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Sol-gel synthesis and physical properties of CuO:La
nanocomposite thin films
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CuO and CuO: La nanocomposite thin films have been deposited by the sol-gel process using the spin coating technique.
Lanthanum at two different concentrations was introduced in thin layers having a thickness corresponding to three layers.
The structural characterization by XRD reveals that the deposited CuO and La doped CuO thin films are monoclinic and cubic
crystals structures successively, and also notes the presence of lanthanum copper oxide (La2CuQa4) which proves the insertion
of dopant in the matrix, and the crystallite size of the films pure was affected by La concentration and was found to be
decreased with the increase of La concentration. Raman measurement of CuO pure and CuO: La nanocomposite thin films
confirmed the structure of CuO and Cu20. SEM studies revealed a uniform and relatively dense surface with small pyramids
enveloping the nanometric-sized crystallite. It was found that the value of the optical energy gap increases with increasing of

La for all samples.
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1. Introduction

For a long time, significant efforts have been made to
explore new types of environmentally friendly materials for
various applications. Semiconducting materials play a
leading role in achieving this valuable goal. In particular,
semiconducting metal oxides are considered the most
attractive due to their exceptional physical and chemical
properties, making them suitable for a wide range of
applications [1,2]. Among them, copper oxide (CuQO) and
cuprous oxide (Cu20) stand out as promising candidates
due to their unique properties [3,4].

CuO, a p-type semiconductor, exhibits a narrow
bandgap (1.2 eV) and a high absorption coefficient (~ 10°
cm™) [5,6] making it suitable for applications in
optoelectronics, LEDs, sensors, photovoltaics, magnetic
storage devices, and lithium-ion batteries [7-10]. Its non-
toxicity, biocompatibility, and availability further enhance
its appeal for various technological applications [11-13]. On
the other hand, Cu0, also a p-type semiconductor, has a
bandgap of 2.17 eV and a cubic crystal structure [14,15]. It
is particularly promising for photovoltaic applications due
to its ability to convert solar energy into electricity
efficiently [16].

The remarkable properties of copper oxides can be
attributed to their unique electronic structures. In CuO, the
narrow bandgap facilitates efficient light absorption,
making it an excellent material for applications requiring
high optical absorption. In Cu,O, the presence of copper
vacancies introduces acceptor levels, enhancing its p-type
conductivity and making it suitable for applications in
transparent electronics and solar cells.

To exploit these properties, copper oxide thin films can
be synthesized using various methods. These methods
include: Sol-Gel method. This is a versatile and cost-
effective technique for preparing metal oxide films. It
involves the hydrolysis and condensation of metal
alkoxides or metal salts to form a sol, which is then
deposited on a substrate and converted into a gel. The gel is
subsequently dried and annealed to form a thin film. The
sol-gel method allows precise control over the film's
composition and thickness. Spin Coating: Often used in
conjunction with the sol-gel method, spin coating involves
depositing a small amount of the sol on a substrate, which
is then spun at high speed to spread the sol uniformly. This
technique is simple, scalable, and capable of producing
uniform thin films with controlled thickness [17]. Among
the other methods we mention: Chemical VVapor Deposition
(CVvD) [18], Physical Vapor Deposition (PVD) [19],
Hydrothermal Synthesis [20] and Electrodeposition [21].

In this work, we present the fabrication and
characterization of lanthanum-doped copper oxide thin
films, prepared by the sol-gel method and deposited by spin
coating. The characterization of the doped thin films was
carried out using techniques such as X-ray diffraction
(XRD), Raman spectroscopy, UV-Visible spectroscopy and
scanning electron microscopy (SEM). The obtained results
show notable modifications in the structure, bond
vibrations, morphology, and optical properties of the doped
thin films, highlighting their considerable value in scientific
and industrial fields due to their novel characteristics.
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2. Experimental

The precursor solutions for both undoped and La doped
CuO were prepared by the sol-gel method using copper (I1)
chloride anhydrous (CuCly) (98%, Biochem) and
lanthanum nitrate [La(NO3)3 3H20] (98%, Sigma Aldrich)
as the starting materials. The details of the preparation of
the undoped solution have been described elsewhere [22]
except that in this work the quantity of the solvent methanol
(CH30H) is 15 ml. La doping solution was prepared by
dissolving lanthanum nitrate [La(NQOs)s 3H20] in undoped
solution, to get a rate mass doping of 5% and 7% we
dissolving 0.2 g and 0.3 g in 15 mL successively. The
solution becomes homogeneous after stirring at 60 °C for
10 min.

