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High-corrosion-resistant Al,O; passivation-film formation by selective

oxidation on austenitic stainless steel containing Al

Masafumi Kitano,? Hidekazu Ishii, Yasuyuki Shirai, and Tadahiro Ohmi
New Industry Creation Hatchery Center, Tohoku University, Aramaki Aza-Aoba 6-6-10, Aoba-ku, Sendai,
Japan

(Received 26 April 2010; accepted 20 December 2010; published 14 January 2011)

We have developed Al,O5 passivation film having very high anticorrosion resistance on the surface
of austenitic stainless steel containing 3 wt % aluminum. Al,O5 passivation film is formed by
selective oxidation of aluminum in the austenitic stainless steel in the Ar and H, ambient including
a small amount of H,O at predetermined temperatures. Al,O5 film is obtained at temperatures higher
than 750 °C in the Ar and H, ambient, where the partial pressure ratio of H, and H,O is set higher
than 2% 103. Al,O films have been confirmed to exhibit very high anticorrosion resistance for
various halogen gases and various plasma ambients (Cl,, H,, and O,) with ion-bombardment
energies less than 100 eV at temperatures less than 150 °C. In the case of fluorine-gas plasma, the
Al,O5 film surface has been converted to AlF; with a depth of 15 nm, where AIF; film is
thermodynamically stable, as well as Al,Oj3, resulting in an excellent passivation film exhibiting
very high anticorrosion capability. Moreover, the Al,O5 film surface has been confirmed to exhibit
no catalytic activity for various specialty gases at temperatures less than 150 °C. © 2011 American

Vacuum Society. [DOI: 10.1116/1.3543709]

I. INTRODUCTION

Silicon technology is now getting into the era of GHz
frequency operation and very high-performance system
large-scale integration (LSI). The high-k gate dielectric,
low-k dielectric interconnect, metal gate, and metal substrate
silicon-on-insulator (SOI) structure is a unique solution to
the GHz frequency operation Si system LSI. Present pro-
cesses around the transistor fabrications are carried out at
high temperatures (about 1000 °C) using molecules such as
oxygen (O,) and water vapor (H,O) having low reactivity. In
this method, it is impossible to introduce the metal-substrate
SOI structure. This is because the problems of cracking and
warpage arise from the difference in the coefficient of ther-
mal expansion. It is reported that low-temperature transistor-
fabrication processes are established by very-well-regulated
high-density plasma completely free from contamination and
darnages,k7 resulting in total low-temperature processes
(less than 600 °C), such as low-temperature radical oxida-
tion and radical nitridation of the Si surface, low-temperature
growth of various films, and various film etchings. So, metal
substrate SOI LSI manufacturing will become feasible by
introducing these total low-temperature processes based on
newly developed plasma equipment free from various con-
taminants and damage. In order to establish high-quality total
plasma-process equipment free from various fluctuations,
chemically stable material surfaces are essentially required
for the gas-supply system, the process chambers, the gas
pumps, and exhaust-gas duct system, i.e.,

(1) High corrosion resistance for various gases, radicals, and
ions.
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(2) A chemically stable surface having no catalytic activity
and free from various specialty gases’ decomposition.

Metal contamination from the gas-supply system or the
process chamber to the substrate degrades LSI performance
and manufacturing yield. Also, the corrosion of pumping
system or deposition of by-product on the exhaust inner duct
causes a fluctuation of pumping performance. Under these
conditions, reproducible processes are difficult to obtain.

