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The aim of this study was to characterize the compounds grown on copper during oxidation at low
temperature (7" < 573 K) in air by electrochemical and optical methods. The following oxides have
been characterized: a precursor Cu, O of mixed valency character, a non stoichiometric cuprous oxide,
CuO and its precursor. The mechanism of reduction has been established for layers containing CuQ
and a non stoichiometric copper(I) oxide. CuO is reduced before cuprous oxide. In complicated cases,
it is impossible to draw conclusions from the characteristics of the electrochemical reduction (the
first step of CuO reduction and the reduction of Cu(I) species specific of the non-stoichiometry are
observed at the same potential). Nevertheless, the association of a non-destructive technique such as
diffuse reflectance spectroscopy and electrochemical methods allows identification of the different

species present in corrosion layers on copper surfaces.

1. Iniroduction

Previous studies have shown that low temperature
oxidation (7' < 573K) of copper films [1] on bulk
copper [2], [3] leads to the formation of a phase Cu;0,
before that of CuQ, which is the only thermodynami-
cally stable phase. Cu;0, is a gross defect structure of
Cu,0. Stoichiometric Cu,O cannot be obtained in
these experimental conditions during oxidation of
bulk copper.

The characterization of oxidation products, devel-
oped on copper during thermal treatments can be
carried out by different methods:

— with physical methods, like XPS, SIMS and elec-
tron microprobe when the sample must be examined
under ultra high vacuum;

— with optical methods, like u.v.-vis.-n.i.r. diffuse
reflectance spectroscopy, FTIR and photoluminescence
spectroscopies, when the samples can be studied with-
out any special preparation; and

— with electrochemical methods, such as linear poten-
tial sweep voltammetry, and coulometry which allow
the identification of copper(I) and copper(Il) oxides.

In this paper we present linear potential sweep vol-
tammetric studies of the reduction of copper oxides
grown on copper during low temperature thermal
treatment correlated with the analysis of diffuse reflec-
tance spectra in the 200-2500 nm range.

2. Experimental details

Circular copper electrodes, 0.5 mm thick with 1.13 cm?
surface area were used. The specimens were either

0021-891X/91 $03.00 + .12 © 1991 Chapman and Hall Ltd.

etched in nitric acid or mechanically polished, rinsed
in absolute ethanol before thermal oxidation at the
appropriate temperature. The chemical compositions
of the industrial metals from which specimens were
cut were as indicated in Table 1.

The three following electrolytes were used: 0.1 M
Na,B,0;, 0.1 M NaCH,COO (at pH ~ 9; the solubil-
ity of the different copper compounds, oxides and
hydroxides is minimum) and 0.1 M NaCl. The electro-
chemical reduction curves were determined using a
sample holder, an electrochemical cell fitted with a
platinum counter electrode and a saturated calomel
electrode (SCE) as reference. Before each run the
electrolyte was carefully purged with nitrogen. The
reduction speed was 0.5mVs~'. The u.v.-vis.-n.i.r.
diffuse reflectance spectra were performed on a Perkin
Elmer Lambda 9 spectrophotometer equipped with an
integrating sphere (BaSO,).

3. Analysis of oxide films by diffuse reflectance
Spectroscopy

3.1. Precursor Cu, O

The oxidation process of copper begins with the
growth of a precursor Cu,O having the same crys-
tallographic structure as Cu,O but with different XPS
and u.v. spectra [4]. In the initial stages of copper
oxidation, the same u.v.-vis. diffuse reflectance spec-
trum is observed for all kinds of copper (ETP, OFHC
and DHP) whatever the temperature of oxidation.
These spectra are close to that of metallic copper
except for an absorption band in the 360-380nm
range and the shift of the maximum absorption from
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Table 1.

Impurity (p.p.m.) 0 Ag As Pb Fe Ni Sb S Se Te
ETP copper 100 <10 <10 <10 <10 <10 <5 <5 <5
(for copper a, according

to French nomenclature)

OFHC copper 31 6 2 2 1 2 6 1 1

(for copper c, according
to French nomenclature)

285 to 300nm (curve a Fig. 1). From atom probe,
XPS and Auger studies [4], one can conclude that the
precursor Cu,O has a mixed valency character con-
taining interstitial Cu® scattered in the Cu(I) oxide
phase and corresponds to a diffuse interface of
approximately 10-15 nm (the oxygen and copper con-
centration profiles vary continuously from surface to
bulk copper).

3.2. Non stoichiometric cuprous oxide

The u.v.-vis.-n.i.r. spectra of cuprous oxide grown on
copper (at high or low temperature) exhibit bands
between 400 and 550 nm (Fig. 1, curve b).

