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Abstract

Titanium-doped indium tin oxide thin films were $lyasizedvia a sol-gel spin coating
process. Surface chemical bonding states and mieahanoperties have been investigated as a
function of titanium content (2 and 4 at%) and aimg temperature ranging from 400 to 600°C
with increments of 100°C. Raman analysis was peréol to study the phonon vibrations for the
prepared samples and the results revealed theersesbf ITO vibrational modes. The elemental
compositions, bonding states and binding enerdiekeofilm materials were investigated using
X-ray photoelectron spectroscopy (XPS) technique XPS results indicated that the ratio of
the metallic elements (In, Sn, Ti) to the oxygertloa surface of the thin film coatings decreased
due to the increase of the oxide layer on the sart# the thin films. Also, by increasing the
annealing temperature up to 600°C, the Ti 2p angdpXdignals were no longer detected for both
2 and 4 at% Ti contents, due to the thicker surtagdation layer. Mechanical properties of the
synthesized films were also evaluated using a maeoitation process. Variations in the
hardnessH) and the elastic modulu€) were observed with different Ti at% and annealing
temperatures. The hardness is within the range36& GPa and 6.7-6.8 GPa for 2 and 4 at%
Ti content samples, respectively, while the elastadulus is within the ranges of 137-143 and
139-143 GPa for 2 at% and 4 at% Ti contents sampéspectively. A combination of the
highestH andE were achieved in the sample of 4% Ti content aledeat 600 °C. Furthermore,
the H/E ratio ranges from 4:510° to 5.0x 10% which reflects a reasonable level of wear

resistance.



1. Introduction

Transparent conductive oxides (TCOs) receive widksgpattention from researchers due
to their unique combination of very low electricabistivity and high optical transparency over
the visible spectral region [1-4]. They exhibit éa&ble properties which include high infrared
reflection, good chemical stability and good medbanproperties along with low electrical
contact resistance and high optical transparentiydrvisible light region. Indium oxide @@s)
and/or indium tin oxide (ITO) based TCOs are thesnammmonly used transparent conductive
oxides compared with zinc oxide (ZnO), aluminiunpdd zinc oxide (AZO), tin oxide (Sn)
and cadmium oxide (CdO) [5, 6]. ITO-based TCO filoa exhibit different electro-optical,
mechanical, electronic structure and compositiooperties depending on manufacturing
techniqgue. Many deposition techniques are useddpgoe TCO coatings such as Dc and/or RF
sputtering, chemical vapour deposition, reactivapevation, molecular beam epitaxy, sol-gel
method, electron beam evaporation and pulsed @eposition [7-14]. However, the sol-gel
techniqgue has many advantages including cost efégrtss, short processing time, simplicity
and the opportunity to fabricate coatings with hgglalability along with the flexibility of fine-
tuning coatings to have preferred shapes and sudisas [15-18].

Novel ITO composites doped with 3-d and/or 4-d $itaon metals, such as (Ti, Ag, Cr,
Mo, W, Ta and Cu), are being considered as pofew@adidates in a wide range of
optoelectronic applications such as organic andgemuc solar cells, touch screens, organic
light-emitting diodes, sensors and electro-chromé@vices [19-24]. In order to satisfy the
demands for some of these applications, TCO corgsosiith improved durability are required.
The durability of ITO based coatings depends orir tphysical, mechanical and structural
properties. Therefore, it is expected that the raeidal properties of ITO based films play a
significant role in the performance of optoelectcodevices. It has been reported that the bare
ITO films have a brittle surface and seem to beaptble to cracking and delamination. So far,

there has been scarce information on the mechapiogkrties of ITO thin films, particularly,



their micro or nanostructure. The elastic modulod the hardness of 240 nm thick sputtered
ITO thin film coatings were reported by Chetral [20] to be 140 GPa and 12 GPa respectively.
The hardness and elastic modulus were enhanceatriogliicing hydrogen into the gas mixture
during the deposition process [25]. We propose thedbrporating a transition metal such as
titanium into the ITO nanostructure may enhance rttechanical properties of this material.
Therefore, the main objective of the present siady evaluate the influence of variations in the
Ti concentration and annealing temperature on Hegnecal bonding states and the mechanical
properties, including Young’s modulug)(and HardnessH) of spin coated Ti-doped ITO thin
films, technical aspects which have not been regothus far, to the best of the authors’
knowledge.