In the case of aluminum alloy, it has been confirmed that
attempting the anodic oxidation of Al,O5 films by using non-
aqueous solutions demonstrates very high corrosion resis-
tance in various gas and plasma environments.*” On the
other hand, there is very limited reporting of stainless-steel
surface passivation to satisfy previously described condi-
tions. It has been reported that Cr,O5; passivation film on
ferritic stainless-steel exhibits very strong anticorrosion re-
sistance for halogen gas ambients such as HCI, Cl,, and
HBr.'*!! However, in the case of a plasma environment hav-
ing strong reactivity, Cr,Oj3 film is corroded or etched away
by active ions and radicals. For example, after Cr,O5 is oxi-
dized by O radicals and O3 ambients, it converts to CrOs,
where CrO; has a high vapor pressure and it disappears from
the stainless-steel surface. Thus, the transition metal has vari-
ous oxidation numbers. And, passivation film formed with
transition-metal compounds has various phases. The property
becomes completely different by the oxidation number. So, it
is not appropriate to use a transition-metal compound for a
passivation film. It is reported that stainless-steel covered by
Al,O; film can be made by the method of selective
oxidation."* Al is not a transition metal, so Al,Oj5 passivation
film is very excellent if it is obtained on a stainless-steel
surface.

©2011 American Vacuum Society 021002-1
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TaBLE 1. Chemical composition of stainless steel used in this study.
Composition
(wt %)
Al containing austenitic stainless steel Cr Ni Mo Mn Al C S P Fe
17.7 21.0 0.01 <0.01 3.0 <0.01 <0.01 <0.01 Remain

In this paper, we will describe the forming condition of
Al,Oj5 passivation films on the surface of austenitic stainless
steel containing 3 wt % aluminum. Moreover, we have in-
vestigated the property of Al,O5 passivation films, such as
anticorrosion resistance for plasma environments and cata-
lytic behavior for various specialty gases.

Il. EXPERIMENT

The specimens used in this study were high-purity 25Ni-
18Cr-3Al steel. The composition of new austenitic stainless
steel is shown in Table 1. Figure 1 shows the schematic dia-
gram of the experimental setup used to evaluate the condi-
tion of Al,O3 film formation. Oxidation was performed in a
H,/H,O environment diluted with Ar. Our gas-distribution
system was capable of introducing H, and O, gases diluted
with Ar to a predetermined concentration into an oxidation
furnace. The total gas-flow rate was 1 1/min. The moisture is
synthesized in the moisture-generation reactor made up of Ni
by the reaction of H, and O, gases. The oxidation furnace is
composed of infrared heating by halogen lamp and it can be
controlled uniformly below 1000 °C. The film thickness and
the chemical composition of the films were examined by
depth-profile x-ray photoelectron spectroscopy (XPS) using
a Shimadzu ESCA-1000S with Mg-Ka radiation.

Welding cannot be avoided in the fabrication of the gas
supply and exhaust tubing system. The mechanism of weld-
ing is to create molten metal and to connect them together.
Meanwhile, the passivation film is removed during the weld-
ing process. So, the welding process needs to reform the
passivation film on the welded bead while carrying out the
welding process. We explored the conditions for forming an
Al,O5 film formed condition on the welded bead while em-
ploying automatic welding process with a high-speed one
path welding method developed in our laboratory.13

*MFC : Mass-flow controller
*TC : Temperature controller

%Exhaust
O: Iwrcl—2 [wmrc

Ni tube
Ar _ruFc Exhaust
Oxidation furnace
MFC
y (0 (w0
2_I'wFc
Ar

FiG. 1. Schematic diagram of the experimental setup to evaluate the Al,O5
film-formation condition.
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The schematic diagram of the welding experiment is
shown in Fig. 2. This system was made up of a backshield
gas line, an arc-shield gas line, and welder head. The back-
shield gas plays the role of keeping inner pressure of the
welding tube and maintaining the tube diameter of the mol-
ten part in the appropriate size. The internal pressure of the
welding tube was measured and controlled by using a
differential-pressure gauge set in the outlet end of the weld-
ing tube. And, the arc-shield gas plays the role of keeping the
arc discharge stable and preventing the outside of the tube
from being burned out. The reason for the H, gas addition
into the Ar gas was to reduce the heat input for the arc
discharge, as well as to reduce the formation of chromium
carbide taking place at the grain boundaries of the heat-
affected zone. An arc autowelder (Model 207A) made by
Arc-Machine, Inc. was used for this experiment. Ten percent
H,/Ar gas with a flow rate of 12 1/min was used for the
arc-shield gas.

