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Photoelectrochemical properties of oxide layers
formed on sputtered copper coatings in Cu(Il)
solutions containing ethylenediamine and (-alanine
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Copper layers obtained by magnetron sputtering on glass substrate were exposed to

0.01 M Cu(l) solutions containing 0.005 M ethylenediamine or 0.04 M of
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B-alanine at pH 5.2 and 6.0, respectively. According to XPS data, non-uniform

layers involving cuprous oxide are formed with the absorption coefficient equal to
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(5.7-5.8) x 10* cm™". When the Culsolution boundary is excited by the pulses of

polychromatic light, oxide layers display the types of conductivity that are opposite
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to these established for the galvanic copper coatings under the same conditions.

Photopotentials and photocurrents also change their sign when the light perturbation
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is directed to the glass|Cu boundary.
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INTRODUCTION

Investigations of oxide layers developed on copper elec-
trodes are interesting from various points of view. They
involve various conditions of oxide formation such as
heating in air atmosphere, corrosion processes, anodic
oxidation, etc. However, there are too many of them to
be described here in detailed. We will focus our atten-
tion on the layers formed in electrochemical systems
containing ligands that are capable of forming various
Cu(Il) complexes. A spontaneous formation of Cu,O
often attends the electroreduction of Cu(Il) and may
affect not only the kinetics, but also the mechanism of
a charge transfer reaction [1]. Oxide layers developed
in such systems are interesting by themselves because
their properties may be essentially different from those
known for monocrystalls or polycrystalline compacts. The
latter substances are classified as p-type semiconductors
and are sensitive to optical perturbation. However, elec-
trochemically formed Cu,O layers demonstrate not only
the common p-type behaviour, but often acquire the so-
called “anomalous” n—type conductivity [2—8]. Various
reasons for such effect have been discussed including
certain peculiarities of thin layers [9], anion adsorption
[10] or deviations from the stoichiometry in oxygen-
containing layers [2, 11, 12]. At present, there are no
doubts that the properties of oxide layers strongly de-
pend on the conditions under which they are built up.
The nature of ligands as well as the composition of
ligand-containing solutions is of great importance here.
These questions are elucidated in more detail in [13].
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This paper deals with further investigations of the
main regularities concerning oxide layers spontaneously
developed in ligand-containing systems. For this purpose
we chose two systems, the properties of which had been
studied more exhaustively and which had yielded oxides
of different types. These systems were the following:

a) Cu|Cu(Il), ethylenediamine system with favourable
conditions for the formation of p-Cu,O [5, 14, 15], and

b) Cu|Cu(Il), B-alanine system, where n-Cu,0 is
mainly formed [3, 4, 16, 17]. At the same time, instead
of the electrodeposited copper coatings applied in the
above investigations, we turned our attention to the cop-
per layers obtained by magnetron sputtering on a glass
plate. The main advantage of this technique was that it
offered more experimental possibilities due to the trans-
parent (glass) substrate.

EXPERIMENTAL

Copper layers were obtained by magnetron sputtering
onto a 1.2 mm thick glass substrate in a device VUP-
5M (Ukraine). Commercially available copper of high
purity was used for this purpose. The sputtering cham-
ber was evacuated and filled with argon, the pressure
of which was maintained at 0.1-0.2 Pa. The tempera-
ture in the chamber was about 50 °C. The argon ioni-
sation operated at a voltage of 450 V and a current of
60 mA. The sputtering that lasted 10-20 minutes was
enough to obtain 0.3-0.5 pum thick copper layers.
Next, the prepared samples were kept for the con-
trolled time t in 0.01 M Cu(Il) solutions containing 0.3
M K,SO, as a supporting electrolyte and: a) 0.04 M
B-alanine (pH 6.0), or b) 0.005 M ethylenediamine
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(pH 5.2). Then photoelectrochemical experiments were
carried out in the same solutions. Two types of measure-
ments were employed: a) the investigation of the dyna-
mics of photopotential under open-circuit conditions, and
b) the investigation of photocurrents under linear poten-
tial sweep conditions. A three-electrode cell with a
quartz window was used in the experiments.
Electrode potentials were measured with respect to the
Ag|AgClKCl(sat) reference electrode and were conver-
ted to the standard hydrogen scale. Cyclic voltammetric
characteristics were recorded at a potential sweep rate
of 10 mV s!'using a PI-50-1 potentiostat (Russia). All
experiments were performed at 20 + 1 °C.

