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ABSTRACT
This article presents a comprehensive study oraseirthemical bonding states, morphological
features, mechanical properties, finite elementetfind, and water contact angle measurements
of wet chemical based dip-coated CoZn-oxide thim fcoatings. Atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), Nadentation, finite element method
(FEM) modeling, and drop shape analysis techniquese used to carry out the detailed
measurements. AFM studies showed that the surfaggness values of all the coatings sturdily
increased with the increase in sol concentrati®he. gradual increase in sol concentrations and
annealing temperature also had a remarkable irdi@ver the Co-, and Zn-contents of these

coatings given by XPS analysis. The deconvolutib@® 23/, photoelectron lines revealed the



formation of Co(OH), CoO, CaOs, and CgO,4 phases from the coatings surface while low
intensity satellite peaks developed due to a pasgenel lattice structure of Co-ions. The
occurrence o0;0, CoO, andZnO phases were also confirmed from the deconwriuti O -
photoelectron lines. The elastic modulks,of CoZn-oxide thin film coating, varied withingh
range of 43.7— 69.2 GPa was comparable with th@o@uO thin film coatings. The maximum
stress level induced was estimated to be in thgerah4.0 — 6.5 GPa. However, as the thickness
of the coatings is increased, the maximum stregsl Iglightly decreased. The coatings were

moderately hydrophobic.

Keywords: Sol-gel technique; CoZn-oxide coatings; nanoind@mg Young’s modulus; elastic

constant; finite element method

1. Introduction

Nanosized transition metal oxide based thin coatiagd other systems demonstrate a good
combination of novel and unique chemical, eleclyiogagnetic, and physical properties which
make them ideal candidates to be used as vanmgidnal and smart materials [1, 2]. These
materials have good potential in numerous indusajgplications, such as optoelectronics,
magnetic memory devices, photo-catalysts, and gasoss [3-7]. For instance, due its safe
nature, cost-effectiveness, thermal stability, éalgand-gap (3.37 eV), ease control of particle
morphology, simplicity of crystallization, and higiectron mobility, ZnOs are widely used as
substitutes for other metal oxides in the areaemisers, catalysts, solar energy materials, and
magnetic applications [8-10]. As a result, they édnagceived widespread attention within the
scientific community [11-13]. Likewise, GO, also has also applications in various fields such
as heterogeneous catalysis, electrochromic dewjjasssensors, biosensors, supercapacitors, and
lithium ion batteries [7, 14-16]. Over the yearffpes have been made to investigate;Qp
structures due to their fascinating structuralcteleal, chemical, electronic, mechanical, optical,
photo-chemical, and magnetic properties [17, 180G, a direct band-gap semiconducting
oxide has been extensively used as catalysts, nLibatteries, gas sensors, supercapacitors,
energy storage and energy conversion devicesfithirmaterials, solar selective surfaces, drug

deliveries, and magneto-optic recording media p0j,



In recent years, transition metalse( Mn, Ni, Cu, and Co) doped ZnO semiconducting
structures have been thoroughly investigated feir thptical, photoluminescence, magnetic, and
semiconducting properties due to their potentigbliaptions in magneto-optic, electronics,
optoelectronics, microwave, and spintronic devi@is25]. More recent studies show that Co-
doped ZnO systems have gathered considerable cbsatention due to their extraordinary
structural, chemical, magnetic, and optical prapsrand large number of favorable applications
[26-28]. Annealing effects on the micro-structusad electrochemical features of sol-gel dip
coating derived Al-incorporated CoZnO thin film tiogs were studied by means of XRD, UV-
Vis-NIR, and VSM techniques [29]. Optical studiesdicated that the band-gap of Al-
incorporated CoZnO films dropped from 3.99 to 3&8Bwith the rise in annealing temperature.
The ferromagnetic characteristics of the films wals® increased upon annealing. The structural
and magnetic properties of transition metals sgch@a, Ni, and Cu doped CoZnO nanoparticles
were systematically investigated [30]. Single phdsexagonal wurtzite structure of the
nanoparticles was confirmeth XRD tests while the nanoparticle size was in betw25.3, and
33.5 nm. The ferromagnetic behaviour of the nargpes indicated strong exchange

interactions between the delocalized carriers haddcalizedd spins of doped metals.

Magnetic and photocatalytic analysis of;09ZnO nanocomposites with an average particle
size of 10-40 nm, synthesized using chemical psoceas conducted by magnetization
measurements with variations in external magnetlds and temperatures. Fast alignment of the
magnetic moments of G0,-ZnO nanocomposites seen below ~15 K is associatéd the
interfacial polarizations while the photocatalyfctivity of the nanocomposite systems was
ascribed to the ability of charge separation aratgd transfer mechanisms [31]. Nanostructured
Co304/Zn0O catalysts identified as CoZpOCozZnQ, and CoZn® were studied for their
physicochemical and catalytic properties [32]. Toatalytic performance of GO4/ZnO
nanoparticles were significantly enhanced frompghee oxide precursors. The HR-TEM studies
also confirmed that the synthesis temperature glyoaffects the particle morphology of the
C0304/Zn0O nanoparticles. Compared to the pure oxidesOganO catalysts also required
higher catalytic decomposition temperatures. Mia@ow applications, of Co/ZnO
nanocomposites, in isolators and circulators wengonted in another study [33]. Co/ZnO
nanocomposites, formed by mixing Co nanoparticle$d 2nO nanoparticles, did not show the

off-diagonal component of magnetic permeabilitywilwger, higher magnetic coercivity and



saturation magnetization values were observed. Miagnetic behaviors of nanostructured
Co/ZnO were assumed to be related to the magn@soteopy of Co particles.

