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57 ABSTRACT

A thermal spray coating according to the present invention
contains mainly magnesium, aluminum, oxygen, and nitro-
gen and has, as a main phase, a crystal phase of a MgO—
AIN solid solution in which aluminum nitride is dissolved
with magnesium oxide. The thermal spray coating is
obtained by thermal spray of powder of a ceramic material
containing mainly magnesium, aluminum, oxygen, and
nitrogen and having, as a main phase, a crystal phase of a
MgO—AIN solid solution in which aluminum nitride is
dissolved with magnesium oxide.
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THERMAL SPRAY COATING, MEMBER FOR
SEMICONDUCTOR MANUFACTURING
EQUIPMENT, FEEDSTOCK MATERIAL FOR
THERMAL SPRAY, AND METHOD FOR
PRODUCING THERMAL SPRAY COATING

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a Divisional of U.S. application
Ser. No. 14/557,801, filed Dec. 2, 2014, the entirety of which
is incorporated herein by reference, and claims the benefit
under 35 USC §119(a)-(d) of Japanese Patent Application
No. 2013-252766, filed on Dec. 6, 2013 and Japanese Patent
Application No. 2014-109328, filed on May 27, 2014.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a thermal spray
coating, a member for semiconductor manufacturing equip-
ment, a feedstock material for thermal spray, and a method
for producing a thermal spray coating.

[0004] 2. Description of the Related Art

[0005] In semiconductor manufacturing equipment used
for dry processes, plasma coating, and the like in semicon-
ductor manufacturing, a halogen-based plasma, such as F or
Cl, having high reactivity and corrosiveness is used for
etching and cleaning. Members assembled into such semi-
conductor manufacturing equipment are required to have
high corrosion resistance. In materials for such members,
long-term use causes corrosion to progress gradually, and
occurrence of dust and the like results in contamination of
semiconductors. Thus, high corrosion resistance is needed.
Alumina, aluminum nitride, yttria, and the like are known as
materials having high corrosion resistance, and have been
used in semiconductor manufacturing equipment. As a mate-
rial having higher corrosion resistance than such materials,
the present inventors have developed a ceramic material
containing mainly magnesium, aluminum, oxygen, and
nitrogen and having, as a main phase, a crystal phase of a
MgO—AIN solid solution in which aluminum nitride is
dissolved with magnesium oxide (PTL 1). This material has
very high corrosion resistance and a smaller water-absorbing
capacity than magnesium oxide, and exhibits high denseness
and a good insulating property as a bulk. Therefore, it is
believed that the ceramic material is very suitably used for
members, such as heaters and electrostatic chucks, in semi-
conductor manufacturing equipment.

CITATION LIST

Patent Literature

[0006] [PTL 1] International Publication Pamphlet No.
W02012/56876

SUMMARY OF THE INVENTION

[0007] When use is intended for various members
employed in semiconductor manufacturing equipment, a
technique has been proposed in which a thermal spray
coating having high corrosion resistance is formed on the
surface of a given substrate to improve corrosion resistance
of the member. For example, coatings of alumina or yttria
are used for inner surfaces of chambers and the like for
semiconductor manufacturing equipment.
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[0008] However, regarding the ceramic material of PTL 1,
no studies have been conducted on thermal spray coatings.
It is not known if a thermal spray coating can be obtained,
and corrosion resistance thereof has not been determined.
Furthermore, for pure magnesium oxide, which is a material
having corrosion resistance equivalent to the ceramic mate-
rial, it is very difficult to select thermal spray conditions
which permit melting while not permitting volatilization.
Moreover, since magnesium oxide is hygroscopic and water-
absorbing, when it is used for members which are to be
subjected to a vacuum or reduced pressure, the generation of
water may pose a problem.

[0009] The present invention has been achieved to solve
such problems. It is a main object of the present invention
to provide a thermal spray coating that has high corrosion
resistance and low water absorption for a highly reactive
halogen-based plasma in semiconductor manufacturing.

Means for Solving the Problems

[0010] The present inventors have conducted a study in
which a ceramic material obtained by forming and then
hot-press sintering mixed powder of magnesium oxide,
aluminum oxide, and aluminum nitride, is pulverized, a
thermal spray coating is formed using the pulverized mate-
rial as a feedstock material for thermal spray, and the
corrosion resistance of the thermal spray coating is checked,
and have found that the thermal spray coating has excellent
corrosion resistance. Furthermore, it has been found that,
when the feedstock material for thermal spray used for
forming the thermal spray coating is compared with mag-
nesium oxide powder, a thermal spray coating is more easily
formed using the feedstock material than using magnesium
oxide powder under the substantially same thermal spray
conditions, such as energy and the amount of feedstock
supply. Thus, the present inventors have completed the
present invention.

[0011] That is, a thermal spray coating according to the
present invention has, as a main phase, a crystal phase of a
MgO—AIN solid solution in which aluminum nitride is
dissolved with magnesium oxide.

[0012] Furthermore, a feedstock material for thermal
spray according to the present invention is powder of a
ceramic material having, as a main phase, a crystal phase of
a MgO—AIN solid solution in which aluminum nitride is
dissolved with magnesium oxide.

[0013] A method for producing a thermal spray coating
according to the present invention includes forming a ther-
mal spray coating by plasma spray of such a feedstock
material for thermal spray.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is an XRD analysis chart of a feedstock
material for thermal spray in Experimental Example 2.

[0015] FIG. 2 is an enlarged view of the XRD peak of the
feedstock material for thermal spray in Experimental
Example 2.

[0016] FIG. 3 is an XRD analysis chart of a thermal spray
coating in Experimental Example 2-1.

