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Chemical states of oxygen implanted in SUS 304
stainless steel and pure metals studied by in situ
XPS using synchrotron radiation
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The chemical states of oxygen implanted in SUS304 stainless steel and pure metals
(Fe,Ni,Cr) by O; ion bombardment have been investigated by means of X-ray
photoelectron spectroscopy (XPS) using synchrotron soft X-ray. For SUS304, all of
implanted oxygen is chemically combined with the constituent metals, forming metallic
oxides. For pure metals, on the other hand, only a part of implanted oxygen react with the
target metals. The other part of the implanted oxygen in pure metals does not react with
the target, and they are inserted into the crystal lattice (we call them as “dissolved
oxygen”). The ratio of “dissolved oxygen” to the reacted oxygen depends on the chemical
reactivity of target metals. © 2000 Kluwer Academic Publishers

1. Introduction phosphorus 0.045 at%, sulf«r0.030 at%, nickel 8—
lon-implantation method is widely used for the sur- 10.5 at%, chromium 18-20 at%. The other is iron.
face modification of metals such as hardening and cor- The foil of 10 mmx 10 mmx 0.5 mm was ground
rosion resistance [1-9], because this method is nonwith 400-1000 grit SiC paper, polished with diamond
equilibrium process and we can produce new layepaste of 1.5vm, washed by distilled water and acetone,
which can not be obtained by thermal process. Oxy-and then, kept it in acetone to avoid being oxidized
gen ion is one of the ideal ions for the improvement ofby the oxygen in air. Commercial-type pure metals of
the corrosion resistance of aluminum, magnesium, ironifon, chromium and nickel were provided by VACOM
stainless steel and intermetallic compound [2, 10-16]Chemical LIT. Company. The purity of the metals is
In these works, the physical properties such as mihigherthan 99.9%. The total size of the specimens were
crostructure and the mechanical properties of the im10 mmx 10 mmx 0.5 mm. The sample was polished
planted layer have been fully clarified. with 100" SiC paper and washed by distilled water and
Because oxygen is chemically reactive, ©n bom-  acetone.
bardment on metals would induce various changes of Before the bombardment ofjOions, the specimen
chemical state as well as those of the physical ansvas sputtered with 3-keV Arion until a clean sur-
mechanical properties. However, few research work$ace without any oxide and containment was obtained.
have been carried out on the chemical state of oxyOxygen ions were produced fromp@ource gas. The
gen implanted in metals. In this present paper, théncident energy of the Dion was 3-keV which corre-
chemical states of oxygen implanted in SUS304 havepondsto 1.5-keV O. The base pressure of system was
been studied by means of situ X-ray photoelectron lower than 2x 10-° Torr and the pressure during ion
spectroscopy (XPS). For comparison, the same experirradiation was kept below & 10-® Torr. The sample
ments were carried out for pure metal targets which aravas kept at room temperature during bombardment.
components of SUS304 such as iron, chromium and

hickel. 2.2. Analysis method

The measurement system has been described else-
2. Experimental methods where [17, 18]. After the oxygen-ion bombardments,
2.1. Sample the chemical states of oxygen, aswell asiron, chromium

Commercial type SUS304 stainless steel was providednd nickel, were analyzed by XPS in the same vac-
by the NILACO Co. The chemical composition of uum system as the ion bombardment. The XPS mea-
SUS304 stainless steel is listed as follow: carbon surement was carried out using synchrotron radiation
0.0030 at%, silicorc 1.00 at%, manganese2.00at%, (SR) as an excitation source, because we can change
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concentration(atoms/nm)

Figure 1 The ion range distribution calculated by TRIM lon mass:
15.99, lon angle: 0 degree, Displacement energy for Fe,Cr,Ni: 25 eV.
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Figure 2 XPS of Ol1s of SUS304 with different dose 0§Omplan—
tation on it. a: without implantation;
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b:.8x 10'S atoms/cm OF;

c: 7.5x 10'® atoms/crd OF; d: 1.5 x 10'6 atoms/crd OF; e: 30 x
10 atoms/cm OF .
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the detection depth by changing the incident photon
energy. The synchrotron beam line was BL-27 at the
Photon Factory in High Energy Accelerator Research
Organization (KEK-PF). One of the characteristics of
this beam line is that the energy of incident X-ray ranges
from 1800 eV-6000 eV, which is wide compared with
normal XPS system. Due to the wide energy range of
incident X-ray, we can appreciably change the detec-
tion depth of XPS analysis. The synchrotron radiation
was monochromatized by double crystal monochroma-
tor using InSb(111) planes. The energy resolutions of
this beam line were 0.9 eV and 1.5 eV at photon ener-
gies of 2000 ev and 4000 ev respectively.