2. Experimental details

2.1. Thin films deposition

Hydrated indium nitrate (In(N§sBH,O, purity 99.9%, Alfa Aesar) titanium(lV)
isopropoxide (Ti[OCH(CH),]s4, purity 99.9%, Sigma Aldrich), and tin chloride hgdrate
(SNCLR2H,0, purity 98%, Chem-supply) were used as receivegracursors to produce Ti-
doped ITO filmsvia a sol-gel spin coating process. Absolute etharad used as a solvent and

the ITO films were deposited onto soda-lime gldises.

ITO solutions (0.1 M) were prepared by dissolvingpmpriate amounts of
IN(NO3)35H,0 and SnGI2H,O separately in absolute ethanol. The solutionseveambined
and stirred vigorously for 1 hour. Required amowitéTi[OCH(CHz),]4) were then dissolved in
ethanol and added to ITO solutions in order toiokgalutions of Ti doped ITO with 2 and 4 at%
Ti contents, respectively. The resultant solutiaese then refluxed at 86 for 1 hour and aged
for 24 hours at room temperature. Since uniformityl homogeneity of the thin films mainly
depends on the cleanness of the substrates, the gldstrates with (25%x25 mm dimensions)
were first washed with soap and rinsed repeatedtleionized water. Then, the substrates were
sonicated at 60C for 10 min in ethanol and DI water, respectivetyg dried in a vacuum drying

oven at 100°C, prior to the coating process. A Polos spin qoates used to fabricate Ti-doped



ITO films based on three main spin steps. Firstlg, solution was dispensed on to the substrate
at 300 rpm for 15 seconds followed by spreadin2b80 rpm for 20 seconds and finally dried at
4000 rpm for 20 seconds. The sample was calcineal @mnventional hot plate at 183G for 10
minutes. These steps were repeated until the deswating thickness (300 — 400 nm) was
achieved. Thermal annealing in air atmosphere vesifopned upon the fabricated samples at
(400, 500 and 600)C for 2h. Figure 1 is the flow chart for Ti dopéld] thin films preparation

via sol-gel spin coating technique.

2.2. Characterization techniques

Raman analysis was performed on a Nicolet 6700 i€otransform infrared (FT-IR)
spectrophotometer attached with an NXR FT-RamanulodRaman spectra were obtained by
using the following settings: Helium-Neon (He-Napér beam with excitation wavelength and
operation power of 1064 nm and 0.204 W, respedgtivieiGaAs detector with 90° detection
angle, optical velocity of 0.3165, Cabeam splitter, gain of 1, aperture of 150, maxinpueak
to peak signal along with optimum focusing and f@side values, and 32 scans with resolution
of 8 cmi' in the range of 0-4000 ¢h Information of elemental compositions, chemical
structures and bonding states of the thin film iogasurfaces were probed using a Kratos Axis
Ultra-X-ray Photoelectron Spectrometer. The X-rayrse was Al-kk monochromatic radiation
(hv = 1486.6 eV) with a power of 15 kV and 10 mA. Tdese pressure of the analysis chamber
maintained at 2.9 x 10Torr. The XPS survey and high resolution scanswveetlected before
etching. Typical high resolution XPS core level dpe were focused on the regions of In3d,
Sn3d, Ti2p, Ols and Cls. The deconvolution of higholution spectra was carried by
employing the CASA XPS software (version 2.3.1.9)ick provides information for the

analyses of chemical bonding states.

The elastic modulusE] and the hardnesd$d) of the coatings were measured using a
nanoindentation workstation (Ultra-Micro Indentati8ystem 2000, CSIRO, Sydney, Australia),
equipped with a diamond Berkovich indenter [26]eTdrea function of the indenter tip was
calibrated using a standard fused silica specinh@ad control method was used with a

maximum loading of 200 nN. The low peak loading vased on the consideration that the



maximum displacement during indentation should denore than 10% of the coating thickness,
and that high loading may result in micro-crackshia coating, which is thought to be relatively
brittle compared with metal coatings. To obtain @joesolution, 15 measuring points were used

during loading and 20 during unloading.