[0017] FIG. 4 is an enlarged view of the XRD peak of the
thermal spray coating in Experimental Example 2-1.
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DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0018] A thermal spray coating according to the present
invention has, as a main phase, a crystal phase of a MgO—
AIN solid solution in which an aluminum nitride component
is dissolved with magnesium oxide. The term “main phase”
refers to the fact that the ratio of the number of moles of the
Mg element to the total number of moles of metal elements
in the thermal spray coating (Mg/(Mg+Al) molar ratio) is 0.5
or more. The method of thermal spray is not particularly
limited as long as the feedstock material is melted, and for
example, plasma spray is used. The MgO—AIN solid solu-
tion has corrosion resistance equivalent to magnesium oxide
and has higher moisture resistance and water resistance than
magnesium oxide. Therefore, it is believed that the thermal
spray coating having, as the main phase, the crystal phase of
the MgO—AIN solid solution also has high corrosion resis-
tance, moisture resistance, and water resistance.

[0019] In the thermal spray coating of the present inven-
tion, preferably, the XRD peak of the MgO (200) plane
measured with CuKa radiation shifts to a higher angle side
with respect to 20=42.90°, which corresponds to the peak of
the cubic crystal of magnesium oxide. As the dissolution
amounts of aluminum and nitrogen increase, the XRD peak
of magnesium oxide shifts to the higher angle side, and
water resistance improves. Furthermore, preferably, the
XRD peak of the MgO (111) plane shifts to a higher angle
side with respect to 260=36.90°, which corresponds to the
peak of the cubic crystal of magnesium oxide. Furthermore,
preferably, the XRD peak of the MgO (220) plane shifts to
a higher angle side with respect to 26=62.30°, which cor-
responds to the peak of the cubic crystal of magnesium
oxide.

[0020] In the thermal spray coating of the present inven-
tion, preferably, the full width at half maximum of the XRD
peak of the MgO (200) plane measured with CuKa radiation
is 0.55° or less. The reason for this is that, in general, there
is a tendency that as the full width at half maximum
decreases, crystallinity increases and corrosion resistance
also increases.

[0021] In the thermal spray coating of the present inven-
tion, in component analysis, the Mg/(Mg+Al) molar ratio is
preferably 0.58 or more. The reason for this is that in a
material containing mainly magnesium, aluminum, oxygen,
and nitrogen and having, as a main phase, a crystal phase of
a MgO—AIN solid solution in which aluminum nitride is
dissolved with magnesium oxide, as the percentage of Mg
increases, corrosion resistance increases. The upper limit of
the Mg/(Mg+Al) molar ratio is not particularly limited, but
is preferably 0.90 or less. When the molar ratio exceeds
0.90, there is a concern that the thermal spray coating may
be unlikely to be obtained or water absorption may increase
to a certain extent.

[0022] However, it is believed that the corrosion resistance
of the thermal spray coating is determined by a complex
combination of other factors, such as the porosity of the
thermal spray coating, in addition to the full width at half
maximum and the Mg/(Mg+Al) molar ratio described
above.

[0023] The thermal spray coating of the present invention
may contain, as a subphase, a magnesium aluminum oxide.
Since the magnesium aluminum oxide also has high corro-
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sion resistance, there is no problem even if it is included as
the subphase. Examples of the magnesium aluminum oxide
include spinel (MgAl,O,).

[0024] The thermal spray coating of the present invention
may contain, as a subphase, a magnesium-aluminum oxyni-
tride phase whose XRD peak measured with CuKo. radiation
appears at, at least, 20=47° to 49°. Since the magnesium-
aluminum oxynitride also has high corrosion resistance,
there is no problem even if it is included as the subphase.
[0025] Preferably, the thermal spray coating of the present
invention has an open porosity of 20% or less. Herein, any
method can be used to determine the open porosity. For
example, the Archimedean method using pure water as a
medium, or a method in which the open porosity is deter-
mined from the area fraction between the film and pores
obtained by image processing of a photograph of a cross
section of the film, may be used. When the open porosity
exceeds 20%, there is a concern that the strength of the
thermal spray coating may be decreased, or shattering of the
material may cause occurrence of dust, and furthermore,
there is a concern that a halogen-based plasma having high
corrosiveness may corrode a substrate portion having low
corrosion resistance, which is not desirable. Furthermore,
the open porosity is preferably close to zero as much as
possible. Therefore, the lower limit is not particularly pres-
ent.

[0026] The thermal spray coating of the present invention
can be used as a coating that covers the surface of a member
for semiconductor manufacturing equipment. Examples of
the member for semiconductor manufacturing equipment
include electrostatic chucks, susceptors, heaters, plates,
chambers, inner wall materials, monitoring windows, micro-
wave-introducing windows, and microwave coupling anten-
nas. These members are required to have excellent corrosion
resistance against the plasma of halogen element-containing
corrosive gas. Therefore, coating with the thermal spray
coating of the present invention is preferable.