Two different ways of a chopped optical perturba-
tion from a 150 W halogen lamp were applied. In the
first case, the polychromatic light was directed through
the quartz window, passed the solution under investiga-
tion and fell on the electrode. So, the copper|solution
boundary was affected in this case. The power density
of polychromatic illumination was controlled by an
LM-2 device (Germany) and was estimated to be equal
to ~90 mW cm™. In the other case, the light beam
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Fig. 1. Cu 2p,, spectra of the sample obtained by magnetron

sputtering. The thickness of the surface layer removed with
Ar* beam is indicated at the respective curves

passed from outside through the glass substrate and per-
turbed mainly the copper|glass interphase. To assess the
absorption coefficient in the Cu,O layer, the power den-
sities of falling, reflected and outgoing light beams were
measured using the LM-2, SiO, photodiode, thin glass
plates and optical fibers.

More than 15 samples were investigated. The most
typical results that reflect the main photoelectrochemi-
cal peculiarities of the systems were selected for the
presentation below.

X-ray photoelectron spectroscopy (XPS) experiments
were performed with an Escalab MKI11 spectrometer
(United Kingdom) using the samples formed at different
immersion times. The source of excitation was a double
anode with Mg Ko line radiation whose energy was
1253.6 eV and power was 300 W (15 kV, 20 mA). The
spectrometer was calibrated against Cu 2p,, at
932.4+0.1 eV, Ag 3d,, at 368 £ 0.1 eV and Au 4f , at
83.6 £ 0.1 eV. The pressure in the UHV analyzer cham-
ber was maintained at 1.33 x 10”7 Pa. The spectra for
every element were recorded 3-5 times and the data
obtained were averaged and compared with the stan-
dards [18]. The samples were also etched by ionised
argon at a current of 100 uA/cm? that corresponds to
an etching rate of ~30 nm min".

RESULTS AND DISCUSSION

A typical example of Cu 2p,, spectra for a copper lay-
er obtained by magnetron sputtering is shown in Fig. 1.
A single line corresponding to the metallic copper is
observed at 932.2 eV for different depths (x) of the
layer attaining 450 nm, where at 937.5 eV there ap-
pears the extra line. It could be attributed to CuSiO,.
This means that the surface of the glass substrate is
reached when etching the copper layer with Ar" ions.
These data were used for the estimation of the thick-
ness of the Cu layers formed on the glass plates.
The Auger spectra shown in Fig. 2 were obtained
for the copper layers that were kept for 24 hours in the
solutions under investigation. It may be seen that a no-
ticeable part of copper is oxidized with the formation
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of Cu,0. In the case of ethylenediamine system, the
content of Cu,O is approximately the same at different
depths. Cuprous oxide prevails only at the very surface
of the glass substrate. A similar picture is also observed
for the surface layers in the case of B-alanine system.
However, a deeper penetration of oxygen into copper is
more inhibited as compared with the previous case. As
a result, the metallic copper prevails at x > 150 nm.

The absorption ability of the layers was estimated
by means of a well-known equation

Ix)=1, (1 — R) exp(-ow),

where o is the absorption coefficient, R =1 / I is the
reflection coefficient, /, I and /(x) are the intensities of
the applied, reflected and passed light, respectively. The
last three quantities were measured as described above.
It was obtained that o =35.7 x 10* cm™ for the layers
formed in the ethylenediamine system and o =5.8 x 10*
cm™ in the case of the B-alanine system. Such o values
are typical of semiconductors, where fundamental ab-
sorption occurs due to the transfer of electrons from
valency to a conductance band. The obtained results
show that about half of the optical irradiation is already
absorbed in 120 nm thick layer and only 4-7% goes
outside.

The equilibrium potential of Cu electrode in the
ethylenediamine solution is equal to 0.238 V [6]. How-
ever, the observed open-circuit potentials E  ranging
from 0.250 to 0.256 V are higher and, consequently,
indicative of oxide formation. The response of this sys-
tem to light pulses may be seen from Fig. 3. The ne-
gative photopotential (£ ) arises when the Culsolution
boundary is excited. The level of the response shows a
tendency to increase with the exposure time. A compa-
rison of these data with analogous characteristics ob-
tained in [6] for galvanic coatings shows that: a) E_
for the sputtered coatings is by ~10 mV less, b) Eph
observed for the sputtered and galvanic coatings have
opposite signs, and c) | Eph | is twice as high when
galvanic coatings are used.

The dynamics of the electrode potential is quite other-
wise when the optical perturbation is directed towards
the glass|Cu boundary. The photoresponse is significant-
ly weaker in this case, but this cannot arise from the
light losses in the glass that are less than 8%. The main
difference, however, lies in the fact that Eph in some
cases (at moderate exposure times) are positive.

