG. 1,
hydrogen fluoride and hydrogen nitride are mixed in the gas
phase, so that the reaction of HF+NH;—NH,F progresses in
the gas phase or on the surface of the inner wall of the
vacuum apparatus and ammonium fluoride (NH,F) is gen-
erated. This causes contamination by foreign objects. This
problem becomes particularly notable when the irradiation
time of the mixed gas is prolonged in order to increase the
etching amount.

[0057] As an example of solving the foreign object con-
tamination with ammonium fluoride, there is a method of
irradiating the oxide film 1 with hydrogen fluoride gas and
hydrogen nitride gas separately, as illustrated in FIG. 3. In
this method, first, hydrogen fluoride gas is introduced into
the vacuum apparatus, and the molecules are adsorbed on
the surface of the oxide film 1. Next, hydrogen fluoride gas
in the gas phase is evacuated and then hydrogen nitride gas
is introduced. As a result, the hydrogen fluoride molecules
adsorbed earlier and the hydrogen nitride molecules
adsorbed later react with the surface of the oxide film 1 to
form the surface modified layer 2 made of diammonium
hexafluorosilicate.

[0058] Next, the thermal energy is applied to the silicon
substrate to heat the substrate to approximately 120° C. or
higher, whereby the modified layer 2 is changed to highly
volatile molecules by thermal decomposition reaction.
Accordingly, the modified layer is desorbed to achieve
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etching the oxide film 1. In this case, the foreign object
contamination due to the above-mentioned generation of
ammonium fluoride (NH,F) is prevented by executing
exhaust in vacuum after applying hydrogen fluoride gas and
inhibiting mixing of hydrogen fluoride gas and hydrogen
nitride gas.

[0059] FIG. 4 illustrates the relationship between the
irradiation time of hydrogen fluoride gas or hydrogen nitride
gas and the etching amount of the oxide film 1 (the thickness
of the modified layer 2). Unlike the case where hydrogen
fluoride gas and hydrogen nitride gas are simultaneously
irradiated (FIG. 2), an increase in etching amount is satu-
rated after predetermined time has passed with respect to an
increase in gas irradiation time. To obtain a desired amount
of etching, it is necessary to repeat a plurality of times a set
of steps of applying hydrogen fluoride gas and executing
exhaust in vacuum after that, applying hydrogen nitride gas,
and applying thermal energy to the substrate for desorption.
[0060] Although the wafer temperature at the time of
adsorption is not more than 70° C., the wafer temperature at
desorption is 120° C. or more. After the wafer is heated, the
wafer needs to be cooled down to the temperature of the
adsorption before the next gas irradiation. Thus, this method
repeats heating and cooling of the wafer a plurality of times,
and rubbing occurs between the rear surface of the wafer and
the wafer stage on which the wafer is placed due to thermal
expansion and contraction of the wafer. This may cause
another foreign object contamination different from the
contamination mentioned above.

[0061] As described above, the conventional isotropic dry
plasma etching method (FIGS. 1 and 3) of the oxide film
cannot simultaneously achieve (1) prevention of foreign
object contamination and (2) highly accurate control of the
etching amount. These problems can be solved by an
embodiment of the present invention.

[0062] FIG. 5 illustrates the outline of the processing
procedure of an plasma etching method according to the
embodiment of the present invention. As a first step, hydro-
gen fluoride gas is supplied to and adsorbed on the surface
of the oxide film 1 to be processed. Next, as a second step,
the residual hydrogen fluoride gas left in the gas phase is
exhausted in vacuum. Next, as a third step, hydrogen nitride
gas is supplied to and adsorbed on the surface of the oxide
film 1. Hydrogen fluoride molecules and hydrogen nitride
molecules adsorbed on the surface react with the surface of
the oxide film 1 to form a modified layer 2 of a compound
containing nitrogen, hydrogen, and fluorine.

[0063] Subsequently, the first to third steps (also referred
to as a step set) are repeated N times to grow the modified
layer 2 to achieve a desired film thickness. Next, thermal
energy is applied to the wafer to thermally decompose the
modified layer 2 into volatile molecules and desorb the
modified layer 2, thus etching the oxide film 1. The etching
amount can be controlled on the basis of the number of times
(N) of repeating the first to third steps. The step set may have
different steps from the first to third steps mentioned above.
[0064] FIG. 6 illustrates the result of actually examining
the dependence of the etching amount of the oxide film 1 on
the number of times of repetition of the first to third steps.
It is apparent that the etching amount can be controlled by
the number of times of repetition of the first to third steps,
because the etching amount monotonically increases with
respect to the number of times of repetition. Further, mixing
of the hydrogen fluoride gas and the hydrogen fluoride gas
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is inhibited by exhausting the interior of the processing
chamber in vacuum to remove the hydrogen nitride gas
before the start of the first step or after the completion of the
third step.