[0027] A feedstock material for thermal spray according to
the present invention is powder of a ceramic material
containing mainly magnesium, aluminum, oxygen, and
nitrogen and having, as a main phase, a crystal phase of a
MgO—AIN solid solution in which aluminum nitride is
dissolved with magnesium oxide. Such a ceramic material
can be produced by forming and then sintering mixed
powder of magnesium oxide, aluminum nitride, and alu-
mina. As the mixed powder, for example, a mixture of
44.0% to 97.5% by mass of magnesium oxide, 0.8% to
51.0% by mass of aluminum nitride, and 1.7% to 56.0% by
mass of aluminum oxide is preferable. The sintering tem-
perature is preferably 1,700° C. or higher, more preferably
1,800° C. or higher, and still more preferably 1,825° C. or
higher. The upper limit of the sintering temperature is not
particularly limited, and for example, may be set at 1,850°
C. Furthermore, in the sintering process, for example, hot-
press sintering may be employed. The pressing pressure
during hot-press sintering is preferably set at 50 to 300
kgt/cm®. The atmosphere during sintering is preferably an
atmosphere that does not affect sintering of the oxide mate-
rials, and is preferably an inert atmosphere, such as a
nitrogen atmosphere, an argon atmosphere, or a helium
atmosphere. The pressure during forming is not particularly
limited, and may be appropriately set to a pressure capable
of maintaining the shape. By pulverizing the ceramic mate-
rial obtained by sintering into powder, the feedstock material
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for thermal spray of the present invention is obtained. The
pulverization method is not particularly limited. Examples
of the pulverization method include dry or wet methods
using a stamp mill, a ball mill, a jet mill, a bead mill, a roll
mill, a hammer mill, a jaw crusher, or a vibration mill, and
a plurality of these methods may be used in combination for
pulverization. The method of particle size control for the
feedstock material for thermal spray is not particularly
limited as long as the pulverized material can be classified.
Furthermore, pulverization and classification may be per-
formed simultaneously. Examples of the classification
method include dry or wet gravitational classification, iner-
tial classification, centrifugal classification, and sieving clas-
sification methods, and a plurality of these methods may be
used in combination for classification.

[0028] In the feedstock material for thermal spray accord-
ing to the present invention, preferably, the XRD peak of the
MgO (200) plane measured with CuKa. radiation shifts to a
higher angle side with respect to 26=42.90°, which corre-
sponds to the peak of the cubic crystal of magnesium oxide.
As the dissolution amounts of aluminum and nitrogen
increase, the XRD peak of magnesium oxide shifts to the
higher angle side, and water resistance improves. Further-
more, preferably, the XRD peak of the MgO (111) plane
shifts to a higher angle side with respect to 26=36.90°,
which corresponds to the peak of the cubic crystal of
magnesium oxide. Furthermore, preferably, the XRD peak
of the MgO (220) plane shifts to a higher angle side with
respect to 26=62.30°, which corresponds to the peak of the
cubic crystal of magnesium oxide.

[0029] In the feedstock material for thermal spray accord-
ing to the present invention, in component analysis, the
Mg/(Mg+Al) molar ratio is preferably 0.62 or more. In such
a case, corrosion resistance can be increased.

[0030] The feedstock material for thermal spray according
to the present invention may contain, as a subphase, a
magnesium aluminum oxide. Since the magnesium alumi-
num oxide also has high corrosion resistance, there is no
problem even if it is included as the subphase. Examples of
the magnesium aluminum oxide include spinel (MgAl,O,).
[0031] The feedstock material for thermal spray according
to the present invention may contain, as a subphase, a
magnesium-aluminum oxynitride phase whose XRD peak
measured with CuKa radiation appears at, at least, 20=47°
to 49°. Since the magnesium-aluminum oxynitride also has
high corrosion resistance, there is no problem even if it is
included as the subphase.

[0032] The feedstock material for thermal spray according
to the present invention preferably contains 1.5% by mass or
more of Al and preferably contains 0.3% by mass or more
of N. In such a case, a thermal spray coating is likely to be
formed on pure magnesium oxide, and the water resistance
of the resulting thermal spray coating improves compared
with that of pure magnesium oxide.

[0033] In the feedstock material for thermal spray accord-
ing to the present invention, in particle size distribution
measurement, preferably, D10 is 1 um or more, and D90 is
200 pum or less. When D10 is smaller than this range, it is
difficult to stably supply powder with a dry-type powder
feeder for thermal spray. When D90 is larger than this range,
pores are likely to remain between molten particles in the
resulting thermal spray coating.

[0034] A method for producing a thermal spray coating
according to the present invention includes forming a ther-
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mal spray coating by thermal spray using the feedstock
material for thermal spray described above. The method of
thermal spray is not particularly limited as long as the
feedstock material is melted, and for example, plasma spray
is used. The plasma gas is not particularly limited, and for
example, argon, helium, nitrogen, hydrogen, oxygen, or a
combination of two or more thereof can be used. Thermal
spray conditions are not particularly limited, and may be
appropriately set depending on the feedstock material for
thermal spray, the substrate for thermal spray (substrate to be
coated with the thermal spray coating), and the like.

EXAMPLES

[0035] Regarding feedstock materials for thermal spray,
Experimental Examples 1 to 3 and 2a correspond to
examples, and Experimental Example 4 corresponds to a
comparative example. Furthermore, regarding thermal spray
coatings, Experimental Examples 1-1, 1-2, and 1-3, Experi-
mental Examples 2-1, 2-2, and 2-3, and Experimental
Examples 3-1 and 3-2 correspond to examples, and Experi-
mental Examples 4-1, 4-2, and 4-3 correspond to compara-
tive examples.

Experimental Examples 1 to 3 and 2a

[0036] In Experimental Examples 1 to 3 and 2a, commer-
cially available MgO material (purity 99.9% by mass or
more, average particle size 3 um), Al,O, material (purity
99.9% by mass or more, average particle size 0.5 um), and
AIN material (purity 99.9% by mass or more, average
particle size 1 um or less) were used. The AIN material
unavoidably contains about 1% by mass of oxygen, and
therefore, in the purity of the AIN material, impurity ele-
ments exclude oxygen.

[0037] (Production of Feedstock Material for Thermal
Spray)
[0038] Feedstock materials for thermal spray were pro-

duced by the method described below.

[0039] Preparation Step

[0040] The MgO material, Al,O, material, and AIN mate-
rial were each weighed so as to satisfy the mass % shown in
Table 1, and wet mixing was performed for 4 hours, using
isopropyl alcohol as a solvent, in a nylon pot, using nylon
balls, with a diameter of 20 mm, having an iron core, as
milling balls. After the mixing, a slurry was taken out, dried
under nitrogen stream at 110° C., and then passed through a
30-mesh sieve to obtain mixed powder.