3. Results and discussions

The structural and morphological properties of diyathesized and annealed Ti-doped
ITO thin film coatings were characterizada x-ray diffraction (XRD) and field emission
scanning electron microscopy (FESEM) techniques wack discussed in our previous work
[27]. The XRD results confirm the formation of lyocentred cubic bixbiyte structure with space
group of la3/cubic similar to 1s0; (JCPDS card 06-0416). The ionic radiuses of tin*{S
Titanium (Tf**) and indium (If*) are 0.07, 0.06 and 0.09 nm, respectively. Thelsorc radii
of Sri** and T imply that the crystalline features of,® and/or ITO frameworks should not
change if these elements are used as dopants. Srzam increase with the introduction of Ti
dopants along with increasing annealing temperatesching the maximum value of 80 nm for
the film prepared with 4 at% Ti concentration amdtpannealed &00°C. Therefore, we propose
that enhancing the crystal growth and the prefeomgehtation of the 3-d metal doped ITO thin

films could be attributed to introduction of Ti aslopant for these thin films.

The FESEM images of the synthesized ITO and Ti-ddp® films as deposited (150
°C) and after being annealed at 400, 500 and 606htdv that the surfaces of all the thin films
are smooth, homogeneous, and composed of uniforteseed clusters, and show a grain
structure demonstrating nanocrystalline featuresvéver, the as deposited thin film of 4 at% Ti
shows a smoother surface and possesses larges goampared to those of pure ITO and 2 at%
Ti-doped ITO, which may be attributed to the enleanent of crystallinity with Ti ratio.

3.1. Raman analysis

Raman spectroscopy was used to study the effecTiotontents and annealing
temperature on the electronic and mechanical ptiegeof Ti doped ITO thin films. It is well
known that ITO based materials have a body cerdudic structure that belongs ka3 space



group, similar to that of k®©s. Two types of cation are present in the ITO bagedcture: (1) 8
In®* with 3 sides symmetry at b-sites and (2) 2& ith 2-fold point symmetry at d-sites.
Moreover, the 48 oxygen atoms in this structuraupgayeneral e-sites with no symmetry. Thus,

six possible vibration modes may be identified {28]
4Ag + 4Eq + 14T, + BA, + 5E, + 16T,

The Ay, Eg and Tg symmetry vibrations are Raman active and infrafi®) inactive
modes; wheread,, vibration modes are Raman inactive and IR acfive A, and E, vibration
modes ar@active for both Raman and IR measurements. Figymesents the results of Raman
active modes for the Ti doped ITO thin films at 2%d 4% Ti concentrations after being
annealed at the temperatures of 400, 500 and 600Th& observed vibrational modes
correspond to 106, 135, 176, 275, 367, 432, 588 &3d 704 cm which represent an
unequivocal finger print for kO3 and/or ITO cubic structure These results are indgoo
agreement with Raman active modes observed frg@®s; bnd ITO based materials, refer to [29,
30]. The peaks recorded at a wavenumber below 50 are attributed by In-O stretching
vibrational modes in ITO matrix. However, the liae633 crit are due to the overlapping of the
contributions from In-O, Sn-O and O-Ti-O vibratibmaodes with frequencies of 630, 633 and
636 cm' respectively. Indeed, these observed vibratiormdes in Ti doped ITO structure may
be ascribed to a good incorporation of Ti and Spaddts into the IyO; lattice. It is also noticed
that, along with the increase in annealing tempegatrom 400 to 500C, the intensity of the
high frequency peaks at 633 and 704 twas gradually enhanced. However, the intensithef
low frequency peak at 175 ¢indecreased. For the sample annealed at6Qthe intensity of
the high frequency peaks decreased and the lovwudrey peak at 135 crhdisappeared.
Increasing the annealing temperature up to 600Is€ lad to the disappearance of the peaks at
367 and 432 cih