Before deposition, the glass substrates were
successively cleaned with acetone, ethanol, and deionized
water in an ultrasonic bath. Undoped and La doped CuO
thin films were deposited on the glass substrates by spin
coating technique at room temperature, with a speed of
2800 rpm for 30 s. After each spin-coating process, the
films were kept on a hot plate at 100 °C in air for 10 min to
remove the organic contaminants. This cycle of the coating
and drying process (one layer) was repeated to produce
undoped and La doped CuO thin films with a thickness
corresponding to three layers. Finally, all the films were
annealed in air, at 350 °C for 2 h.

The structural properties of the films have been studied
by X-ray diffraction (XRD) using a PANalytical X'Pert
PRO Diffractometer by scanning through 26 angle of 25-
60° with Cug, irradiation (A Cuk, = 1.5418 A). Raman
spectra were recorded by using a spectrometer (LabRAM
HR Horiba Jobin Yvon) equipped with a HeNe laser
providing an excitation wavelength of 632 nm. The surface
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morphologies of the deposited films were characterized by
field emission scanning electron microscopy (JSM-7610F
Plus). The optical absorption spectra were recorded using
an UV-Vis-NIR spectrophotometer (Shimadzu, UV-3101
PC) in the wavelength range 300-800 nm. All
measurements were carried out at room temperature.

3. Results and discussion
3.1. Structural analysis

Fig. 1 shows the adjustment of the undoped thin films
diffraction spectrum using the High Score plus software and
compared with JCPDS cards N° (98-005-3322) and N° (00-
045-0937) shows the presence of two phases tenorite (CuO)
of structure monoclinic and cuprite (CuzO) of structure
cubic in the pure thin layers with 84% cuprite and 16%
tenorite. Fig. 2 shows the adjustment of the diffraction
spectrum of thin layers of copper oxide doped with La 5%,
using the High Score plus software shows the presence of
two phases, tenorite (CuO) (monoclinic structure) with 71%
and the cuprite phase (Cu20) (cubic structure) with 9%, and
we observe a characteristic peak of lanthanum that of
La,CuQg; which resulted from La%* ions when cooperate
with the CuO particle matrix to form La-Cu-O solid
solutions since the radius of La® (r = 1.95 A) is larger than
that of Cu?* (r =1.28 A°); the difference in the ionic radii of
the host and the dopant atom results in changes in the lattice
parameters of the system. Fig. 3 shows the adjustment of
the diffraction spectrum of thin layers of copper oxide
doped with 7%, we observe that the presence of only one
phase of tenorite (monoclinic structure).
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Fig. 2. Adjustment, using High Score Plus software, of the diffractograms corresponding to thin layers of copper oxide doped with 5%
La (color online)
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Fig. 3. Adjustment, using High Score Plus software, of the diffractograms corresponding to thin layers of copper oxide doped with 7%
La (color online)

The structural parameters, such as grain size (D), where D is the crystallite size, A = 1.5418 A is the X-ray
FWHM (P), strain (g), lattice spacing (d), and dislocation wavelength, B the FWHM of the peak, and 0 is Bragg's
density (8) for undoped and CuO: La nanocomposite thin angle. The strain values were calculated from the following
films were estimated from the XRD patterns. The average relation:

value of the grains size was estimated from the XRD peaks, e = B @
according to Debye Scherrer's formula [23]: 4tan(0)
0,91 The lattice spacing (d) values for all films were

- B cosb @) calculated using Bragg's equation:
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2d sin 6 = na 3)
where n is the order of diffraction, A is the wavelength of
the X-ray pattern, and 6 is the angle of X-ray diffraction.
The dislocation density (3), which indicates the density of
defects in the CuO films, was calculated using the following
equation:

4)

where D is the crystallite size.

The lattices parameters were calculated using the
following equations for CuO monoclinic structure and for
CuO cubic structure respectively:

11 h?  Kk2?(sinp)? 1> 2hlcos ,8]
dz ~ (sinp)? [az b2 + c? ac ®)
1 _h2+k2+]?
R @ ©

where, d is the inter-planer distance and (h, k, and 1) are
Miller indices for the particular Bragg reflection.