Somewhat similar phenomena are observed in the
B-alanine system (Fig. 4). The average £ in this case
is ~0.265 V and is consistent with data obtained earlier
[19]. In contrast with the previous system, positive pho-
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Fig. 3. Response of open-circuit potential £ to optical perturbation. Cu electrode was immersed for the
indicated time 7 into the solution containing 0.01 M Cu(Il) 0.005 M ethylenediamine and 0.3 M K,SO, at
pH 5.2. The boundary that was exposed to light is also named at the respective curves
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Fig. 4. The same as in Fig. 3 obtained for the P-alanine
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Fig. 5. Voltammograms obtained under chopped illumination con-
ditions for the ethylenediamine system. Exposure time t 24 h

topotentials are observed when the Cu|solution bounda-
ry is excited. Again, E, for the sputtered and the gal-
vanic coatings [4] have opposite signs and, as described
above, E, changes its sign when the glass|Cu boundary
is perturbed.

The potentiodynamic data discussed above are in ag-
reement with the photovoltammetric behaviour of the
systems. In the case of the ethylenediamine solutions,
the photocurrents (iph) are not high (Fig. 5). However,

system

it is possible to detect that [, are positive (anodic) at
low cathodic polarizations. This fact as well as the ne-
gative £ referred above is indicative of n-type con-
ductivity that displays itself when the Culsolution boun-
dary is excited.

A similar regularity retains for the B-alanine system
as well. This can be seen from a comparison of Figs. 4
and 6: negative photocurrents are compatible with posi-
tive photopotentials. Hence, the oxide layers formed in
this system exhibit p-type conductivity at the Culsolu-
tion boundary.

It is more difficult to ascertain whether this regula-
rity is also valid for the glass|Cu boundary, since the
photocurrents are weak in this case. Though negative
photocurrents are generated at £ < 0 (Fig. 6, upper part),
it could be stated that they are positive at low cathodic
polarizations, since a certain inversion potential (£, )
may be detected at ~0.2 V, where i, changes its sign.
Similar effects have been observed earlier for n-Cu,0
developed in the [B-alanine system [4], and E, = was
treated as a flat-band potential. In the case of semicon-
ducting oxide layers, its position should depend on the
solution pH that was actually observed in the experi-
ments [4].

In summary, it seems possible to conclude that the
oxides developed on the copper layers obtained by mag-
netron sputtering exhibit specific photoelectrochemical
properties. Moreover, the characteristics of the photo-
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Fig. 6. The same as in Fig. 5 obtained for the P-alanine
system

response depend also on which boundary, Culsolution
or glass|Cu, is excited. The latter effect seems to be
impossible in the case of homogeneous oxide layers.
This phenomenon could be related to a certain extent
to a non-uniform distribution of oxygen that is respon-
sible for the deviations from the stoichiometry in the
oxygen-containing layers. It is not clear for now, whe-
ther the established regularities are universal for these
thin irregular layers. To understand the nature of the
phenomena occurring in such systems in more detail,
further investigations are required.

CONCLUSIONS

1. Non-uniform layers involving cuprous oxide are
formed on copper and obtained by magnetron sputter-
ing on a glass substrate when they are exposed to 0.01
M Cu(II) solutions containing ethylenediamine or p-ala-
nine at pH 5.2 and 6.0, respectively.

2. When the Cu|solution boundary is excited by the
pulses of polychromatic light, the oxide layers formed
in the ethylenediamine and f-alanine systems exhibit n-
and p-type conductivities respectively. The signs of the
photoresponse are opposite to the ones established for
the galvanic copper coatings under the same conditions.

3. Photopotentials and photocurrents change their
signs when light perturbation is directed to the glass|/Cu
boundary. In this case, the type of conductivity is simi-
lar to the one established for the galvanic coatings.
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OKSIDU SLUOKSNIU, SUFORMUOTU CU(I),
ETILENDIAMINO IR B-ALANINO TIRPALUOSE ANT
UZDULKINTU VARIO DANGU,
FOTOELEKTROCHEMINES SAVYBES

Santrauka

Vario dangos, gautos magnetroninio dulkinimo budu ant stik-
lo padéklo, buvo eksponuojamos 0,01 M Cu(Il) tirpaluose, tu-
rin¢iuose 0,005 M etilendiamino (pH 5,2) arba 0,04 M B-ala-
nino (pH 6,0). Rentgeno fotoelektroninés spektroskopijos me-
todu nustatyta, kad Siomis salygomis susidaro nevienalycCiai
Cu,O sluoksniai, kuriuose Sviesos absorbcijos koeficientas yra
lygus (5,7-5,8) x 10* ¢cm™'. Rezultatai, gauti Zadinant vario ir
tirpalo sandiira polichromatinés Sviesos impulsais, rodo, kad ok-
sidy laidumas yra prieSingo tipo, negu tas, kuri igyja sluoks-
niai, suformuoti ant galvaniniy dangy tomis paciomis salygo-
mis. Kai zadinanti $viesa yra nukreipta | vario ir stiklo sandiira,
fotopotencialai ir fotosrovés pakeitia savo zenkla.