Theoretical investigations on the magnetic propsrtf CoZnO materials, using the Heisenberg
exchange-coupling model, reported that the padicd&e and shape play significant roles in
controlling the magnetic behavior and magnetizapbanomena [34]. The phase characteristics
and optoelectronic applications of these matemadse also discussed in terms of the diluted
magnetic semiconducting systems. Extensive stumliethese materials have also been carried
out in search of their potential applications inas@nergy harvesting, optoelectronic devices,
synthetic and inorganic chemistry, and ultrasevesitietection [35, 36]. The influence of applied
potentials on the particle morphology, physicaltdeas, and conduction properties of CoZnO
nanotubes is also available in the literature. igbotential difference results to a reduction in
oxygen content and increase in crystallinity in tlamostructures, in combination with a change
in their phase compositions. The crystalline feadwf the nanostructures and their conductivity,
increased with the diminution of impurities [37]0ZnO coatings depositeda sol-gel dip
coating process onto the glass substrates weréedtid reveal their optical, and magnetic
properties in relation with the structural informoat [38]. XRD studies confirmed their
crystalline behavior and wurtzite structure. SEMagimg established the porous surface of the
coatings and the saturation magnetization gradiratheased with the applied external magnetic
field. An optical band gap of 3.55 eV was computexn the UV-Vis spectroscopic studies
while the ferromagnetism of the coatings was detead VSM studies. Metal doped ZnO, and
ZnCoO single phase thin film coatings manufactutesing spray pyrolysis process were
analysedvia XRD, SEM, and transmittance spectroscopy. Stratiavestigations indicated the
hexagonal wurtzite structure with an average partsize of 19 to 25 nm. The experimental
transmittance data perfectly fits with the theadaticalculations. The Levenberg—Marquardt
least square method in combination with the Wem@bomenico model were utilized to

understand the electronic transition, optical gigon coefficient, and Tauc—Urbach theory [39].

The photovoltaic and photoconductive nature of GdA&ystems deposited onto the glass and
silicon substrates were studied by Sostlal. [40]. Authors have suggested that CoZnO systems
deposited onto silicon substrates can be used et®g#tectors. It was also reported that Co-

doped ZnO shows higher absorption of the visilgbts by forming hybrid G2 conduction band

at lower band-gaps. In another study, the weakofeagnetic behaviour of GO;-ZnO



nanoparticles was detected at a low temperature Bjladopting a suitable synthesis method,
one can regulate the structural, chemical and seinfi@orphology, and particle size of a material
to be used in the desired technical applicatiormva@tiays, numerous methods are available to
synthesize mixed metal oxide based thin film cagiror nanoparticle structures namely,
hydrothermal process, chemical co-precipitationteplaser deposition method, polyol process,
thermal decomposition method, electrochemical neéthacrowave assisted technique, standard
ball milling scheme, sol-gel dip coating or spinatng procedure, and thermal evaporation
approach [42-49]. The majority of these synthesi$hmdologies, generally, require complicated
working procedures, higher reaction temperaturagh ttost machineries, higher energy
consumption, longer reaction times, and harmful taxec organic reagents. In addition to these,
their performance outcome may also hinder fromapplication viewpoint. In view of these
facts, sol-gel spin coating method is considerecbéoone of the most convenient, simple,
lucrative, environment friendly, and useful techuggo synthesize metal oxide based thin film
coatings together with an easy control of partilerphology. Thus in this study, CoZn-oxide
thin film coatings with high purity level has beproducedvia sol-gel spin-coating method at
various sol concentrations and annealing tempersitur a relatively shorter synthesis time.
Moreover, even though many literature on the sgidiestructural properties, optical analysis,
magnetic properties, physicochemical and catalgtoperties of such coatings are available
however a comprehensive study in regards to thefiace morphological features, chemical
bonding states, mechanical properties, and watatacbangle analysis is yet to be conducted.
Detailed characterizations of the synthesized ngatiwere carried out by AFM, XPS,

nanoindentation, FEM and water contact angle ssudie

2. Experimental
2.1 Thin film fabrication

Cobalt nitrate hexahydrate (Co(M@6H.O; Merck, >99%), zinc nitrate trihydrate
(Zn(NO3)2.3H,0; Merck, >98.5%), propionic acid §8sCOOH, Merck, >99%), and absolute
ethanol (GHsOH; Merck, >99%) were used as the raw materialsytdhesize the spin-coated
thin films. Commercial grade reflective aluminumests (Anofol, %4 cnf) were used as

substrate materials. The substrates were prepagrel@dning in a hot (85C) mixture of Cr(VI)-



oxide and HPO, for 10 minutes. Finally, the substrates were wdsheat in warm deionized

water and dried up by flowing nitrogen gas flushes.