3.2. Atomic compositions and surface chemical bondly states

The elemental compositions of Ti doped ITO thim8l were obtainegia XPS survey
scans. Figure 3 (a, b) shows the survey scan sefsulthe synthesized Ti doped ITO thin films
for both Ti contents. The photoelectron peaks fidd| Sn3d, Ti2p, Ol1s, Cl2p and C1s in the



binding energy range of 0 - 1200 eV were observidte XPS survey spectra confirm the
existence of the principal elements (In, Sn, Tia@dl O), as well as carbon, in the related sample
coatings. Table 1 lists the atomic compositionshef Ti doped ITO thin films at 2% and 4% Ti
concentrations after being annealed at 400, 500680d°C. The results imply that the surface
elemental composition of the film materials wasgigantly affected by annealing temperature.
As the annealing temperature increased, the ra@tomic percentages of the principal elements
(In, Sn and Ti) to oxygen on the surface of tha fiim coatings decreased for both levels of Ti
doping. At 600 °C the Ti2p and CI2p signals werenptetely absent for both 2 and 4 at % Ti
concentrations, respectively, indicating that stefaxidation is taking place at high temperature.
As the oxygen content becomes higher at high teatpess, the surface oxidation layer should
become thicker. In order to compensate for any gehashifts, the XPS energy scale was
calibrated by the C1s (C-H) line at 284.60 eV (bhogdnergy).

The XPS spectra for these elements are shown imrdsg4-8. The surface chemical
bonding states of the annealed Ti doped ITO filnesexcharacterised by de-convoluting the high
resolution In3d, Sn3d, Ti2p, CI2p and O1s photdedeclines using the Gaussian distribution, in
order to appraise analysis the possible chemiaadling states of these atoms in the composites.
The parameters, derived from the analysis of th& Xpectra, are listed in Table 2 and include:
the photoelectron lines, bonding states and thairesponding binding energies, full width at
half maximum (FWHM) values and atomic percentadeh® elemental compositions present in

the films after being annealed at 400, 500 and°@D8s evaluated from XPS curve fittings.

The de-convoluted curves of the high resolution Xdp8ctra of In3¢, photoelectron
lines are shown in Figure 4 (a, b). It is cleat tiv@ de-convoluted In3d spectrum is assigned
to three different bonding states in the range4H#.@ - 445.4eV. The lower energy peaks placed
within the range 443.6 — 443.8 eV (labelled i) irskéd to In° bonding state, precisely In-In
bonds, while the mid energy peaks located in thegead444.1 — 444.6 eV (labelled ii)
corresponds to fii bonding state from W®; [31, 32]. The higher energy peaks in the range
444.7 — 445.4 eV (labelled iii) could be attributedhe In-Cl bonds from InCl.

Figure 5 (a, b) displays the de-conteducurves of high resolution XPS spectra for
Sn3d,; photoelectron lines. Three bonding states in drge of 485.6 - 487.2 eV have been
allocated. The first components are obtained withim range 485.6 - 485.8 eV (labelled ‘")



correspond to St in SnQ, whereas the second features (labelled ‘ii") obserin the range
486.0 - 486.5 eV are related to’Sfrom SnO. It has been reported by Fan and Goodgnthat
the Sn3d peak for $hin SnO was seen at a binding energy around 0.5ghehthan that for
Sri*in SnQ [33, 34]. The SnO phase is thermodynamically Esble than the Sn(phase;
therefore, the S is thought to be the predominant state in the Be®ed materials. The last
components (labelled ‘iii’) seen in the range 486487.2 eV may be attributed to the SnCl

bonding state.

The Ti2p photoelectron lines of Ti doped ITO filmse presented in Figure 6 (a, b). The
curve fitting of Ti2p core level XPS spectra aseigthree components within the energy range
of 457.3-458.5 eV. The lower constituent in thergpeange of 457.3 - 457.5 eV (labelled ‘")
corresponds to 1 in Ti,O; bonding state [35]. The second component withenehergy range
457.9 - 458.0 eV could be attributed to EiGhhile the higher energy components in the range
458.4 - 458.5 eV correspond ta*Tirom TiO, [36].

