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Native Oxide Layers Formed on the Surface of
Ultra High-Purity Iron and Copper Investigated by
Angle Resolved XPS
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Angle resolved X-ray photoelectron spectroscopy (AR-XPS) has been used for characterizing native oxide layers
formed on the surface of ultra high-purity iron and copper by exposure to air at room temperature. Thickness of an
oxide layer formed on the surface of ultra high-purity iron is found to be thicker than that for ultra high-purity copper in
the initial stage of oxidation and almost unchanged by air exposure time. On the other hand, thickness of an oxide layer
formed on ultra high-purity copper is found to increase with increasing air exposure time. These results are consistent
with spectral information for ultra high-purity iron and copper exposed to air; the chemical state of Fe in the surface of
ultra high-purity iron is almost independent of exposure time, whereas the chemical state varies in the surface of ultra

high-purity copper by exposure for a long term.
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I. Introduction

High-purity materials sometimes demonstrate promi-
nent properties compared to less pure materials. For in-
stance, ultra high-purity iron prepared by the ion ex-
change and zone refining technique®® was found to show
very low corrosion rate in acid aqueous solutions®.
Therefore, ultra high-purity iron is considered to be one
of the promising materials for corrosion-resident thin
films when deposited on silicon wafer®. On the other
hand, the preparation method of high-purity copper
based on the floating zone refining was also developed®.
Since the electrical conductivity of such ultra high-purity
copper is much higher than that of aluminum, it is con-
sidered to be useful the application to high density elec-
tronic devices.

Such ultra high-purity base metals indicate potential
for creating new technology, so that characterization of
their intrinsic properties is strongly required. This in-
cludes characteristic features of a native oxide layer
formed on the surface of ultra high-purity metals during
air exposure, because it is likely to strongly affect their
total performance. So far the effect of exposure of low
partial pressure of oxygen on the surface state has been
reported in high-purity iron® and copper®® of commer-
cial grade. Although native oxide layers on the surface of
a few kinds of high-purity iron have been studied®, sys-
tematic information about native oxide layers sequential-
ly grown on the surface of different ultra high-purity
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metals has not been characterized.

Recently, the present authors have investigated native
oxide layers formed on the iron-chromium binary alloys
at room temperature using angle resolved X-ray photo-
electron spectroscopy (AR-XPS)®-(_ and found system-
atic change in thickness of oxide layers by the surface
chromium concentration. Furthermore, AR-XPS is re-
cognized as a reliable tool for non-destructive analysis by
obtaining a change of the surface state of metals. These
prompt us to extend the AR-XPS method to native oxide
layers formed on the surface of ultra high-purity iron
and copper by air exposure using AR-XPS.

II. Experimental

Ultra high-purity iron and copper were produced by
the zone refining method, which has already been de-
scribed in detail®® and not duplicated here. Specimens
were cold rolled to 0.5 mm thick plates, and the plates
were cut to about 10 mm square and annealed in hydro-
gen gas. They were electrolytically polished, and the resid-
ual resistivity ratio of ultra high-purity iron and copper
prepared by this method®® was confirmed to be the or-
der of about 1x 10* and 3 x 10%, respectively.

A pair of ultra high-purity iron and copper plates were
mounted onto a specimen holder, in order to compare
native oxide layers formed on their surface under given
conditions. The specimen surface was cleaned by argon
ion sputtering operated at 3 kV in an XPS spectrometer
under ultra high vacuum before air exposure, to obtain
the contamination-free surface. After cleaning, the pair of
ultra high-purity iron and copper plates were simultane-
ously exposed to air at 298 K for a period from 6 x 10 s
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to 1x10%s. Native oxide layers in each exposure step
were characterized by XPS while interrupting air ex-
posure.