Appropriate amount of cobalt nitrate hexahydrate] ainc nitrate trinydrate were dissolved in
absolute ethanol. 0.3M,85sCOOH was used as the complexing agent to the ealuéind a
hotplate magnetic stirrer was used for 2 hours apm speed of 450 rpm to make a
homogeneous solution. The resultant solution was tis synthesize the copper zinc oxide thin
film coatings by using a spin coating machine. Bgrihe synthesis process, the substrate was
rotated at a speed of 3000 rpm for 50 s, and tlagedosubstrate was dried on a hotplate at 150
°C for 60 s. The entire process was repeated detvmes to achieve the desired film thickness.
The final products were annealed at 400, 500, &%°€ temperatures for 2 hours in air at a
heating rate of 50 °C/min. The thin film coating®quced with a precursor concentration of
0.3M and annealed at 400, 500, and 600 °C tempertwere termed as S1, S2, and S3
respectively. The similar procedure was repeateslytihesize another two series of thin film
coatings by varying the precursor concentration®.5®, and 0.7M; and annealing temperatures
400, 500, 600 °C. These two series of samples wlergified to be S4, S5, and S6; and S7, S8,
and S9 respectively. A total of nine samples wevestigated to complete this study.

22  AFM imaging

A high resolution atomic force microscopy (AFM Bask Dimension Edge) machine was employed for
surface morphological study. The images were aeduim tapping mode at a tapping signal of 2.9 V, at
room temperature. A rectangular cantilever wasliramfor collecting the AFM micrographs. In the sca

control panel, following default set parametersevaesed in tapping mode operation; scan size: 5 pm,

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

The three key parameters namely, the mean surtaghnessR,, rms value of surface roughnes,
andz scale were estimated from the AFM micrographs. Mean surface roughness, of a thin film

materials can be calculated using [50],

YN Ihi—hl
R = ==t (1)

whereh; is the roughness value of the coating at a pdinth' indicates the mean roughness

value, and N is the total data points counted Heritaging process. The rms value of surface



roughness,R; measures the height deviations originated from rfean data plane and is
described by the following formula [50],

N |hi—h|?
Ry = EEltE @

The zscale value provides with the vertical distancevieen the peak and bottom point through
of an AFM image [51].

2.3 XPS measurements

XPS, a very powerful and popular tool extensivebed in surface science to analyze the
surfaces, and local electronic, and chemical bandiructures of various solids including thin
film based materials. It is also utilized to exaenithe influence of defects on the electronic
behaviors of materials. Chemical analysis of thatiogs was performed via Kratos Axis-Ultra
photoelectron spectrometer. The Kratos XPS machsas AIK, monochromatic X-ray source
with beam energy of 1486.6 eV at a power of ~10anA ~15 kV. Square size samples (2 mm x
2 mm) were mounted onto steel sample holder. Aoamifpressure of 2.9 x 1D Torr was
maintained in the XPS test chamber. The @uQo 2, O 1s, C 1s photoelectron lines were
recorded with a 2D delay line detector. The ph@cebn energy scale was calibrated using C1
(hydrocarbon; €H) line-at 284.6 eV. CASA-XPS v.2.3.15 software wesed for XPS data
analysis and deconvolution of the curves. In otdeavoid the possible charge shift, all XPS
spectra were calibrated with respect to thes@elak at a binding energy of 284.6 eV.

24  Nanoindentation and FEM Modeling

An Ultra-Micro Indentation System 2000 workstati@SIRO, Sydney, Australia) has been used
in this work to investigate the mechanical promsrtiof CoZn-oxide thin films. The
nanoindentations system, is equipped with a dianBerovich indenter, which was calibrated
using a standard fused silica specimen [52]. Ireofdr the indentation depth to be kept below
10% of the film thickness, the load control methwsals used with a maximum loading of 200
"IN. The setting of test points was 15 for loadingl &0 for unloading. A more detailed

description of the nanoindentation procedures efobnd elsewhere [53, 54].



Comsol Multiphysics software [55] was used in thisrk for the simulation of the intensity and
distribution of load induced stress within varidiis materials, thicknesses and substrates. Here
the “load induced stress”, referring to an artéldoad during the modelling process to evaluate
the load carrying capability of the coating layisradapted to differentiate from “residual stress”,
which is the remnant stress gained during the espadt process. Similar to our previous works
[54, 56] a 2D axial symmetry model was incorporateith a spherical indenter (5 um radius) at
the top of the film layer with different composti@nd thickness. The film layer was set at the
top of two different types of substrate, aluminiamd silica glass, which are typical for real
industrial applications. Further details of FEM rabidg, such as geometry, boundary conditions,
and mesh generation, have been provided in ourqueworks [57, 58].

