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ARTICLEINFO ABSTRACT
Keywar.ds: ) Designing and building up nanostructures that exhibit outstanding optical, electrical, mechanical, and magnetic
gﬂ(:zl:(ajhg)tﬂgeos)?irgelg?;f;;;gansparent properties, compared to bulk materials is attracting increasing attention worldwide. This work is an attempt to fabricate
Bandgap and characterize different metal oxides (MO) in the form of thin films that are applicable in diverse fields of industry
Refractive Index and technology. Cobalt oxide (Co304), copper oxide (CuO), iridium oxide (IrO2), zinc oxide (Zn0), and cadmium oxide

Spinel Structure.
pinel Structure (CdO) thin films were prepared by the sol-gel method utilizing the spin-coating technique. The crystal structure of the

films was analyzed by XRD. The films' morphology was investigated by AFM/FE-SEM. The optical properties of the films
were studied in detail. XRD results indicated the high purity and good crystallinity of the prepared films. XRD and FE-
SEM/AFM revealed the nanoscale and grain size of the films as well as their surface morphology and roughness. UV-vis-
NIR spectroscopy was utilized to evaluate the optical properties and band structure of all films. ZnO and CdO films
showed higher transmittance (79-89%) compared to about 62% for the other films. The optical band gap of the films
was found to be in the range of 1.7-3.2 eV. The refractive index of the films was evaluated. The sol-gel spin-coated films
are the best candidates for modern applications, including hydrogen production by water splitting, gas sensing, and
optoelectronic applications.

1. Introduction

MO are considered promising materials for various technological applications. The low cost, abundance, stability, resistance to photo-corrosion,
electronic structure, light absorption properties, and charge transport features are general advantages for these oxides [1,2]. This is besides their
different kinds, simple preparation routes, and environmental friendliness [3]. At the nanoscale, the increased specific surface area, high surface energy,
reduced imperfections, and the effects of confinement arising from the nano-structuration modify these advantages and improve the physicochemical
properties of MO, widening their multi-functionality [4-8].

Among the MO, cobalt oxide (Cos04) exhibits unique physical (optical, magnetic, and electrical) properties owing to the metal cation's multivalence, high
electrochromism, i.e., improved cathodic bleaching and anodic coloration efficiency. Moreover, Co;0, has a small bandgap of about 2.1 eV which make it suitable
for the photonic devices. Co3O, can be used as an effective hole transport, where it is a p-type semiconductor that adsorbs the O, from the air at the ambient
conditions and forms surface states [9, 10]. These properties encouraged the use of Co30, for energy devices (batteries), solar selective absorbers, high-contrast
displays, smart windows, water-splitting, and gas sensing [4, 10-12]. Additionally, CuO is abundant, exhibits interesting electrical, and optical properties, has
chemical stability, and is environmentally safe. It is monoclinic, has a narrow Eg"” (1.10-1.71 eV) and could achieve solar conversion efficiency of up to 33% for
a single-junction PV cell [13,14]. In addition, CuO is used in various fields of science and technology, including magnetic storage media, Na-ion batteries, gas
sensing, photocatalysis, and photoelectrochemical cells [15]. Moreover, CuO has been used in antimicrobial applications and nanofluid preparation [16].

Another MO is iridium oxide (IrO), which displays exceptional thermal stability and chemical resistivity towards aggressive basic or acidic media. Moreover,
its interesting electrochemical and optoelectronic properties make it the best choice for electrochromic displays, optical switching, automobile rear-view mirrors,
pH monitoring, as an electrocatalyst for the oxygen evolution reaction and anodic reaction in water electrolysis, and has been used in the chloralkali industry [17—
20].
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A special class of MO that combines good electrical conductivity with high optical transparency is named transparent conducting oxides (TCO), such as
Zn0O, and CdO. Film deposition and technology based on TCO attract increasing attention due to their application in various industrial fields and engineering.
Zinc oxide (ZnO) is also TCO, which is the second most widely studied semiconductor material after Si [21]. Its direct wide E;” of 3.25 eV and large exciton
binding energy (60 meV) allowed us to consider ZnO as a next-generation light-emitting diode (LED) [22]. The hexagonal structure of ZnO displays a strong
spontaneous piezoelectric polarization [21]. ZnO can block UV light and exhibits a relatively high electrical conductivity and high transmittance in the visible
region, which makes this material suitable for paints, cosmetics [23], as a front contact for dye-sensitized solar cells [24], and for photocatalytic dye degradation
in both basic and acidic media [25]. CdO is another interesting 11-V1 TCO, with high electrical conductivity of ~10® Q™ cm ™!, high mobility of ~146 cm?V s,
and carrier concentration of ~1.5x10% ¢cm™3, high transmittance in the visible region, and high reflectance in the infrared region. Its E;” is between 2.2 and 2.6
eV, depending on Cd interstitial Cd1:x) O or O vacancies CdO.x [26,27]. These properties encouraged the use of CdO in heat mirrors/antireflection coatings,
pigments, phototransistors, CdO/Cu,0 solar cells, photoelectrochemical (PEC) devices, IR detectors, and gas sensors [28, 29].