The de-convolution of Ols spectra exhibits threle-meaks within the energy range of
529.3 -531.8 eV as shown in Figure 7 (a, b). Th&t iomponents in the range of 529.3 - 529.6
eV correspond to O-In bonds and O-Ti bonds, isOtnand TpOs. The second components
within the range 530.3 - 530.8 eV are attributed’i®, and Sn@ bonding states. Finally, the
other components in the range of 531.4 - 531.8 @Wdcbe due to the existence of O-Sn bonds
[31, 32, 36]. For IpOs-based oxide semiconductors, the role of oxygemmwaes (Vo) on the
electrical properties has inspired significant debblsing first principle calculations and density
function theory, Agostomt.al reported that the oxygen vacancies exist in indaxide lattice
are shallow, suitable for generating free electrionthe conduction band. Existence of oxygen
vacancies in indium oxide system and its derivathagerials indicate experimentally that these

defects are the major source of n-type conduct[3d}.

Figure 8 (a, b) shows the results from curve fiftaf high resolution XPS spectra for Cl
2p photon lines. Here also three components wdggrdd in the range of 197.6 — 199.9 eV. The
first components are observed in the energy rand® 0.6 - 198.0 eV (labelled ‘i) related to

INCl bonding state [38], the second componentsiwill®8.5 - 198.7 eV (labelled ‘ii’) may be



attributed to SnGlbonding states, while the last components in #mge of 199.6 — 199.9 eV
(labelled ‘iii") corresponds to TiGbonding states [36]. Table 2 details the de-cortirmyuresults
of the XPS data of spin coated Ti doped ITO sampkes function of Ti concentrations and

annealing temperature.

3.3. Mechanical properties (hardness, Young’s modu$s and wear resistance)

The thickness of the TCO films prepared for thigdgtis within the range of 300-400
nanometres. It has previously been reported tlainithentation depth should be less than 10% of
the film thickness to avoid substrate effects. €fme, in order to determine the hardness and
elastic modulus values for our Ti doped ITO thilm8, the measurements were taken at a

maximum indenter depth of around 13 nm, which $s ldan one-tenth our samples thickness.

Figure 9 (a, b) shows the load-displacement cudetrmined from the nanoindentation
measurements corresponding to the Ti doped ITO lesngé both Ti contents and after being
annealed. It was reported by Jian and co-worket #stablishment of cracking in films
underneath the nanoindentor resulted in a distliisciontinuity in the loading part of the loading
displacement curve [39]. In this study, the expental nanoindentation results presented in
Figure 9 (a, b) confirmed that continuous loadingves were obtained for all the films,
indicating that the phenomenon of cracking was r@bisethe Ti doped ITO films at different Ti
contents and annealing temperatures. Figure 10 slypical load-displacement curves of the
nanoindentation measurements. Hardness and El@&bieng’s) modulus can be calculated
directly from the measurements of indentation laad penetration depth for both loading and
unloading process. From a typical load-penetratiepth p-h) curve, maximum load, maximum
displacement and unloading stiffness (also callectaxct stiffnessS) can be determined. The
value of how resistant solid matter is to deformatunder an applied force is known as the
hardness which can be calculated from the followelgtion:

Pmax
H==" (1)

WherePuxis the maximum load amdlis the area of the hardness impression



Young's modulus can also be calculated from theaiemlof unloading stiffness and

contact area by the following relation:

S == ﬁ\/%Eeff\/Z (2)

Wherep is a dimensionless constant taken as unityEpdan be defined as

1 (1—02+1—0i2) 3)

Eerr E E;

whereos ando; are the Poisson’s ratio of the indenter and tire fihm coating respectivelyEq;

andE; are the Young’s modulus of the indenter and tiefttm coating, respectively.

The hardnessH) and elastic modulu€] values of the Ti doped ITO films derived from
nanoindentation experiments are shown in Figuréalb). A difference is observed between the
trends in the hardness results of the two setsawipkes. For the 2 at%amples, the hardness
decreased with increasing annealing temperaturangihg from 6.6 to 6.3 GPa when the
annealing temperature increased from 400 to 600Irf@ontrast, for the 4 at% samples, the
hardness seems to stabilise around 6.8 GPa aftexalimg at different temperatures, only
showing a slight decrease after annealing at 50@@rall, the results show that the ITO films
with higher Ti concentrations have the highest agerhardness. The hardness of the Ti-doped
ITO thin films measured in the present study areegaly consistent with those reported by
Zeng et.al (6.5 + 1.6 GPa) for 250 nm thick spetdeO thin films onto glass substrate using a
Berkovich indenter with 6 mN load [40]. Similar tids were also observed by Yetral for ZnO
thin films deposited by atomic layer deposition 8nsubstrates and then post annealed at
different temperatures. They suggested that theedsing hardness of the ZnO thin films with
increasing annealing temperature can be relatétetoncrement of the grain size with increasing
temperature [41]. Also, the reduction in the hasineould be ascribed to the changes in
elemental compositions resulting from the diffusipmocess in the coatings, softening of the
substrate, stress relaxations and formation of pleases. As such, the decrease in the hardness
of 2 at% Ti-doped ITO films with increasing annaeglitemperature could be attributed to a