XPS measurements were carried out in the same man-
ner of the previous work®. Only some essential points
are given below. An XPS apparatus (PHI-5600) with a
computer aided tilting stage was used, and the incident
X-ray was monochromated Al K« radiation. Fe 2p, Cu
2p, O 1s and C 1s XPS spectra were recorded, and their
relative sensitivity factors were used for quantification.
The take-off angle corresponding to the angle between
the direction of an analyzer and the specimen plane, was
changed from 0.262rad (15degree) to 1.31rad (75
degree) in the AR-XPS measurements. In addition, angle
resolved X-ray excited Auger electron spectra (AR-
XAES) for copper were recorded to study the chemical
state of copper!?, since the chemical shift of Cu 2p XPS
spectra is very small between Cu® and Cu!*

In order to discuss the thickness of the surface layers
of specimens quantitatively, the concentration corre-
sponding to a relative XPS signal for constituent ele-
ments is estimated, by coupling with a layered structure
model®. Two layers of a contaminated layer consisting
of mostly hydrocarbon, that is aliphatic carbon, and an
oxidized layer are expressed by the model. Intensities for
all constituent elements are analyzed in this work®; by
comparing the intensities for these layered structures to
the relationship between the concentration and take-off
angle for each element, the effective thickness of the over-
layer and oxide layer can be estimated®. The composi-
tions of the contaminated layer and the oxide layer was
assumed along the way similar to the previous work®,
using the inelastic mean free path of electrons in the
layers®»t4),

III. Results and Discussion

1. XPS spectra

(1) Ultra high-purity iron

Figure 1(a)-(e) shows Fe 2p AR-XPS spectra obtained
in the take-off angle from 0.262 rad (15 degree) to 1.31
rad (75 degree) by a step of 0.262 rad for ultra high-puri-
ty iron which was exposed to air for 1.8 x 10*s. Fe 2p
AR-XPS spectra for ultra high-purity iron exposed to air
for 4.2x10° s are also shown in Fig. 2. In these figures,
the spectra of Fe 2p for a specimen exposed to air can be
allocated to the signals from Fe oxide (major Fe’t (Fe
2ps/2: 710.9eV; 1eV=1.6x10""J) oxide and minor
Fet (Fe 2ps;,: 709.4 eV) oxide in this case), and metallic
iron (Fe’ (Fe 2ps;;: 707.0eV)). It is stressed in both
figures that a peak due to metallic iron of Fe® is recog-
nized well when increasing take-off angle from (a) to (e).
Thus result clearly indicates that an oxide layer covers the
metallic iron surface, of which thickness is comparable
to the inelastic mean free path of X-ray photoelectrons.
However, by comparing the relative intensities of the
oxide peaks to the metallic peaks in Fe 2p spectra given in
Figs. 1 and 2, spectral variation corresponding to the
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Fig. 1 Fe 2p AR-XPS spectra obtained in the take-off angle of (a)
0.262 rad, (b) 0.524 rad, (c) 0.786 rad, (d) 1.05 rad and (e) 1.31rad
for ultra high-purity iron exposed to air for 1.8x 10%s.

chemical change of the surface of ultra high-purity iron,
is found to be almost insensitive to time for exposure
of air, although a difference of exposure time is of two
order of magnitude.

(2) Ultra high-purity copper

Figure 3 shows Cu 2p AR-XPS spectra for ultra high-
purity copper which was exposed to air for 1.8 x10°s.
Although any significant take-off angle dependence is not
clearly observed in these Cu 2p AR-XPS spectra, the
present authors maintain the view that this results from
a very small difference of the peak position between a
copper oxide (Cu'* (Cu 2p;/»: 932.6 eV)) and metallic
copper (Cu® (Cu 2p;/,: 932.7 eV)). Since Cu LMM AES
spectra are often used for detecting the chemical state
of copper oxides"?, Cu L;M,sM,s AR-XAES spectra for
ultra high-purity copper exposed to air for 1.8x10%s
were measured and the results were given in Fig. 4 where
spectral intensities are plotted as a function of the elec-
tron kinetic energy. The spectra of Cu L;My;Mys AR-
XAES for this specimen could be assigned to the signals
from a copper oxide (Cu'* (Cu 2p;/,: 916.2 eV)), and
metallic copper (Cu® (Cu 2ps;;: 918.6eV))"®. In the
results of Fig. 4, a peak due to Cu® appears to increase
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Fig. 2 Fe 2p AR-XPS spectra obtained in the take-off angle of (a)
0.262 rad, (b) 0.524 rad, (c) 0.786 rad, (d) 1.05 rad and (e) 1.31rad
for ultra high-purity iron exposed to air for 4.2x 10°s.

with increasing take-off angle, just as results obtained by
AR-XPS for the iron case, and then it may safely be said
that an oxide layer with Cu'* covers the metallic copper
surface.