Various chemical and physical routes have been used for preparation of MO thin films. Balakarthikeyan et al. [30] developed Co03;0, for photo-detector
application by tuning the coating temperature through the spray pyrolysis method. Tso et al. [31] fabricated Na-doped IrO, thin film, by a sequential oxidative—
reductive technique, with an improved bio-sensing and bio-stimulating performance. C.-Guzman et al. [32] utilized a photo-deposition technique to prepare CuO-
loaded ZnO. At 1.0 % CuO loading, the ZnO film showed enhanced photocatalytic degradation of rhodamines. Therefore, this construction is suitable for waste
water treatment. Abd EI-Moula et al.[33] developed CdO/Cu/CdO thin film multilayers, applying the DC pulsed plasma sputtering technique, for some
optoelectronics self-cleaning applications. Among the used techniques for the thin film fabrication, the sol-gel spin-coating technique has some unique advantages,
including the simplicity, low cost, easy adjusting composition, simple deposition equipment, fabricating large-area films, the easy preparation of a homogeneous
mixture of two cations in the liquid state, and the non-use of any volatile compounds. Thus, it is an ideal technique from an economic point of view and for safe
handling reasons [34].

Owing to the technological importance and applications of Co3;0;, CuO, IrO,, ZnO, and CdO, the work represents an attempt to prepare pure films of nano-
sized structures, utilizing one method, i.e., the sol-gel spin coating technique, and different precursor materials. XRD, AFM and FE-SEM were used to investigate
the structure and surface morphology of the films and UV-vis spectroscopy was used to study the optical properties and band structure of the films. Different
applications were proposed for the prepared materials and more attempts will be carried out to develop the films properties to improve their performance and
broaden their industrial applications.

2. Experimental part

2.1. Materials and preparation

The preparation process is described in the flowchart of Fig.1. The 0.25 M solutions were prepared by dissolving the required amount from the acetate slats;
cobalt acetate tetrahydrate [(CO,CHjs),Co-4H,0, 249.1 g/mol, Merck], Cu (ll) acetate monohydrate [Cu(CO,CHs),-H,0O, ~200 g/mol, PRS Panreac, Spain],
[Zn(CO,CHj3),.2H,0, 219.5 g/mol, Panreac], or cadmium acetate dihydrate [CdCO,(CHs)..2H,0, Myw=266.52 g/mole, Merck]. 10 ml of 2-methoxethanol
(C3Hs0y) as a solvent and monoethanol amine (C,H;NO, MEA) as a stabilizer was added to each salt. In the case of IrO, film, 0.1 M solution was prepared by
dissolving IrCl;.xH,O [298.58 g/mol, Spira Chemica] in 10 ml ethanol without using the stabilizing agent. The glass substrate was cleaned using detergents,
acetone, and clean water in an ultrasonic bath, in separate steps for 10 min for each, and finally dried using hot air.

