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ABSTRACT 

This article presents a comprehensive study on surface chemical bonding states, morphological 

features, mechanical properties, finite element modeling, and water contact angle measurements 

of wet chemical based dip-coated CoZn-oxide thin film coatings. Atomic force microscopy 

(AFM), X-ray photoelectron spectroscopy (XPS), Nanoindentation, finite element method 

(FEM) modeling, and drop shape analysis techniques were used to carry out the detailed 

measurements. AFM studies showed that the surface roughness values of all the coatings sturdily 

increased with the increase in sol concentrations. The gradual increase in sol concentrations and 

annealing temperature also had a remarkable influence over the Co-, and Zn-contents of these 

coatings given by XPS analysis. The deconvolution of Co 2p3/2 photoelectron lines revealed the 
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formation of Co(OH)2, CoO, Co2O3, and Co3O4 phases from the coatings surface while low 

intensity satellite peaks developed due to a partial spinel lattice structure of Co-ions. The 

occurrence of Co3O4, CoO, and ZnO phases were also confirmed from the deconvolution of O 1s 

photoelectron lines. The elastic modulus, E, of CoZn-oxide thin film coating, varied within the 

range of 43.7– 69.2 GPa was comparable with that in CoCuO thin film coatings. The maximum 

stress level induced was estimated to be in the range of 4.0 – 6.5 GPa. However, as the thickness 

of the coatings is increased, the maximum stress level slightly decreased. The coatings were 

moderately hydrophobic. 

 

Keywords: Sol-gel technique; CoZn-oxide coatings; nanoindentation,; Young’s modulus; elastic 

constant; finite element method 

 

1. Introduction 

Nanosized transition metal oxide based thin coatings and other systems demonstrate a good 

combination of novel and unique chemical, electrical, magnetic, and physical properties which 

make them ideal candidates to be used as  various functional and smart materials [1, 2]. These 

materials have good potential in numerous industrial applications, such as optoelectronics, 

magnetic memory devices, photo-catalysts, and gas sensors [3-7]. For instance, due its safe 

nature, cost-effectiveness, thermal stability, large band-gap (3.37 eV), ease control of particle 

morphology, simplicity of crystallization, and high electron mobility, ZnOs are widely used as 

substitutes for other metal oxides in the area of sensors, catalysts, solar energy materials, and 

magnetic applications [8-10]. As a result, they have received widespread attention within the 

scientific community [11-13]. Likewise, Co3O4 also has also applications in various fields such 

as heterogeneous catalysis, electrochromic devices, gas sensors, biosensors, supercapacitors, and 

lithium ion batteries [7, 14-16]. Over the years, efforts have been made to investigate Co3O4 

structures due to their fascinating structural, electrical, chemical, electronic, mechanical, optical, 

photo-chemical, and magnetic properties [17, 18]. Co3O4, a direct band-gap semiconducting 

oxide has been extensively used as catalysts, Li-ion batteries, gas sensors, supercapacitors, 

energy storage and energy conversion devices, thin film materials, solar selective surfaces, drug 

deliveries, and magneto-optic recording media [19, 20].  

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

In recent years, transition metals (i.e., Mn, Ni, Cu, and Co) doped ZnO semiconducting 

structures have been thoroughly investigated for their optical, photoluminescence, magnetic, and 

semiconducting properties due to their potential applications in magneto-optic, electronics, 

optoelectronics, microwave, and spintronic devices [21-25]. More recent studies show that Co-

doped ZnO systems have gathered considerable research attention due to their extraordinary 

structural, chemical, magnetic, and optical properties and large number of favorable applications 

[26-28]. Annealing effects on the micro-structural and electrochemical features of sol-gel dip 

coating derived Al-incorporated CoZnO thin film coatings were studied by means of XRD, UV-

Vis-NIR, and VSM techniques [29]. Optical studies indicated that the band-gap of Al-

incorporated CoZnO films dropped from 3.99 to 3.83 eV with the rise in annealing temperature. 

The ferromagnetic characteristics of the films were also increased upon annealing. The structural 

and magnetic properties of transition metals such as Mn, Ni, and Cu doped CoZnO nanoparticles 

were systematically investigated [30]. Single phase hexagonal wurtzite structure of the 

nanoparticles was confirmed via XRD tests while the nanoparticle size was in between 25.3, and 

33.5 nm. The ferromagnetic behaviour of the nanoparticles indicated strong exchange 

interactions between the delocalized carriers and the localized d spins of doped metals.  

Magnetic and photocatalytic analysis of Co3O4-ZnO nanocomposites with an average particle 

size of 10-40 nm, synthesized using chemical process was conducted by magnetization 

measurements with variations in external magnetic fields and temperatures. Fast alignment of the 

magnetic moments of Co3O4-ZnO nanocomposites seen below ~15 K is associated with the 

interfacial polarizations while the photocatalytic activity of the nanocomposite systems was 

ascribed to the ability of charge separation and charge transfer mechanisms [31]. Nanostructured 

Co3O4/ZnO catalysts identified as CoZnOT, CoZnOS, and CoZnOP were studied for their 

physicochemical and catalytic properties [32]. The catalytic performance of Co3O4/ZnO 

nanoparticles were significantly enhanced from the pure oxide precursors. The HR-TEM studies 

also confirmed that the synthesis temperature strongly affects the particle morphology of the 

Co3O4/ZnO nanoparticles. Compared to the pure oxides, Co3O4/ZnO catalysts also required 

higher catalytic decomposition temperatures. Microwave applications, of Co/ZnO 

nanocomposites, in isolators and circulators were reported in another study [33]. Co/ZnO 

nanocomposites, formed by mixing Co nanoparticles and ZnO nanoparticles, did not show the 

off-diagonal component of magnetic permeability, however, higher magnetic coercivity and 
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saturation magnetization values were observed. The magnetic behaviors of nanostructured 

Co/ZnO were assumed to be related to the magnetic anisotropy of Co particles.  