The single-path butt-weld technique was employed with
the various backshield gas ambient. The welding-sample ma-
terial size used in this research had an outer diameter of 6.35
mm and wall thickness of 1 mm. The type of gas and the
concentration of backshield gas used in this experiment are
only the Ar, or 5% H, in the Ar, or trace amounts of oxygen
in the Ar. The rotating speed of the welded electrode was
fixed at 30 rotations/min and the single path with bead width
was 1 mm. Optimum welding current and welding duration
were examined so as to make the welded bead smooth.

The plasma-irradiation test of the Al,O; film was per-
formed using a parallel-plate plasma-excitation apparatus. In
this system, the ion-bombardment energy at the substrate
was controlled by adjusting the applied radio-frequency (rf)
power with the frequency of 13.56 MHz. We have experi-
mented in the range of ion-bombardment energy below 130
eV. This experiment was carried out at a gas pressure of 2.7

Rotation direction
of electrode

Weld electrode
Welder| head

Back-shield gas

0 0@

Sample tube

U (

A Y

Arc-shield gas Butt-weld point

Differential-pressure  (10%Hy/Ar)

gauge

FiG. 2. Schematic diagram of the tube welding.
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TaBLE II. Standard enthalpy of formation and standard Gibbs free energy of formation of various oxides and

fluorides.

Oxide AH] AG! Fluoride AH] AG!
PbO -85 NiF, —651 —604
CuO —157 —130 FeF, —661 —619
NiO —244 —216 FeF; —1000

MnO —385 —363 CrF, =774 —732
MoO, —520 —465 CrF; —1154 —1088
SnO, —581 —520 MgF, —1123 —1070
Fe,04 —824 =752 AlF; —1502 —1425
SiO, —911 —857 AH?: Standard enthalpy of formation

TiO, —913 —890

Fe;0, —1118 —1015 AG?: Standard Gibbs free energy of formation unit: kJ/mol
Cr,0; —1140 —1058

Al,O4 —1675 —1582

Ta, 05 —2046 —1911

Ti;O5 —2445 —2318

Pa. The gas for various plasmas with the flow rate of 5 ml/
min supported by 45 ml/min Ar was introduced from the
gas-delivery line (the total flow rate into the test chamber
was 50 ml/min). The change in film thickness and the chemi-
cal composition of the films were examined by XPS mea-
surement. The surface observation of the passivation film
was investigated by scanning-electron microscopy (SEM)
observation using a JEOL JSM-6401F. We evaluated by
comparing the conventional austenitic SUS316L-Electro Pol-
ish (EP) surface and 20 nm of Cr,05 passivation film surface
on ferritic stainless steel, these are generally used in semi-
conductor manufacturing equipment.9

For catalytic-effect evaluation, the sample tube was 6.35
mm in outer diameter, | mm in thickness, and 1 m in length.
The sample tube had a volume of 15 ¢cm® and an inner sur-
face area of 137 cm?. We evaluated by comparison with the
conventional austenitic SUS316L-EP surface and the Ni sur-
face. These sample tubes were purged by Ar gas for 1 h at
500 °C to remove the adsorbed moisture from the inner sur-
face. We evaluated the catalytic effect of the surfaces for
SiH,, B,Hs, PH;, AsHs;, and CIF; decomposition. These
gases diluted with Ar at 100 ppm and 5 cm?/min flowed
individually through the tube. Then the temperature was
raised to 550 °C (at 1 °C/min) to evaluate above gas-
thermal decomposition. Gas concentration was monitored by
Fourier-transfer infrared spectroscopy (FT-IR).

lll. RESULTS AND DISCUSSION
A. Al,0; passivated film formation

Table II shows the standard enthalpy of formation of vari-
ous materials. The standard enthalpy of formation of Al,03
has large absolute value compared with other materials. It
shows that Al,O5 passivation film is thermodynamically very
stable. Furthermore, Al is the typical element and the phase
does not change after the film formation. So, we focused on
Al,O5 passivation film.