2.2. Measurements

The structure and crystal phase identification of the films studied by X-ray diffraction (XRD) technique and the device supplied by Philips X Pert Pro MRD that
apply Cu K, radiation of wavelength 1 ~ 1.542 A. The surface morphology of the films was investigated using the atomic force microscope (AFM) supplied by
PARK, XE-100E, and field emission-scanning electron microscope (ZEISS SUPRA 55 VP, ZEISS LEO, Gemini Column). The UV-vis absorbance/transmittance
spectra of the films were recorded in the wavelength range of 200-1500 nm using SHIMADZU UV-3600 UV-Vis-NIR spectrophotometer at RT.
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Fig.1: Flowchart of the sol-gel spin coating preparation procedures [6,7].
3. Results and discussion

3.1. XRD analysis

The X-ray diffraction patterns of the sol-gel spin-coated films after annealing at 500 °C for 2h are shown in Fig. 2. The appearance of several diffraction peaks
means that the films are polycrystalline and the grains were grown in random orientations during the progression of the films [35]. Fig. 2(a) shows some crystalline
peaks at 20 = 31.56°, 36.55°, 45.38°, 56.1°, and 65.42°, which are correspond to (2 2 0), (31 1), (400), (4 2 2), and (4 4 0) planes of Co304 with a spinel face-
centered cubic (fcc) structure and belong to the space group (SG) Fd3m. This result is consistent with the reference JCPDS code: 01-80-1542. No peaks related
to other cobalt oxides like CoO and Co,0; are found in this pattern. This indicates that annealing at 500 °C was enough to get the stable phase (Co304). Fig. 2 (b)
is the XRD spectra of CuO thin film, where all the diffraction peaks are indexed to a C2/c SG of CuO with a monoclinic system and according to JCPDS No. 45-
0937. The peak at 260 = 35.49° and that at 38.67° are owing to the reflecting (0 0 2) and (2 0 0) planes of CuO of a monoclinic structure, respectively. The preferred
growth in these two directions, indicated by the high intensity of these two peaks, illustrates that the deposited CuO film is thermodynamically stable [36, 37].
The crystallite size (Cs) of the deposited films was calculated based on the values of full-width at half maximum (FWHM) of the most intense reflections and by
using Debye-Scherrer’s equation; C; = 0.94/FWHM cos6, where FWHM is in radians, 6 is the Bragg’s angle. The average Cs values of all films are listed in
Table 1.

The average C of Co;O4 and CuO are 17.25 and 22.5 nm. Moreover, for the cubic Cos0,, the lattice parameter (a) is determined from the relation a =
dneryVh? + k2 + 12, whereas, for the monoclinic system, the equation is more complicated and given by [38]: % = si:z (:—z + :—zsinzﬂ + i—z - @) where
(h k 1) are the Miller indices written above the diffraction peaks as indicated in Fig.1. The value of a of Co;0, is 8.121 K and the lattice parameters (a, b and c¢)
of CuO are found to be 4.720 A, 3.431 A, and 5.128 A, respectively. Fig. 2 (c) shows the XRD pattern of IrO; film, where small crystalline peaks at 20 =
27.78°, 35°, 41° and 54° correspond to (1 1 0), (1 0 1), (2 0 0) and (2 1 1) planes, according to JCPDS card no. 01-086-0330. The observed peaks and their
positions indicate the formation of iridium (IV) oxide, or tetragonal IrO,. Similar results were reported by Uzgéren et al. [39] for electrolysis-deposited films.

Fig. 2(d) shows that the ZnO film of polycrystalline Wurtizite (hexagonal) structure, SG Csy=P63mc, is consistent with JCPDS-89-0510 [40, 41].

The C; of ZnO were determined considering the three most intense peaks (1 0 0), (0 0 2), and (1 0 1) and found to be 34.21 nm. In addition, the lattice

2 2 2
constants (a and c) of the hexagonal ZnO can be calculated by using the equation [42]: d, ;) = 1/[§ (ht—;hk) + 2—2]0-5, which can be rewritten for (1 0 1) and
(002asdioq = [g (;—2) + Ciz]“’-5 and d 2y = ; . The a and ¢ values were found to be 3.254 A and 5.21 A, respectively. The diffraction peaks of Fig. 2 (e)
belong to the cubic phase of CdO with a lattice parameter a = 4.695 A and SG Fm3m. The (h k 1) peaks at 26 = 33.1°, 38.4°, and 55.4° are matching the (1 1 1),
(2 00), and (2 2 0) plans, respectively, according to JCPDS file No. 75-0592. This indicates the formation of well-crystallized CdO of high purity [43], where

the precursor has completely transformed into the CdO phase. The C, average value obtained is 59.8 nm.
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Fig.2: (a-e) XRD diffraction patterns of the sol-gel spin coating Co3O4, CuO, IrO,, ZnO, and CdO films.