First Embodiment

[0065] First, with reference to FIG. 7, an plasma etching
apparatus and its overall structure according to the first
embodiment of the present invention is described. A pro-
cessing chamber 3 is a vacuum container and is constituted
by a base chamber 11 in which a wafer stage 5 on which a
wafer 4 is mounted is disposed. A shower plate 23 is
disposed at the center of the upper side of the processing
chamber, and a processing gas is supplied to the processing
chamber 3 through the shower plate 23.

[0066] A flow rate of supplying the processing gas is
adjusted by a mass flow controller (first gas source, second
gas source) 50 provided for each type of gas. A gas dis-
tributor 51 is disposed on the downstream side of the mass
flow controller 50 so as to independently control the flow
rate and composition of the gas supplied near the center of
the processing chamber 3 and the gas supplied near the outer
circumference to be supplied. Thus, the spatial distribution
of the partial pressure of the processing gas can be finely
controlled.

[0067] InFIG.7, Ar, N,, CHF,, CF,, SF,, HF, H,O, NF;,
O,, NH;, H,, CH,F,, CH,F, CH,OH are illustrated as the
processing gases, but other gasses may be used.

[0068] An exhaust unit 15 is connected to the lower part
of the processing chamber 3 via a vacuum exhaust pipe 16
to reduce the pressure in the processing chamber. For
example, a turbomolecular pump, a mechanical booster
pump, or a dry pump is used, not in a limiting manner, as the
exhaust unit. To adjust the pressure in the processing cham-
ber 3, a pressure adjusting unit 14 is disposed in the vacuum
exhaust pipe 16 connected to the exhaust unit 15.

[0069] An IR lamp unit (heating device) for heating the
wafer 4 is disposed above the wafer stage 5. The IR lamp
unit is mainly constituted by an IR lamp 60, a reflecting plate
61 for reflecting IR light, and an IR light transmitting
window 72. In the IR lamp 60, circle-type (circular shaped)
lamp parts 60-1, 60-2, and 60-3 are used.

[0070] It is assumed that the light emitted from the IR
lamp is light (herein referred to as IR light) which mainly
comes from a region between visible light and infrared light.
In the present embodiment, the three circles of lamp parts
60-1, 60-2, and 60-3 are arranged concentrically, but the
lamp parts may be two circles, or four circles and more.
Above the IR lamp 60, the reflecting plate 61 for reflecting
IR light downward (wafer setting direction) is disposed.
[0071] An IR lamp power source 73 is connected to the IR
lamp 60, and a radio frequency cut filter 74 for preventing
radio frequency power noise from flowing into the IR lamp
power source is disposed therebetween. Further, the IR lamp
power source 73 is provided with a function capable of
independently controlling the power supplied to the IR lamp
60, so that the radial distribution of the heating amount of the
wafer can be regulated (part of the wiring is not illustrated).
At the center of the IR lamp 60, a space for disposing a
shower plate for introducing the processing gas is formed.
[0072] A refrigerant flow path 39 for cooling the stage is
formed inside the wafer stage 5, and the refrigerant is
circulated and supplied by a chiller 38 via the flow path 39.
Further, to fix the wafer 4 by electrostatic adsorption,
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plate-like electrode plates 30 are embedded in the stage, and
a DC power source 31 is connected to each electrode plate
30.

[0073] To efficiently cool the wafer 4, He gas can be
supplied between the rear surface of the wafer 4 and the
wafer stage 5. Further, it is assumed that, to prevent damage
to the rear surface of the wafer even when heating/cooling
is performed while the wafer 4 is adsorbed, the surface
(wafer mounting surface) of the wafer stage 5 is coated with
a resin such as polyimide. A thermocouple 70 that measures
the temperature of the stage is disposed inside the wafer
stage 5, and this thermocouple 70 is connected to a thermo-
couple thermometer 71. These units are connected to a
control unit (processor) (not illustrated) by cables such that
operations of these units are controlled.