2.5  Contact angle measurements

Contact angle measurements were performed at attei@peratures using an FTA1000 Drop
Shape Analysis instrument (B Frame System, First Argstroms, Virginia, USA) equipped
with an automated dispensing syringe and a comyooiarolled title stage. Water droplets of 5
ML were dispersed onto fabricated samples. Theacbmingles were obtained by analyzing the
sessile drop images using Drop Shape Analysis sofaffiliated with the instrument. Three
drop tests were performed on each sample and temg@gw angle was adopted for wetting
characterization.

3. Results and discussion
3.1 AFM analysis: surface morphology

Surface structural features and surface roughnafsewy of CoZn-oxide thin film coatings
studied using AFM system are shown in Figure 1. $ldace roughness parameters of these
coatings estimatedia AFM imaging were delineated in Table 1. From TabJehigher mean
surface roughness and rms surface roughness vallU@sZn-oxide coatings were observed at
lower annealing temperatures. However, as the @atentrations were enhanced ReandR,
values intensely increased from 35.4 to 84.4 nrd,fesm 43.9 to 109 nm, respectively within a

mean image surface area of 5§6. Thus, the annealing and concentration level @f th



solutions used to synthesize the thin film coatingsve significant affect the surface
morphological features of these films. Higher soh@entrations initiate grain growth at the
coating’s surface and improves the surface roughras the thin films. At higher sol

concentration, due to material densification, firgmins growth along a-direction, and

perpendicular to the base material which resultedigher ionic mobility. As a consequence of
these effects, the surface roughness values of ©gide coatings became enlarged. At higher
annealing temperatures, the atoms have adequavatect energy to occupy the correct site

around the crystal lattice.

3.2 XPSanalysis: chemical composition and electronic structure

The XPS measurements were performed to investtbatsurface chemical composition of the
CoZn-oxide thin film coatings and corresponding raleal bonding states of the constituent
elements. The elemental atomic percentages of @aitte thin film coatings estimateda XPS
survey scans conducted in the binding energy rah@e1200 eV are displayed in Figure 2. The
high resolution XPS spectra were calibrated wigpeet to the Cdspectra considered to be at a
binding energy position of 284.6 eV. It is notedtthll the XPS spectra acquired at different sol
concentration and annealing temperatures were siamjar to each other while the individual
elemental core level peak positions own varied petnsities. From Figure 2, it is seen that all
the XPS spectra exhibited peaks associated to Goad O elements present in the thin film
coatings together with carbon peaks [59]. The atotoimpositions of these coatings assessed
from XPS scans are registered in Tabldt 2s seen that annealing and sol concentrationge ha
noticeable influence on the atomic compositionsthefse coatings. The Co and Zn-contents
gradually increased with the subsequent increassoinconcentration up to 0.5M and then
decreased at 0.7M. It was also noticed that aarnhealing temperature rises the atomic contents
of Co and Zn also steadily enhanced. Thicker angefaoxide layers of these coatings were
observed to be predominant at higher sol concéoisaand around the films surface.

The decoupling of high resolution Q@2 XPS spectra and its satellite, at various anngalin
temperature and sol concentrations, of CoZnO timm doatings are presented in Figure 3. The
curve fitting results of the deconvoluted high teafon XPS spectra along with the binding

energy positions and component percentiles, reptiegevarious surface bonding states, of



CoZn-oxide coatings are set out in Table 3. Figumedicates that the surface bonding features
of Co2ps, photoelectron lines are occupied within 778.45-Z8%V. It was also observed that
annealing at higher temperature does not altebtmeling structures of Cpgz, photoelectron
lines. However, higher sol concentrations resuthimdominant occurrence of Co(Qlghase at
780.18-783.21 eV and diminishing other possiblesphasuch as CoO, &, Co04 The
appearance of a satellite peak at above 786 eViroenthe occurrence of Gbions. It is also
assumed that the reasonably low intensity of tlsasellite peaks is due to a partial spinel lattice
structure of Co-ions which may originate from a omation of Co(lll) and Co(ll) ions [60].
The majority of the satellite peaks originate frtime cobalt oxide structure known to be,Og
phase while for samples S4 and S6 another additmotzalt oxide phase of GO, was also
detected. The first deconvolution curves of @g2photoelectron lines recorded at 778.45-
781.09 eV are due to the octahedral phase of Qo({dhs known to be Metal
Co/Ca05/Co0/Ca04/Co(OH), phase. The second decoupling curves seen at 788321 eV
are assumed to be the tetrahedral contribution oflI)C ions, generally giving out
C0,05/C0304/Co(OH), phase.

The high resolution XPS spectra of frpghotoelectron lines of CoZn-oxide thin coatingsdoef
deconvolution and after deconvolution, are presemeFigures 4 and Somprise a doublet
structure. The local environments of Zn, given g XPS spectra of Zp2photoelectron lines,
did not indicate any significant tendency of shiteither towards the higher or lower energy
sides due to the annealing or sol concentratioectff[61]. The Zngs, XPS spectra of these
coatings, after curve fitting, were resolved intmtcomponents. The first component, seen at a
range from 1021.47 to 1022.13 eV, can be allocttedetal Zn or Zn—O bonds [62]. The second
component located at a binding energy range of B&2® 1023.10 eV is ascribed to the Zn-O
bonds. The binding energies of £32 and Zn,,, photoelectron lines corresponding to 1021.9
and 1045.0 eV, respectively were due to the sgiit ooupling. The separation between gg2
and Znd;, levels was found to be 23.1 eV which is comparatité the valance band width.
This doublet peak energy separation is in goodeageat with the standard reference values of
23.1 eV associated to Znions [63]. Further observations confirmed thatriigo area occupied

by ZnZps/> and Zndy,peaks was 2:1.