JVST A - Vacuum, Surfaces, and Films

The oxidation of metal is generally given by the following
equation:

2x/yM + O, =2/yM 0. (1)

The standard Gibbs free energy of formation (AG®) of this
reaction is as follows:

AG°==RT In K=-RT 1n{(a§;>x’ov)/(a§;/>'P02)}, (2)
where R is the gas constant of an ideal gas (8.31 J/K mol),
T is a temperature, K is an equilibrium constant, a is an
activity, and P isa dissociation pressure. AGY is related to the
equilibrium oxygen-dissociation pressure and the tempera-
ture when the activity value of pure metal and metal oxide
are one:

AG"=-RT In K == RT In{(ay;’ )/(ay;” Po )} =

—RTIn(1/Py) =RT In(Pg). 3)

RT ln(POZ) is called the oxygen potential. The oxygen poten-
tial is related to the dissociation pressure ratio between hy-
drogen and moisture (PHz/ PHZO). This is shown as follows:

2H, + 0, =2H,0, 4)
AG’=—=RT In(Py /Py > X Po,), (5)
RTIn Po,=AG" = RT In(Py /Py 7). (6)

From these equations, the oxidation-reduction reaction is de-
termined by the controlling Py, /Pyo ratio and the tempera-
ture. For example, the oxidation-reduction reaction of
Al-Al,O5 in the H,/H,O atmosphere is given by the follow-
ing equation. Fe, Ni, and Cr are also shown by the similar
equation:

2H, + 0,=2H,0 AGYy-c=—-380 kJ/mol,

—) 4/3A1+0,=2/3A1,0; AGyy,-c=—-910 kJ/mol,
2 203 800 °C

Downloaded 18 Sep 2012 to 77.236.37.83. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions
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FiG. 3. Some relevant oxidation-reduction equilibrium curves (Ellingham
diagram).

2/3A1,05 + 2H, = 4/3A1+ 2H,0  AGYy ¢

=530 kJ/mol,
P2
. H,
AG) 73 x =530 000=—8.31 X 1073 X 2.303 X log—5—,
H,
2 Pio/Prao =8 X 1012, (7)

In the case of Py, Py o=1X 10° atmosphere with 800 °C,
the equilibrium of reaction (7) moves to the direction that
consumes the moisture. In other words, the oxidation of Al is
generated. On the contrary, Py,/ Py o of Eq. (8) is calculated
to 4 X 10* at 800 °C:

2/3Cr,05 + 2H, = 4/3Cr + 2H,0. (8)

In the case of Py, /Py o=1X 10° with 800 °C, equilibrium
of Eq. (8) moves to the direction that consumes the hydro-
gen. In short, the reduction in Cr,O3 occurred. In the case of

80 =+Fe

—-Cr

+Ni <Al -0
60
40 f

20

Elemental composition ratio [%]

0

0 10 20 30 40 50 60 70 80 90 100
Film thickness [nm]

021002-4

Fe and Ni, there occurs a similar reaction as with Cr. In this
way, the stable state of each element is decided by the
H,/H,O gas-mixing ratio and the temperature. Figure 3
shows some relevant oxidation-reduction equilibrium curves
based on Ellingham’s work in 1944, which was developed by
Richardson and Jeffes."*!'> From this figure, it is easily pos-
sible to judge the equilibrium state of the various oxides in
the predetermined Py /Py o ratio and applied temperature.
In our experiments, in the area of Py, /Py, ratio and tem-
perature shown in Fig. 3, 100% Al,Os film free from Fe, Cr,
Ni, and Mo elements composing stainless-steel was com-
pletely formed. It is described herein. Surprisingly, it was
almost exactly consistent with the data of Ellingham’s dia-
gram, experimentally acquired more than 60 years ago. The
importance of Ellingham’s work was felt even more keenly.