Theoretical investigations on the magnetic properties of CoZnO materials, using the Heisenberg 

exchange-coupling model, reported that the particles’ size and shape play significant roles in 

controlling the magnetic behavior and magnetization phenomena [34]. The phase characteristics 

and optoelectronic applications of these materials were also discussed in terms of the diluted 

magnetic semiconducting systems. Extensive studies on these materials have also been carried 

out in search of their potential applications in solar energy harvesting, optoelectronic devices, 

synthetic and inorganic chemistry, and ultrasensitive detection [35, 36]. The influence of applied 

potentials on the particle morphology, physical features, and conduction properties of CoZnO 

nanotubes is also available in the literature. Higher potential difference results to a reduction in 

oxygen content and increase in crystallinity in the nanostructures, in combination with a change 

in their phase compositions. The crystalline features of the nanostructures and their conductivity, 

increased with the diminution of impurities [37]. CoZnO coatings deposited via sol-gel dip 

coating process onto the glass substrates were studied to reveal their optical, and magnetic 

properties in relation with the structural information [38]. XRD studies confirmed their 

crystalline behavior and wurtzite structure. SEM imaging established the porous surface of the 

coatings and the saturation magnetization gradually increased with the applied external magnetic 

field.  An optical band gap of 3.55 eV was computed from the UV-Vis spectroscopic studies 

while the ferromagnetism of the coatings was detected in VSM studies. Metal doped ZnO, and 

ZnCoO single phase thin film coatings manufactured using spray pyrolysis process were 

analysed via XRD, SEM, and transmittance spectroscopy. Structural investigations indicated the 

hexagonal wurtzite structure with an average particle size of 19 to 25 nm. The experimental 

transmittance data perfectly fits with the theoretical calculations. The Levenberg–Marquardt 

least square method in combination with the Wemple– DiDomenico model were utilized to 

understand the electronic transition, optical absorption coefficient, and Tauc–Urbach theory [39].  

The photovoltaic and photoconductive nature of CoZnO systems deposited onto the glass and 

silicon substrates were studied by Soylu et al. [40]. Authors have suggested that CoZnO systems 

deposited onto silicon substrates can be used as photodetectors. It was also reported that Co-

doped ZnO shows higher absorption of the visible lights by forming hybrid O2p conduction band 

at lower band-gaps. In another study, the weak ferromagnetic behaviour of Co3O4-ZnO 
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nanoparticles was detected at a low temperature [41]. By adopting a suitable synthesis method, 

one can regulate the structural, chemical and surface morphology, and particle size of a material 

to be used in the desired technical applications. Nowadays, numerous methods are available to 

synthesize mixed metal oxide based thin film coatings or nanoparticle structures namely, 

hydrothermal process, chemical co-precipitation route, laser deposition method, polyol process, 

thermal decomposition method, electrochemical method, microwave assisted technique, standard 

ball milling scheme, sol-gel dip coating or spin coating procedure, and thermal evaporation 

approach [42-49]. The majority of these synthesis methodologies, generally, require complicated 

working procedures, higher reaction temperatures, high cost machineries, higher energy 

consumption, longer reaction times, and harmful and toxic organic reagents. In addition to these, 

their performance outcome may also hinder from the application viewpoint. In view of these 

facts, sol-gel spin coating method is considered to be one of the most convenient, simple, 

lucrative, environment friendly, and useful technique to synthesize metal oxide based thin film 

coatings together with an easy control of particle morphology. Thus in this study, CoZn-oxide 

thin film coatings with high purity level has been produced via sol-gel spin-coating method at 

various sol concentrations and annealing temperatures in a relatively shorter synthesis time. 

Moreover, even though many literature on the studies of structural properties, optical analysis, 

magnetic properties, physicochemical and catalytic properties of such coatings are available 

however a comprehensive study in regards to their surface morphological features, chemical 

bonding states, mechanical properties, and water contact angle analysis is yet to be conducted. 

Detailed characterizations of the synthesized coatings were carried out by AFM, XPS, 

nanoindentation, FEM and water contact angle studies.  

 

2. Experimental 

2.1 Thin film fabrication 

Cobalt nitrate hexahydrate (Co(NO3)2.6H2O; Merck, >99%), zinc nitrate trihydrate 

(Zn(NO3)2.3H2O; Merck, >98.5%), propionic acid (C2H5COOH, Merck, >99%), and absolute 

ethanol (C2H5OH; Merck, >99%) were used as the raw materials to synthesize the spin-coated 

thin films. Commercial grade reflective aluminum sheets (Anofol, 2×4 cm2) were used as 

substrate materials. The substrates were prepared by cleaning in a hot (85 °С) mixture of Cr(VI)-
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oxide and H3PO4 for 10 minutes. Finally, the substrates were washed out in warm deionized 

water and dried up by flowing nitrogen gas flushes.  

Appropriate amount of cobalt nitrate hexahydrate, and zinc nitrate trihydrate were dissolved in 

absolute ethanol. 0.3M C2H5COOH was used as the complexing agent to the solution, and a 

hotplate magnetic stirrer was used for 2 hours at a spin speed of 450 rpm to make a 

homogeneous solution. The resultant solution was used to synthesize the copper zinc oxide thin 

film coatings by using a spin coating machine. During the synthesis process, the substrate was 

rotated at a speed of 3000 rpm for 50 s, and the coated substrate was dried on a hotplate at 150 

°C for 60 s. The entire process was repeated several times to achieve the desired film thickness. 