These bands, not observed in the case of stoichio-
metric Cu,O (Table 2), are due to electronic defects in
the cuprous oxide.

The superficial layer of copper(l) oxide, formed by
oxidation of ETP copper in air at 573 K (annealing
time 5 min) was analysed by electron microprobe. The
average atomic concentration of oxygen and copper
(excitation energy: 6kV) corresponds to the CugOs

%
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Fig. 1. Optical spectrum of copper oxidized in air at 523 K. curve (a)
2, (b) 10, (c) 30 and (d) 60 min.

formula [3]. A model based on that of Tolstoi [11] has
been developed by Machefert [12] in order to explain
the influence of electronic defects on the optical spec-
trum of cuprous oxide. The calculation with the oft-
quoted experimental gap value of 2.2eV leads to an
absorption band at 510 nm for copper vacancies and
another at 670 nm for oxygen vacancies.

The electronic defects can be more precisely identi-
fed on photoluminescence spectra of samples oxidized
at high temperature (~1273-1323K). It has been
established that the luminescence spectrum of Cu,O
crystals contains three bands at 0.72, 0.82 and 0.93 ym.
The short-wave bands are attributed to oxygen vacan-
cies and the i.r. band at 0.93 um to copper vacancies.
In all the important features the spectra measured in
thin Cu,O films (1.0 to 3.0 um) [13] are identical to
those measured in thicker films [14] to [16] or in crys-
tals at the same temperature. Studies of Cu,O excita-
tion at 77K have shown that the relaxed exciton
emissions at oxygen and copper vacancies are readily
observable for all wavelengths from 630 to 400 nm.
The excitation spectra for the 920 nm copper vacancy
emission reveal three components at 480, 540 and
590 nm (intensity maximum at 480 nm).

Wieder and Czanderna [17] have studied the optical
properties of CuQy,, (or Cu;0,) thin films obtained
by low temperature oxidation of copper films. From
the transmittance and reflectance measurements in
the wavelength region of 400 to 800 nm these authors
deduced the wavelength dependence of the optical
constants (refractive index and absorption coefficient).
The appearance of the dispersion peak in the index of
refraction curve of CuQy; at about 2.34eV is charac-
teristic of the presence of an absorption edge at that
energy (in agreement with the 2.3 eV value for the gap
width, at room temperature). The absorption curve of
this oxide is characterized by the absence of a peak in
the range 400-550 nm and by a very strong unexplained
absorption below the band gap. At 400nm, the
absorption coefficient of CuQOyg; is stronger by one
order of magnitude than that of bulk Cu,0O.

Jaenicke et al. [2] have observed Cu,;0, during oxi-
dation of either Cu,O or Cu. The range of stability of
Cu;0, is greater than found previously.

3.3. CuO

The optical spectrum for cupric oxide is characterized
by an abrupt rise in absorption in the range 800-
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Table 2. Theoretical and experimental data relative to optical spectra of cuprous oxide.
Samples Transition energy (eV')
A EPB E, E, c Ref.
Cu,0 Experimental 4 333 430 475 550 5]
stoichiometric penmental s 3 ¢ 430-450 470 490 560 at 77K)  [6]
. 3.30 4.0-4.40 4.70 5.10 7
Theoretical {3.79 4.03 455 494 520 8]
Cu,O non-stoichiometric 234 3.09 377 4.5-4.95 (at 77K) this study
(high temp.) (530) (400)
Cuprous oxide 2.25-2.58 2.82-2.95 3.75-3.80 4.75-4.95 [9], {10} and
this study
Cu,0, (550-480) (440-420) (330-325) (260-250)
(low ternp.)

360 major peaks

(530) wavelength in nm

900nm. No other salient features are observed up
to 200nm. The u.v.-vis.-n.i.r. spectrum of the 3d’
Jahn-Teller in an octahedral environment is well
known and consists of three transitions: 0, 2Blg - ZAIg,
0,°B;, - B,,, 0;°B,, — ’E, in the range 600-1300 nm
(for MgO: Cu**, two bands are observed at about
9500 and 11230cm ™' [18]). The broad absorption
observed for CuO is due to the complex magnetic
structure and to a large overlapping between d-d tran-
sitions and charge transfer bands. The curve d on
Fig. 1 reveals the presence of CuO on a nen-stoi-
chiometric cuprous oxide film.