Figures 4(a) and 4(b) show the XPS depth profile before
and after the oxidized stainless-steel surface with Py, Pyo
=1X10* at 900 °C for 30 min. The horizontal axis shows
film thickness and the vertical axis shows atomic concentra-
tion. Before oxidation, the XPS profile indicates a normal
stainless-steel surface such as native chromium-rich-oxide
surface. However, after oxidation, only Al and O are detected
up to 60 nm, showing that Al,O5 passivation film is formed
by these oxidation procedures. From the binding energy of
the XPS spectrum (not shown), the chemical states of Fe, Cr,
and Ni under 60 nm from the surface are confirmed as me-
tallic, rather than oxidized ions indicating that the oxide is
etched off by a H radical or reduced by Al in some regions of
the surface. Al,O5 passivation film thickness without Cr, Fe,
and Ni is defined as 100% Al,O5 passivation-film thickness.
We investigated the formation condition of a 100% Al,O4
passivation film. Figure 5 shows the relationship between
100% Al,O; film thickness and Py / Py o at 800 °C for 1-h
treatment. It is shown that the 100% Al,O; film is formed at
Py, /Py above 2X 10°. In the case of the ratio under 2
X 10°, a Cr,05 passivation film is also formed within the
Al,O5 film. Figure 6 shows the relationship between 100%
Al,O5 passivation-film thickness and treatment temperature
for 30 min with Py, /Py,0=1X10 It is shown that the
100% Al,O5 passivation film is formed above 750 °C. Be-
low 750 °C, Cr,0; film is also formed with Al,O5 film.

In our study, in the environment with Py,/ PHZOEZ
X 10° with the temperature over 750 °C (lower than

100
(b)
80 F =Fe —Cr +N -=A -—O0

40 1 ;
———>!

20 00%AI,0;|
Film thickness

Elemental composition ratio [%]

0

0 10 20 30 40 50 60 70 80 90 100
Film thickness [nm]

FIG. 4. (a) XPS depth profile of stainless-steel surface before oxidation of surface. (b) XPS depth profile of after-oxidization stainless-steel surface in the

ambient of Py, /Py o=1X 10* at 900 °C for 30 min.

J. Vac. Sci. Technol. A, Vol. 29, No. 2, Mar/Apr 2011
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PHZ/PHZO
108 107 108 105 104 108 102
30 T i T

25 |

100% Al,O, film <J

100% Al,O5 film thickness [nm]
o

0 | I | °
0.001 0.01 0.1 1 10 100 1000
H,O concentration [ppm]

FiG. 5. Relationship between 100% Al,O5 film thickness and Py, /Pyyo ratio
at 800 °C for 1 h treatment.

1000 °C because of our furnace limitation), the oxygen po-
tential of Al,O5 is lower than the oxygen potential of the
H,/H,O mixing gas. So, Al is oxidized to Al,O; by H,O.
While, the oxygen potential of Cr, Fe, and Ni oxide is higher
than the H,/H,O mixing gas, each metal oxide is resolved
and oxygen is discharged in order to keep equilibrium. It is
almost exactly consistent with the data of Ellingham’s dia-
gram.

B. Al,0O; film formation on as-welded bead

Figure 7 shows the XPS depth profile of a welded bead by
flowing through the various backshield gases. The horizontal
axis shows film thickness and the vertical axis shows atomic
concentration. When only using the 5% H,/Ar gas for the
backshield gas, it can be reformed as the Al,O5 passivation
film on the welded bead. This is because the H, gas and
background H,O concentration level (0.1 ppb) included in
the backshield gas when the applied residual temperature of
the welding process is adjusted in condition to oxidize only
the aluminum, according to the Ellingham diagram. Then,
Cr, Ni, Mo, and Fe become reduced in this condition. In the
case of only the Ar gas or trace amounts of oxygen in the Ar
for use as the back shield gas, it was not possible to reform

10%H,, 1ppmH,0/Ar (P,,/Py50 = 105), 1 L/min, 30 minutes

N
N
o

N

o

o
T

o]
o
T

N
o
T

100% Al,O; film thickness [nm]
D
o

N
o
T

600 700 800 900 1000
Temperature [° C]

FI1G. 6. Relationship between 100% Al,O; film thickness and the treatment
temperature for 30 min of oxidation in the ambient of Py_/ Py 0= 10°.
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'
o

N
=)

Elemental composition ratio [%]

o

0 10 20 30 40 50 60 70 80 90 —
100um
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Back-shield gas: 5%H,/Ar

FiG. 7. XPS depth profile and SEM photograph of welded bead by flowing
through 5%H,/ Ar backshield gases.

the Al,O; passivation film free of other elements on the
welded bead in our experiments. From SEM observation, the
welded bead when using the 5% H,/Ar backshield gas looks
like a smooth surface. The Al,O5 passivation film included
on the welded bead was fabricated by introducing this as-
welded method. It can build up all over the gas tubing sys-
tem, including the valve, welded fitting, and exhaust duct
covered by the Al,O5 passivation film’s inner surface.