number of different mechanisms. In this work, ttemples were annealed in atmospheric



environment, so it was expected that the compwositib the surfaces would change due to
oxidation. Therefore, it is reasonable to assumaéttie change in the hardness of Ti doped ITO
samples is induced by the difference in the oxygentent on the surface of the film with
increasing temperature, as proved in the XPS megsdiction 3.1). These results are in general
agreement with those reported by Biswas and cosssittwhich show that there is a relation
between the hardness and the oxygen contents iiT@dilm materials. They found that when
the oxygen content increased from 6 to 10 wt% @ ghecursor solutions, the hardness of the
corresponding ITO films decreased from 9.6 + 0.%9@® 1.6 =+ 0.1 GPa [42]. Barrghal and
Petrovet.al reported that, oxygen, impurities and other dsfecay lead to grain refinement and
then change the morphology of the films [43, 444.a8Asummary, a higher annealing temperature
leads to larger grain size (as mentioned previouslgection 3.1), which, when combined with
substitutions, interstitials, and/or the formatmfroxygen vacancies and other point defects, may
cause a hardness decrement, although this effexitiso significant in our 4 at% samples. In
relation to the annealing temperature incremerd, ¥oung’'s modulus of Ti doped ITO films
decreased for the films of 2 at% Ti, while it iresed for the films of 4 at% as shown in Figure
11 (a and b). However, both thin films with 2 at#ieda at% Ti contents present similar Young's
modulus in the range of 137 - 143 GPa, which is gamaible to the reported results given by
Zenget.al (120 - 160 GPa) [3&nd Chen and Bull (141 GPa)[25, 40].

Elastic modulus along with hardness of material ieflnence wear behaviour. The wear
of a material coupled with elastic limit define thbility of this material to deform under an
applied stress and regain its initial state withbeing deformed permanently [45]. The ratio,
H/E, which is obtained from nanoindentation measuremenh be used to evaluate the wear
resistance of the coatinghe larger this ratio is the higher the wear rasisé will be [46].The Ti
doped ITO thin films exhibited a decreaseHit values which are correlated to the reduction of
wear resistance through high annealing temperaagreahown in Table 3. It is clear from Table 3
that both the hardness and Young’s modulus depamdlse annealing temperature. As discussed
previously, the prepared Ti doped ITO thin filmsrev@nnealed in air atmosphere resulting in
changes of the composition of the sample surfaeetalwxidation process. Thus, the decrease in
the hardness of Ti doped ITO samples along witheaging annealing temperature could be
attributed to increasing the oxygen contents at dhdace of the film. A similar trend for

Young's modulus was observed with increasing ammgakemperature. Thus, it is possible to



surmise that the annealing temperature exerts atimegeffect on the mechanical properties of
the Ti doped ITO film coatings. TH&/E values in this study are in the range ofx416” — 4.6¢

10% and 4.& 102 - 5x 10% for the films of 2 at% and 4 at%, respectivelfie$e values represent
a reasonable level of wear resistance, which is &etter than other metal oxide ceramics with
H/E values of 3 10° - 4x 10° [47, 48].

