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Abstract

This study aims to investigate the influence of molar concentration and film thickness on the structural and optical properties of
dip-coated copper oxide (CuO) thin films. The dip-coating technique, maintaining a constant withdrawal speed is employed to
synthesize CuO films with varying molar concentrations. The molar concentration determines the film’s thickness. The structural,
optical, and morphological properties are performed using X-ray diffraction (XRD) analysis, UV-Vis-NIR spectrophotometer, and
scanning electron microscopy (SEM). The XRD analysis reveals that the molar concentration significantly impacts the structural
properties, resulting in variations in the crystallinity and microstructural parameters of these films. The films exhibit varying
optical absorbance, transmittance, and optical band gap depending on molar concentration. The SEM image of the films shows a
porous, uniform surface morphology over a smooth background. The molar concentration along with film thickness plays a
significant role in controlling the structural and optical properties of the dip-coated films, making them suitable for potential
applications in optoelectronic devices and solar cell absorber layers.
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1. Introduction

Copper oxide (CuO) thin films have attracted considerable attention in recent years due to their unique structural and
optical properties, making them promising candidates for various applications in optoelectronic devices and solar cell
absorber layers [1]. The advancement of p-type semiconductors holds great significance for device technologies based
on solar cells, gas sensors, energy storage, and light-emitting diodes [2-4]. The special allure of CuO-based materials
lies in their potential application in various optoelectronic devices. CuO has numerous advantages in catalysts and
solar energy conversion applications due to the exceptional activity of oxidation and reduction reactions [3,4].

Copper oxide (CuQ) is a promising metal oxide semiconductor with a monoclinic crystal structure, known for its low
band gap, non-toxic nature, and high melting point. CuO thin film typically exhibits a transmittance of 20% in the
long wavelength range of the visible region but this can reach up to 90% with a refractive index of 2 to 2.5 [1][4]. The
band gap of CuO films varies from 1.2 to 2.1 eV depending on the deposition technique and film thickness [5]. The
properties, both physical and chemical of these developed materials are often determined by the deposition methods
involved. Various thin film deposition techniques have been utilized such as chemical bath deposition (CBD) [6],
pulsed laser deposition (PLD) [7], electroplating [8], spray pyrolysis [9], and well-known sol-gel [1][4] techniques.
Among other techniques, sol-gel dip-coating stands out due to its low cost, simplicity, high film-forming efficiency,
and easy availability of equipment [5]. Musa et al [1] synthesized copper oxide (CuQ) thin films on glass substrates
by a facile sol-gel dip-coating technique with varying withdrawal speeds from 0.73 to 4.17 mm/s. The variation of
film thickness manifested by dip-coating withdrawal speeds was investigated in detail for carbon dioxide (CO2) gas-
sensing.
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However, the study of the effect of the molar concentration of CuO thin film for optoelectronic application is rarely
discussed. In this study, we aim to investigate the impact of molar concentration (MC) and film thickness on the
structural and optical properties of dip-coated CuO thin films. Detailed studies of the fundamental characteristics of
CuO based on MC have been limited for optoelectronic devices and solar cell applications. Therefore, the motivation
of this research work is to synthesize a thickness-dependent CuO thin film by a cost-effective sol-gel dip-coating
technique and also investigate the molar concentration effect of these deposited films.

2. Material and methods

2.1. Materials and preparation of CuO thin film

Prior the glass substrates having a dimension of 72.2 mm x 23.4 mm x 1.2 mm (Sail brand, China) were initially
cleaned with detergent soap in clean water. Then the glass substrate was immersed in an ultrasonic bath containing
specified chemicals for 20 minutes to eliminate impurities. After that acetone, ethanol, and deionized water were used
for cleaning then argon gas was blown with the substrate for drying. Copper acetate monohydrate [Cu (CH3COO);
H>0] (MERCK, KGaA, 64271 Darmstadt, Germany (99.99% pure)) was utilized as precursor materials for CuO.
Ethylene glycol [Ce¢HsO-], diethanolamine (DEA) [CsH11NO,] (Germany), and isopropanol (IPA) [CsH;OH] were
added as a coating material, stabilizer, and solvent respectively which were collected from the local market and
manufactured by Worli, Mumbai, India.
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Fig. 1: Flowchart of synthesis technique of dip-coated CuO thin film.