[0041] Forming Step

[0042] The mixed powder was subjected to uniaxial press-
ing at a pressure of 100 kgf/cm? to form a disc-like formed

body.
[0043] Sintering Step
[0044] The disc-like formed body was placed in a graphite

mold for sintering, and hot-press sintering was performed to
thereby obtain a ceramic material. In the hot-press sintering
process, the pressing pressure was set at 200 kgf/cm?, and
sintering was performed at the sintering temperature (maxi-
mum temperature) shown in Table 1. A N, atmosphere was
maintained until the end of sintering. The holding time at the
sintering temperature was set at 4 hours.

[0045] Pulverization Step

[0046] The resulting sintered body was pulverized with a
stamp mill, and the pulverized material was passed through
a sieve with an opening of 75 um and a sieve with an
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opening of 32 um. Powder under the 75-um sieve and over
the 32-um sieve was used as the feedstock material for
thermal spray in each of Experimental Example 1, Experi-
mental Example 2, and Experimental Example 3. The pul-
verized material was passed through a sieve with an opening
of'45 um and a sieve with an opening of 25 pm, and powder
under the 45-um sieve and over the 25-um sieve was used as
the feedstock material for thermal spray in Experimental
Example 2a. Furthermore, as the feedstock material for
thermal spray in Experimental Example 4, a commercially
available MgO material was prepared.

[0047] (Evaluation of Feedstock Material for Thermal

Spray)
1) XRD Measurement

[0048] Crystal phases were identified with an X-ray dif-
fractometer. The measurement was performed under the
conditions of CuKa, 40 kV, 40 mA, and 26=10° to 70°,
using a sealed tube-type X-ray diffractometer (D8
ADVANCE, manufactured by Bruker AXS). The step width
of the measurement was 0.02°. In order to determine the
diffraction angle at the peak top, by adding Si standard
sample powder (SRM640C) manufactured by NIST, the
peak position was corrected. The diffraction angle at the
peak top of the (200) plane of magnesium oxide was set to
be the value of ICDD78-0430. For each feedstock material
for thermal spray, after confirming the detection of diffrac-
tion peaks at the vicinity of the MgO (111) plane, (200)
plane, and (220) plane as shown in ICDD78-0430, the peak
of the diffraction angle of the (200) plane was obtained.
Furthermore, the full width at half maximum of the peak of
the (200) plane was calculated, which was used as the index
of crystallinity. Here, the full width at half maximum was
calculated for each of the peaks of angles obtained by means
of the peak search function of commercially available soft-
ware JADE 7 manufactured by MDI. Peak search conditions
of JADE 7 were as follows: type of filter: variable, parabolic
filter; definition of peak position: peak top; as for the
threshold and range, threshold 0=3.0, peak intensity (%)
cutoff=0.1, range of BG determination=1.0; BG averaging 7
points; elimination of Ka2 peak: ON, and elimination of
existing peak list: ON.

2) Component Analysis

[0049] The resulting powder was subjected to chemical
analysis. After a sample was dissolved, analysis of each of
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Mg and Al was carried out by chelate titration, and analysis
of N was carried out by an inert gas fusion-thermal conduc-
tivity detection technique. Although analysis of O was not
carried out, it is believed that the remainder, excluding
unavoidable components, such as impurities and contami-
nants, is substantially composed of O.

3) Particle Size Distribution

[0050] The particle size distribution of the resulting pow-
der was determined. Measurement was performed using a
Microtrac MT3300EX II manufactured by Nikkiso Co.,
Ltd., and cumulative particle size distributions 10% (D10)
and 90% (D90) were determined.

4) Constituent Elements

[0051] Constituent elements were identified by EPMA
measurement. Because of difficulty in measurement in the
form of powder, a cross section of each ceramic material
before pulverization was mirror-polished, and detection and
identification of constituent elements were performed.

5) Corrosion Resistance Test

[0052] Each sintered body before being pulverized into a
feedstock material for thermal spray (sintered body after the
sintering step before the pulverization step) was mirror-
polished, partially masked, and a corrosion resistance test
was performed with an inductively coupled plasma (ICP)
corrosion resistance tester under the conditions described
below. The difference in level between the masked surface
and the exposed surface, which was measured with a step
gauge, was divided by the testing time to calculate the etch
rate of each material.

[0053] ICP: 800 W, bias: 450 W, introduced gas: NF;/O,/
Ar=75/35/140 sccm at 0.05 Torr, exposure time: 5 h, sample
temperature: room temperature.

6) Porosity

[0054] The porosity of each sintered body before being
pulverized into a feedstock material for thermal spray was
measured by the Archimedean method using pure water as
a medium.