The electron energy spectra were obtained using a
hemispherical electron analyzer (VSW class-100). The
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Figure 3 XPS of O1s of pure chromium with different dose oj@n—
plantation on it. a: without implantation; b:@x 10% atoms/cré OF;
c: 7.5x 10 atoms/crd O ; d: 15 x 10'6 atoms/crd OF; e: 30 x
10'® atoms/crd OF .



sample was irradiated by incident X-ray at an angle ofin Fig. 1. The average range is 2.9 nm for the 1.5 keV
55 degree and the photoelectron take-off direction wa®©™ ion in SUS304 and the maximum concentration of
surface normal. The XPS spectra were analyzed witloxygen is located around 2.0 nm. Taking account of
the XPS analysis software provided by VSW Sciencehat result and the binding energy of O1s, we tuned the
Instrument LTD. Peak location, width at half the height energy of the incident X-ray at 1829.24 eV, because the
and peak area were provided after curve fitting. electron inelastic mean free paths (IMFP) of the Ols

photoelectron at this photon energy is 2.01 nm which

is close to the calculated maximum concentration of

3. Results and discussion oxygen. _

The depth distribution of oxygen implanted in SUS304 The XPS spectra of Ols line for SUS304 and pure
can be calculated by the Trim (The Transport of lonMetals after bombardment of;Gons at various flu-

in Matter)95 software basing on the original work by €nces are shown in Figs 2-5. The XPS spectra of
J. P. Biersack on range of algorithms [19] and J. FFe2p,Ni2p and Cr2p for SUS304 and pure metals after
Ziegler on stopping theory [20]. The result is shown
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Figure 4 XPS of O1s of pure iron with different dose ofg(]mplan- Figure 5 XPS of O1s of pure nickel with different dose ongm-

tation on it. a: without implantation; b:.8x 10'° atoms/cd O} ; plantation on it. a: without implantation; b:.8x 10'° atoms/crd
c: 7.5 x 10'° atoms/cr OF; d: 15 x 10'® atoms/cm OF; e: 30 x OF; ¢ 75x 10'° atoms/cd OF; d: 15x 10'® atoms/cd OF;
10 atoms/c OF . e: 30 x 10'® atoms/cd OF .
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Figure 6 XPS spectra of (A) Cr2p, (B) Ni2p, (C) Fe2p in SUS304 stainless steel before and after implantatigin af iithout implantation;
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Figure 7 XPS spectraof (A) Cr2p, (B) Ni2p, (C) Fe2pin pure Cr before and after implantatiop aivithoutimplantation; b: 35 x 101 atoms/crd
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bombardment of @ ions at various fluence are shown where the elements and orbitals to be concerned are
in Figs 6 and 7. It is clearly observed that the peakindicated as suffixes. The relative concentration of
position of the O1s line for SUS304 is constant regardoxygen in SUS304 and pure metal oxide layer are
less of the fluence. On the other hand, the O1s line foshown in Fig. 8 as a function of fluence of oxygen
pure iron, chromium and nickel have double structurdons. At low fluence region below s 10" atoms/cr,
for all fluences. It suggests that there are two chemicathe concentration of oxygen increases sharply with the
states for oxygen in pure metals in contrast to those i?" fluence, but it saturates at high fluence region over
SUS304. 106 atoms/cr.
The relative concentration of oxygen in SUS304 and Concerning the chemical state of oxygen atom in the
pure metals can be calculated by the following equationinetal lattice, there are two possibilities. The first is
the oxygen occupied the vacancy in the lattice or just
| =nKio (1) inserted in the interstitial site. Here we will call this
wherel is the intensity of photoelectrom, the num- oxygen as dissolyed oxygen. In this case, there exist no
ber of atomic per unit volumeK a parameter de- chemlca_l interaction between oxygen and metal. 'I_'he
cided by the characters of instrument and beam ”nesecon_d 'S phe oxygen reacted with Ehe metal, fOI’mII’,l,g
o photoionization cross section andhe electron in- Metallic oxide. We call them as the reacteq oxygen'.
The concentration of total oxygen atoms (“dissolved

elastic mean free paths (IMFP). The valuecofand oxygen” and “reacted oxygen”) can be calculated ac-
A change with the electron kinetic energy. The value Y9 va

of IMFP in Fe,Cr,Ni at different electron energy have cordlng”to the total area of t.h'e Ols pegk. The “reacted
oxygen” atoms can be specified according to the chem-
been calculated based onthe work by Tanet&.[21] . . )
ical shift of the metal 2p XPS peak due to the oxide
and Powell [22]. The value of of Fe2p3/2, Cr 2p3/2, formation. Therefore, the relative concentration of the
Ni 2p3/2 and O 1s has been estimated by the Scofield’ ) !