On the other hand, Fig. 5 shows Cu 2p AR-XPS spec-
tra for ultra high-purity copper which was exposed to air
for 4.2%10°s. An additional peak, which can be as-

.signed to Cu®* (Cu 2p3/2: 935.6 eV), appears by this long

-term exposure of 4.2x 10°s. The take-off angle depen-
dence of the peak intensity of Cu?* that an oxide layer
with Cu?* covers the copper substrate as well as the oxide
layer with Cu'*. These results imply that the long term
air exposure induces the chemical change of the specimen
surface of ultra high-purity copper, and this feature con-
trasts with the case for ultra high-purity iron.

2. Thickness of oxide and contaminated films

Figures 6(a) and (b) show the values of concentration
of iron, oxygen and carbon estimated from measured
AR-XPS intensity data for ultra high-purity iron speci-
mens exposed to air for 1.8 x 10° s and 4.2 x 10° s is plot-
ted as marks as a function of take-off angle, respectively.
The monotonic decrease in the concentration of carbon
with increasing take-off angle suggests that a contaminat-
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Fig. 3 Cu 2p AR-XPS spectra obtained in the take-off angle of (a)
0.262 rad, (b) 0.524 rad, (c) 0.786 rad, (d) 1.05 rad and (e) 1.31rad
for ultra high-purity copper exposed to air for 1.8 x 10 s.

ed layer of hydrocarbon covers the specimens. It is also
cited in Fig. 6 that take-off angle dependence of the con-
centration of oxygen indicates an oxide layer between the
overlayer and the matrix. On the other hand, the increase
in the Fe 2p concentration with increasing take-off angle
may be attributed to the formation of both oxide layer
and overlayer. With long term exposure to air, the
concentration of contaminated carbon increases, but a
change in the oxygen concentration is not so significant.
The lines in Figs. 6(a) and (b) denote the concentrations
for carbon, oxygen, and iron, calculated from the model
of layered structure. The calculation agrees well with the
experimental data and thus the model of layered struc-
ture is considerably acceptable.

On the other hand, the results for ultra high-purity
copper exposed to air under the identical condition are
shown in Fig. 7. Although the take-off angle dependence
of the concentration of carbon, oxygen and copper is
rather similar to the results of ultra high-purity iron, the
following characteristic variation due to time difference
of air exposure may be stressed for ultra high-purity
copper. The copper concentration is dominant in the
specimen exposed to air for 1.8 x 10 s, independent of
take-off angle. However, the copper concentration con-
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Fig. 4 CuL;M,;M,; AR-XAES spectra obtained in the take-off angle
of (a) 0.262 rad, (b) 0.524 rad, (c) 0.786 rad, (d) 1.05 rad and (e) 1.31
rad for ultra high-purity copper exposed to air for 1.8 x 10%s.

siderably decreases in the specimen exposed for 4.2 x 10°
s. This clearly suggests that thick oxide layer forms on
the surface of ultra high-purity copper when applied to
long exposure time.

The values of thickness of oxide layers and contaminat-
ed layers for two cases which were obtained by fitting the
calculated results to the experimental ones are plotted as
a function of exposure time as shown in Fig. 8. The oxide
layer thickness for ultra high-purity iron is found to
almost unchanged by exposure time, whereas the oxide
layer in ultra high-purity copper becomes considerably
thicker in the present exposure condition. These results
are consistent with the facts that spectral changes by air
exposure are remarkable in ultra high-purity copper, as
shown in Figs. 3 and 5. In addition, the thickness of con-
taminated layers increases with increasing exposure time
in both ultra high-purity iron and copper. Although a
small difference in the thickness of contaminated layers is
observed between ultra high-purity iron and copper, the
total thickness of oxide layer and overlayer appears to be
almost independent of substrate materials.