4. Study of the electrochemical reduction curves

Several investigators have recognized that techniques
based on electrochemical reduction can be useful for
characterizing oxide layers on copper [19] to [23].
Deutscher and Woods [23] have shown that both
copper oxides Cu,O and CuO could be distinguished
from the potentials of their cathodic reduction peaks
and concluded from their experimental results that the
Pops and Hennessy [2] galvanostatic method for deter-
mining oxides formed on copper in the wire industry
is very doubtful. Guinement [22] has studied copper
contamination in air containing different pollutants
and assigned the first peak on the voltammogram to
the reduction of Cu,0 and the second to the reduction
of CuO. This controversy led us to study the electro-
chemical reduction of copper oxides formed during
low-temperature oxidation using linear potential sweep
voltammetry.

4.1. Correlation between spectrophotometric and
electrochemical analysis

Figure 2 shows voltammograms obtained for samples
oxidized at 523K (the diffuse reflectance spectra are
analysed in §2). A brief analysis of experimental data
is summarized in Table 3.

In all voltammograms, the first minor peak near
—0.5V/SCE is attributable to an oxide similar to the

precursor Cu,O and the major peak in the range
—0.75-0.85V to the reduction reaction Cu™ + ¢ - Cu
in the non-stoichiometric cuprous oxide. In Fig. 2d
and 2c, the peak at —0.65V can be assigned respect-
ively to the first step reduction of CuO or to that
of a precursor of CuO [24] (the reduction of CuQ
powder on a copper substrate is characterized by two
unresolved peaks at —0.67 and —0.83V/SCE [11].

In order to prove these conclusions, we have investi-
gated the optical spectrum of two samples oxidized at
573 K and reduced progressively in the electrochemi-
cal cell.

The first sample was etched in nitric acid and rinsed
in absolute ethanol before thermal oxidation (573K,
60min). The oxide layer consisted of a thin outer
cupric oxide film on an inner non stoichiometric
copper(l) oxide layer (Fig. 3a). The spectrum of the
sample reduced up to —0.75V (Fig. 3b) shows a sig-

(a) (b)
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1251

Fig. 2. Potential scansat 0.5mV s~ in 0.1 M borax for the reduction
of oxides grown on copper at 523K in air during different times:
(@) 2, (b) 10, (c) 30 and (d) 60 min.
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Table 3. Analysis of OFHC copper oxidation at 523 K

Samples annealed at 2mn 10mn

523 K during:

30 mn 60 mn

Nature of oxide from Precursor
spectrophometric

analysis

Film thickness (nm) 20 130
(by coulometric study

Peak position on
voltammograms
(V/scE)

—0.47; -0.77

n.s. cuprous oxide

—047; —0.77

n.s. cuprous oxide n.s. cuprous oxide

+ CuO

250 400

—0.50; —0.65; —0.87 ~0.50; —0.65; —0.85

n.s.: non-stoichiometric.

nificant decrease of the absorption in the range 600
850 nm due to the first step of the reduction of CuO;
the spectrum of the non stoichiometric cuprous oxide
is unchanged. If the reduction is extended up to
—0.80V, the spectrum reveals the absence of cupric
oxide and a slight decrease of the bands in the
range 400-500 nm relative to the non-stoichiometry of
copper(I) oxide. So, the reduction of CuO is achieved
and that of cuprous oxide starts.

Similar results were obtained for the second sample
mechanically polished before the oxidizing treatment
(573K, 30 min), but this approach allowed the deter-
mination of the thickness by optical interferometry.
The results show that CuO is reduced before the
copper(I) oxide, in the range —0.70-0.80 V.

The reduction of cuprous oxide becomes really
effective for more negative potentials (< —0.80V) as
shown by the data in Table 4.

The decrease of absorption near 500 nm (Fig. 4c)
suggests that the outer part of the cuprous oxide layer
contains more copper vacancies than the middle layer.

In conclusion, the electrochemical reduction of
copper oxides in complex layers gives rise to the reac-
tions (Fig. 5).

500 1000
Wavelength (nm)

Fig. 3. Optical spectra of an ETP copper sample oxidized in air at
573 K (60 min) before reduction (a) reduced up to —0.75V (b) and
up to —0.80V (c) in 0.1 M sodium acetate.

Cu’" + ¢~ — Cu™ in the range —0.60-0.75V (1)
(CuO)

Cu® + ¢~ —> Cu’ near — 0830V )
(CuO)

Cu' + ¢& — Cu’in the range —0.85-0.95V (3)
Cuprous oxide

An overlapping of Reactions 2 and 3 may be
observed (increasing thickness shifts the peak posit-
ions to more negative potentials). Our results are in
excellent agreement with those of Deutscher and
Woods [23] and contradict the conclusions of Pops
and Hennessy who mistook CuO for Cu,O in their
study of the reduction of oxide layers formed on
copper wires during annealing for 5s at different tem-
peratures in the range 373-773 K [20].