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

fitting curve components together with the existen€ a shoulder at above 530.0 eV. Figure 6



presents the deconvolution of high resolutiors&PS photoelectron lines of CoZn-oxide thin
film coatings deposited at various annealing temjpees and sol concentrations. The
deconvolution of high resolution of KPS spectra promulgate three components togetitter w
the existence of a shoulder above 530.0 eV. Theffiting components seen within the binding
energy range of 529.82-530.83 eV (purple) is reiaghto G~ ions resulting to either GO.,
and/or CoO, and/or ZnO phase. The second decougdimgponents detected at 530.7-532.07 eV
(pink) is considered to have arisen from OH-likeaps and/or ® ions, and thereby producing
Cao30,4, and/or ZnO, and/or Co(Okphase [64-66]. The second components are, typjcally
related to the occurrence of O-deficient regionsuad the coatings surfaces. The third
decoupling components observed at 532.14-532.9b&)¢) is associated with the surface
oxygen and/or OH-like species such as Co(Ophase/surface oxygen phase. The third
components are also believed to be associatedthétlpresence of weakly bonded O-species
around the coatings surface to formCHand thereby absorbed species incorporated o th
coating materials [67]. No significant changeshe surface bonding states of the CoZn-oxide
thin film coatings were realized due to the vaoa$ in annealing temperatures and sol

concentrations.

3.3 Nanoindentation analysisand FEM modeling: mechanical properties

3.3.1 Nanoindentation results

Ideally, for a rough surface the indentation deghiould be much larger than the size of its
surface features in order to obtain accurate r®$68, 69]. However, in the case of the films
being investigated, this is not practical as a aigiepth will result in the substrate effect being
involved. As such, three measures were conductéatiiitate measurement accuracy. Firstly, an
indentation tip with a radius of ~700 nm was ussdihat it could cover a large area to average
out the roughness effect. Secondly, more data powete taken, typically > 100, and the mean
values were adopted as more reliable experimerdagd. dThirdly, we used finite element
modeling to estimate the influence of roughnessherresults. Similar to the results in previous
reports [70], the estimated roughness influen@p@oximately (10£3)% under estimation. The
final experimental Young’s modulus was derived from the indentation results and amvsh

in Figure 7, while the results were compared whiht results from FEM modeling (see below).
The elastic modulug& varied within the range of 43.7 GPa (S5) — 69.22G87), which is



comparable with that in CoCuO films [71]. Due te ttact that the indentation is shallow (~ 0.2
mN), the hardness results based on the indentioa eeduced to be unreliable thus they are not
presented here. By comparing thelata with the composition data, which is overlaidrigure 7
with the scale shown on the right hand side, ong ohserve that there is a correlation between

the two data sets — films with higher O concentratend to have a higher Young’s modulus.

3.3.2 FEM modding

Based on the mechanical properties given by naeatation experiments, for FEM modeling
investigation, the parameters of the substraterafehter were proposed and are summarised in
Table 4 [56, 72]. The load carrying capability dfetfilms is frequently assessed by the
equivalent stress, or von Mises stress, labelledag This is a measure of the potential damage

the level of stress could induce, and can be egpceby,

1/2
Oequiv = {0_5 [(axx _ ayy)z + (o'yy - Uzz)z + (0, — O4)? + (O'xy + 0y, + O'zx)z]} (3)

whereoxy, oyy, 022, Oxy, Oyz, 02« are the corresponding stress tensor componesfEatvely.

To compare the stress and strain levels in diftefibns under the same loading using FEM, we
set the loading at the top of the indenter to astaot force of 20 mN for different films, which
was calculated through integration of theomponent of the surface traction at the top sertd
the indenter. The resulted indentation depthslaoses in Figure 8 for the 4 samples (S5, S1, S3,
and S7), the Young's modulus which spreads almeshlg across the complete range of the
experimentaE value defined by all the 9 samples under study.tlf® same loading condition,
the indentation depth is inversely related to tloeityg’s modulus of each film (Figure 8(b)). The
depth for S5, which has the lowest modulus, is 2886 than that for S7. The FEM modelling
results of stress distribution is given in Figurdo® the 4 films. All the films are of 1.Am
thickness and set on a silicon substrate. As egdetor films with a smaller Young’s modulus
(S5, S1) the maximum induced von Mises stressweilpat about ~4 GPa. It is much higher in
films having a greater modulus (S3, S7), about ¥&a.G-or all the films being studied, the
maximum stress level is in the range of 4 — 6.5.GRa types of substrate, Aluminium and
silica, have been used in the modeling. There islinocernible difference between the results,
which is possibly due to the fact that, both of théostrate materials have similar Young's
modulus, which is higher than that of the filmsdahat both have a sufficiently high yield



strength so that no yield occurs in our modelingding range. However, under the same
loading, the film deformation, and correspondinghg strain levels in the films, is much higher
for those films with lower Young’'s modulus. Thisnche clearly seen through a comparison
between the geometrical shapes in Figure 9. A hitgwel of strain will result in early yielding

for films with smaller modulus.

