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Abstract—Nanoscale copper (I) oxide layers are formed by magnetron-assisted sputtering onto glassy and sil-
icon substrates in an oxygen-free environment at room temperature, and the structural and optical properties
of the layers are studied. It is shown that copper oxide formed on a silicon substrate exhibits a lower degree of
disorder than that formed on a glassy substrate, which is supported by the observation of a higher intensity
and a smaller half-width of reflections in the diffraction pattern. The highest intensity of reflections in the
diffraction pattern is observed for Cu,O films grown on silicon at a magnetron power of 150 W. The absorp-
tion and transmittance spectra of these Cu,O films are in agreement with the well-known spectra of bulk crys-
tals. In the Raman spectra of the films, phonons inherent in the crystal lattice of cubic Cu,O crystals are iden-

tified.
DOI: 10.1134/S1063782617010110

1. INTRODUCTION

In recent years, interest has grown in studies of
metal-oxide semiconductors and heterojunctions on
their basis for applications in light-emitting diodes,
spintronic devices, and solar cells (SCs). In this group
of semiconductors, copper (I) oxide is one of the most
attractive materials from the standpoint of photovolta-
ics because of its nontoxicity and low price. Copper (I)
oxide (Cu,0) is a direct-gap, usually p-type semicon-
ductor, with a band gap of about 2.2 eV; the absorption
coefficient of copper (I) oxide reaches 10° at about
2.6 eV [1]. The theoretically calculated Schockley—
Queisser limit efficiency of SCs based on copper (I)
oxide is about 20% [2]. However, at present, it is
impossible to attain a high efficiency because of the
problem of the production of Cu,O films with a low
content of defects. By the beginning of 2016, the
experimentally attained efficiency of SCs based on the
Zn0O/Cu,0 oxide heterostructure is 6% [3], whereas
the efficiency attained in 2009 was only 1%. The main
reasons for a low efficiency are the small values of the
short-circuit current and fill factor [4]. In ZnO/Cu,O
heterostructures, the main photocurrent losses occur

in the copper-oxide bulk and at the heterointerface
because of a high concentration of recombination cen-
ters. The small value of the fill factor is a consequence
of a low charge-carrier concentration in the light-
absorbing layer. In [5], a two-dimensional computer
model of a SC based on a Cu,0/Zn0O oxide hetero-
structure is presented; as the input data in this model,
the experimentally determined characteristics of oxide
semiconductors were used. This made it possible to
estimate the maximal attainable efficiency of a SC
based on the ZnO/Cu,0 heterostructure at 12% upon
illumination by an AM 1.5 source with the power den-
sity 10 mW cm™2; in this case, the short-circuit current
was 10 mA cm—2.

To form copper (1) oxide, a number of methods are
used. Among these, the most common method is the
high-temperature oxidation of copper in an oxygen
environment. Cu,O films grown by this method are
distinguished by their high-quality crystal structure
[6] and a hole mobility that can reach 110 cm? V-1 s,
However, the high-temperature of formation (above
1000°C) and difficult-to-control additional oxidation
of the layers to CuO limit the field of application of
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Fig. 1. Dependence of the Cu,0O deposition rate on the
magnetron power. Circles and dotted line refer to the
experimental data and their approximation, respectively.

such an approach. It is known that one of the main
factors that assist in reducing the cost of SC produc-
tion is the lowering of the temperature of the techno-
logical process. In addition, high temperatures (above
400°C) are often responsible for degradation of the
individual components of SCs. This is specifically true
for silicon which can be potentially used for the pro-
duction of a two-junction SC based on the Cu,0/Si
structure. It should be noted that the Cu,O bulk crys-

tals are cubic (the symmetry group O; ), whereas the
films can be orthorhombic [7].

The magnetron-assisted sputtering technique does
not require high temperatures for Cu,O formation and
allows the use of different materials as substrates,
including so-called flexible substrates. During magne-
tron-assisted sputtering, it is possible to precisely con-
trol the parameters of the growing film by varying the
magnetron power and the composition of the gas mix-
ture in the chamber.