The final products were annealed at 400, 500, and 600 °C temperatures for 2 hours in air at a 

heating rate of 50 °C/min. The thin film coatings produced with a precursor concentration of 

0.3M and annealed at 400, 500, and 600 °C temperatures were termed as S1, S2, and S3 

respectively. The similar procedure was repeated to synthesize another two series of thin film 

coatings by varying the precursor concentrations to 0.5M, and 0.7M; and annealing temperatures 

400, 500, 600 °C. These two series of samples were identified to be S4, S5, and S6; and S7, S8, 

and S9 respectively. A total of nine samples were investigated to complete this study.  

 

2.2 AFM imaging  

A high resolution atomic force microscopy (AFM Bruker, Dimension Edge) machine was employed for 

surface morphological study. The images were acquired in tapping mode at a tapping signal of 2.9 V, at 

room temperature. A rectangular cantilever was involved for collecting the AFM micrographs. In the scan 

control panel, following default set parameters were used in tapping mode operation; scan size: 5 µm, 

scan rate: 1 Hz, samples/line: 256. AFM images were analyzed using a LabVIEW computer software.  

The three key parameters namely, the mean surface roughness, Ra, rms value of surface roughness, Rq, 

and z scale were estimated from the AFM micrographs. The mean surface roughness, Ra of a thin film 

materials can be calculated using [50], 

�� =	∑ |�	
��|�	�
�       (1) 

where hi is the roughness value of the coating at a point ‘i’, ℎ� indicates the mean roughness 

value, and N is the total data points counted for the imaging process. The rms value of surface 
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roughness, Rq measures the height deviations originated from the mean data plane and is 

described by the following formula [50], 

�� = �∑ |�	
��|��	�
�       (2) 

The z scale value provides with the vertical distance between the peak and bottom point through 

of an AFM image [51]. 

 

2.3 XPS measurements  

XPS, a very powerful and popular tool extensively used in surface science to analyze the 

surfaces, and local electronic, and chemical bonding structures of various solids including thin 

film based materials. It is also utilized to examine the influence of defects on the electronic 

behaviors of materials. Chemical analysis of the coatings was performed via Kratos Axis-Ultra 

photoelectron spectrometer. The Kratos XPS machine uses Al-Kα monochromatic X-ray source 

with beam energy of 1486.6 eV at a power of ~10 mA and ~15 kV. Square size samples (2 mm × 

2 mm) were mounted onto steel sample holder. A uniform pressure of 2.9 × 10‒9 Torr was 

maintained in the XPS test chamber. The Cu 2p, Co 2p, O 1s, C 1s photoelectron lines were 

recorded with a 2D delay line detector. The photoelectron energy scale was calibrated using C1s 

(hydrocarbon; C‒H) line at 284.6 eV. CASA-XPS v.2.3.15 software was used for XPS data 

analysis and deconvolution of the curves.  In order to avoid the possible charge shift, all XPS 

spectra were calibrated with respect to the C 1s peak at a binding energy of 284.6 eV.   

 

2.4 Nanoindentation and FEM Modeling  

An Ultra-Micro Indentation System 2000 workstation (CSIRO, Sydney, Australia) has been used 

in this work to investigate the mechanical properties of CoZn-oxide thin films. The 

nanoindentations system, is equipped with a diamond Berkovich indenter, which was calibrated 

using a standard fused silica specimen [52]. In order for the indentation depth to be kept below 

10% of the film thickness, the load control method was used with a maximum loading of 200 

N. The setting of test points was 15 for loading and 20 for unloading. A more detailed 

description of the nanoindentation procedures can be found elsewhere [53, 54].  
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Comsol Multiphysics software [55] was used in this work for the simulation of the intensity and 

distribution of load induced stress within various film materials, thicknesses and substrates. Here 

the “load induced stress”, referring to an artificial load during the modelling process to evaluate 

the load carrying capability of the coating layer, is adapted to differentiate from “residual stress”, 

which is the remnant stress gained during the spattering process. Similar to our previous works 

[54, 56] a 2D axial symmetry model was incorporated, with a spherical indenter (5 µm radius) at 

the top of the film layer with different composition and thickness. The film layer was set at the 

top of two different types of substrate, aluminium and silica glass, which are typical for real 

industrial applications. Further details of FEM modeling, such as geometry, boundary conditions, 

and mesh generation, have been provided in our previous works [57, 58]. 

 

2.5 Contact angle measurements 

Contact angle measurements were performed at ambient temperatures using an FTA1000 Drop 

Shape Analysis instrument (B Frame System, First Ten Angstroms, Virginia, USA) equipped 

with an automated dispensing syringe and a computer-controlled title stage. Water droplets of 5 

µL were dispersed onto fabricated samples. The contact angles were obtained by analyzing the 

sessile drop images using Drop Shape Analysis software affiliated with the instrument. Three 

drop tests were performed on each sample and the average angle was adopted for wetting 

characterization. 