4. Conclusions

Ti-doped ITO thin films were fabricated on glasbsates using a low cost and efficient
sol-gel spin coating method. The effects of Ti @ncations ite.,, 2 at% and 4 at% Ti) and
annealing temperature (ranging from 400 - 800 on the phonon vibrational modes, surface
chemical bonding states and mechanical propertiegi doped ITO thin films were studied
using Raman spectroscopy, XPS and nanoindentammigues. Raman analysis revealed the
existence of ITO and/or 4@; vibrational modes. By increasing the annealingperature some
peaks were inversely altered. The XPS results ghatwthe main component atomic percentages
such as In, Sn and Ti decreased as the anneahmgetature increased from 400 to 600 °C,
while the O atomic percentages increased. Als@0& °C, the Ti2p and Cl2p signals were
completely absent for 2 at % and 4 at % Ti conegiotn, respectively, indicating that surface

oxidation takes place at high temperature.

The nanoindentation load-displacement curves awoefir that all the films exhibited
continuous loading curves, indicating that the mmeenon of cracking was absent in the Ti
doped ITO films at both Ti contents. Variationstle hardnessH) and the elastic modulug)
were observed with different Ti at% and annealergperature. The hardness is within the range
of 6.3-6.6 GPa and 6.7-6.8 GPa for 2 at% and 4 Et%ontent samples, respectively. In most
cases the hardness values are negatively affegtednereasing annealing temperature, and the
films with higher Ti concentration in the ITO filmpossess the highest average hardness.
Synthesized Ti-doped ITO thin films at different ontents show the same Young's modulus
values in the range of 137 - 143 GPa. A combinatiotme highesH andE were achieved in the
sample of 4% Ti content annealed at 600 °C. AllThdoped ITO films appear to possess high

wear resistanc&€ombining with optimised control over the dopinglaannealing processes, the



results from this work are expected to help feaiditthe engineering design of customizable Ti-

doped ITO thin films for various industrial applicas.
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Table.1. Elemental compositions of Ti doped ITO thin fileis2 at% and 4 at% Ti
concentrations after being annealed at differenptratures

Ti Annealing Atomic percentage of the elements
Concentration TemE)g rature In Sn Ti O Cl C
40C 8.C 1.¢ 4.4 377 1.C 47.0
2 at% 500 7.7 2.8 2.9 39.6 1.8 45.2
600 7.1 1.6 0.0 50.8 1.0 39.5
400 92 3.2 7.4 35.9 1.2 43.1
4 at% 500 83 21 5.0 39.7 1.6 43.3
600 6.6 1.9 4.0 52.0 0.0 35.5

Table.2. Fitting results of the XPS data of Ti doped IT®ng for the core level binding