Table 1: The crystallite size (Cs), lattice parameters (a, b, c), particle size (D), transmittance (T%) and reflectance (R%) at 700 nm, band gap (E;") and the
refractive index (n) of the films:

Film Cs (nm) lattice parameter(s) (A) D (nm) T% R% EY (eV) n
C0304 17.25 a=8.121 24 61.72 9.29 1.7 2.877
CuO 2251 a,b,c=472,3.431,5.128 26 62.98 23.01 1.7 2.877
IrO, 18.55 - - 62.21 23.01 2.2 2.654
Zn0 34.21 a,c=3.254,5.21 38 89.18 10.22 3.2 2.345
Cdo 59.80 a=4.695 62 78.92 6.48 2.6 2,514

3.2. Films' morphology

Fig. 3(a-c) characterizes the morphologies of Co304, CuO, and CdO films The 3D AFM images confirm the polycrystalline structure of these films with different
grain sizes (D). It is noticeable from this figure that the surface morphology is strongly dependent upon the chemical composition of the films, where the size of
individual grains and the roughness increase from Co304, CuO, to CdO. Co30,4 shows a denser granular structure that offers reduced separations among the grains.
2D images indicate that all films are composed of spherical nanoparticles. The D values in nm are inserted in Table 1. D values in the range of 21-62 nm and are
consistent with the calculated C; from XRD data. Note that the small difference between C, and D arises from the fact that AFM gives the size of the grain,
measured by the distances between the visible grain boundaries, and the grain could be composed of one crystallite or more [44]. Moreover, the average root
mean square roughness (Rms) of the Cos04, CuO, and CdO is 14.5, 21.4, and 24.6 nm, respectively. The bright regions in 3D and 2D images show overgrown
crystallites with a well-developed grain morphology.

Fig. 4 (a, b) shows the surface of ZnO and IrO; as seen under FE-SEM. ZnQO's surface displays a wrinkled net-work structure. At higher magnifications, the
grains of this structure are round and grow preferentially along the c-axis direction, which is perpendicular to the substrates, or along the (0 0 2) direction, as
noted in the XRD pattern of ZnO. The agglomerated particles are almost spherical, with an average diameter of ~ 38 nm. The surface of IrO, film, Fig. 4 (b),
appears to have collapsed nanorods of diameters in the range of 80-120 nm and an average value of 100 nm. The height of these rods is in the range of 250-315
mm. This indicates that the average film thickness is about 284 nm.
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Fig.3: AFM (3D and 2D) images for the surface of CosO4, CuO, and CdO thin films.

250000 0S5um S——

Fig. 4: FE-SEM investigation for (a) ZnO and (b) IrO; films.
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UV-vis-NIR spectroscopy is an interesting and powerful technique for exploring the optical properties of semiconductor nanomaterials and their band structure.
The transmittance (T%) and reflectance (R%) spectra of the addressed films are shown in Fig. 5(a-e). For comparison purposes, the T% and R% values at A =
700 nm of the films are listed in Table 1. For all films, except CdO, no light is transmitted for A <250 nm and the films show the maximum T% in the near IR
region. CdO exhibits T > 40% in the UV region. At 700 nm wavelength, Co304, CuO, and IrO; thin films show T% around 62%, while the TCO (ZnO and CdO)
are highly transparent (79-89%). T% spectra of Co3O, and ZnO display interference fringes, indicating the layered structure of the sol-gel spin-coated films. CuO
and IrO; films show high R% in the UV region. This indicates the possibility of using these materials to block UV rays. Moreover, CuO, IrO,, ZnO, and CdO
exhibit high T% and very low R% in the IR region. Therefore, these materials can be tailored for sensing applications in the IR region.

of the C030,, CuO, IrO,, ZnO, and

The collected T and R spectra were used to calculate the absorption coefficient [45]: a = —% ln(ﬁ), where d is the film thickness evaluated by using
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AFM and FE-SEM. The E;” of the films was determined from the dependence of o on hv (the incident photon energy) by applying the Tauc' relation for the
direct and allowed transitions: ahv = B(hv — Eg)l/Z, where B is the edge parameter. Fig. 5(a'-e") displays the plots of (a/v)? vs. hv, for the synthesized nanofilms.
Extrapolation of the linear regions of the curves in this figure to the hv axis at a = 0 gives the Eg‘”’ values listed in Table 1.