1,54

500 1000 1500
Wavelength (nm)

Fig. 4. Optical spectra of an ETP copper sample mechanically
polished and oxidized in air at 573 K (30 min) before reduction (a),
reduced up to —0.80V (b) and up to —0.85V (¢) in 0.1 M sodium
acetate.
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Table 4.

Initial stage  Sample reduced up to V/(SCE)

—0.75 —0.80
1.045 1.03 1.05

—0.85

Thickness (um) 0.965

4.2. Influence of the electrolyte: analytical
applications and limitations of the electrochemical
study

The following electrolyte solutions were used for
experiments: 0.1 M borax, 0.1 M sodium acetate and
0.1 M NaCl. Investigations were carried out on ETP
copper samples (etched or mechanically polished)
heated in a furnace held at 573 K. The voltammogram
observed for the same heat treated samples are similar
in different electrolytes; in borax a small shift (0.05-
0.10V) towards more negative potentials is observed.
Fig. 6 presents the reduction scans in borax for
mechanically polished samples. The experimental data
are listed in Table 5.

Sometimes, the voltammograms present a peak or a
shoulder in the range —0.50-0.70 V/SCE (Fig. 6a and
6b) whereas other analytical methods (XRD, XPS or
diffuse reflectance spectroscopy) do not indicate the
presence of copper(I1) species (CuO or its precursor).
This may be assigned to a copper(l) oxide less stable
than Cu,O (as the precursor Cu,O). A similar result
was obtained by Deutscher and Woods [23] on the
voltammogram of an oxide formed by “‘electrochemi-
cal ageing”: a peak at — 0.70 V is observed in addition

Cu* +e - cu®
Cuprous oxide

Jeo

I (uA)

Cut +e cu®
(Cuo)
Cu2t e cu*
(Cuo)
o T T T T T
-0,4 -1
E(V/scE)

Fig. 5. Evidence of three reduction reactions for an ETP copper
sample oxidized at 573 K (15 min).

a b c d
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-0,4 -1 -0,4 -1 -04
E{(V/scE)

Fig. 6. Electrochemical reduction curves of ETP copper samples
oxidized at 573K (reduction speed: 0.5mVs™!, 0.1M Na,B,0,) 2
(a), 4 (b), 10 (¢) and [Smin (d).

to the first peak attributable to the precursor. This
change in the voltammetric curve is considered by
different authors to arise from restructuring of the
copper(I) oxide layer, making it more difficult to
reduce [23], [25], [26]. Thus, whereas the initial oxide
can be reduced close to the reversible potential, a
significant overpotential is required to reduce the
more stable compounds.

The scan characteristic of the sample 3 (Fig. 6¢)
reveals three copper oxides: two copper(I) oxides
including a non-stoichiometric cuprous oxide (peak at
—0.88V) and a precursor of CuQ (identified by an
absorption band at 700 nm on the optical spectrum).
A similar example is observed in Figs ic and 2c. The
voltammogram of the sample oxidized for 15min
(Fig. 6d) shows unambiguously the two steps due to
reduction of CuO (—0.62 and —0.80V) and the
major peak (— 0.93 V) attributable to the reduction of
the copper(l) oxide.

These experimental data show that the electro-
chemical method is a valuable technique for the
identification of copper oxides in corrosion layers.
Nevertheless, in complicated cases, the simultaneous
use of a non-destructive method like diffuse reflec-
tance spectrometry, Raman or FTIR spectroscopy is
indispensable for unambiguous characterization of
different species.

Table 5.
Samples { 2 3 4
Annealing time (s) 2 4 10 15

at 573K in air

—0.68 (sh) -—0.61 ~0.60 (sh)
—0.67
—0.62

Cathodic peak —0.80

positions (V/sce) —0.80* —0.83* —0.88" —-0.93

(*Cut + e - Cuw
Cu(1) oxide

Thickness* (nm) 40 70 300 350

* From optical measurements; sh: shoulder.
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In view of further analytical applications, the elec-
trochemical reduction of thin CuCl films grown on
copper has been studied in 0.1 M borax and 0.1M
NaCl. The peaks attributable to the reduction of Cu™
in CuCl are respectively observed at —0.58V and
—0.40 V/SCE in these electrolytes. So electrochemical
evidence of CuCl in corrosion layers formed on copper
by atmospheric contamination requires the use of
NaCl as electrolyte for the experiments.

5. Conclusion

The potentials at which copper oxides are reduced vary
with oxide thickness and with the non-stoichiometry
for cuprous oxides. Nevertheless, the association of a
non-destructive technique such as diffuse reflectance
spectroscopy and electrochemical methods allows the
identification of the different species present in corro-
sion layers on copper surfaces. The reduction of CuO
involves two steps and takes place before that of
Cuy,0.
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