C. Plasma resistance

We have evaluated plasma resistance for various gases by
means of SEM observation and XPS depth profile of halogen
elements. Figure 8 shows the relationship between the reac-
tion quantity of the fluorine element in depth profile and
ion-bombardment energy with NF; plasma for 1 h. The ver-
tical axis shows the reaction quantity of the fluorine element
in the depth profile. The horizontal axis shows the ion-
bombardment energy. Figure 9 shows the SEM images be-
fore and after exposure to the NF; plasma with ion-
bombardment energy of 80 eV for 1 h. In the case of the
conventional SUS316L-EP surface and the Cr,O5 passivated
stainless-steel surface, the amount of elemental fluorine at
depth increases with the increase in the ion-bombardment
energy. From the SEM observation, the SUS316L-EP and
Cr,0O5 passivated stainless-steel surfaces were damaged
deeply. While in the case of the Al,O5 passivated stainless-

(Ar:NF;=9:1 (45 cc/min : 5 cc/min), 2.7 Pa, 1 hour)

100 ad
OAI203
+Cr203

80 W SUS316L-EP SUS316L-EP

S D
o o

N
o

Penetration depth of fluorine [nm]

0 20 40 60 80 100 120 140
Bombardment ion energy [eV]

Fi1G. 8. Penetration depth of fluorine is plotted as a function of bombarding
ion energy of NF; RF excited plasma where SUS316L-EP surface, Cr,0;
passivated surface, and Al,O; passivated surface are exposure to NF;
plasma for 1 h.

Downloaded 18 Sep 2012 to 77.236.37.83. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



021002-6 Kitano et al.: High-corrosion-resistant Al,0; passivation-film formation
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> oowa |
«SKUTR1,900, 20mm

After irradiation —10um

Fic. 9. SEM images of Al,O3, Cr,03, and SUS316L-EP stainless-steel sur-
faces before and after the exposure to the NF; plasma (10% NF;/Ar, 50
cc/min, 2.7 Pa, bombardment ion energy=80 eV, 20 °C, 1 h).

steel surface, the reaction quantity of the fluorine element in
the depth profile stopped at about 15 nm, in spite of the
ion-bombardment energy increasing. Moreover, the surface
condition is also very good after plasma irradiation. Figures
10-12 show the XPS depth profile before and after the ex-
posure to the NF; plasma with ion bombardment energy of
80 eV for 1 h. In the case of the SUS316L-EP surface and
the Cr,05 passivated stainless-steel surface, chromium fluo-
ride, iron fluoride, and nickel fluoride are generated at the
top of the surface. In the case of some fluoride materials, it
may be etched off by a H radical or vaporized. While, in the
case of Al,O5 passivated stainless-steel, 15 nm of Al,O5 film
from the top of the surface is replaced by a F atom lower
than 80 eV of ion-bombardment energy for NF; plasma. But
AlF; film generated by NF; plasma irradiation is thermody-
namically very stable, as well as Al,O5 (Table II). Figure 13
shows the relationship between the temperature of the speci-
men and the reaction quantity of fluorine. It is shown that the
dependence on temperature of fluorine reaction is very small
at the Al,O5 passivated stainless-steel surface. It is proven
that the Al,O5 passivated stainless-steel surface has strong
resistance for fluorinated-gas plasma. Al,O; passivated
stainless-steel shows an excellent resistance performance in
the fluorinated-gas plasma environment.