The E;p of CuQ, IrO,, Zn0O, and CdO are 1.7, 2.2, 3.2, and 2.6 eV, respectively. These values are consistent with those reported in the literature [13, 22,
26]. These E;” values indicate the possible use of these materials in various optoelectronic applications, including gas sensing, and water splitting for hydrogen
production. In the case of CosO, film, two bandgap energies are found; E,’ =1.4eV and Ej; = 1.7 V. E,7 is arising from to the beginning of O*/Co* excitation,
while the E_f; is owing to the interband O*/Co* transition and is the true bandgap [46]. The presence of E;7 and E}; can be interpreted as follows (see Fig. 6):
a) the valence band exhibits an outstanding O 2p-character. b) The fundamental impact on the conduction band is caused by the 3d orbitals of Co?*. c) The
presence of Co® results in an intermediate band inside the bandgap. In Co30,, E;” of value < 1.5 eV is associated with the charge transfer of Co®" d (t,g) to Co?*
d (t;). E;” value <2 eV, is related to the charges transfer of O*” to Co* and O to Co®" [5, 47]. These transitions again confirm the presence of the Co3O, spinel

phase [46, 48], which is consistent with the XRD data.

'Y
| CB

Co?* energy levels

I 1 1Co%" energy levels

i /] > K

O? energy levels
3. ——\

Fig. 6: The origin of two bandgaps (E;] & E,/;) of CosO, films
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The refractive index n, where n = —2- " BTIL__ s an important parameter for optical communications, device fabrication, anti-reflection, and

speed of light in the film

2_ op X
coatings applications. The value of n can be determined from the Eg”” of the films using the following equation [49]: :z+; =1- /EZLO The determined n values

are given in Table 1. All films have n in the range of 2.3-2.9, and is inversely proportional to ng"’. The films with higher n values (Co;0,4, CuO, and IrO,) have

improved reflectivity owing to the huge number of particles/unit area of the films that act as scattering centers, as seen from AFM and FE-SEM.

4. Conclusions

C0304, CuO, IrO,, ZnO, and CdO thin films have been successfully fabricated by the sol-gel spin coating technique. XRD results indicated the formation of
Co3;0,4and CdO with cubic crystal structures and crystallite sizes of 17.25 and 59.8 nm, respectively. CuO, IrO,, and ZnO displayed monoclinic, tetragonal, and
hexagonal crystallite sizes of 22.51, 18.55, and 34.21 nm, respectively. The heat treatment at 500 °C/2h was enough to convert the acetate salt or IrCls, to the
corresponding oxide. AFM and FE-SEM analyses indicated that the substrates were well-covered with films. All films were composed of a huge number of
spherical grains except the IrO, film which displayed a nanorod-like morphology. The TCO films (ZnO and CdO) showed improved transmittance (79-89%)
compared to the other films, which showed about 62% transmission. All films, except Co30., exhibited high reflectivity in the UV region and lower reflectivity
in the IR region. In summary, five different transition metal oxides were prepared by a facile sol-gel spin coating technique. Co304 and CuO have E!f”’ of 1.7 eV
are suitable for water splitting under solar radiation for hydrogen production and also for gas sensing applications. IrO2, ZnO and CdO films have Eg‘”’ in the
range of 2.2-3.2 eV are most suitable for optoelectronic applications. All of these films have a refractive index in the range of 2.3-2.9 and therefore can be
exploited for coating and anti-reflection coating applications. More additional work should be performed to study the effect of deposition parameters such as
solution molarity, spin speed, pre-heating, and final annealing temperatures on the morphology and optical parameters of the films. Moreover, it is expected to
obtain these films with tunable properties by doping them with one or more elements during the preparation process. This will widen the film's multi-functionality
and pave the way for advanced technological applications.
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