[0074] Next, the etching process proposed in the present
embodiment is described with reference to FIG. 8. The
sequence of FIG. 8 is controlled by the control unit. First, the
wafer 4 is transferred to the processing chamber 3 via a
transfer port (not illustrated) provided in the processing
chamber 3. After that, the wafer 4 is fixed on the wafer stage
5 by electrostatic adsorption by feeding power from the DC
power source 31, while He gas is supplied to the rear surface
of the wafer 4 for cooling the wafer.

[0075] Next, Ar gas 52 for diluting HF gas and Ar gas 53
for diluting NH; gas are supplied to the processing chamber
3 through the mass flow controller 50, the gas distributor 51,
and the shower plate 23. After that, the Ar gases 52 and 53
for diluting are made to flow continuously until the etching
is completed.

[0076] Subsequently, as a first step, HF gas is supplied to
the processing chamber 3 to adsorb HF molecules on the
surface of the wafer 4. Subsequently, as a second step, the
supply of HF gas is stopped, while the Ar gases 52 and 53
for diluting flow continuously, to exhaust (eliminate) the
residual HF gas left in the gas phase.

[0077] Subsequently, as a third step, NH; gas is supplied
to the processing chamber 3 to adsorb NH; molecules on the
surface of the wafer 4. At this time, HF molecules adsorbed
in the first step and NH; molecules adsorbed in the third step
react with the surface of the film to form the modified layer
2 of a compound containing nitrogen, hydrogen, silicon, and
fluorine on the surface of the film.

[0078] The above-mentioned first to third steps are
regarded as one step (also referred to as step set), and are
repeated a plurality of times. As illustrated in FIG. 6, by
repeating this step set, the film thickness (etching amount) of
the modified layer 2 can be increased in a stepwise manner.

[0079] Further, between the third step (supply of NH, gas)
and the first step (supply of HF gas) of the next step set, the
supply of NH; gas is stopped, while the Ar gases 52 and 53
for diluting flow continuously, and an exhausting step of
exhausting the residual NH; gas left in the gas phase is
executed. Preferably, herein, in the second step or the
exhausting step, the pressure in the processing chamber 3 is
made lower than the pressure in the processing chamber 3 in
the first and third steps.

[0080] After increasing the film thickness of the modified
layer 2 to a desired value, the supply of the wafer-cooling He
gas is stopped. Next, the wafer 4 is heated by the IR lamp
60 to thermally decompose and desorb the modified layer 2
that has been formed on the surface of the film, thus etching
the film.
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[0081] In the present embodiment, the IR lamp 60 is used
for heating the wafer, but the heating method is not limited
thereto. For example, the wafer stage may be heated or the
wafer may be heated by separately conveying the wafer to
a device that only performs heating. Further, in the present
embodiment, the film of the object is etched by heating the
wafer after repeating the first to third steps as one step set a
plurality of times. Alternatively, it is also possible to achieve
a desired etching amount by further repeating the combina-
tion of a plurality of times of gas irradiation and wafer
heating.

[0082] In this case, after heating the wafer 4, He gas is
supplied to the rear surface of the wafer to cool the wafer 4
to reach the temperature of the wafer stage 5 (refrigerant
temperature), thus preparing for the next irradiation repeti-
tion step of HF gas and NH; gas. When the etching is
completed, the electrostatic adsorption is interrupted to take
out the wafer 4. The exhaust of He gas on the rear surface
of the wafer is performed using the exhaust unit 15 via a
valve 54.

[0083] In the etching described in the present embodi-
ment, NH; gas is applied after HF gas. Alternatively, the
order of irradiation may be reversed, and NH; gas may be
applied before HF gas.

Second Embodiment

[0084] Next, with reference to FIG. 9, an plasma etching
apparatus and its overall structure according to the second
embodiment of the present invention is described. The
processing chamber 3 is constituted by the base chamber 11
in which the wafer stage 5 on which the wafer 4 is mounted
is disposed. A plasma source (ICP plasma source) using an
ICP discharge method is disposed above the processing
chamber 3. The ICP plasma source is used for cleaning the
inner wall of the chamber by plasma or for generating
reactive gas by plasma.