eneraie

Ti Annealing Photoelectrons  Bonding states Binding FWHM (eV)  Percentages of

concentration temperature °C lines energy (eV) the
% components %

In°(In-In bonds) 443.7 1.1 49.5

In 3d5/2 IR0 444.4 1.2 41.9

InCl/InOy 445.] 1.3 8.€

SnQ 485.8 1.3 45.0

Sn3d5/2 SnO/Sn@bn 486.3 1.2 41.6

400 snd 486.9 1.3 13.4

Ti,Oq 457.4 0.5 28.8

Ti 2p3/2 TiQ 457.9 0.5 43.7

TiCl3 458. 0.5 27.t

TiO,/In,04 529.4 1.2 52.6

O 1 INO./SnC 530. 2.2 31.1

Ti,04/SnO, 5315 1.8 16.3

InCl 198.( 1.3 32.7

Cl 2p3/z SnC, 198.€ 1.2 32.1

TiClg 199.7 14 35.2

In°(In-In bonds 443.5 1.2 59.£

In 3d5/2 1305 4443 1.0 24.0

InCI/InOy 444.¢ 1.2 16.€

SnQ 485.8 1.2 61.7

Sn3d5/2 SnO/Sn@bn 486.5 1.0 30.7

2% 50C SrCl, 487.2 1.C 7.€

Ti,0q 457 .4 0.5 31.9

Ti 2p3/z TiO, 457.¢ 0.€ 58.€

TiCl, 4585 0.3 95

TiO,/In,05 529.5 14 66.1

O 1 INO./SnC 530.¢ 1.€ 20.2

Ti,04/SNG, 531.8 1.7 13.6

InCl 197.¢ 0.7 46.€

Cl 2p3/2 SnGl 198.5 0.9 234




TiClg 199.6 1.0 30.0

In°(In-In bonds 443.¢ 1.4 72.1

In 3d5/2 1305 4445 1.1 15.6

InCl/InQG, 445.2 1.8 12.3

SnQ 485.7 1.3 41.2

Sn3d5/2 SnO/Sn@Bn 486.3 15 55.4
60C SnC, 4870 1.3 34

TiO,/IN,05 529.4 1.3 41.8

O1s InQ/SnO 530.6 2.1 415

Ti,0s/SNG, 531.6 2.2 16.7

InCl 197.7 1 39.5

Cl 2p3/z SnC, 198.f 0.9 30.1

TiCl, 199.8 0.9 30.4

In°(In-In bonds) 443.7 1.3 64.4

In 3d5/2 13O 4445 1.1 23.1

InCl/InQ, 445.3 1.5 12.5

SnG 485.7 0.8 30.2

Sn3d5/2 SnO/Sn@Bn 486.3 0.8 37.7
40C SrCl, 486.¢ 1.2 32.C

Ti,04 4575 0.8 25.0

Ti 2p3/2 TiQ 458.0 0.7 33.8
TiCls 458.5 0.9 41.2

TiO,/IN,05 529.6 1.2 58.7

O 1 INO./SnC 530.% 1.7 25.¢

1,04 531.7 1.7 15.4

InCl 197.9 0.9 30.7

Cl 2p3/2 SnGl 198.7 1.2 39.4
TiClg 199.9 1.2 29.9

In°(In-In bonds 443.¢ 1.2 53.F

In 3d5/2 1305 4441 1.0 33.8
InCl/InC 444.7 1.1 12.7

SnQ 485.6 1.2 35.3

Sn3d5/2 SnO/Sn@Bn 486.0 1.2 40.7
4% 50C SrCl, 486.€ 1.3 24.C
Ti,Oq 457 .4 0.8 41.9

Ti 2p3/2 TiQ 457.9 0.6 39.7

TiCls 458.5 0.5 18.4

TiO,/IN,05 529.3 1.2 63.0

O1s InQ/SnO 530.3 1.7 23.8
TiO,/IN,05 531.4 1.7 13.2

InCl 197.€ 1.2 42.€

Cl 2p3/2 SnGl 198.6 1.3 37.1
TiCl, 199.7 1.2 20.3

In°(In-In bonds) 443.8 1.3 75.7

In 3d5/2 13O 4446 1.1 19.5
InCI/InOy 445. 1.C 4.8

SnQ 485.7 1.1 31.8

Sn3d5/2 SnO/Sn@Bn 486.1 1.2 44.6
600 Sndg 486.7 1.2 23.6
Ti,O4 457 0.7 43.0

Ti 2p3/z TiO, 457.¢ 0.5 40.4
TiCls 458.4 0.5 16.6

TiO./In,0; 529.4 1.3 66.3

O1s InQ/SnO 530.5 1.8 23.5
TiO,/In,05 531.6 1.7 10.2




Table.3. Mechanical properties of Ti doped ITO films aft@ing annealed at
different temperatur:

con c;tr ation Annealing Hardness Young's Wear resistzance
(at%) temperature °C  (GPa) modulus (GPa)  (H/E x 10°)
40C 6.€ 145 4.6
2 500 6.4 141 4.5
600 6.3 139 4.5
400 6.8 137 5.0
4 500 6.7 141 4.8

600 6.8 143 4.8




Hydrated indium Tin chloride Titanium
nitrate dihydrate isopropoxide

Dissolved and stirred separately
(1h at room temperature)

v

Mixed and refluxed (1h at 8&)

Aged overnight

Spin coated on glass
substrates

Post annealing
Produced thin films

Fig.1. The flow chart for T dopedITO films preparation via s-gel spin coating techniqt
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Fig.2. Raman shift oTi dopedITO films (a): 2 at % and (b): 4 at % of Ennealeat cifferent
temperatures
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Fig.9. Load-displacement curves of Ti doped ITO films @t % and (b): 4 at % Ti, annealed at different
temperatures
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Highlights

» Ti-doped ITO thin films synthesizadla spin coating technique

» Ticontents (2 and 4) at% and post annealing (40BYEC were used.
» Surface chemical bonding states were determireedPS.

» Hardness is in the range 6.3-6.8GPa.

» Young's Modulus is in the range 137-143GPa.
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