. total oxygen and the “reacted oxygen” can be calcu-
;:Salli(;ltjée(‘jt'ionn.l[sgl]é]_he value of ando of each elements lated by those two kinds of XPS peak. The results are

Based on the formula (1), the relative concentrationShg\r/Z)?T:angégii can be seen that the concentration of
g;?é?{gvevg_co’() In the metal matrix can be calculated oxygen in SUS304 calculated by the two kinds of XPS
’ peak area is the same. That means that all of the oxygen
lois | Fe2p32 atoms reacted with the metal atoms. On the other hand,
Cox = < ) = [ the concentration of oxygen in pure metals calculated
by the two kinds of XPS peak area were not the same
lcrops2 INi2p3/2 (see Fig. 9). Only a part of oxygen atoms reacted with

001sA01s (0Fe2pg2AFepy2)

o X ONoro metal atoms.
(ocrzpyzhcrzpga) — (onizpy2hnips;2) From Figs 3-5, it can be seen that the O1s peaks in
i lo1s } (2) pure metal targets have double structures. The peaks are
(00150019 located at 531.6 eV and 530.8 eV. It can be confirmed
that 531.6 eV peak is originated from the reacted oxy-
TABLE | The parameter o anda for Fe,Cr,Ni,O gen for its high binding energy. The 530.8 eV peak is
attributed to the dissolved oxygen.
Ols Fe2go  Cr2mp Ni2psp The fluence dependence of the relative concentra-

Photon energy (V) ~ 1829.02  1829.02  1829.02 1820.02110NS Of. two Kinds of oxygen atoms in pure metals is
Kinetic energy (€V) 12942 11173 12502 9713 shown in Fig. 10. For pure chromium target, the con-
A (angstrom) 21.0 20.8 18.4 18.0 centration of “reacted oxygen” is always higher than
o (barn) 1¢ 2.82 7.23 10.38 1411 that of “dissolved oxygen”, but the ratio of two kinds
of oxygen does not change regardless the fluence. For
pure iron, before R produced, the behavior of O

L T T ion implantation is similar to that of pure chromium.

| However, the concentration of the dissolved oxygen in-
i creases when E©s is produced. The oxide reaction is
difficult to take place when F©j3 is formed. For pure
nickel target, the concentration of dissolved oxygen in-
creased sharply at low fluence region, but it decreased
when NiO produced. The results indicated that the sub-
1 stitution of the vacancy in the lattice or interstitial site
by the oxygen atom is the first step in implantation pro-
cess in pure nickel, then, these dissolved oxygen are
converted to NiO when enoughtQon is implanted in

the target. From those results, it can be concluded that

relative concentration (%)

i 1 1 |
T M T T T T T T T

o 5 10 15 2 M 30 SUS304 stainless steel has the highest reactivity with
dose of O_* (1015 atoms/cm?) the O ion, pure nickel is the lowest in reverse.
2 As well known, once oxygen is implanted in the
Figure 8 The relative concentration of oxygen in SUS304 and pure met-Structure, it need to react to form chemical band, Since
als oxide layer during implantation. the implanted species is'Gon, which will probably be

o
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Figure 10 The percentage of chemical state O1ls at 530 eV and 01s at
i . : . : 531 eV on pure metal.
]
o - - 3 . . .
= e e i and 7), itcan be seen that the further oxide reaction took
S — e
e | - - S 4 place on each metal targets after large amount bf O
£ o o3 ion implanted. The reaction are described as follows:
b M- i -
C
g O+ 2e— O~
g = | £
; ] & Ni — Ni?" + 2e (for pure Ni target)
E mp/ .
2 |'.'I E : Cr — Cr** 4 3e (for pure Cr target)
i R TR
2 : Fe > F&* + 2e and

A : " oy ik W Fet — Fe*r + e (for pure Fe target)
deas of Eil_|1l '8 pimsmadTm )

Figure 9 The relative concentration of total implanted oxygen and FOr SUS304, all of reactions above took place. In this

“reacted oxygen” on SUS304 and pure metals during implantation. ~ case, all the reaction is predominated by the property
of targets because of the same energy of the implanted

neutralized at or near surface. Then, the further chemi©* ion. The chemical reactivity and the mobility of the

cal reaction between oxygen atom and target atom wiltarget atoms play a big role in the implantation process.

take place if the atoms have enough energy. From XP&or the same element, the oxide reaction will take place

spectra of metals on SUS304 and pure metals (see Figs@sier if the target atoms have higher mobility. In this
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case, the dissolved oxygen concentration is lower irganization for their support through the XPS measure-
the target. As well known, the target atoms will be setment. This work was supported by JAERI under STA
in motion in the cascade with the energies above theiScientist Exchange Program. One of the authors (Y.L)
displacement energy. The displacement energy for Crlso expresses her deepest gratitude to STA and JAERI.
Ni (crystal) and Fe (crystal) are 28 eV, 33 eV and 44 eVThis work is also subsidized with the Special Funds for
respectively [24]. That means Cr is easiest to move irthe Major State Basic Research Projects G19990650.
the SUS304 target than the others metal atoms and will

play a big role during implantation. Furthermore, com-
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