 

3. Results and discussion 

3.1 AFM analysis: surface morphology 

Surface structural features and surface roughness values of CoZn-oxide thin film coatings 

studied using AFM system are shown in Figure 1. The surface roughness parameters of these 

coatings estimated via AFM imaging were delineated in Table 1. From Table 1, higher mean 

surface roughness and rms surface roughness values of CoZn-oxide coatings were observed at 

lower annealing temperatures. However, as the sol concentrations were enhanced the Ra and Rq 

values intensely increased from 35.4 to 84.4 nm, and from 43.9 to 109 nm, respectively within a 

mean image surface area of 58.6 µm2. Thus, the annealing and concentration level of the 
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solutions used to synthesize the thin film coatings have significant affect the surface 

morphological features of these films. Higher sol concentrations initiate grain growth at the 

coating’s surface and improves the surface roughness of the thin films. At higher sol 

concentration, due to material densification, finer grains growth along a z-direction, and 

perpendicular to the base material which resulted in higher ionic mobility. As a consequence of 

these effects, the surface roughness values of CoZn-oxide coatings became enlarged. At higher 

annealing temperatures, the atoms have adequate activation energy to occupy the correct site 

around the crystal lattice.  

 

3.2 XPS analysis: chemical composition and electronic structure 

The XPS measurements were performed to investigate the surface chemical composition of the 

CoZn-oxide thin film coatings and corresponding chemical bonding states of the constituent 

elements. The elemental atomic percentages of CoZn-oxide thin film coatings estimated via XPS 

survey scans conducted in the binding energy range of 0-1200 eV are displayed in Figure 2. The 

high resolution XPS spectra were calibrated with respect to the C1s spectra considered to be at a 

binding energy position of 284.6 eV. It is noted that all the XPS spectra acquired at different sol 

concentration and annealing temperatures were very similar to each other while the individual 

elemental core level peak positions own varied peak intensities. From Figure 2, it is seen that all 

the XPS spectra exhibited peaks associated to Co, Zn, and O elements present in the thin film 

coatings together with carbon peaks [59]. The atomic compositions of these coatings assessed 

from XPS scans are registered in Table 2. It is seen that annealing and sol concentrations have 

noticeable influence on the atomic compositions of these coatings. The Co and Zn-contents 

gradually increased with the subsequent increase in sol concentration up to 0.5M and then 

decreased at 0.7M. It was also noticed that as the annealing temperature rises the atomic contents 

of Co and Zn also steadily enhanced. Thicker and larger oxide layers of these coatings were 

observed to be predominant at higher sol concentrations and around the films surface.  

The decoupling of high resolution Co2p3/2 XPS spectra and its satellite, at various annealing 

temperature and sol concentrations, of CoZnO thin film coatings are presented in Figure 3. The 

curve fitting results of the deconvoluted high resolution XPS spectra along with the binding 

energy positions and component percentiles, representing various surface bonding states, of 
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CoZn-oxide coatings are set out in Table 3. Figure 3 indicates that the surface bonding features 

of Co2p3/2 photoelectron lines are occupied within 778.45–787.21 eV. It was also observed that 

annealing at higher temperature does not alter the bonding structures of Co2p3/2 photoelectron 

lines. However, higher sol concentrations result in the dominant occurrence of Co(OH)2 phase at 

780.18–783.21 eV and diminishing other possible phases such as CoO, Co2O3, Co3O4. The 

appearance of a satellite peak at above 786 eV confirms the occurrence of Co2+ ions. It is also 

assumed that the reasonably low intensity of these satellite peaks is due to a partial spinel lattice 

structure of Co-ions which may originate from a combination of Co(III) and Co(II) ions [60]. 

The majority of the satellite peaks originate from the cobalt oxide structure known to be Co2O3 

phase while for samples S4 and S6 another additional cobalt oxide phase of Co3O4 was also 

detected. The first deconvolution curves of Co2p3/2 photoelectron lines recorded at 778.45-

781.09 eV are due to the octahedral phase of Co(III) ions known to be Metal 

Co/Co2O3/CoO/Co3O4/Co(OH)2 phase. The second decoupling curves seen at 780.38-783.21 eV 

are assumed to be the tetrahedral contribution of Co(II) ions, generally giving out 

Co2O3/Co3O4/Co(OH)2 phase.  

The high resolution XPS spectra of Zn2p photoelectron lines of CoZn-oxide thin coatings before 

deconvolution and after deconvolution, are presented in Figures 4 and 5 comprise a doublet 

structure. The local environments of Zn, given by the XPS spectra of Zn2p photoelectron lines, 

did not indicate  any significant tendency of shifting either towards the higher or lower energy 

sides due to the annealing or sol concentration effects [61]. The Zn2p3/2 XPS spectra of these 

coatings, after curve fitting, were resolved into two components. The first component, seen at a 

range from 1021.47 to 1022.13 eV, can be allocated to metal Zn or Zn–O bonds [62]. The second 

component located at a binding energy range of 1022.36 to 1023.10 eV is ascribed to the Zn-O 

bonds. The binding energies of Zn2p3/2 and Zn2p1/2 photoelectron lines corresponding to 1021.9 

and 1045.0 eV, respectively were due to the spin orbit coupling. The separation between Zn2p3/2 

and Zn2p1/2 levels was found to be 23.1 eV which is comparable with the valance band width. 

This doublet peak energy separation is in good agreement with the standard reference values of 

23.1 eV associated to Zn2+ ions [63]. Further observations confirmed that the ratio area occupied 

by Zn2p3/2 and Zn2p1/2 peaks was 2:1.  