TABLE 1

Feedstock material fot thermal spray (After sintering)

Sintered

Sinter- Particle Mg/ body before
Material powder ing Peak  Full width size Component (Mg + pulverized
Before sintering)  temper- __Crystal phase " top at half _distribution analysis Al)  Etch
MgO ALO; AIN  ature Main MgO maximum D10 D90 Mg Al N  Molar rate Porosity
wt%  wt%  wt% °C. phase  Subphase (200) MgO(200) pum pm wt% wt% wt% ratio pm/h %
Experimental 851 11.2 3.7 1825 MgOss Not 43.10° 0.18 16 97 508 82 1.2 087 0.074 <1
example 1 confirmed
Experimental 77.0 173 5.7 1825 MgOss Not 43.24° 0.20 16 99 461 127 1.9 0.80 0.086 <1
example 2 confirmed
Experimental 77.0 173 5.7 1825 MgOss Not 43.24° 0.20 14 71 461 127 1.9 0.80 0.086 <1
example 2a confirmed
Experimental 60.9 294 9.7 1825 MgOss MgAL,O, 43.20° 0.25 18 95 347 232 32 0.62 0.097 <1
example 3 MgAION
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TABLE 1-continued

Feedstock material fot thermal spray (After sintering)

Sintered

Sinter-
Material powder ing Peak
Before sintering) _ temper- __Crystal phase “! top

MgO ALO; AIN  ature Main

at half

MgO maximum D10 D90 Mg Al N
MgO(200)

Particle Mg/ body before
Full width size Component (Mg + pulverized

distribution analysis Al)  Etch

Molar rate Porosity
um  oum wt%  wt%  wt% ratio um/h %

wt%  wt% wt% °C. phase  Subphase  (200)
Experimental 100 0 0 — MgO Not 42.90°
example 4 confirmed

22 55 1000 0.0 0.0 —

* MgOss is a MgO solid solution, and MgAION is a magnesium-aluminum oxynitride.

"2 Porosity was measured by the Archimedean method for the sintered body before being pulverized.

[0055] (Evaluation Results of Feedstock Materials for
Thermal Spray)

[0056] Evaluation results of the feedstock materials for
thermal spray are summarized in Table 1. It is confirmed
that, in the feedstock materials for thermal spray of Experi-
mental Examples 1 to 3, diffraction peaks are detected as
main phases at the vicinity of the MgO (111) plane, (200)
plane, and (220) plane which are shown in ICDD78-0430. In
Experimental Examples 1 and 2, a subphase is not con-
firmed. In Experimental Example 3, it is confirmed that
magnesium aluminum oxide (MgAl,O,) and magnesium-
aluminum oxynitride (Mg—Al—O—N) are included as
subphases. The peak of Mg—Al—O—N is observed at
20=47° to 49°. Taking Experimental Example 2 as a typical
example, FIG. 1 shows an XRD analysis chart in Experi-
mental Example 2, and FIG. 2 shows an enlarged view of the
XRD peak in Experimental Example 2. Furthermore, Table
1 shows the peak top of the MgO (200) plane in each of
Experimental Examples 1 to 4. In Experimental Examples 1
to 3, it is confirmed that the peak top of the MgO (200) plane
shifts to the higher angle side than that of MgO. In the
experimental examples whose XRD analysis chart is not
shown this time, the peak intensity changed from that of
Experimental Example 2 according to changes in the con-
tents of the MgO solid solution, magnesium aluminum
oxide, and magnesium-aluminum oxynitride. Furthermore,
EPMA measurement confirms that, in the main phase region
of the ceramic material before being pulverized in each of
Experimental Examples 1 to 3, Al and N are detected at the
same time in addition to Mg and O. It is obvious that the
main phase region of the feedstock material for thermal
spray obtained by pulverizing the ceramic material has the
same composition.

[0057] The observation of the peak shift of the XRD peak
of the MgO (200) plane to the higher angle side and the
EPMA detection of Al and N at the same time in the main
phase region composed of Mg and O described above show
that the feedstock material for thermal spray in each of
Experimental Examples 1 to 3 has, as a main phase, a crystal
phase of a MgO solid solution in which aluminum and
nitrogen components are dissolved with magnesium oxide.
Furthermore, from the particle size distribution shown in
Table 1, it is confirmed that the fluidity of the feedstock
material for thermal spray is good during thermal spray.
[0058] Note that the expression “having, as a main phase,
a crystal phase of a MgO solid solution” is defined as such
that the ratio of the number of moles of the Mg element to
the total number of moles of metal elements in the feedstock
material for thermal spray (Mg/(Mg+Al) molar ratio) is 0.5

or more. In Experimental Examples 1 to 3, the (Mg/(Mg+Al)
molar ratio) is 0.5 or more on the basis of the component
analysis shown in Table 1.

[0059] Regarding the ceramic material before being pul-
verized in each of Experimental Examples 1 to 3, it is
confirmed that the area fraction of the MgO solid solution
phase is largest in the EPMA element mapping image
obtained by EPMA measurement. It is obvious that the same
applies to the feedstock material for thermal spray after
pulverization. Since the area fraction of the cross section is
believed to reflect the volume fraction, the fact that the area
fraction of the MgO solid solution phase is largest means
that the volume fraction thereof is largest.

[0060] Table 1 shows the results of the etch rate and
porosity of the sintered body before pulverized into the
feedstock material for thermal spray. Although not described
in Table 1, the etch rate of an yttria thermal spray coating
was 0.26 pm/h, and the etch rate of an alumina thermal spray
coating was 0.83 um/h. Therefore, it is evident that this
sintered body has higher corrosion resistance than the yttria
thermal spray coating and the alumina thermal spray coat-
ing.

Experimental Examples 1-1, 1-2, 1-3, 2-1, 2-2, 2-3,
3-1, 3-2, 4-1, 4-2, and 4-3

(Thermal Spray Coating Formation)

[0061] As a substrate for thermal spray, an aluminum
substrate (Ra>1 pum) was prepared. Using the feedstock
material for thermal spray obtained in each of Experimental
Examples 1 to 3 and 2a, plasma spray was performed on the
substrate for thermal spray in an air atmosphere under the
conditions shown in Table 2.