The copper acetate powder was used to prepare 0.3 to 0.45 MC of precursor solution. It was found that, at lower
precursor MCs (0.1-0.2) film surface was rough and not smooth, moreover, at higher MCs (0.4-0.45) the film surface
was highly dense. For this reason, 0.25-0.35 MCs were selected for deposited CuO thin films. To synthesize MC’s of
0.25, 0.3, and 0.35, the precursor materials were dissolved with Isopropanol (9 ml) and diethanolamine (0.5 ml), then
ethylene glycol (0.5 ml) which were added to a 10 ml solution. A magnetic stirrer was used to stir the solution at a
speed of 300 rpm for 2 hours, resulting in a final solution that had a bluish-dark and clean color. A 0.45 pm filter was
employed for filtering the solution. Next, the glass substrate was dipped in the solution at a constant withdrawal speed
of 4.5 mm/s. After each dipping of the glass substrate, the film was dried for 30 minutes in a drier (furnace) at a
temperature of 300 °C. To achieve a higher thickness with recrystallization, this process was repeated five times.
Subsequently, the film was annealed at a temperature of 600°C for 5 minutes.
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2.2 Materials characterization

The X-ray diffraction (XRD) technique (Bruker D8 Advance Diffractometer (Germany)) with a Cu—Ka radiation, out
of plane geometry at 1.5406 A and functioning at 40 kV and 30 mA, was utilized for analyzing the crystallite structure
of CuO films. The range of scattering angle of XRD was 30°-80°. The vibrational structure from 100-700 cm™ was
recorded using the Macro Raman HORIBA (Japan).
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Fig. 2: Thickness versus MCs of deposited dip-coated CuO thin films.

The Raman laser excitation wavelength was 785 nm with laser strength (< 5 mW). A UV-vis-NIR spectrophotometer
(SHIMADZU-2600, Japan) was utilized to determine the optical characteristics of the films. An Alpha-Step D-500,
KLA, USA was used for measuring the thickness of CuO thin films with three times scan. Using a scanning electron
microscope (SEM, ZEISS EVO18), the surface morphology of the CuO films was determined.

3. Results and discussion
3.1 Structural analysis

3.1.1  XRD diffraction analyses

The X-ray diffraction (XRD) patterns displayed in Figure 3 compare the thin films that were synthesized using various
MC:s. In these patterns, the CuO films exhibit distinct diffraction peaks at specific 20 values: 32.52,35.58, 38.7, 48.84,
53.48,58.24, 61.7, 70.1, 73.3 and 77.8. These peaks correspond respectively to the (110), (111), (111), (202), (020),
(202), (113), (311), (220), and (311) planes of the monaclinic CuO phase, as identified by the JCPDS card no. 48-
1548 [6]. The presence of these diffraction peaks indicates that the CuO films possess a polycrystalline structure [10].
Notably, the most prominent peaks at 32.52° and 35.58 can be attributed to the (Tl 1) and (111) planes, respectively.
Importantly, no Bragg’s peaks associated with Cu,O or metallic Cu phase are observed in the XRD patterns,
suggesting that the MC-based thin films predominantly consist of pure CuO [7]. To further validate the phase purity,
Raman spectra were recorded and are presented in Figure 4.

The important microstructural parameters, including the size of crystallites (d), dislocation density (J), microstrain (e),
and X-ray density (p) were computed using the following equations [8].