Before irradiation
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Figure 14 shows the relationship between the reaction
quantity of the chlorine element in depth profile and ion-
bombardment energy with Cl, plasma for 1 h. The vertical
axis shows the reaction quantity of the chlorine element in
depth profile. The horizontal axis shows ion-bombardment
energy. We have experimented in the range of ion-
bombardment energy below 130 eV. Figure 15 shows the
SEM images before and after exposure to the Cl, plasma
with ion-bombardment energy of 80 eV for 1 h. In the case
of the conventional SUS316L-EP surface and Cr,O5 passi-
vated stainless-steel surface, the reaction quantity of chlorine
in the depth profile increases with the increase in the ion-
bombardment energy. From the SEM observation, the
SUS316L-EP and the Cr,0O5 passivated stainless-steel sur-
face were damaged deeply. While in the range of ion-
bombardment energy lower than 80 eV, the Al,O5 passivated
stainless-steel surface does not permit reaction with chlorine.
By observing the SEM image in the range of ion-
bombardment energy lower than 80 eV, is found that the
Al,O5 passivated stainless-steel surface has no damage from
the Cl radical. This result confirms that corrosion was not
observed on the stable Al,O5 surface after it was exposed to
reactive Cl radicals and ions. Figure 16 shows the relation-
ship between the temperature of the surface and the reaction
quantity of the chlorine element in the depth profile. The
Al,O5 passivated stainless-steel surface does not permit re-
action with chlorine at temperatures below 150 °C.

Figure 17 shows the relationship between oxide-film-
thickness variation and ion-bombardment energy with O,
plasma for 1 h. The vertical axis shows the variation in
oxide-film-thickness after O, plasma irradiation. The hori-
zontal axis shows ion-bombardment energy. We have experi-
mented in the range of ion-bombardment energy below 130
eV. In the case of the conventional SUS316L-EP surface, the
oxide-film-thickness increases with the increase in the ion-
bombardment energy. This figure shows that the oxygen radi-
cal got into the SUS316L-EP surface. In the case of Cr,04
passivated stainless-steel having 20 nm film thickness,
oxide-film-thickness decreases with the increase in the ion-
bombardment energy over 80 eV. These data show that
Cr,05 is oxidized to CrO; by the oxygen radical and that
CrO; disappeared because of its high vapor pressure. In con-

After irradiation
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Fic. 10. XPS depth profile of SUS316L-EP stainless-steel surface before and after the exposure to the NF; plasma with bombardment ion energy of 80 eV for

1 h
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FiG. 11. XPS depth profile of Cr,O; passivated stainless-steel surface before and after the exposure to the NF; plasma with bombardment ion energy of 80

eV for 1 h.
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FiG. 12. XPS depth profile of Al,O5 passivated stainless-steel surface before and after the exposure to the NF; plasma with bombardment ion energy of 80

eV for 1 h.
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FiG. 13. Penetration depth of fluorine vs sample temperatures where the
sample surfaces are exposed to the NF; plasma for 1 h with bombarding ion
energy of 90 eV.
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FiG. 14. Penetration depth of chlorine vs bombarding ion energy of Cl, RF
excited plasma where the samples such as Al,0O5, Cr,0;, and SUS316L-EP
stainless-steel are exposed to the Cl, plasma for 1 h.
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trast, in the range of plasma potential lower than 130 eV, the
Al,O5 passivated surface did not permit reaction of the oxy-
gen radical. The change in oxide-film-thickness was not ob-
served completely at the Al,O5 passivated stainless-steel sur-
face.

Moreover, in our study, Al,O3 passivation film does not
completely receive the damage or is not etched off by hydro-
gen ion-bombardment energy lower than 130 eV.

D. Catalytic activity

It is well known that metal surfaces such as Ni and Pt
have a catalytic activity. In the case of semiconductor manu-
facturing, this process causes unnecessary process-gas de-
composition on the metal surfaces such as the gas-supply
system, process chamber, and gas-exhaust system. In the
case of the process chamber or the gas-supply system, it
induces process fluctuation and reduction in the manufactur-
ing yield. Or, in the case of the exhaust system, unexpected
thermal decomposition in a pumping system or in the inside
of an exhaust duct causes fluctuation of pumping speed. We
must remove these fluctuation factors to create a highly pro-
ductive manufacturing system. So, we examined the chemi-
cal inactivity of Al,O5 passivation film on stainless-steel,
compared with other materials.