All the O1s spectra of CoZn-oxide thin film coatings can be deconvoluted into three Gaussian 

fitting curve components together with the existence of a shoulder at above 530.0 eV. Figure 6 
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presents the deconvolution of high resolution O1s XPS photoelectron lines of CoZn-oxide thin 

film coatings deposited at various annealing temperatures and sol concentrations. The 

deconvolution of high resolution of O1s XPS spectra promulgate three components together with 

the existence of a shoulder above 530.0 eV. The first fitting components seen within the binding 

energy range of 529.82–530.83 eV (purple) is recognized to O2− ions resulting to either Co3O4, 

and/or CoO, and/or ZnO phase. The second decoupling components detected at 530.7–532.07 eV 

(pink) is considered to have arisen from OH-like species and/or O2− ions, and thereby producing 

Co3O4, and/or ZnO, and/or Co(OH)2 phase [64-66]. The second components are, typically, 

related to the occurrence of O-deficient regions around the coatings surfaces. The third 

decoupling components observed at 532.14–532.96 eV (blue) is associated with the surface 

oxygen and/or OH-like species such as Co(OH)2 phase/surface oxygen phase. The third 

components are also believed to be associated with the presence of weakly bonded O-species 

around the coatings surface to form H2O and thereby absorbed species incorporated into the 

coating materials [67]. No significant changes in the surface bonding states of the CoZn-oxide 

thin film coatings were realized due to the variations in annealing temperatures and sol 

concentrations.   

 

3.3 Nanoindentation analysis and FEM modeling: mechanical properties 

3.3.1 Nanoindentation results  

Ideally, for a rough surface the indentation depth should be much larger than the size of its 

surface features in order to obtain accurate results [68, 69].  However, in the case of the films 

being investigated, this is not practical as a higher depth will result in the substrate effect being 

involved. As such, three measures were conducted to facilitate measurement accuracy. Firstly, an 

indentation tip with a radius of ~700 nm was used, so that it could cover a large area to average 

out the roughness effect. Secondly, more data points were taken, typically > 100, and the mean 

values were adopted as more reliable experimental data. Thirdly, we used finite element 

modeling to estimate the influence of roughness on the results. Similar to the results in previous 

reports [70], the estimated roughness influence is approximately (10±3)% under estimation. The 

final experimental Young’s modulus E, was derived from the indentation results and are shown 

in Figure 7, while the results were compared with that results from FEM modeling (see below). 

The elastic modulus E varied within the range of 43.7 GPa (S5) – 69.2 GPa (S7), which is 
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comparable with that in CoCuO films [71]. Due to the fact that the indentation is shallow (~ 0.2 

mN), the hardness results based on the indention were deduced to be unreliable thus they are not 

presented here. By comparing the E data with the composition data, which is overlaid in Figure 7 

with the scale shown on the right hand side, one may observe that there is a correlation between 

the two data sets – films with higher O concentration tend to have a higher Young’s modulus.  

 
3.3.2 FEM modeling  

Based on the mechanical properties given by nanoindentation experiments, for FEM modeling 

investigation, the parameters of the substrate and indenter were proposed and are summarised  in 

Table 4 [56, 72]. The load carrying capability of the films is frequently assessed by the 

equivalent stress, or von Mises stress, labelled as σequiv. This is a measure of the potential damage 

the level of stress could induce, and can be expressed by, 

������ =	 �0.5 ���  −	�""#$ + ��"" −	�&&#$ + '�&& −	�  ($ + �� " +	�"& + �& #$)*+/$   (3) 

where σxx, σyy, σzz, σxy, σyz, σzx are the corresponding stress tensor components, respectively. 

To compare the stress and strain levels in different films under the same loading using FEM, we 

set the loading at the top of the indenter to a constant force of 20 mN for different films, which 

was calculated through integration of the z component of the surface traction at the top surface of 

the indenter. The resulted indentation depths are shown in Figure 8 for the 4 samples (S5, S1, S3, 

and S7), the Young’s modulus which spreads almost evenly across the complete range of the 

experimental E value defined by all the 9 samples under study. For the same loading condition, 

the indentation depth is inversely related to the Young’s modulus of each film (Figure 8(b)). The 

depth for S5, which has the lowest modulus, is 20% less than that for S7. The FEM modelling 

results of stress distribution is given in Figure 9 for the 4 films. All the films are of 1.2 µm 

thickness and set on a silicon substrate. As expected, for films with a smaller Young’s modulus 

(S5, S1) the maximum induced von Mises stress is lower, at about ~4 GPa. It is much higher in 

films having a greater modulus (S3, S7), about ~6 GPa. For all the films being studied, the 

maximum stress level is in the range of 4 – 6.5 GPa. Two types of substrate, Aluminium and 

silica, have been used in the modeling. There is no discernible difference between the results, 

which is possibly due to the fact that, both of the substrate materials have similar Young’s 

modulus, which is higher than that of the films, and that both have a sufficiently high yield 
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strength so that no yield occurs in our modeling loading range. However, under the same 

loading, the film deformation, and correspondingly, the strain levels in the films, is much higher 

for those films with lower Young’s modulus. This can be clearly seen through a comparison 

between the geometrical shapes in Figure 9. A higher level of strain will result in early yielding 

for films with smaller modulus.   

In Figure 10, the stress distribution under different loadings are compared. For different loading 

levels, the higher the indentation depth, the higher the induced stress. The stress level at the top 

and bottom of the film is maintained at a relatively smaller value with respect to that at the center 

location, for all different loading levels. This is due to the difference between the Young’s 

modulus of the film, the substrate and the indenter, with the latter two having higher moduli. 

Within the substrate, for lower loadings only a small stress level can be observed close to the 

interface. However with the increase of the indentation depth a significant stress level is 

observed which is almost comparable with the stress level in the film (Figure 11). 

