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Abstract

Copper surfaces anodically oxidized at constant potential for 1h in deaerated neutral and
weakly alkaline borate solutions were examined by using electrochemical techniques combined
with Auger electron spectroscopy (AES) and X ray-photo electron spectroscopy (XPS). The
thickness (1~4 nm) of anodic oxide films coulometrically estimated decreased with increasing
anodic potential in the active region but increased in the passive region, irrespective of the
solution pH. The anodic oxide films formed on copper in the passive region consisted.of Cu.O
as an inner layer and of partly hydrated cupric oxide, CuOx(OH).-2x as an outer layer. Dehy-
dration of the outer layer progressed with the increasing anodic potential. The active potential
region of copper was divided into two parts ; Cu,O film was directly formed on copper without
any dissolution of cuprous ions in active region 1 whereas in active region 2 the formation of
Cu.0O and the dissolution of cupric ions proceeded simultaneously.

Discussion was made on the formation mechanism of the outer layer in the passive region
and on the dissolution mechanism of Cu,QO in the active region.

1. Introduction

Corrosion and passivity of copper in neutral and weakly alkaline solutions have not been
thoroughly investigated in comparison with that in strongly alkaline solutions.*~” Particularly,
there have been only a few studies® on the composition and structure of anodic oxide films on
COpper.

In the present paper, the composition and structure of anodic oxide films formed on copper
in neutral and weakly alkaline solutions have been investigated by using electrochemical tech-
niques coupled with Auger electron spectroscopy (AES) and X ray-photo electron spectroscopy
(XPS).

2. Experimental

2. 1. Specimen preparation and anodic oxidation
Copper specimens (0.1X1.0x1.0 cm) were cut from a deoxidized copper plate (99.9%
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purity). After annealing at 1233 K for 1 h in vacuo, the specimens were mechanically polished
with emery paper, further with o AlLO; abrasives (0.3 xm) and finally electropolished in 7.3
mol - dm™* ortho-phosphoric acid solution. The electrolytes used for anodic oxidation were
deaerated borate solutions of pH 6.48, 8.42 and 11.50 in which the boron content was kept at 0.5
mol-dm™3. The specimens were cathodically reduced at a constant current density of 0.1 A-m™?
for 5 min in pH 842 borate solution and then anodically oxidized at a constant potential for
1 h in the renewed test solution. The cupric ions dissoclved into the solution during anodic
oxidation were detected by the cuprizone colorimetric method. Attempts to detect dissolved
cuprous ions by the cuproine colorimetric method were unsuccessful in this experiment. In
order to estimate culometrically the film thickness, the cathodic reduction of anodic oxide films
was performed at a constant cathodic current density of 0.1 A - m~? in pH 8.42 borate solution.
2. 2. AES and XPS measurements

After anodic oxidation, the specimens were washed with doubly distilled water, dried with
a jet of nitrogen gas and stored in a glass tube filled with liquid nitrogen to prevent further-
oxldation from exposure in air. Auger apparatus (PHI, 540 A) was used for the measurement
of composrtion profiles in depth.  Auger spectra were taken by using a primary electron beam
of 2 kV with a diameter of about 50 xm and a modulation voltage of 4 V at a frequency of 30
kHz. Depth-profiling was performed with a argon ion beam of 0.5 kV having an ion current
density of approximately 5x 1072 A - m™? at an argon pressure of 6.7X107® Pa. Further, XPS
apparatus (VG, ESCA-3) was used for state-analysis of copper and oxygen in the anodic oxide
films. XPS spectra of Cu 2P¥?, 2P"2 and O 1s were taken in a vacuum of 5Xx107® Pa by using