In Figure 10, the stress distribution under différ®adings are compared. For different loading
levels, the higher the indentation depth, the highe induced stress. The stress level at the top
and bottom of the film is maintained at a relatygmaller value with respect to that at the center
location, for all different loading levels. This due to the difference between the Young's
modulus of the film, the substrate and the indentath the latter two having higher moduli.
Within the substrate, for lower loadings only a Brstress level can be observed close to the
interface. However with the increase of the indeomadepth a significant stress level is

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

The influence of the film’s thickness on the stries®l and distributions are shown in Figures 12
and 13. Within the coating the stress maximuméated at about the midway point between the
film surface and the film-substrate interface. Athee to the difference between the Young's
modulus of the film and that of the substrate, gnificant stress level is also observed in the
substrate. When the thickness of the films increédisem 1.0um to 1.6um, the maximum stress
level in the film only reduced slightly. Meanwhilthe stress level at the surface and interface
decreased more significantly, and a ~30% decreéstheo stress within the substrate was

observed.

34  Water contact angle measurements

The experimental results of water contact anglesifidhe samples are shown in Figure 14. The
measured range was 96.4 -110.8°, which is thougbetmoderately hydrophobic. The highest
contact angles were observed in S4 (110.8°) and1%@.4°). The water contact angle is an
important parameter for the materials used in gnepplications such as solar film. To our best
knowledge current the data for CoZn-oxide film avet available. So here we make a
comparison between the contact angles of the Codtteavith that of other solar film materials.
For example, for AlO; materials, the reported contact angle is betw@@i 3 163° [73, 74].



It has been well established that the contact abgteeen a liquid and smooth solid surface in
air is described by Young’s equation [75] ges(kv — W)/ Vsw Wherey refers to the interfacial
tension and the subscripts s, I, and v refer tcstiel, liquid, and vapor phases, respectively. The
interfacial tensions are determined by the chendoahpositions of the solid and liquid phases.
However, on a rough solid surface, the contacteamgll be different from that on a smooth
surface of the same composition. When the expetahesontact angle results are plotted
together with the surface roughness, it is fourad there exists a good correlation between these
two sets of data (Figure 15), which suggests tloatthe samples being studied, surface
roughness plays a more important role in decidivegariation of the contact angle, while the
change in composition has less of an effect. Wefyfgland Cassie and Baxter [77] proposed
two most frequently used models to estimate thecefdf roughness on the apparent contact
angle of liquid drops. The Wenzel model recognitiest surface roughness increases the
available surface area of the solid, which modiftes surface contact angle according to the
expression, cad = rcosd, where& is the apparent contact angle on the texturedseyf is

the surface roughness factor, afits the equilibrium contact angle on a smooth serfaf the
same material, which can be derived from Youngisa¢ign. Our results qualitatively agree with

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

Different techniques and evaluation methods hawen loposed to evaluate the contact angle
on different surface configurations [78] and modHg contact angle of the materials [79, 80] in
order to improve and enhance their suitability dndctionality in real applications. The
determination of the “intrinsic” contact angle fdne series of the films with different
compositions is expected to be a good startingtgoimcustomized designs of the films towards

variable applications.

4. Conclusions

A series of sol-gel spin-coated CoZn-oxide thimfitoatings, synthesized with various sol
concentrations and annealing temperatures werestigaged using different experimental and
modeling techniques. Atomic force microscopic asalyndicated a monotonic increase in the
average and rms values for the surface roughnetfesé coatings with the rise in sol strength.

The highest value of the average and rms valueth@fsurface roughness of CoZn-oxide



coatings was recorded to be 84.4 and 109 nm, regplgc The atomic compositions of the
deposited coatings confirmed via XPS survey schwosvshat the Co and Zn contents in the
coating structures slightly increased at highercgwicentrations. High resolution XPS analysis
was conducted to identify the local bonding statethese elements and formations of various
cobalt oxides, cobalt hydroxides, zinc oxides, €@ Metal Zn, surface oxygen and/or OH-
like species were detected. From the nanoindentalba the Young's moduli of the films were
determined. A correlation exists between the O eotration and the mechanical property —
films with higher O concentration tend to have leigh'oung’s modulus. The elastic modukis
varied within the range of 43.7 GPa — 69.2 GPaclvis comparable with that in CoCuO films.
Film S7 has the highest Young’s modulus 69.2 GRachwshows a 58% increase from that of
S5, owing to the increase in the O concentratidtve FEM modelling results indicate that, while
under the same loading, the film deformation amdirstlevels in the films is higher for those
films with lower Young’'s modulus, while the von-Mis stress is higher. Because of the large
difference between the modulus of the film, and tifahe substrate and the indenter, the stress
concentration will be midway between the film sodaand the interface. For the same reason
large stress is also observed within the substvaen the film is thin, and when the indentation
depth is large. A reasonable hydrophobicity of ¢hesrface was given the fact of the measured
range of water contact angle to be 96.4 -110.8gh&li roughness correlates with a higher
contact angle, while the composition of the filneemms to have little influence on the contact
angle. Therefore, it is possible to achieve annoiged 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 derive@nO thin film coatings
estimatediia AFM studies.