[0062] In Experimental Examples 1-1, 1-2, and 1-3, the
feedstock material for thermal spray of Experimental
Example 1 was used. In Experimental Examples 2-1 and
2-2, the feedstock material for thermal spray of Experimen-
tal Example 2 was used. In Experimental Example 2-3, the
feedstock material for thermal spray of Experimental
Example 2a was used. In Experimental Examples 3-1 and
3-2, the feedstock material for thermal spray of Experimen-
tal Example 3 was used. In Experimental Examples 4-1, 4-2,
and 4-3, the feedstock material for thermal spray of Experi-
mental Example 4 was used. In the case where the feedstock
materials for thermal spray of Experimental Examples 1 to
3 and 2a were used, thermal spray coatings with a thickness
0120 to 300 um were obtained (Experimental Examples 1-1,
1-2, 1-3, 2-1, 2-2, 2-3, 3-1, and 3-2). However, in the case
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where the feedstock material for thermal spray of Experi-
mental Example 4, ie., a commercially available MgO
material was used, it was not possible to obtain a thermal
spray coating on the substrate even if deposition was
repeated same number of times using the substantially same
amount of powder supplied as that of the other Experimental
Examples (Experimental Examples 4-1, 4-2, and 4-3).

(Evaluation of Thermal Spray Coating)

1) XRD Measurement

[0063] Crystal phases were identified with an X-ray dif-
fractometer. The resulting thermal spray coating was peeled
off the substrate and pulverized in a mortar into a powder.
The measurement was performed under the conditions of
CuKa, 40 kV, 40 mA, and 26=10° to 70°, using a sealed
tube-type X-ray diffractometer (D8 ADVANCE, manufac-
tured by Bruker AXS). The step width of the measurement
was 0.02°. In order to determine the diffraction angle at the
peak top, by adding Si standard sample powder (SRM640C)
manufactured by NIST, the peak position was corrected.
After confirming the detection of diffraction peaks at the
vicinity of the MgO (111) plane, (200) plane, and (220)
plane shown in ICDD78-0430, the position of the peak top
of the diffraction angle of the MgO (200) plane of each
thermal spray coating was obtained. Furthermore, the full
width at half maximum of the peak of the (200) plane was
calculated. The calculation was performed in the same
method as that for the feedstocks for thermal spray.

2) Component Analysis

[0064] The resulting thermal spray coating was peeled off
the substrate and pulverized in a mortar into a powder form,
and the resulting powder was subjected to component analy-
sis. After a sample was dissolved, analysis of each of Mg and
Al was carried out by chelate titration, and analysis of N was
carried out by an inert gas fusion-thermal conductivity
detection technique. Although analysis of O was not carried
out, it is believed that the remainder, excluding unavoidable
components, such as impurities and contaminants, is sub-
stantially composed of O.

3) Corrosion Resistance Test

[0065] The surface of the resulting thermal spray coating
was polished as much as possible, partially masked, and a
corrosion resistance test was performed with an inductively
coupled plasma (ICP) corrosion resistance tester under the
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conditions described below. The difference in level between
the masked surface and the exposed surface, which was
measured with a step gauge, was divided by the testing time
to calculate the etch rate of each material.

[0066] ICP: 800 W, bias: 450 W, introduced gas: NF;/O,/
Ar=75/35/140 sccm at 0.05 Torr, exposure time: 5 h, sample
temperature: room temperature.

4) Water Absorption Test

[0067] In each of Experimental Examples 1-1, 2-1, and
3-1, the thermal spray coating was peeled off the substrate
and kept at 30° C. and at a humidity of 95% for 4 days. Then,
heating was performed to 500° C. in the air using TG-DTA,
and the difference in weight before and after heating was
determined. It was not possible to obtain a thermal spray
coating for MgO. Thus, a MgO sintered body was obtained
by press forming commercially available MgO powder,
followed by heat treatment at 1,600° C., and the thickness
thereof was adjusted to a thickness substantially equal to that
of the thermal spray coating. This MgO sintered body was
assumed as a thermal spray coating, and the difference in
weight was determined by the same method. The difference
in weight was divided by the area of the thermal spray
coating or the area of the MgO sintered body, and the
resulting value was defined as a weight loss (mg/cm?),
which is shown in Table 2.

5) Constituent Elements

[0068] Each thermal spray coating was mirror-polished,
and detection and identification of constituent elements were
performed using EPMA.

6) Porosity

[0069] By embedding each thermal spray coating in a
resin (epoxy resin), pores of the thermal spray coating were
filled with the resin, and then a cross section of the thermal
spray coating was taken and polished. Subsequently, an
SEM image of the cross section of the thermal spray coating
was obtained by a scanning electron microscope (SEM). The
SEM image was taken at a magnification of 500 times, as an
image of 712x532 pixels. The resulting image was first
converted to a 16 bit grayscale (scaling by multiplication)
using image analysis software (Image-Pro Plus 7.0] by
Media Cybernetics), then binarization was performed, and
the porosity of the film was calculated. The threshold value
for binarization was set using Otsu’s binarization as a
discriminant analysis method.

TABLE 2
Condition of Thermal spary coating
plasma spray Peak Full width Component Mg/
Introduced gas Crystal phase *! top at half analysis (Mg + Al) Etch Weight
Current Ar H, Main MgO maximum Mg Al N Molar rate loss  Porosity™
A L/min  L/min  phase Subphase (200) MgO(200) wt% wt% wt% ratio um/h  mg/cm? %

Experimantal 600 41 14 MgOss MgAL,O, 43.08° 0.39° 487 9.7 02 0.85 0.22 0.47 15
example 1-1
Experimantal 600 50 5 MgOss MgAL,O, 43.08° 0.34° 494 9.1 0.3 0.86 0.19 18
example 1-2
Experimantal 600 53 2 MgOss MgAL,O, 43.08° 0.32° 483 9.8 0.2 0.85 0.16 18

example 1-3
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TABLE 2-continued