_ kA
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The constant k is determined by the shape factor of the crystallite or grain and has a value of 0.94 for spherical
crystallites or grains. In the provided equations, 4 represents the X-ray wavelength, t is the film thickness, g
corresponds to the full with at half maximum (FWHM) in degrees, which is adjusted for instrumental broadening by
fitting the peaks with an XRD tool. Lastly, 6 denotes the Bragg angle associated with the {h k I} reflection. The
number of atoms and the volume of the unit cell is n and V, Mw is the molecular weight, and N is Avogadro’s number.
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Fig. 3: XRD patterns of CuO films of different thicknesses with precursor MCs of 0.25, 0.3, and 0.35.

Table 1: Microstructural parameters including crystallite size (d), dislocation density (6), microstrain (&), and X-ray density (p)
associated with (111) diffraction plane with MCs of dip-coated CuO films.

MC t (nm) 20 d 0 £ X p
+5 (deg.) (nm) £0.01 (10*/nm?) (104 (g/cm?)
0.25 212 35.58 21.23 4.8 5.7 3.47
0.3 227 35.52 31.27 11.9 7.3 4.13
0.35 253 35.54 39.12 15.6 11.7 6.15

It has been noted that as the film thickness increases with the MCs from 212 + 5 to 253 £ 5 nm, the crystallite size
increases from 21.23 + 0.01 to 39.12 + 0.01 nm. The films with greater thickness (0.35 MC) exhibit larger crystallite
size, indicating reduce dislocation densities and strain [9]. This consistent trend suggests an enhancement in the
crystallinity of the film and a reduction in lattice imperfections as the film thickness increase. The decrease in crystal
strain indicates a relaxation stress in the thicker CuO films obtained through dip-coating [11].

The X-ray density is influenced by the extent of X-ray beam absorption within the sample. A denser film exhibits
greater absorption of the X-ray beam in contrast to structures with lower density. In the film deposited with higher
MC, there is a higher absorbed species on the substrate surface found compared with lower MC films. During
annealing, thicker films tend to exhibit more porosity than thinner ones, as lower MC results in thinner films with
comparatively lower solvent impregnation [12]. The effect can be observed through the SEM surface and optical

analyses discussed in the next sections.
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3.1.2  Raman analyses

In Figure 4, a comparison is made between dip-coated thin films that were prepared with different MCs. The
significant phonon modes observed in the CuO phase are approximately ~296 cm (Ag), ~346 cm™* (Bg®), and ~630
cm (Bg®@) [13][14]. For Cu,0 phase, the prominent modes are around ~150 cm*(T1u @), ~220 cm* (2Eu), ~304 cm’
1 (A2u), ~520 cm (T2g) ~615 cm™ (T1u @) [15]. These Raman peaks of the dip-coated thin films strongly align with
the monoclinic CuO phase and indicate the absence of other CuO phases, which supports the findings from XRD
analysis. The intensity of the main Raman peak Ag in dip-coated CuO films at 0.35 MC is noticeably higher compared
to other films, suggesting improved crystallinity and the highest thickness among all studied films [16]. This
observation is consistent with the measured film thickness presented in Figure 1.
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Fig. 4: Raman spectra of CuO films of different thicknesses prepared with precursor MCs of 0.35, 0.3, and 0.25.

3.2 Morphological analyses

Figures 5(a) and 5(b) show the SEM micrographs of CuO thin films using MCs of 0.25 and 0.35. The film grown with
0.35 MC exhibits the most porous microstructure compared to the other film. As the MC decreases, the porous nature
of the films appears to diminish [17]. The presence of humerous pores on the film surface enhances the accessibility
of the sensing gas of the film, thereby increasing the available active area of the gas absorption [18].