The influence of the film’s thickness on the stress level and distributions are shown in Figures 12 

and 13. Within the coating the stress maximum is located at about the midway point between the 

film surface and the film-substrate interface. Also due to the difference between the Young’s 

modulus of the film and that of the substrate, a significant stress level is also observed in the 

substrate. When the thickness of the films increased from 1.0 µm to 1.6 µm, the maximum stress 

level in the film only reduced slightly. Meanwhile, the stress level at the surface and interface 

decreased more significantly, and a ~30% decrease of the stress within the substrate was 

observed.   

 

3.4 Water contact angle measurements  

The experimental results of water contact angles for all the samples are shown in Figure 14. The 

measured range was 96.4 -110.8°, which is thought to be moderately hydrophobic. The highest 

contact angles were observed in S4 (110.8°) and S7 (110.4°). The water contact angle is an 

important parameter for the materials used in energy applications such as solar film. To our best 

knowledge current the data for CoZn-oxide film are not available. So here we make a 

comparison between the contact angles of the CoZn-oxide with that of other solar film materials. 

For example, for Al2O3 materials, the reported contact angle is between 120° ~ 163° [73, 74].  
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It has been well established that the contact angle between a liquid and smooth solid surface in 

air is described by Young’s equation [75] cosγ = (γsv – γsl)/γ sv, where γ  refers to the interfacial 

tension and the subscripts s, l, and v refer to the solid, liquid, and vapor phases, respectively. The 

interfacial tensions are determined by the chemical compositions of the solid and liquid phases. 

However, on a rough solid surface, the contact angle will be different from that on a smooth 

surface of the same composition. When the experimental contact angle results are plotted 

together with the surface roughness, it is found that there exists a good correlation between these 

two sets of data (Figure 15), which suggests that for the samples being studied, surface 

roughness plays a more important role in deciding the variation of the contact angle, while the 

change in composition has less of an effect. Wenzel [76] and Cassie and Baxter [77] proposed 

two most frequently used models to estimate the effect of roughness on the apparent contact 

angle of liquid drops. The Wenzel model recognizes that surface roughness increases the 

available surface area of the solid, which modifies the surface contact angle according to the 

expression, cosθ* = rcosθ, where θ* is the apparent contact angle on the textured surface, r is 

the surface roughness factor, and θ is the equilibrium contact angle on a smooth surface of the 

same material, which can be derived from Young’s equation. Our results qualitatively agree with 

this equation, the higher the roughness of the surface, the larger the contact angle will be.  

Different techniques and evaluation methods have been proposed to evaluate the contact angle 

on different surface configurations [78] and modify the contact angle of the materials [79, 80] in 

order to improve and enhance their suitability and functionality in real applications. The 

determination of the “intrinsic” contact angle for the series of the films with different 

compositions is expected to be a good starting point for customized designs of the films towards 

variable applications. 

 

4. Conclusions 

A series of sol-gel spin-coated CoZn-oxide thin film coatings, synthesized with various sol 

concentrations and annealing temperatures were investigated using different experimental and 

modeling techniques. Atomic force microscopic analysis indicated a monotonic increase in the 

average and rms values for the surface roughness of these coatings with the rise in sol strength. 

The highest value of the average and rms values of the surface roughness of CoZn-oxide 
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coatings was recorded to be 84.4 and 109 nm, respectively. The atomic compositions of the 

deposited coatings confirmed via XPS survey scans show that the Co and Zn contents in the 

coating structures slightly increased at higher sol concentrations. High resolution XPS analysis 

was conducted to identify the local bonding states of these elements and formations of various 

cobalt oxides, cobalt hydroxides, zinc oxides, metal Co, Metal Zn, surface oxygen and/or OH-

like species were detected. From the nanoindentation data the Young’s moduli of the films were 

determined. A correlation exists between the O concentration and the mechanical property – 

films with higher O concentration tend to have higher Young’s modulus. The elastic modulus E 

varied within the range of 43.7 GPa – 69.2 GPa, which is comparable with that in CoCuO films. 

Film S7 has the highest Young’s modulus 69.2 GPa, which shows a 58% increase from that of 

S5, owing to the increase in the O concentration. The FEM modelling results indicate that, while 

under the same loading, the film deformation and strain levels in the films is higher for those 

films with lower Young’s modulus, while the von-Mises stress is higher. Because of the large 

difference between the modulus of the film, and that of the substrate and the indenter, the stress 

concentration will be midway between the film surface and the interface. For the same reason 

large stress is also observed within the substrate when the film is thin, and when the indentation 

depth is large. A reasonable hydrophobicity of these surface was given the fact of the measured 

range of water contact angle to be 96.4 -110.8°. Higher roughness correlates with a higher 

contact angle, while the composition of the films seems to have little influence on the contact 

angle. Therefore, it is possible to achieve an optimized design of the water contact angle through 

adjustments of the surface roughness of the films. 
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Table 1. Surface roughness parameters of sol-gel derived CoZnO thin film coatings 
estimated via AFM studies.  

Sample 
Mean roughness, 

Ra (nm) 
rms value of surface 
roughness, Rq (nm) 

Maximum surface 
roughness, Rm (nm) 

z Scale 
(nm) 

Image surface 
area (μm2) 

S1 35.4 43.9 286 286 27.6 

S2 26.8 33.5 242 240 106 

S3 22.5 29.2 296 296 105 

S4 56.5 69.8 449 450 32.4 

S5 30.3 38.0 354 354 108 

S6 16.8 20.8 160 170 25.5 

S7 84.4 105 659 1100 62.6 

S8 43.1 55.6 382 386 27.5 

S9 10.9 13.6 755 749 33.6 
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Table 2. Atomic compositions of sol-gel derived CoZnO thin film coatings as estimated via 

XPS measurements. 