Condition of Thermal spary coating
plasma spray Peak Full width Component Mg/
Introduced gas Crystal phase *! top at half analysis (Mg + Al) Etch Weight
Current Ar H, Main MgO maximum Mg Al N Molar rate loss  Porosity™

A L/min  L/min  phase Subphase (200) MgO(200) wt% wt% wt% ratio um/h  mg/cm? %
Experimantal 600 41 14 MgOss MgALO, 43.12° 0.55° 434 146 0.2 0.77 0.18 045 9
example 2-1
Experimantal 600 50 5 MgOss MgALO, 43.12° 0.43° 444 138 04 0.78 0.21 15
example 2-2
Experimantal 600 50 5 MgOss MgALO, 43.12° 0.45° 442 140 03 0.78 0.17 9
example 2-3
Experimantal 600 41 14 MgOss MgALO, 43.18° 0.29° 312 252 07 0.58 0.18 0.20 16
example 3-1 MgAION
Experimantal 600 50 5 MgOss MgALO, 43.18° 322 245 11 0.59
example 3-2 MgAION
Experimantal 600 41 14 Thermal spray 1.573
example 4-1 coating was

not obtained

Experimantal 600 50 5 Same as above
example 4-2
Experimantal 600 55 0 Same as above

example 4-3

* MgOss is a MgO solid solution, and MgAION is a magnesium-aluminum oxynitride.
*ZPorosity was calculated from SEM photograph by image processing.
"3Value determined assuming a MgO sintered body as a thermal spray coating.

[0070] (Evaluation Results of Thermal Spray Coatings)
[0071] Evaluation results of the thermal spray coatings are
summarized in Table 2. It is confirmed that, in the thermal
spray coatings of Experimental Examples 1-1, 1-2, 1-3, 2-1,
2-2,2-3, 3-1, and 3-2, diffraction peaks are detected as main
phases at the vicinity of the MgO (111) plane, (200) plane,
and (220) plane which are shown in ICDD78-0430. It is also
confirmed that, in each of the thermal spray coatings,
magnesium aluminum oxide (MgAl,O,) is included as a
subphase, and in the thermal spray coatings of Experimental
Examples 3-1 and 3-2, magnesium-aluminum oxynitride is
included as a subphase in addition to the magnesium alu-
minum oxide. As typical examples, FIG. 3 shows an XRD
analysis chart in Experimental Example 2-1, and FIG. 4
shows an enlarged view of the XRD peak in Experimental
Example 2-1. In the experimental examples whose XRD
analysis chart is not shown this time, the peak intensity
varied according to changes in the contents of the MgO solid
solution, magnesium aluminum oxide, and magnesium-alu-
minum oxynitride compared with Experimental Example
2-1. It is confirmed from Table 2 that, in Experimental
Examples 1-1, 1-2, 1-3, 2-1, 2-2, 2-3, 3-1, and 3-2, the peak
top of the MgO (200) plane shifts to the higher angle side
than that of MgO. Furthermore, EPMA measurement con-
firms that the main phase region is composed of Mg and O,
and Al and N are detected at the same time.

[0072] Regarding the full width at half maximum of MgO
(200) of each of the thermal spray coatings, in the thermal
spray coatings produced from the same feedstock material
for thermal spray, there observed a tendency that as the
amount of H, introduced increases, the full width at half
maximum increases and crystallinity decreases. That is,
when comparison is made among Experimental Examples
1-1, 1-2, and 1-3, in Experimental Example 1-1 in which the
amount of H, introduced is large, the full width at half
maximum is large and crystallinity is low. When comparison
is made between Experimental Examples 2-1 and 2-2, in

Experimental Example 2-1 in which the amount of H,
introduced is large, the full width at half maximum is large
and crystallinity is low.

[0073] Furthermore, the porosity of the thermal spray
coating is 15% in Experimental Example 1-1, 18% in each
of Experimental Examples 1-2 and 1-3, 9% in Experimental
Example 2-1, 15% in Experimental Example 2-2, 9% in
Experimental Example 2-3, and 16% in Experimental
Example 3-1.

[0074] The observation of the peak shift of the XRD peak
of the MgO (200) plane to the higher angle side and the
EPMA detection of Al and N at the same time in the main
phase region composed of Mg and O described above show
that the thermal spray coating in each of Experimental
Examples 1-1, 1-2, 2-1, 2-2, 3-1, and 3-2 has, as a main
phase, a crystal phase of a MgO solid solution in which
aluminum and nitrogen components are dissolved with
magnesium oxide. Note that the expression “having, as a
main phase, a crystal phase of a MgO solid solution” is
defined as such that the Mg/(Mg+Al) molar ratio is 0.5 or
more as described above. As is clear from the component
analysis in Table 2, the Mg/(Mg+Al) molar ratio is 0.5 or
more in each of Experimental Examples 1-1, 1-2, 2-1, 2-2,
3-1, and 3-2. Furthermore, the main phase region had the
largest area in EPMA.

[0075] Table 2 shows the resulting etch rate of the thermal
spray coating in each of Experimental Examples 1-1, 1-2,
2-1,2-2, and 3-1. Although not described in Table 2, the etch
rate of an yttria thermal spray coating was 0.26 pm/h, and
the etch rate of an alumina thermal spray coating was 0.83
um/h. Therefore, it is evident that this thermal spray coating
has higher corrosion resistance than the yttria thermal spray
coating and the alumina thermal spray coating.