Based on the present results, differences of oxide layer
formation and growth between ultra high-purity iron and
copper may be discussed. It is interesting to note in the

1007

(€)

)

4

©

Intensity ( a.u. )

@

©

| N 1 " 1 . I N |
970 960 950 940 930
Binding energy, Egp / eV

Fig. 5 Cu 2p AR-XPS spectra obtained in the take-off angle of (a)
0.262 rad, (b) 0.524 rad, (c) 0.786 rad, (d) 1.05 rad and (e) 1.31rad
for ultra high-purity copper exposed to air for 4.2x 10°s.

results of Fig. 8 that the oxide layer thickness for ultra
high-purity iron is thicker than that for ultra high-purity
copper in short term exposure. This suggests that an
oxide layer is easily formed on the surface of ultra high-
purity iron, comparing to ultra high-purity copper. On
the other hand, the growth behavior of the oxide layer ap-
pears to be different from its formation, as indicated by a
small exposure time dependence of the thickness of an
oxide layer.- The growth rate of an oxide layer, which
may correspond to an increase in the oxide layer thick-
ness, is considered to be affected by characteristic mobili-
ties of anions and cations in the oxide layer. Therefore,
slow growth of an oxide layer in ultra high-purity iron
could be attributed to low mobility of the constituent
ions in the oxide layer at room temperature, while higher
mobilities of constituent ions in an oxide layer of ultra
high-purity copper are quite likely to induce a relatively
rapid increase of the oxide layer thickness, as shown in
Fig. 8.

Finally, let us consider a possibility for non-destructive
analysis of a specimen surface layer, taking into account
the analyzed position. In the present work, the surfaces
of a pair of ultra high-purity iron and copper plates ex-
posed to air under given conditions have been character-
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Fig. 6 The concentration of iron, oxygen and carbon versus the take-
off angle in ultra high-purity iron specimens which are exposed to air
for (a) 1.8x10%s and (b) 4.2 % 10°s. Experimental and calculated
results are denoted by marks and lines, respectively.
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Fig. 7 The concentration of copper, oxygen and carbon versus the
take-off angle in ultra high-purity copper specimens which are ex-
posed to air for (a) 1.8 x 10%s and (b) 4.2 x 10° s. Experimental and
calculated results are denoted by marks and lines, respectively.
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Fig. 8 Thickness of oxide layer and contaminated layer formed on
the surface of ultra high-purity iron and copper as a function of
air exposure time.

ized by AR-XPS, and different layered structures on the
specimen surface are found for these two metals. In other
words, the present method enables us to realize simple
tomography of constituent elements in a layered struc-
ture of thickness of nanometer order of magnitude for
surface of metallic materials, as exemplified by the results
of Fig. 8. It is expected in the surface of a specimen con-
sisting of multi-phases that different surface reactions
may take place in different phases. Therefore, although
analyzed area is limited in a specimen, microstructural
tomography concerning the elemental composition and
chemical state in a surface layer can be made by extend-
ing the present method to small area analysis. Such infor-
mation on the layered structures in the specimen surface
may be very effective for interpreting various surface
phenomena of variety of metallic materials.

IV. Concluding Remarks

Angle resolved X-ray photoelectron spectroscopy (AR-
XPS) has been used for investigating native oxide layers
formed on the surface of ultra high-purity iron and cop-
per by exposure to air at room temperature. The main
results are as follows:

(1) The chemical state of Fe on the oxidized surface
of ultra high-purity iron by air exposure is almost in-
dependent of exposure time. On the other hand, the
chemical state of oxidized copper on the surface of ultra
high-purity copper is changed by exposure time; Cu®*
appears with long-term exposure other than Cu'* which
formed in the initial stage.

(2) Thickness of an oxide layer formed on the surface
of ultra high-purity iron found to be thicker than that for
ultra high-purity copper in the initial stage. However, an
increase in the oxide layer thickness on the surface of
ultra high-purity iron with exposure time is insignificant,
while the oxide layer thickness on ultra high-purity cop-
per is found to depend upon time for exposure to air.

(3) The thickness of contaminated layer increases
with increasing exposure time, which seems to be indepen-
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dent of substrate materials.

It would be also interesting from the present results to
extend the AR-XPS method to the characterization of sys-
tematic changes in thickness of surface layers formed on
a variety of metallic materials by exposure.
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