The purpose of this study is to form nanoscale cop-
per (I) oxide (cuprous oxide) films on glassy and sili-
con substrates by magnetron-assisted sputtering and
to explore the structural and optical properties of the
films.

2. EXPERIMENTAL

To form copper (I) oxide nanolayers, we used a
BOC EDWARDS auto 500RF setup for radio-fre-
quency (RF) magnetron sputtering. The Cu,O nano-
layers were deposited onto single-crystal Si(100) and
glassy substrates. During layer growth, the substrate
temperature was not elevated above 40°C. As the
working gas, we used high-purity (99.9995%) argon;
the argon pressure in the working chamber was
0.18 Pa. The target was a disk made from sintered

SEMICONDUCTORS Vol. 51

No.1 2017

high-purity (99.9%) Cu,O (produced at Testbourne
Ltd.); the disk was 5 mm in thickness and 3 in. in
diameter. The rotational velocity of the holder with
samples was 60 rpm. The thicknesses of the growing
layers were determined with an AMBiOS XP-1 profi-
lometer. The reflectance and transmittance spectra
were recorded using Solar Laser Systems M266 and
MDR-206-2 spectrometers. The film surfaces were
analyzed with a Zeiss SUPRA 25 scanning electron
microscope (SEM). The X-ray diffraction (XRD)
spectra were obtained using a PANalytical X’PertPro
setup in the 6—26 mode of scanning. Raman scat-
tering of the Cu,0 nanolayers was studied with a
CENTERRA (Bruker) spectrometer in the backscat-
tering layout of the experiment; for comparison, under
the same conditions, we recorded the Raman spectra
of Cu,0 bulk crystals.

3. RESULTS AND DISCUSSION

From Fig. 1, it can be seen that the copper (I) oxide
deposition rate linearly depends on the magnetron
power. The copper (I) oxide films formed on silicon
substrates exhibit a sharp interface and a compara-
tively smooth surface (Fig. 2). It is established that, at
all sputtering powers used in the study, a barely notice-
able column structure can be seen in the transverse
cleavage of the copper (1) oxide. Such morphology is
often observed in the case of the low-temperature
magnetron-assisted deposition of oxides [2, 8], which
is a consequence of the low mobility of deposited par-
ticles on the substrate surface.

3.1. XRD

The XRD data for the copper (I) oxide layers are
shown in Fig. 3. It is evident that the highest intensity
of reflections for a Cu,0O layer formed on a glassy sub-
strate is observed at a magnetron power of 125 W. If a
silicon substrate is used, the highest intensity of reflec-
tions is observed for the sample formed at a power of
150 W. It should be noted that, for a stoichiometric
and strain-free copper (I) oxide crystal, the maxima of
the rocking curve are observed at the angles 36.45° and
42.33° for the (111) and (200) planes, respectively [9].
In the case under study, these maxima are shifted to
larger angles, which can be indicative of deviations
from the stoichiometric composition. In fact, Cu,O
formation was conducted in an argon atmosphere
without the addition of oxygen, and during bombard-
ment of the Cu,O target, a portion of oxygen atoms did
not reach the substrate because of their high chemical
activity. In such conditions, a copper (I) oxide layer
depleted of oxygen is formed.

From Fig. 3, it is evident that the half-width of
reflections from Cu,O layers deposited on glassy sub-
strates is considerably larger than that in the case of a
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Fig. 2. SEM images of Cu,O films deposited onto Si sub-
strates at the magnetron powers (a) 80, (b) 125, and (c) 200 W.

silicon substrate. This is indicative of the higher degree
of disorder of the copper oxide layer formed on the
glass.