[0085] A cylindrical quartz chamber 12 constituting the
ICP plasma source is disposed above the processing cham-
ber 3, and an ICP coil 20 is disposed outside the quartz
chamber 12. A radio frequency power source 21 for plasma
generation is connected to the ICP coil 20 via a matching
device 22. It is assumed that a frequency band of several tens
MHz, such as 13.56 MHz, is used for the radio frequency
power of the radio frequency power source 21. A top plate
25 is disposed on top of the quartz chamber 12. A gas
dispersion plate 24 and the shower plate 23 are disposed
under the top plate 25. The processing gas is introduced into
the quartz chamber 12 via the gas dispersion plate 24 and the
shower plate 23. A plasma apparatus is constituted by the
quartz chamber 12 and the radio frequency power source 21.
[0086] A flow rate of supplying the processing gas is
adjusted by the mass flow controller 50 provided for each
type of gas. The gas distributor 51 is disposed on the
downstream side of the mass flow controller 50 so as to
independently control the flow rate and composition of the
gas supplied near the center of the quartz chamber 12 and the
gas supplied near the outer circumference to be supplied.
Thus, the spatial distribution of the partial pressure of the
processing gas can be finely controlled.

[0087] InFIG.7, Ar,N,, CHF,, CF,, SF,, HF, H,O, NF,,
O,, NH;, H,, CH,F,, CH,F, CH,OH are illustrated as the
processing gases, but other gasses may be used.

[0088] An exhaust unit 15 is connected to the lower part
of the processing chamber 3 via a vacuum exhaust pipe 16
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to reduce the pressure in the processing chamber. For
example, a turbomolecular pump, a mechanical booster
pump or a dry pump is used as the exhaust unit, but it is not
limited thereto. To adjust the pressure in the processing
chamber 3, the pressure adjusting unit 14 is disposed in the
vacuum exhaust pipe 16 connected to the exhaust unit 15.
[0089] The IR lamp unit for heating the wafer 4 is dis-
posed on the wafer stage 5. The IR lamp unit is mainly
constituted by the IR lamp 60, the reflecting plate 61 for
reflecting IR light, and the IR light transmitting window 72.
In the IR lamp 60, circle-type (circular shaped) lamp parts
60-1, 60-2, and 60-3 are used.

[0090] It is assumed that the light emitted from the IR
lamp 60 is light (herein referred to as IR light) which mainly
comes from the region between visible light and infrared
light. In the present embodiment, the three circles of lamp
parts 60-1, 60-2, and 60-3 are arranged concentrically, but
the lamp parts may be two circles, or four circles and more.
Above the IR lamp 60, the reflecting plate 61 for reflecting
IR light downward (wafer setting direction) is disposed.
[0091] The IR lamp power source 73 is connected to the
IR lamp 60, and the radio frequency cut filter 74 for
preventing radio frequency power noise from flowing into
the IR lamp power source is disposed therebetween. Further,
the IR lamp power source 73 is provided with a function
capable of independently controlling the power supplied to
the IR lamp 60, so that the radial distribution of the heating
amount of the wafer can be regulated (part of the wiring is
not illustrated).

[0092] A flow path 27 is formed in the center of the IR
lamp unit. A plurality of perforated slit plates 26 that shields
ions and electrons generated in the plasma and transmits
only neutral gas and neutral radicals to irradiate the wafer is
disposed in the flow path 27.

[0093] A refrigerant flow path 39 for cooling the stage is
formed inside the wafer stage 5, and the refrigerant is
circulated and supplied by a chiller 38 via the flow path 39.
Further, to fix the wafer 4 by electrostatic adsorption,
plate-like electrode plates 30 are embedded in the stage, and
a DC power source 31 is connected to each electrode plate
30.

[0094] To efficiently cool the wafer 4, He gas can be
supplied between the rear surface of the wafer 4 and the
wafer stage 5. Further, it is assumed that, to prevent damage
to the rear surface of the wafer even when heating/cooling
is performed while adsorbing the wafer, the surface (wafer
mounting surface) of the wafer stage 5 is coated with a resin
such as polyimide. Inside the wafer stage 5, a thermocouple
70 for measuring the temperature of the stage is disposed,
and this thermocouple is connected to a thermocouple
thermometer 71.

