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Abstract 

Titanium-doped indium tin oxide thin films were synthesized via a sol-gel spin coating 

process. Surface chemical bonding states and mechanical properties have been investigated as a 

function of titanium content (2 and 4 at%) and annealing temperature ranging from 400 to 600°C 

with increments of 100°C. Raman analysis was performed to study the phonon vibrations for the 

prepared samples and the results revealed the existence of ITO vibrational modes. The elemental 

compositions, bonding states and binding energies of the film materials were investigated using 

X-ray photoelectron spectroscopy (XPS) technique. The XPS results indicated that the ratio of 

the metallic elements (In, Sn, Ti) to the oxygen on the surface of the thin film coatings decreased 

due to the increase of the oxide layer on the surface of the thin films. Also, by increasing the 

annealing temperature up to 600°C, the Ti 2p and Cl 2p signals were no longer detected for both 

2 and 4 at% Ti contents, due to the thicker surface oxidation layer. Mechanical properties of the 

synthesized films were also evaluated using a nanoindentation process. Variations in the 

hardness (H) and the elastic modulus (E) were observed with different Ti at% and annealing 

temperatures. The hardness is within the range of 6.3-6.6 GPa and 6.7-6.8 GPa for 2 and 4 at% 

Ti content samples, respectively, while the elastic modulus is within the ranges of 137-143 and 

139-143 GPa for 2 at% and 4 at% Ti contents samples, respectively. A combination of the 

highest H and E were achieved in the sample of 4% Ti content annealed at 600 °C. Furthermore, 

the H/E ratio ranges from 4.5× 10-2 to 5.0× 10-2 which reflects a reasonable level of wear 

resistance. 
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1. Introduction 

 

Transparent conductive oxides (TCOs) receive widespread attention from researchers due 

to their unique combination of very low electrical resistivity and high optical transparency over 

the visible spectral region [1-4]. They exhibit favorable properties which include high infrared 

reflection, good chemical stability and good mechanical properties along with low electrical 

contact resistance and high optical transparency in the visible light region. Indium oxide (In2O3) 

and/or indium tin oxide (ITO) based TCOs are the most commonly used transparent conductive 

oxides compared with zinc oxide (ZnO), aluminium doped zinc oxide (AZO), tin oxide (SnO2), 

and cadmium oxide (CdO) [5, 6]. ITO-based TCO films can exhibit different electro-optical, 

mechanical, electronic structure and composition properties depending on manufacturing 

technique. Many deposition techniques are used to prepare TCO coatings such as Dc and/or RF 

sputtering, chemical vapour deposition, reactive evaporation, molecular beam epitaxy, sol-gel 

method, electron beam evaporation and pulsed laser deposition [7-14]. However, the sol-gel 

technique has many advantages including cost effectiveness, short processing time, simplicity 

and the opportunity to fabricate coatings with high scalability along with the flexibility of fine-

tuning coatings to have preferred shapes and surface areas [15-18].  

Novel ITO composites doped with 3-d and/or 4-d transition metals, such as (Ti, Ag, Cr, 

Mo, W, Ta and Cu), are being considered as potential candidates in a wide range of 

optoelectronic applications such as organic and inorganic solar cells, touch screens, organic 

light-emitting diodes, sensors and electro-chromic devices [19-24]. In order to satisfy the 

demands for some of these applications, TCO composites with improved durability are required. 

The durability of ITO based coatings depends on their physical, mechanical and structural 

properties. Therefore, it is expected that the mechanical properties of ITO based films play a 

significant role in the performance of optoelectronic devices. It has been reported that the bare 

ITO films have a brittle surface and seem to be susceptible to cracking and delamination. So far, 

there has been scarce information on the mechanical properties of ITO thin films, particularly, 
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their micro or nanostructure. The elastic modulus and the hardness of 240 nm thick sputtered 

ITO thin film coatings were reported by Chen et.al [20] to be 140 GPa and 12 GPa respectively. 

The hardness and elastic modulus were enhanced by introducing hydrogen into the gas mixture 

during the deposition process [25]. We propose that incorporating a transition metal such as 

titanium into the ITO nanostructure may enhance the mechanical properties of this material. 

Therefore, the main objective of the present study is to evaluate the influence of variations in the 

Ti concentration and annealing temperature on the chemical bonding states and the mechanical 

properties, including Young’s modulus (E) and Hardness (H) of spin coated Ti-doped ITO thin 

films, technical aspects which have not been reported thus far, to the best of the authors’ 

knowledge.  