Samples Elements Atomic percentages of elements (%) 

S1 
Co 14.40 
Zn 10.95 
O 74.65 

   

S2  
Co 15.0 
Zn 11.70 
O 73.30 

   

S3 
Co 16.0 
Zn 12.68 
O 71.32 

   

S4  
Co 16.19 
Zn 12.72 
O 71.19 

   

S5 
Co 18.90 
Zn 13.20 
O 67.90 

   

S6 
Co 19.68 
Zn 15.45 
O 65.87 

   

S7 
Co 10.74 
Zn 8.09 
O 81.17 

   

S8 
Co 11.15 
Zn 12.24 
O 76.62 

   

S9 
Co 12.08 
Zn 11.74 
O 76.18 
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Table 3. XPS fitting results of sol-gel derived CoZnO thin film coatings for the core level 

binding energies. 

Samples 
Photoelectron 

lines 
Bonding states BE (eV) 

FWHM 
(eV) 

Percentages of the 
component (%) 

S1 

Co2p3/2 
Co3O4/CoO/Co2O3 phase 780.5 2.9 50.6 
Co2O3/ Co(OH)2 phase  782.6 2.9 26.3 

Co2p3/2 sat. Co2O3 phase 786.6 3.8 23.1 

O1s 

Co3O4/CoO/ZnO phase 530.3 1.3 52.3 
Co3O4/ZnO/Co(OH)2 phase 531.2 1.2 18.1 

Co(OH)2 phase/Surface 
oxygen 

532.3 1.6 29.6 

Zn2p3/2 
Metal Zn/ZnO 1021.7 1.4 42.8 

ZnO phase 1022.5 1.4 25.3 
 

S2 

Co2p3/2 
Co3O4/CoO/Co2O3 phase 780.2 1.5 43.9 
Co2O3/ Co(OH)2 phase  782.6 3.0 43.4 

Co2p3/2 sat. Co2O3 phase 786.3 3.0 12.7 

O1s 
Co3O4/CoO/ZnO phase  530.4 1.5 49.0 

ZnO/Co(OH)2 phase 531.8 1.5 33.9 
Surface oxygen  533.0 1.5 17.1 

Zn2p3/2 
Metal Zn/ZnO 1021.6 1.3 38.5 

ZnO phase  1022.4 1.3 28.4 
 

S3 

Co2p3/2 
Metal Co/Co3O4 phase 779.1 2.72 17.9 

CoO/ Co2O3/Co3O4/Co(OH)2 

phase 
781.4 3.9 60.5 

Co2p3/2 sat. Co2O3 phase 786.7 3.9 21.6 

O1s 

Co3O4/CoO/ZnO phase  530.3 1.33 44.4 
Co3O4/ZnO/Co(OH)2 phase 530.9 1.62 28.1 

Co(OH)2 phase/Surface 
oxygen  

532.3 1.90 27.5 

Zn2p3/2 
Metal Zn/ZnO 1021.52 1.23 26.8 

ZnO phase 1022.36 1.30 38.9 
 

S4 

Co2p3/2 
Co3O4/CoO/Co2O3 phase  780.72 3.09 53.1 

Co(OH)2 phase  783.21 3.7 24.8 
Co2p3/2 sat. Co3O4/Co2O3 phase 787.21 3.5 22.1 

O1s 

Co3O4/CoO/ZnO phase  530.14 1.28 35.8 
Co3O4/ZnO/Co(OH)2 phase  530.79 1.38 29.2 

Co(OH)2 phase/Surface 
oxygen 

532.06 1.90 35.0 

Zn2p3/2 
Metal Zn/ZnO 1021.54 1.3 35.4 

ZnO phase 1022.37 1.3 32.0 
 

S5 

Co2p3/2 
Co2O3/CoO/Co3O4/Co(OH)2 

phase   
781.09 0.99 20.9 

Co(OH)2 phase 782.59 3.30 58.3 
Co2p3/2 sat. Co2O3 phase  786.47 2.90 20.8 

O1s 
Co3O4/ZnO/Co(OH)2 phase 530.83 1.23 36.0 

ZnO/Co(OH)2 phase 531.54 1.37 20.0 
Surface oxygen 532.86 2.30 44.0 

Zn2p3/2 Metal Zn/ZnO 1022.6 1.29 29.3 
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ZnO phase 1023.1 1.30 36.8 
 

S6 

Co2p3/2 
Co3O4 phase 778.5 0.98 20.3 
Co2O3 phase 780.4 3.9 63.2 

Co2p3/2 sat. Co3O4/Co2O3 phase  785.6 4.5 16.5 

O1s 

Co3O4/CoO/ZnO phase  530.2 1.30 37.7 
Co3O4/ZnO phase 530.7 1.46 27.2 

Co(OH)2 phase/Surface 
oxygen  

532.1 2.00 35.1 

Zn2p3/2 Metal Zn/ZnO 1021.8 1.50 47.2 
ZnO phase 1022.4 1.44 21.0 

 