an X ray source of Mg K, (1253.6 eV).
3. Results and Discussion

3. 1. Anodic oxidation of copper
Fig. 1 shows the steady state-polarization curves of copper after anodic oxidation for 1 h in
pH 6.48, 8.42 and 11.50 borate solutions. The electrode potential, Eygss, in the abscissa of Fig.
1 is referred to the hydrogen electrode in the same solution (HESS). The polarization curves
consist of three potential regions ; active, passive and oxygen evolution. The active potential
region can be further divided into two parts (active 1 and 2), since cupric ions dissolved into
solution were detected in all potential regions except active region 1. In Fig. 2, the electric
charge passed during anodic oxidation, Q, is plotted as a function of anodic potential, Eugss.
The curve of Q. vs. Eugss 1s quite similar to the polarization curve in the respective solution.
3. 2. Cathodic reduction of anodic oxide film
Fig.3 shows the typical cathodic reduction curves of the specimens anodically oxidized in
three different potential regions in pH 842 borate solution. The cathodic reduction curves
similar to the curves shown in Fig. 3 were also obtained for the specimens anodically oxidized
in the other pH solutions. Cathodic reduction, however, was always performed in renewed pH
8.42 borate solution. The potential arrest during cathodic reduction is observed at the po-
tentials of @k, &%, &% and ®¥ | depending on the potential region of anodic oxidation. The
arrest potentials of ®% and ®¢ are less noble by 150~200 mV than the corresponding equilibrium
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potentials® of CuO/Cu.0 (0.669 V) and Cu,O/Cu (0.471 V). This overpotential during cathodic
reduction may be attributed to the potential barrier which emerges at the interface zone
between Cu:O (p type-semiconductor) and Cu substrate. The specimen anodically oxidized in
the oxygen evolution region has two additional potential arrests of ®% and ®¥. Miller has
suggested from his ring-disc copper electrode study® that the arrest potential of ¢k corresponds
to the reduction of Cu.0s to CuQ. The potential arrest of ®% , however, has not been ex-
plained. It is considered that the potential barrier at the Cu,O/Cu interface during cathodic
reduction depends on the semiconductive property, i. e., nonstoichiometry of Cu.O. The
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appearance of % arrest, therefore, may be attributed to the change in non-stoichiometry of
Cu,0O. The cathodic reduction is completed at —0.35 V (HESS), irrespective of the potential
region of anodic oxidation. No dissolved cupric ions are detected during cathodic reduction,
evidencing that the cathodic reduction proceeds through a solid state mechanism.?

As shown in Fig. 4, the total cathodic charge Q. required for cathodic reduction is always
less than the total anodic charge Q. passed during anodic oxdation in all potential regions
except the active potential region 1 in which Q. is almost equal to Q.. In Fig. 5, 6 and 7, the
cathodic charges Qt, Q% and Q%, corresponding respectively to the durations of potential arrest
at Of, ¢% and ot are plotted as a function of anodic potential of film formation. The value of

% in these figures involves that of Q¥ corresponding to the duration of potential arrest at o¥
3.3 Film thickness
The thickness of anodic oxide films formed on copper in the active and passive regions can

be estimated from the values of Q% and Q% by using the following equations ;
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(QE— Q%) Mcuo
FpCuZO ' (2)

LCuzU:

where Leuo is the thickness of the outer layer, Lea,o the thickness of the inner layer, Mcyo the
molecular weight of CuQ, Mcu,o the molecular weight of Cu.O, ocqothe density of bulk CuO
(6.45 g-cm™®), Ocusothe density of bulk Cu,O (6.10 g - cm™), and F the Faraday constant. The
film thickness, L, thus calculated is plotted versus anodic potential, Eurss in Fig. 8, 9 and 10.
3.4. AES and XPS analyses

Fig. 11 shows the Auger spectra of copper surface anodically oxidized for 1 h at 1.52 V
(HESS) in pH 8.42 borate solution. The composition ratic, O/Cu, of anodic oxide films can be
calculated by the following equation ;

O/Cu=a+Hol Hew, (3)
where « is the relative Auger sensitivity factor and Ho/He, the Auger peak height ratio of
Oxygen (510 eV) to Copper (920 eV). According to Hall and Morabito,'® «=0.61 was adopted
for calculation of O/Cu. The depth-composition profiles of anodic oxide films formed on
copper in pH 8.42 and 11.50 borate solutions are shown in Fig. 12 and 13. The sputtering time
required for film removal is proportional to the total cathodic charge Q¢ required for cathodic
reduction. The presence of the plateau value of O/Cu nearly equal to Cu,O in the observed
depth-profiles proves that the inner layer of anodic oxide film is Cu,O, whereas no O/Cu plateau
corresponding to CuO is observed although the composition of uppermost surface approaches
CuO as the potential increases. The Auger results, therefore, are not consistent with the
electrochemical results which show the existence of CuQO in the outer layer. This discrepancy
may be caused by the alteration'? of depth profiles due to argon ion sputter-etching. Particu-
larly, the argon ion sputter-etching of the outer layer would give rise to the following reduction
process ; 2Cu0 — Cu0+30,.

Fig. 14 shows the XPS spectra of Cu 2P35 and 2P of the specimen anodically oxidized in
pH 8.42 borate solution. The Cu 2P spectra of the specimen anodically oxidized at the po-
tential of 0.84V in the active region is in good agreement with that of metallic copper shown by
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Fig. 11 Auger spectra of copper anodically oxi- Fig. 12 Depth-composition profiles of copper
dized for 1 h at 1.52 V (HESS) in pH 8.42 anodically oxidized for 1 h at four differ-
borate solution. ent potentials in pH 8.42 borate solution.