Table 1. Structural parameters of CuO pure and CuO:La nanocomposites thin films

Echantillon 20(°) | (hkl) FWHM(®) | D(m) | dwa(A) | 8x10% | £x103 a(A) b(A) | c(A)
(nm?) | (line2.m*)

CuO pure 36.7 (111) 0.41508 21.00 2.1267 22.67 321.98 4.254 / /
42.6 (200) 0.44529 20.00 2.4508 25.00 300.58 4.255 / /
35.8 (111) 0.52109 16.75 2.5062 35.64 417.24

CuO/La5% 35.8 (002) 0.52109 16.75 2.5062 35.64 417.24 4.692 3.450 | 5.180
38.9 (200) 0.44323 19.87 2.3135 25.32 324.87
35.8 (002) 0.50322 17.34 2.5062 33.26 403.49

CuO/La7% 35.8 (111) 0.50322 17.34 2.5062 33.26 403.49 4.692 3.450 | 5.180
38.9 (200) 0.54036 19.87 2.3135 25.33 396.59

Tables 1 calculate and tabulate the different reduced the crystallite size, increasing the dislocation

parameters. As the dopant concentration is increased, it can
be observed that the FWHM increases and the peak
intensity increases too. This indicates that the strain factor
caused by the synthesis method and the dopant used have

density. It also confirms that the La®* ions have replaced the
Cu?* lattice sites or interstitial sites in the sample, causing
strain to be applied to the system.
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Fig. 4. SEM images of (a) undopped CuO thin film, (b) CuO:La 5% and (c) CuO:La 7%

The surface morphology of the prepared copper oxide
thin films was revealed through the SEM image shown in
Fig. 4 It shows a homogeneous particle distribution of the
CuO/Cuz0 nanoparticles. By comparing the three
micrographs, we see that the surface morphology of the
doped samples presents a uniform and relatively dense
surface with small pyramids enveloping the nanometric-
sized crystallites. The pure sample surface morphology
shows a homogeneous distribution of grains. It is also clear
that the sizes of the crystallites are very small and difficult
to see, which confirms the results found by XRD.

3.2. Raman analysis

Raman scattering spectra of CuO-Cu,O copper oxide
thin films were measured, as shown in Fig. 5. According to
subsequent studies, the five peaks at 201, 300, 406, 489 and
638 cm™!and the three peaks at 274, 328 and 627 cm™ are
the Raman fingerprints of Cu,0O and CuO, respectively [24].
The spectrum reveals the presence of two very distinct
peaks at 285 and 335 cm™ attributed to the Aq and By(1)
modes of copper oxide tenorite phase (CuO) respectively,
and also notes the shift of these peaks towards high
wavelengths (red shift). This shift is due to the quantum
confinement induced by the small size of the crystallites.
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The Raman spectra also reveal a shoulder spanning from
523 to 650 cm* attributed to the cuprite (Cu,O) phase [25].

p-Raman and XRD confirm the formation of two-phase
copper oxide tenorite (CuO) and cuprite (Cuz0) in all
samples.
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Fig. 5. Raman spectra of undoped CuO and CuO.La nanocomposites (color online)

3.3. Optical analysis

The optical properties of undoped CuO and La doped
CuO thin films on glass substrates have been determined by
using visible absorbance spectrum in the region of (250-
900) nm, also calculate the optical energy gap for direct
transition. The optical absorbance dependence on the
wavelength (A) in the spectra range 250-900 nm for
undoped and doped CuO: La nanocomposites thin films
measured at thicknesses of three layers are shown in Fig. 6.

Films are higher absorption on the shorter wavelength side
(ultraviolet region), and low absorption on the higher
wavelength side (visible region). The spectra reveal that the
absorbance was decreased by the increase in doping. The
values of optical energy gap E, for three samples have been
determined using second differentiate are shown in Fig. 7.
It found that the values of the gap are increasing with
increasing concentration of La for all samples, and it found
that the values increase from 1.3 to 1.43 eV.
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Fig. 6. Optical absorption spectra for undoped CuO and CuO:La nanocomposite thin films
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Fig. 7. Band gap energy for undoped CuO and CuO:La nanocomposite thin films

4. Conclusion

The physical properties of undoped CuO and La doped
CuO nanocomposite thin films, deposited on glass
substrates by a sol-gel method, were investigated. Structural
analysis revealed the polycrystalline nature of the CuO and
CuO: La nanocomposite thin films with a monoclinic and
cubic structures, the crystallite size decreased. The SEM
images of the CuO thin films showed that the La doping
concentration affects the surface morphology of the CuO:
La nanocomposite thin films. The spectra of the absorbance
reveal that the absorbance was decreased by the increase in
doping. The values of direct optical energy gap increasing
with increasing concentration of La for all samples. The
direct Eg increase from 1.3 to 1.43 eV, this blue shift is due
to the quantum confinement induced by the reduction in the
size of the crystallites.
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