Figure 18(a) shows the thermal decomposition property
for a 100 ppm concentration of SiH,, B,Hg, PH3, AsH;, and
CIF; balanced Ar gas on the Al,O5 passivated stainless-steel
surface. The vertical axis shows the concentration of spe-
cialty gases in Ar gas at the reactor-tube outlet. The horizon-
tal axis shows the temperature of the Al,O5 passivated tube.
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Fig. 15. SEM images of Al,03, Cr,0;, and SUS316L-EP stainless-steel
surfaces before and after the exposure to the Cl, plasma (10% Cl,/Ar 50
cc/min, 2.7 Pa, bombardment ion energy=80 eV, 20 °C, 1 h).
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Fig. 17. Change in oxide film thickness vs bombarding ion energy O,
plasma where the sample surfaces are exposed to the O, plasma for 1 h.

Thermal decomposition property of specialty gases
on Al,O; passivated surface
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FiG. 16. Penetration depth of chlorine vs sample temperatures where the

sample surfaces are exposed to the Cl, plasma for 1 h with bombarding ion
energy of 110 eV.
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FiG. 18. Concentration of various specialty gases such as SiH,, B,Hg, PHj,
AsHj;, and CIF; just after passing through tube of 1/4 inch of 1 m length
whose inner surface is (a) Al,O; passivated, (b) SUS316L-EP, and (c) Ni vs
tube temperature, where the initial specialty gas concentration is maintained
at 100 ppm in Ar gas.

Downloaded 18 Sep 2012 to 77.236.37.83. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



021002-9 Kitano et al.: High-corrosion-resistant Al,0; passivation-film formation

The mechanism of CIF; gas decomposition is different
from the hydride-gas case on a metal surface. CIF; gas di-
rectly reacts with various metal surfaces at predetermined
temperature. It is found that the metal fluoride was formed
after the CIF; decomposition specimen by the reaction with
fluorine released from CIF; gas dissociation. Chlorine was
not detected at all by XPS analysis. So, we considered that
the decomposition of CIF; gas is limited by the ease of the
fluorine and metal-surface reaction. Thus, the concentration
of CIF; decreases on metal surface. If the temperature of
decomposition becomes higher, it means that such a surface
is stable for CIF; gas. It is very interesting that the Ni, which
showed highly catalytic activity to the hydride gases, is the
most stable for the CIF; gas. In the case of Al,O5 passivation
film, CIF; does not decrease until 160 °C. It is very stable
compared with the general SUS316L-EP surface. Moreover,
AlF; generated by the reaction with CIF; is thermodynami-
cally very stable, as is Al,O;.

IV. CONCLUSION

We have established the selective-oxidation technology of
the newly developed austenitic stainless steel containing 3
wt % aluminum, where the excellent Al,O5 passivation films
having very high anticorrosion capability have been formed
in the ambient atmosphere of Py, /Py o= 1X10* at tem-
peratures higher than 750 °C. Newly developed Al,O5 pas-
sivation films have been confirmed to exhibit excellent
plasma resistance for various gas-plasma environments such
as fluorine gas, chlorine gas, hydrogen gas, oxygen gas, etc.
at temperatures less than 150 °C for bombarding ion ener-
gies less than 80 eV. Moreover, the Al,O5 passivation films
have been confirmed not to exhibit catalytic behavior for the
decomposition of various specialty gases at temperatures less
than 150 °C, where various specialty gases, including B,Hg,
do not decompose at temperatures up to 150 °C. In order to
establish very-high-productivity manufacturing of semicon-
ductor devices, large-size flat-panel displays, and new silicon

JVST A - Vacuum, Surfaces, and Films
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thin-film solar cells, very new processes, such as different
thin-film continuous deposition or etching only by changing
process gases in the same process chamber, must be devel-
oped. This must occur where there exist essential require-
ments of the excellent Al,O5 passivation films having very
high anticorrosion resistance and no catalytic behavior, such
as decomposing various specialty gases at very low tempera-
tures.
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