[0095] Next, the etching process proposed in the present
embodiment is described with reference to FIG. 10. The
sequence illustrated in FIG. 8 can be used as the sequence
of the present embodiment, and such sequence is controlled
by the control unit (not illustrated). First, the wafer 4 is
transferred to the processing chamber 3 via a transfer port
(not illustrated) provided in the processing chamber 3. After
that, the wafer 4 is fixed on the wafer stage 5 by electrostatic
adsorption by feeding power from the DC power source 31,
while He gas is supplied to the rear surface of the wafer 4
for cooling the wafer.

[0096] Next, Ar gas 52 for diluting HF gas and Ar gas 53
for diluting NH; gas are supplied into the quartz chamber 12
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through the mass flow controller 50, the gas distributor 51,
the gas dispersion plate 24, and the shower plate 23. The gas
supplied to the quartz chamber 12 is further supplied to the
processing chamber 3 via the flow path 27 and the slit plates
26. After that, the Ar gases 52 and 53 for diluting are made
to flow continuously until the etching is completed.

[0097] Subsequently, as a first step, HF gas is supplied to
the processing chamber 3 to adsorb HF molecules on the
surface of the wafer 4. Subsequently, as a second step, the
supply of HF gas is stopped, while the Ar gases 52 and 53
for diluting flow continuously, to exhaust (eliminate) the
residual HF gas left in the gas phase. Subsequently, as a third
step, NH; gas is supplied to the processing chamber 3 to
adsorb NH; molecules on the surface of the wafer 4. At this
time, HF molecules adsorbed in the first step and NH;
molecules adsorbed in the third step react with the surface of
the film to form the modified layer 2 of a compound
containing nitrogen, hydrogen, silicon, and fluorine on the
surface of the film.

[0098] The above-mentioned first to third steps are
regarded as one step (also referred to as step set), and are
repeated a plurality of times. As illustrated in FIG. 6, by
repeating this step set, the film thickness of the modified
layer 2 can be increased in a stepwise manner. Between the
third step (supply of NH; gas) and the first step (supply of
HF gas) of the next step set, the supply of NH; gas is
stopped, while the Ar gases 52 and 53 for diluting flow
continuously, and an exhausting step of exhausting the
residual NH; gas left in the gas phase is executed. Prefer-
ably, herein, in the second step or the exhausting step, the
pressure in the processing chamber 3 is made lower than the
pressure in the processing chamber 3 in the first and third
steps.

[0099] After increasing the film thickness of the modified
layer 2 to a desired value, the supply of the wafer-cooling He
gas is stopped. Next, the wafer 4 is heated by the IR lamp
60, the modified layer 2 formed on the film surface is
thermally decomposed and desorbed, and the film is etched
(the film is removed).

[0100] In the present embodiment, the IR lamp 60 is used
for heating the wafer, but the heating method is not limited
thereto. For example, the wafer stage may be heated or the
wafer may be heated by separately conveying the wafer to
a device that only performs heating. Further, in the present
embodiment, the film of the object is etched by heating the
wafer after repeating the first to third steps as one step set a
plurality of times. Alternatively, it is also possible to achieve
a desired etching amount by further repeating the combina-
tion of a plurality of times of gas irradiation and wafer
heating.

[0101] In this case, after heating the wafer 4, He gas is
supplied to the rear surface of the wafer to cool the wafer 4
to reach the temperature of the wafer stage 5 (refrigerant
temperature), thus preparing for the next irradiation repeti-
tion step of HF gas and NH; gas. When the etching is
completed, the electrostatic adsorption is interrupted to take
out the wafer. The exhaust of He gas on the rear surface of
the wafer is performed using the exhaust device 55 via the
valve 54.

[0102] In the etching described in the present embodi-
ment, NH; gas is applied after HF gas. Alternatively, the
order of irradiation may be reversed, and NH; gas may be
applied before HF gas.
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[0103] In addition to the above-described technique using
HF gas and NH; gas, the processing apparatus used in the
present embodiment illustrated in FIG. 9 can generate NH;
by plasma generation and use this in place of NH; gas. In the
following modification, an alternative method of NH; gas by
plasma generation is described with reference to FIG. 10.

Modification

[0104] First, the wafer 4 is transferred to the processing
chamber 3 via the transfer port (not illustrated) provided in
the processing chamber 3. After that, the wafer 4 is fixed on
the wafer stage 5 by electrostatic adsorption by feeding
power from the DC power source 31, while He gas is
supplied to the rear surface of the wafer 4 for cooling the
wafer.