Sample Mean roughness, rms value of surface Maximum surface z Scale Image surface

Ra (nm) roughnessR,(nm)  roughnessk, (nm)  (nm) area im?)
S1 354 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




Table 2. Atomic compositions of sol-gel derived CoZnO thilmf coatings as estimateda

XPS measurements.

Samples Elements Atomic percentages of elements (%)
Co 14.40
S1 Zn 10.95
O 74.65
Co 15.0
S2 Zn 11.70
O 73.30
Co 16.0
S3 Zn 12.68
O 71.32
Co 16.19
S4 Zn 12.72
O 71.19
Co 18.90
S5 Zn 13.20
O 67.90
Co 19.68
S6 Zn 15.45
O 65.87
Co 10.74
S7 Zn 8.09
@) 81.17
Co 11.15
S8 Zn 12.24
O 76.62
Co 12.08
S9 Zn 11.74

O 76.18




Table 3. XPS fitting results of sol-gel derived CoZnO thiimf coatings for the core level

binding energies.

Photoelectron : FWHM | Percentages of the
Samples lines Bonding states BE (eV) (eV) component (%)
Cox3/2 C0;0,4/Co0/Cg0;phase 780.5 2.9 50.6
C0,04/ Co(OH), phase 782.6 2.9 26.3
Co3/2 sat. CgO;phase 786.6 3.8 23.1
C0;04/C0o0/Zn0 phase 530.3 1.3 52.3
Sl Ols C0;0,/Zn0O/Co(OH) phase 531.2 1.2 18.1
Co(OH), phase/Surface
oxygen 532.3 1.6 29.6
Metal Zn/ZnO 1021.7 1.4 42.8
Zn2p3/2 ZnO phase 1022.5 1.4 25.3
Com3/2 C0;0,4/Co0/Cg0;phase 780.2 1.5 43.9
C0,04/ Co(OH), phase 782.6 3.0 43.4
Co23/2 sat. CgO;phase 786.3 3.0 12.7
52 C0;0,/Co0/Zn0 phase 530.4 1.5 49.0
Ols ZnO/Co(OH} phase 531.8 1.5 33.9
Surface oxygen 533.0 1.5 17.1
Metal Zn/ZnO 1021.6 1.3 38.5
Zn2p3/2 ZnO phase 1022.4 1.3 28.4
Metal Co/C@O,phase 779.1 2.72 17.9
Co2p3/2 CoO/ CQOT;E;;ZJCO(OH)Z 781.4 39 60.5
Co23/2 sat. CgO;phase 786.7 3.9 21.6
s3 C0;0,/Co0/Zn0 phase 530.3 1.33 44.4
C0;04/Zn0/Co(OH} phase 530.9 1.62 28.1
Ols Co(OH), phase/Surface
(OHEp u 532.3 1.90 27.5
oxygen
Metal Zn/ZnO 1021.52 1.23 26.8
Zn2p3/2 ZnO phase 102236  1.30 38.9
Co23/2 C0;04/C0o0/Cg0;phase 780.72 3.09 53.1
Co(OH), phase 783.21 3.7 24.8
Co23/2 sat. Cg04/Co,0O3phase 787.21 3.5 22.1
C0;0,/Co0/Zn0 phase 530.14 1.28 35.8
S4 Ols C0:0,/Zn0O/Co(OH) phase 530.79 1.38 29.2
Co(OH), phase/Surface 532.06 1.90 350
oxygen
Metal Zn/ZnO 1021.54 1.3 35.4
Zn2p3/2 ZnO phase 1022.37 1.3 32.0
C0,04/Co0/Ca04/Co(OH)
Co23/2 phase 781.09 0.99 20.9
Co(OH), phase 782.59 3.30 58.3
S5 Co2p3/2 sat. CgO;phase 786.47 2.90 20.8
C0;0,/Zn0O/Co(OH) phase 530.83 1.23 36.0
Ols ZnO/Co(OH} 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