[0076] Furthermore, when comparison was made between
the etch rate and the full width at half maximum regarding
the sintered body before being pulverized into the feedstock
for thermal spray in Experimental Example 1 and the
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thermal spray coatings produced from the feedstock for
thermal spray in Experimental Examples 1-1, 1-2, and 1-3,
there was a tendency that as the full width at half maximum
decreased, the etch rate decreased. For the thermal spray
coatings in these experimental examples, there is no large
difference in the porosity of the film, at 15% to 18%, and
there is substantially no difference in the Mg/(Mg+Al) molar
ratio of the thermal spray coating. Consequently, the influ-
ence of the porosity and the composition of the film on the
etch rate can be considered to be at the same level. There-
fore, in the thermal spray coatings in these experimental
examples, it can be considered that the crystallinity of the
coating, other than the porosity and the composition of the
coating, relates to the plasma durability. That is, it can be
considered that a material having a smaller full width at half
maximum of MgO (200) and higher crystallinity exhibits
higher plasma durability. The same tendency was observed
regarding the sintered body before being pulverized into the
feedstock material for thermal spray of Experimental
Example 3 and the thermal spray coating of Experimental
Example 3-1 produced from the feedstock material for
thermal spray coating. On the other hand, regarding the
thermal spray coatings of Experimental Examples 2-1 and
2-2 produced from the feedstock material for thermal spray
of Experimental Example 2, the etch rate is lower and the
corrosion resistance was higher in Experimental Example
2-1. In these cases, it is assumed that, because of a large
difference in the porosity, i.e., 9% and 15%, the size of
porosity, rather than the full width at half maximum (crys-
tallinity), largely influenced the etch rate. Regarding Experi-
mental Examples 2-1 and 2-3, the etch rate is lower in
Experimental Example 2-3. When these two are compared,
the porosity of the film is same at about 9%, there is
substantially no difference in the Mg/(Mg+Al) molar ratio of
the thermal spray coating, and Experimental Example 2-3
has a smaller full width at half maximum of MgO (200) and
higher crystallinity. Therefore, the reason for the higher
plasma durability of Experimental Example 2-3 is consid-
ered to be that crystallinity is higher. Consequently, in the
case of thermal spray coatings produced from the same
feedstock material for thermal spray, it can be considered
that as the full width at half maximum of MgO (200)
decreases and crystallinity increases, plasma durability
increases. Among the thermal spray coatings produced from
the feedstock material for thermal spray of Experimental
Example 1, the thermal spray coating of Experimental
Example 1-3 has the highest plasma durability. Among the
thermal spray coatings produced from the feedstock material
for thermal spray of Experimental Example 2, the thermal
spray coating of Experimental Example 2-3 has the highest
plasma durability. Among the thermal spray coatings pro-
duced from the feedstock material for thermal spray of
Experimental Example 3, the thermal spray coating of
Experimental Example 3-1 has the highest plasma durabil-
ity. Furthermore, the plasma durability of an alumina ther-
mal spray coating is lower than that of the thermal spray
coatings (as described above, the etch rate of the alumina
thermal spray coating was 0.83 um/h). When all of these are
compared, the size of plasma durability is expressed by the
relationship: Experimental Example 1-3>Experimental
Example 2-3>Experimental Example 3-1>alumina thermal
spray coating, although the porosity varies. Furthermore, in
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the sintered bodies before being pulverized into feedstock
materials for thermal spray, the size of plasma durability is
expressed by the relationship: Experimental Example
1>Experimental Example 2>Experimental Example 3.
Therefore, it can be considered that as the Al content
decreases and the Mg content increases in the film, i.e., the
Mg/(Mg+Al) molar ratio increases, plasma durability
increases.

[0077] Table 2 shows the weight loss per area (mg/cm?)
obtained by TG-DTA measurement. The weight loss in each
of Experimental Examples 1-1, 2-1, and 3-1 is smaller than
1.5 mg/cm?® which is the weight loss of the MgO sintered
body. Therefore, it is evident that this thermal spray coating
has lower water absorption than MgO.

[0078] As described above, as the Mg content in the film
increases, plasma durability increases, and as the Mg content
in the film decreases, water absorption decreases. In the case
where semiconductor manufacturing equipment requires
higher plasma durability while maintaining low water
absorption, a thermal spray coating having a large Mg
content can be selected. In the case where semiconductor
manufacturing equipment requires lower water absorption
while maintaining high plasma durability, a thermal spray
coating having a small Mg content can be selected.

[0079] The present application claims priority of Japanese
Patent Application No. 2013-252766 filed on Dec. 6, 2013
and Japanese Patent Application No. 2014-109328 filed on
May 27, 2014, the entire contents of which are incorporated
herein by reference.

[0080] The present invention is not limited to the above-
described embodiment. It is clear that the present invention
can be implemented in a variety of embodiments without
departing from the technical scope thereof.

What is claimed is:

1. A feedstock material for thermal spray comprising
powder of a ceramic material containing mainly magnesium,
aluminum, oxygen, and nitrogen and having, as a main
phase, a crystal phase of a MgO—AIN solid solution in
which aluminum nitride is dissolved with magnesium oxide.

2. The feedstock material for thermal spray according to
claim 1, wherein the XRD peak of the MgO (200) plane
measured with CuKa radiation shifts to a higher angle side
with respect to 20=42.90°, which corresponds to the peak of
the cubic crystal of magnesium oxide.

3. The feedstock material for thermal spray according to
claim 1, wherein, in component analysis of the feedstock
material for thermal spray, the Mg/(Mg+Al) molar ratio is
0.62 or more.

4. The feedstock material for thermal spray according to
claim 1, wherein the feedstock material contains, as a
subphase, a magnesium aluminum oxide.

5. The feedstock material for thermal spray according to
claim 1, wherein the feedstock material contains, as a
subphase, a magnesium-aluminum oxynitride phase whose
XRD peak measured with CuKa radiation appears at, at
least, 26=47° to 49°.

6. A method for producing a thermal spray coating com-
prising forming a thermal spray coating by plasma spray
using the feedstock material for thermal spray according to
claim 1.