3.2. Optical Transmittance

In the spectra of Cu,O bulk crystals, four interband
transitions that involve two valence bands and two
conduction bands are observed. Two optical transi-
tions at energies of about 2.2 and 2.3 eV are dipole-for-
bidden; strong dipole absorption starts from about
2.6 eV, at which the absorption coefficient reaches
10° cm~. Figure 4 shows the transmittance spectra of
Cu,0 layers fabricated in this study and the reflec-
tance spectrum of a bulk crystal, in which an excitonic
structure adjacent to the edges of two dipole-allowed
band-to-band transitions is observed. It can be seen
that the transmittance spectrum of the cuprous oxide
layer grown at a magnetron power of 150 W satisfacto-
rily correlates with the spectrum of the bulk crystal, in
contrast to the spectra of layers grown at lower or
higher powers of magnetron sputtering.
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Fig. 3. XRD rocking curve for 150-nm-thick Cu,O sam-
ples deposited on (a) glassy and (b) silicon substrates. The
magnetron powers are indicated at the top right of the
curves.
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Fig. 4. Transmittance spectra of Cu,O films grown on
glassy substrates at the magnetron sputtering powers
(1) 125, (2) 250, and (3) 50 W and (4) the reflectance spec-
trum of the Cu,O bulk crystal. The indicated energies of

interband transitions in Cu,O are expressed in eV. 7= 80 K.
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Fig. 5. Raman scattering spectra at room temperature.
(a) (1, 2) the Cu,O films grown (7) on silicon at the mag-
netron power 150 W and (2) on glass at the magnetron
power 125 W upon excitation with a laser emitting at the
photon energy 2.33 eV (Si denotes the Raman component
of silicon); (3, 4) the Cu,O bulk crystal excited with lasers
emitting at the photon energies (3) 1.58 and (4) 2.54 eV,
correspondingly, below and above the fundamental
absorption edge. (b) (7) the Cu,O film grown on glass at
the magnetron power 160 W and (2) the glassy substrate
upon excitation with a laser emitting at the photon energy
2.33 eV. The symmetry of optical phonons is indicated near
the corresponding Raman components.
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3.3. Raman Scattering

Raman scattering in cuprous oxide crystals was
explored in a number of studies [10—14]. As a rule,
Raman scattering was excited with lasers emitting at
photon energies higher than the energy of the edge of
the first interband transition; in such conditions,
along with standard Raman modes, other modes, spe-
cifically, dipole-active modes are evident in the scat-
tering spectra. It is worth noting that the cubic Cu,O
crystal lattice exhibits an inversion center and, in the
case of nonresonant scattering, only the Raman mode
is bound to be evident in the spectrum.

The Raman spectra of the Cu,O single crystal and
the layers grown on glassy and silicon substrates by
magnetron-assisted sputtering are shown in Fig. 5. In
these spectra, we can identify the Stokes components

corresponding to the 1’;5 Raman phonon (220 cm™')

and to the F[g) (150 cm~!) and Ff;z) transverse optical
(TO, 630 cm™!) and longitudinal optical (LO, 660 cm™!)

dipole phonons. The I';{” -symmetry vibration is the

principal ion mode of the crystal. In the scattering
spectra of Cu,O films, the I';5 (515-545 cm™), T,

(308 cm™!), and I'; (110 cm™!) phonons are evident.
Thus, the Raman spectra of the Cu,O layers produced
by magnetron-assisted sputtering are indicative of
their well-pronounced cubic crystal structure.

4. CONCLUSIONS

By magnetron-assisted sputtering, copper (I) oxide
nanolayers are formed on glassy and silicon substrates
in an oxygen-free environment at room temperature.
The structural and optical properties of the nanolayers
are studied. It is shown that the formation of copper
oxide on a silicon substrate occurs with a lower degree
of disorder compared to formation on a glassy sub-
strate. This is supported by the observation of a higher
intensity and a smaller half-width of reflections in the
XRD pattern. The highest intensity of reflections in
the XRD pattern is observed for the Cu,O films grown
on silicon at the magnetron power 150 W. The trans-
mittance and Raman scattering spectra of these films
are consistent with the spectra of cubic Cu,O bulk
crystals.
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