The marks of A, P and O; in figure rep-
resent the respective potential regions.
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ent potentials in pH 11.50 borate solution. V and 1.34 V in pH 8.42 borate solution.
The marks of A, P and O, represent the The dotted spectra in figure designates
respective potential regions. metallic copper.

dotted line in Fig. 14, in spite of the Auger results indicating the presence of Cu,O. The
difference of Cu 2P binding energy between zero- and mono-valent copper is so slight!?»13»149
(less than 0.2 €V) that it i1s very difficult to distinguish cuprous oxide from metallic copper.
The Cu 2P spectra of the specimen anodically oxidized at the potential of 1.34V (HESS) in the
passive region, however, shifts to the high energy direction by 1.6eV in comparison with that of
metallic copper and also possesses a satellite peak which evidences the presence of divalent
copper. According to the literature,'®'* the Cu 2P%4 spectra of divalent copper shifts to the
high energy direction by 1.2 eV for CuO and by 1.8~2.3 eV for Cu(OH), in comparison with
that of metallic copper. The energy shift of 1.6 eV, therefore, suggests that the outer layer of
the passive film consists partly of hvdrated cupric oxide, i. e., CUOAOH)s_sx. The XPS results
similar to the spectra in Fig. 14 were also obtained for the specimens anodically oxidized in pH
6.48 and 11.50 borate solutions.

The O 1s spectra of Anodic oxide films shown in Fig. 15 provide further detailed inform-
ation on the state of oxygen bound with divalent copper in the outer layer. The dotted lines
vertically drawn in Fig. 15 designate the binding energy position corresponding to different
states of oxygen previously reported.’® Robert et al.'® reported that lattice oxygen O?~ (530.4
eV) bound with mono-valent copper ions differed from the lattice oxygen 0?~ (529.7 V) bound
with divalent copper ions. The change in shape of the broad O 1s spectra of anodic oxide films
suggests that dehydration of the hydrated outer layer progresses with increasing anodic po-
tential.

3. 5. Film formation mechanism

The value of Q./Q. almost equal to unity observed in active region 1 indicates that cuprous
oxide film is directly formed on copper without any dissolution of cuprous ions. In active
region 2, however, the film formation of Cu,O and the dissolution of cupric ions proceed
simultaneously as evidenced from the value of Q./Q. (<1) and from the results of solution
analysis. In the passive region, the outer layer of cupric hydroxide Cu(OH), is formed on the
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inner layer by precipitation of dissolved cupric 534 532 530

ions. pH 842 1% Ihr Ols
Passivation of copper is mainly caused by the —
formation of Cu(OH), because of the high re-
sistance of Cu(OH), against ionic conduction.
XPS analysis predicts that the following
dehydration process of the outer later layer

RO ~m====)==mmefes

occurs predominantly at high anodic potentials

in the passive region ; 5322
OHo_xide - Ha+q -+ O?}j\'ide (4)

The dehydration process may be assisted by a pH (150, to= | hr.

high electric field that occurs in the outer f
layer during anodic polarization.
In contrast, it 1s considered that the cup-

i

:

:

, H

rous oxide film does not contribute to the v
passivation of copper because Cu,O is usually OH™ o .
'52\/ a53!,4 5304 2

a p type-semiconductor in which positive holes Oud 5267

participate in the anodic dissolution resulting 5322
in degradation of electrochemical stability of 534 535 530 528 526
the film. In active region 2, the following Binding Energy /eV
reaction may occur ; Fig. 15 XPS spectra of O 1s for copper anodically
CttEvige + & - Culh 5 oxidized for 1 h at two different po-
oriee TR T Men (5) tentials in pH 8.42 and 11.50 borate solu-
where cuprous lons in the oxide film may tions. The lines vertically drawn in
react with positive holes, @, in the valence figure designate the corresponding bind-
ing energy position of different O ls
band accumulated on the uppermost surface to states previously reported in literature.'®

form dissolved cupric ions. A more quanti-
tative discussion on the film formation mechanism, however, awaits further studies'®-!'?”

of semiconductive properties of copper anodic oxide films.
4. Summary

Anodic oxide films formed potentionstatically on copper for 1 h in deaerated pH 6.48, 8.42
and 11.50 borate solutions were analyzed by using electrochemical techniques combined with
Auger electron spectroscopy (AES) and X ray-photo electron spectroscopy (XPS). The anodic
oxide films formed on copper in the passive region had a bi-layer structure which consisted of
Cuz0O as an inner layer and a partly hydrated cupric oxide, CuOx(OH).-,x as an outer layer.

The active potential region of copper was divided into two parts ; anodic oxide films
formed in active region 1 consisted of a single layer of Cu.0O, which was directly formed on the
copper without any dissolution as cuprous ions into the solution, whereas in active region 2 the
formation of Cu,O and the dissolution of cupric ions proceeded simultaneously.

The dissolution-precipitation mechanism seemed likely to operate in the formation of
Cu(OH), as an outer layer leading to passivation of copper, whereas the dissolution mechanism
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of Cu,O in active region 2 was explained in terms of the p type- smiconductive property of
CUzO.
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