[0105] Next, N, gas and H, gas are supplied into the quartz
chamber 12 through the mass flow controller 50, the gas
distributor 51, the gas dispersion plate 24, and the shower
plate 23. N, gas and H, gas supplied to the quartz chamber
12 are further supplied to the processing chamber 3 via the
flow path 27 and the slit plates 26. After that, N, gas and H,
gas are made to flow continuously until the etching process
is completed.

[0106] Thereafter, all the gases used for etching are sup-
plied to the processing chamber 3 through the mass flow
controller 50, the gas distributor 51, the gas dispersion plate
24, the shower plate 23, the flow path 27, and further through
the slit plates 26.

[0107] As a first step, HF gas is supplied to the processing
chamber 3 to adsorb HF molecules on the surface of the
wafer 4. Subsequently, as a second step, the supply of HF
gas is stopped while N, gas and H, gas flow continuously,
and the residual HF gas left in the gas phase is exhausted.
Subsequently, as a third step, the radio frequency power
source 21 is turned on to generate plasma in the discharge
region 13, and the plasma is applied to N, gas and H, gas in
the quartz chamber 12. As a result, N, molecules react with
H, molecules to generate NH; molecules.

[0108] NH; molecules generated in the plasma are sup-
plied to the processing chamber 3 through the flow path 27
and the slit plates 26 and adsorbed on the surface of the
wafer 4. At this time, HF molecules adsorbed in the first step
and NH; molecules adsorbed in the third step react with the
surface of the film to form the modified layer 2 of a
compound containing nitrogen, hydrogen, silicon, and fluo-
rine on the surface of the film.

[0109] Subsequently, the radio frequency power source 21
is turned off, while N, gas and H, gas flow continuously, to
stop plasma generation. The above-mentioned first to third
steps are regarded as one step (also referred to as step set),
and are repeated a plurality of times. As illustrated in FIG.
6, by repeating this step set, the film thickness of the
modified layer 2 is increased in a stepwise manner. Between
the third step (adsorption of NH; molecules) and the first
step (supply of HF gas) of the next step set, the supply of RF
power is stopped, while N, gas and H, gas flow continu-
ously, the step of exhausting the residual NH; gas left in the
gas phase is exhausted.

[0110] After increasing the film thickness of the modified
layer 2 to a desired value, the supply of the wafer-cooling He
gas is stopped. Next, the wafer 4 is heated by the IR lamp
60, the modified layer 2 formed on the film surface is
thermally decomposed and desorbed, and the film is etched
(the film is removed). In the present embodiment, the IR
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lamp 60 is used for heating the wafer, but the heating method
is not limited thereto. For example, the wafer stage may be
heated or the wafer may be heated by separately conveying
the wafer to a device that only performs heating.

[0111] Further, in the present embodiment, the film of the
object is etched by heating the wafer after repeating the first
to third steps a plurality of times as one step. Alternatively,
it is also possible to achieve a desired etching amount by
further repeating the combination of plural times of gas
irradiation and wafer heating. In this case, after heating the
wafer 4, He gas described above is supplied to the rear
surface of the wafer to cool the wafer 4 to reach the
temperature of the wafer stage 5 (refrigerant temperature),
thus preparing for the next irradiation repetition step of HF
gas and NH; gas. When etching is completed, electrostatic
adsorption is turned off to take out the wafer. The exhaust of
He gas on the rear surface of the wafer is performed using
the exhaust device 55 via the valve 54.

[0112] Inthe etching described in the present embodiment,
N, gas and H, gas are applied after HF gas. Alternatively, the
order of irradiation may be reversed, and N, gas and H, gas
may be applied before HF gas.

[0113] The present invention is not limited to the above-
described embodiments, and may include various modifica-
tions. For example, the embodiments have been described in
detail to facilitate the understanding of the present invention,
and are not necessarily limited to the embodiments that
include the entire structure described above. Further, the
structure of a certain embodiment can be partially replaced
by the structure of other embodiments, or the structure of
other embodiments can be added to the structure of a certain
embodiment. Further, some constituent components of the
structures of the embodiments may be added, deleted, or
substituted for by other constituent components.