ZnO phase 1023.1] 1.30] 36.8
Co;04phase 778.5 0.98 20.3
Cop3/2 Co,0;phase 780.4 3.9 63.2
Co23/2 sat. C0;0,/Co,03phase 785.6 45 16.5
C0;0,/Co0/Zn0 phase 530.2 1.30 37.7
S6 Ols C0;04/Zn0 phase 530.7 1.46 27.2
Co(OH), phase/Surface 532 1 200 351
oxygen
Metal Zn/ZnO 1021.8 1.50 47.2
Zn2p3/2 ZnO phase 1022.4 1.44 21.0
Metal Co/
Co23/2 C0,05/C0o0/Ca0,/Co(OH), 780.1 2.85 38.0
phase
Co(OH), phase 782.3 3.0 30.2
57 Co2p3/2 sat. CeO;z;phase 786.5 4.9 31.8
C0;0,/Co0/Zn0 phase 529.8 1.57 24.8
Ols ZnO/Co(OH} phase 531.6 2.00 42.0
Surface oxygen 532.7 2.00 33.2
Metal Zn/ZnO 1021.5 1.99 46.8
Zn2p3/2 ZnO phase 1023.1 2.04 20.2
Co;0,phase 779.1 1.73 19.6
Cop3/2 Co(OH),/Co,03 phase 781.4 3.0 53.8
Co23/2 sat. CgO;phase 786.0 4.9 26.6
s C0;0,/Zn0 phase 530.7 1.42 41.0
Ols Co(OH), phase 532.1 1.80 32.7
Surface oxygen 532.9 1.80 26.3
Metal Zn/ZnO 1022.1 1.5 46.9
Zn2p3/2 ZnO phase 1022.9 1.4 22.0
Metal Co 778.6 1.84 21.2
Cop3d/2 COZOJCOCZE;S%'/ CoOH: | 7810 | 385 53.3
Co23/2 sat. CgO;phase 786.0 3.50 19.5
s9 C0;0,/Co0/Zn0 phase 530.1 1.43 40.6
C0;04/Zn0O/Co(OH} phase 531.4 2.00 30.6
Ols Co(OH), phase/Surface
(OH)p u 532.6 2.00 28.8
oxygen
Metal Zn/ZnO 1021.5 1.20 37.9
Zn2p3/2 ZnO phase 1022.5 1.20 29.4




Table 4. FEM Modeling parameters of substrate and the dmahiodenter.

Young’s Poisson’s Yield
Samples name modulus, ratio strength
E (GPa) (MPa)
Aluminium 69 0.3 95
Silica 66.3 0.25 50

Indenter (DM) 1141 0.07 -
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Figurel. AFM images of sol-gel derived CoZnO thin film coagss.
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Figure 2. XPS survey scans of sol-gel derived CoZnO thm fibatings.
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Figure 3. Deconvolution of high resolution XPS spectra oR@p photoelectron lines
of sol-gel derived CoZnO thin film coatings. Gredotted line (raw data), red line
(Fitting envelope), black line (background), purppenk, and blue lines are fitting
components.
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Figure 4. Zn2p photoelectron lines of the XPS spectra of soldgrived CoZnO thin
film coatings before quantitative analysis.
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Figure 5. Deconvolution of high resolution XPS spectra of2@mp and Znd
photoelectron lines of sol-gel derived CoZnO thimfcoatings. Green dotted line (raw
data), red line (Fitting envelope), black line (kground), purple, blue, dark blue, and
orange lines are fitting components.
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Figure 6. Deconvolution of high resolution XPS spectra ofs@hotoelectron lines of
sol-gel derived CozZnO thin film coatings. Greentddtline (raw data), red line (Fitting
envelope), black line (background), purple, pinid &lue lines are fitting components.
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Figure 7. Experimental Young’'s modulus of the CoZnO thin film coatings, derived from

nanoindentation data. The percentage O contetdaspéotted 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 film§,$51, S3 and S7. (b) FEM results
of indentation depth at an indentation loading @2N. The experimental Young’s modulus
is also shown for comparison.
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Figure 9. FEM modeling results of equivalent stress distidou within the films under an
indentation loading of 20 mN. The thickness of fims is 1.2 um, deposited on silicon
substrates. (a) S5, (b) S1, (c) S3, and (d) S7.iddentation depth in S5 is 25% higher than
that in S7 when subjecting to 20 mN loading.
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Figure 10. FEM modelling results of equivalent stress disttikin within the film S7 with
indentation depth, (a) 100 nm (b) 140 nm, (c) 280 and (d) 220 nm. The thickness of the
films is 1.2um, deposited on silicon substrates
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Figure 11. FEM modelling results of equivalent stress disttitin in the film S8, along the
symmetry axis of the model, from the top of thenfito the film-substrate interface. The
thickness of the films was 1pn. The indentation depth is at (a) 100 nm, (b) 440 (c) 180
nm, and (d) 200 nm.
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Figure 12. Modeling results of equivalent stress distributwaithin the S7 film, deposited on
silica substrate with various thickness, (a) i, (b) 1.2um, (c) 1.4um, (d) 1.6um. A
loading resulting in 0.2Rm indentation depth was used.
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Figure 13. Equivalent stress distribution along the symmaetxig of the model, from the top
of the film to the film-substrate interface. Thénfiwas deposited on silica substrate with
various thickness, (a) 1{im, (b) 1.2um, (c) 1.4um, and (d) 1.um. A loading resulting in
0.22 indentation depth was applied.
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Figure 14. Experimental water contact angle images.
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Figure 15. Experimental results of the water contact anghessairface roughness (RMS)