S7 

Co2p3/2 

Metal Co/ 
Co2O3/CoO/Co3O4/Co(OH)2 

phase    
780.1 2.85 38.0 

Co(OH)2 phase     782.3 3.0 30.2 
Co2p3/2 sat. Co2O3 phase 786.5 4.9 31.8 

O1s 
Co3O4/CoO/ZnO phase  529.8 1.57 24.8 

ZnO/Co(OH)2 phase  531.6 2.00 42.0 
Surface oxygen  532.7 2.00 33.2 

Zn2p3/2 
Metal Zn/ZnO 1021.5 1.99 46.8 

ZnO phase 1023.1 2.04 20.2 
 

S8 

Co2p3/2 
Co3O4 phase 779.1 1.73 19.6 

Co(OH)2/Co2O3 phase 781.4 3.0 53.8 
Co2p3/2 sat. Co2O3 phase  786.0 4.9 26.6 

O1s 
Co3O4/ZnO phase 530.7 1.42 41.0 
Co(OH)2 phase  532.1 1.80 32.7 
Surface oxygen 532.9 1.80 26.3 

Zn2p3/2 
Metal Zn/ZnO 1022.1 1.5 46.9 

ZnO phase 1022.9 1.4 22.0 
 

S9 

Co2p3/2 
Metal Co 778.6 1.84 21.2 

Co2O3/CoO/Co3O4/Co(OH)2 

phase     
781.0 3.85 53.3 

Co2p3/2 sat. Co2O3 phase 786.0 3.50 19.5 

O1s 

Co3O4/CoO/ZnO phase  530.1 1.43 40.6 
Co3O4/ZnO/Co(OH)2 phase  531.4 2.00 30.6 

Co(OH)2 phase/Surface 
oxygen 

532.6 2.00 28.8 

Zn2p3/2 
Metal Zn/ZnO 1021.5 1.20 37.9 

ZnO phase 1022.5 1.20 29.4 
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Table 4. FEM Modeling parameters of substrate and the diamond indenter.   

Samples name 
Young’s 
modulus, 
E (GPa) 

Poisson’s 
ratio 

Yield 
strength 
(MPa) 

 

Aluminium 69 0.3 95 
 

Silica 66.3 0.25 50  

Indenter (DM) 1141 0.07 -  
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Figure1. AFM images of sol-gel derived CoZnO thin film coatings.  
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Figure 2. XPS survey scans of sol-gel derived CoZnO thin film coatings.  
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S8 
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Figure 3. Deconvolution of high resolution XPS spectra of Co2p3/2 photoelectron lines 
of sol-gel derived CoZnO thin film coatings. Green dotted line (raw data), red line 
(Fitting envelope), black line (background), purple, pink, and blue lines are fitting 
components. 
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Figure 4. Zn2p photoelectron lines of the XPS spectra of sol-gel derived CoZnO thin 
film coatings before quantitative analysis.  
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Figure 5. Deconvolution of high resolution XPS spectra of Zn2p3/2 and Zn2p1/2 

photoelectron lines of sol-gel derived CoZnO thin film coatings. Green dotted line (raw 
data), red line (Fitting envelope), black line (background), purple, blue, dark blue, and 
orange lines are fitting components. 

S9 

S7 S8 

Zn2p3/2 

Zn2p1/2 

Zn2p3/2 

Zn2p1/2 

Zn2p3/2 

Zn2p1/2 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S1 

S2 

S3 
S4 

S5 S6 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

S7 
S8 

S9 

Figure 6. Deconvolution of high resolution XPS spectra of O1s photoelectron lines of 
sol-gel derived CoZnO thin film coatings. Green dotted line (raw data), red line (Fitting 
envelope), black line (background), purple, pink, and blue lines are fitting components. 
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Figure 7.  Experimental Young’s modulus E of the CoZnO thin film coatings, derived from 
nanoindentation data. The percentage O content is also plotted for comparison, with the scale 
labelled on the right-hand side. 
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Figure 8. (a) FEM results of loading-depth plot for films S5, S1, S3 and S7. (b) FEM results 
of indentation depth at an indentation loading of 20 mN. The experimental Young’s modulus 
is also shown for comparison. 
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Figure 9. FEM modeling results of equivalent stress distribution within the films under an 
indentation loading of 20 mN. The thickness of the films is 1.2 µm, deposited on silicon 
substrates. (a) S5, (b) S1, (c) S3, and (d) S7. The indentation depth in S5 is 25% higher than 
that in S7 when subjecting to 20 mN loading. 

 

                                        

Figure 10. FEM modelling results of equivalent stress distribution within the film S7 with 
indentation depth, (a) 100 nm (b) 140 nm, (c) 280 nm, and (d) 220 nm. The thickness of the 

films is 1.2 µm, deposited on silicon substrates.  
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Figure 11. FEM modelling results of equivalent stress distribution in the film S8, along the 
symmetry axis of the model, from the top of the film to the film-substrate interface. The 
thickness of the films was 1.2 µm. The indentation depth is at (a) 100 nm, (b) 140 nm, (c) 180 
nm, and (d) 200 nm.  

                                    

 

 

Figure 12. Modeling results of equivalent stress distribution within the S7 film, deposited on 

silica substrate with various thickness, (a) 1.0 µm, (b) 1.2 µm, (c) 1.4 µm, (d) 1.6 µm. A 

loading resulting in 0.22 µm indentation depth was used.  
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Figure 13. Equivalent stress distribution along the symmetry axis of the model, from the top 
of the film to the film-substrate interface. The film was deposited on silica substrate with 
various thickness, (a) 1.0 µm, (b) 1.2 µm, (c) 1.4 µm, and (d) 1.6 µm. A loading resulting in 
0.22 indentation depth was applied.  
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Figure 14. Experimental water contact angle images. 

 

 

                                     

Figure 15. Experimental results of the water contact angles and surface roughness (RMS)  

 