Fig. 5: SEM micrograph of representative CuO dip-coated films grown on a glass substrate of (a) 0.25 and (b) 0.35 MC with
x15k magnification.
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The determined grain sizes are 138 + 5 and 163 £ 5 nm for the sample deposited to 0.25 and 0.35 MC respectively,
which are found using ImajeJ 2020 latest version software by considering ten grain for the average grain size of the
sample. The observation of grain size variation is related to the estimated crystallite size from XRD analyses. Thicker

films exhibit larger grains, which can contribute to the porous nature of the deposited film during the thermal treatment
process [15], allowing the organic solvent within the film.

3.3 Optical Properties
Figure 6(a) shows the optical absorbance (A) of the deposited films at various MC’s.
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Fig. 6: (a) Optical absorbance, (b) transmittance, and (c) the plots of (ahv)? versus ho of dip-coated CuO films of different
thicknesses prepared with precursor MCs of 0.35, 0.3, and 0.25.
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These absorbance spectra demonstrate that all the films exhibit high absorbance in the visible region, which is a
characteristic feature of CuO films suitable for use as absorber layers in solar cell applications [19]. It is evident that,
A exhibits a sharp increase in the ultraviolet (UV) region, reaches a maximum value in the visible region, and then
remains constant in the near-infrared (NIR) region (800-1100 nm) [20]. The highest value of A observed at 360 nm
for 0.35 MC. The intensity of the spectra increases with an increase in MC as well as the value of t. These phenomena
can be attributed to the fact that higher concentrations result in more CuQ crystals absorbing the photon energy. The
optical absorption at the absorption edge is associated with the transition from the valance band to the conduction
band and is indicative of the band gap energy being closed [21]. The optical properties of CuO thin films were
investigated by studying their optical transmission (T) at different MCs. It is observed that the transmission of the
films decreased from 55 to 15% in the 850 nm region as the film thickness increased (refer to Fig. 6(b)).

The value of T increased significantly with longer wavelengths in the visible region and showed transparency in the
NIR region of spectra [22]. Furthermore, the decrease in optical transmittance with MCs can be attributed to the
increasing film thicknesses [21] as seen in Fig. 6(b). The Tauc plot, generated using the optical transmission data from
Figure 6(c), was used to estimate the values of E,;. These values are obtained by extrapolating the linear portion of
(ahv)? to the X-axis. A band gap denotes the separation between the valence band and the conduction band, defining
the minimum energy necessary to elevate an electron to a state within the conduction band, enabling its involvement
in conduction. The optical band gap of the dip-coated films is determined to be 1.42, 1.5, and 1.53 eV for MCs of
0.35, 0.3, and 0.25 respectively. These values closely match the reported optical band gap of CuO thin films in the
literature [23]. Note that, the band gap energy decreases with increasing film thickness due to the growth of crystallite
size.

The increase in film thickness may lead to the narrowing of the optical band gap. This phenomenon can be attributed
to either a higher disorder of phonon states or higher carrier concentration in the dip-coated CuO thin film [24].
Furthermore, high absorbance, as well as low transmittance and the porous structure, are found in these thickness-
dependent deposited films. It is seen that tailorable physical properties offer notable potential for solar cell and
optoelectronic device applications [25].

Conclusion

A detailed investigation is conducted for the influence of precursor MCs as well as the film thickness of dip-coated
CuO thin films. The structural, morphological, and optical properties of these films have been recorded. XRD analysis
revealed that the films exhibited a polycrystalline nature, monoclinic CuO crystal structure with preferential
orientations along the (111) and (Tll) planes. No impurity phase is found, further confirmed by Raman analysis. The
size of crystallinity in the deposited films increased from 21.23 to 39.12 nm with the increase in film thickness. The
larger porosity is observed for high thickness. The optical direct band gap decreases from 1.42 to 1.53 eV with the
increase in MC as well as thickness, which can be attributed to the increase in carrier concentration. A significant
improvement in optical properties is observed due to the increase of MC. High absorbance, low transmittance, smooth
porous structure, and lower optical band gap indicate that the synthesized films are appropriate for solar cell absorber
layer and optoelectronic devices applications.
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