1. An plasma etching method for etching a film layer of
an object to be processed disposed in a processing chamber
inside a vacuum container and is made of a member con-
taining silicon, the plasma etching method comprising:

forming a film by repeating a set of steps a plurality of
times, the set of steps including

a first step of introducing a gas containing at least hydro-
gen fluoride into the processing chamber and supplying
hydrogen fluoride molecules to a surface of the film
layer of the object to be processed,

a second step of exhausting the interior of the processing
chamber to remove the gas containing hydrogen fluo-
ride, and

a third step of supplying hydrogen nitride molecules to the
surface of the film layer of the object to be processed
to form a compound layer containing nitrogen, hydro-
gen, and fluorine on the surface of the film layer; and

removing the compound layer formed on the surface of
the film layer to be processed after the forming of the
film.

2. The plasma etching method according to claim 1,

wherein

the third step includes introducing a gas containing hydro-
gen nitride into the processing chamber.

3. The plasma etching method according to claim 2,

wherein

the set of steps includes exhausting the interior of the
processing chamber before the start of the first step or
after the end of the third step to remove a gas contain-
ing hydrogen nitride.
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4. The plasma etching method according to claim 3,
wherein
a pressure in the processing chamber in the second step or
the exhausting step is made lower than a pressure in the
processing chamber in the first step and the third step.
5. The plasma etching method according to claim 2,
wherein
the second step is executed after the introduction of the
gas containing at least hydrogen fluoride into the pro-
cessing chamber is stopped and before the introduction
of the gas containing hydrogen nitride is started.
6. The plasma etching method according to claim 1,
wherein
the third step includes introducing N, gas and H, gas into
the processing chamber and generating plasma to gen-
erate NH; molecules.
7. The plasma etching method according to claim 6,
wherein
the set of steps includes exhausting the interior of the
processing chamber before the start of the first step or
after the end of the third step to remove hydrogen
nitride gas.
8. The plasma etching method according to claim 7,
wherein
a pressure in the processing chamber in the second step or
the exhausting is made lower than a pressure in the
processing chamber in the first step and the third step.
9. The plasma etching method according to claim 6,
wherein
the second step is executed after the introduction of the
gas containing at least hydrogen fluoride into the pro-
cessing chamber is stopped and before the plasma is
generated.
10. The plasma etching method according to claim 1,
wherein
the removal of the film includes heating the object to be
processed to remove the compound layer.
11. The plasma etching method according to claim 10,
further comprising:
cooling the object to be processed after the removal of the
film.
12. An plasma etching apparatus comprising:
a vacuum container in which an object to be processed
made of a member containing silicon is disposed;
a first gas source that supplies hydrogen fluoride gas into
the vacuum container;
a second gas source that supplies hydrogen nitride gas
into the vacuum container;
an exhaust device that exhausts the interior of the vacuum
container;
a heating device that heats the object to be processed; and
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a control unit, wherein

the control unit repeats a set of steps a plurality of times,
the set of steps including

introducing hydrogen fluoride gas from the first gas
source into the processing chamber and supplying
hydrogen fluoride molecules to a surface of a film layer
of the object to be processed,

exhausting the interior of the processing chamber by the
exhaust device to remove the hydrogen fluoride gas,
and

introducing hydrogen nitride gas from the second gas
source into the vacuum container to form a compound
layer containing nitrogen, hydrogen, and fluorine on the
surface of the film layer, and

heating the object to be processed by the heating device
to remove the compound layer formed on the surface of
the film layer.

13. An plasma etching apparatus comprising:

a vacuum container in which an object to be processed
made of a member containing silicon is disposed;

a first gas source that supplies hydrogen fluoride gas into
the vacuum container;

a second gas source that supplies N, gas and H, gas into
the vacuum container;

a plasma device that generates plasma in the vacuum
container;

an exhaust device that exhausts the interior of the vacuum
container;

a heating device that heats the object to be processed; and

a control unit, wherein

the control unit repeats a set of steps a plurality of times,
the set of steps including

introducing hydrogen fluoride gas from the first gas
source into the processing chamber and supplying
hydrogen fluoride molecules to a surface of a film layer
of the object to be processed,

exhausting the interior of the processing chamber by the
exhaust device to remove the hydrogen fluoride gas,

introducing N, gas and H, gas from the second gas source
into the vacuum container and generating plasma in the
vacuum container by the plasma device to generate
NH; molecules, and

forming a compound layer containing nitrogen, hydrogen,
and fluorine on the surface of the film layer, and

heating the object to be processed by the heating device
to remove the compound layer formed on the surface of
the film layer.