  

2. Experimental details 

2.1. Thin films deposition 

 

Hydrated indium nitrate (In(NO3)3⋅5H2O, purity 99.9%, Alfa Aesar) titanium(IV) 

isopropoxide (Ti[OCH(CH3)2]4, purity 99.9%, Sigma Aldrich), and tin chloride dihydrate 

(SnCl2⋅2H2O, purity 98%, Chem-supply) were used as received as precursors to produce Ti-

doped ITO films via a sol-gel spin coating process. Absolute ethanol was used as a solvent and 

the ITO films were deposited onto soda-lime glass slides.  

ITO solutions (0.1 M) were prepared by dissolving appropriate amounts of 

In(NO3)3⋅5H2O and SnCl2⋅2H2O separately in absolute ethanol. The solutions were combined 

and stirred vigorously for 1 hour. Required amounts of (Ti[OCH(CH3)2]4) were then dissolved in 

ethanol and added to ITO solutions in order to obtain solutions of Ti doped ITO with 2 and 4 at% 

Ti contents, respectively. The resultant solutions were then refluxed at 85°C for 1 hour and aged 

for 24 hours at room temperature. Since uniformity and homogeneity of the thin films mainly 

depends on the cleanness of the substrates, the glass substrates with (25×25 mm dimensions) 

were first washed with soap and rinsed repeatedly in deionized water. Then, the substrates were 

sonicated at 60 °C for 10 min in ethanol and DI water, respectively and dried in a vacuum drying 

oven at 100 °C, prior to the coating process. A Polos spin coater was used to fabricate Ti-doped 
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ITO films based on three main spin steps. Firstly, the solution was dispensed on to the substrate 

at 300 rpm for 15 seconds followed by spreading at 2500 rpm for 20 seconds and finally dried at 

4000 rpm for 20 seconds. The sample was calcined on a conventional hot plate at 150 °C for 10 

minutes. These steps were repeated until the desired coating thickness (300 – 400 nm) was 

achieved. Thermal annealing in air atmosphere was performed upon the fabricated samples at 

(400, 500 and 600) °C for 2h. Figure 1 is the flow chart for Ti doped ITO thin films preparation 

via sol-gel spin coating technique.  

 

2.2. Characterization techniques   

Raman analysis was performed on a Nicolet 6700 Fourier transform infrared (FT-IR) 

spectrophotometer attached with an NXR FT-Raman module. Raman spectra were obtained by 

using the following settings: Helium-Neon (He-Ne) laser beam with excitation wavelength and 

operation power of 1064 nm and 0.204 W, respectively, InGaAs detector with 90° detection 

angle, optical velocity of 0.3165, CaF2 beam splitter, gain of 1, aperture of 150, maximum peak 

to peak signal along with optimum focusing and side-to-side values, and 32 scans with resolution 

of 8 cm-1 in the range of 0-4000 cm-1. Information of elemental compositions, chemical 

structures and bonding states of the thin film coating surfaces were probed using a Kratos Axis 

Ultra-X-ray Photoelectron Spectrometer. The X-ray source was Al-Kα monochromatic radiation 

(hv = 1486.6 eV) with a power of 15 kV and 10 mA. The base pressure of the analysis chamber 

maintained at 2.9 × 10-9 Torr. The XPS survey and high resolution scans were collected before 

etching. Typical high resolution XPS core level spectra were focused on the regions of In3d, 

Sn3d, Ti2p, O1s and C1s. The deconvolution of high resolution spectra was carried by 

employing the CASA XPS software (version 2.3.1.5) which provides information for the 

analyses of chemical bonding states.  

The elastic modulus (E) and the hardness (H) of the coatings were measured using a 

nanoindentation workstation (Ultra-Micro Indentation System 2000, CSIRO, Sydney, Australia), 

equipped with a diamond Berkovich indenter [26]. The area function of the indenter tip was 

calibrated using a standard fused silica specimen. Load control method was used with a 

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



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

maximum displacement during indentation should be no more than 10% of the coating thickness, 

and that high loading may result in micro-cracks in the coating, which is thought to be relatively 

brittle compared with metal coatings. To obtain good resolution, 15 measuring points were used 

during loading and 20 during unloading.  

 

3. Results and discussions 

The structural and morphological properties of the synthesized and annealed Ti-doped 

ITO thin film coatings were characterized via x-ray diffraction (XRD) and field emission 

scanning electron microscopy (FESEM) techniques and were discussed in our previous work 

[27].  The XRD results confirm the formation of body centred cubic bixbiyte structure with space 

group of Ia3/cubic similar to In2O3 (JCPDS card 06-0416). The ionic radiuses of tin (Sn4+), 

Titanium (Ti4+) and indium (In3+) are 0.07, 0.06 and 0.09 nm, respectively. The small ionic radii 

of Sn4+ and Ti4+ imply that the crystalline features of In2O3 and/or ITO frameworks should not 

change if these elements are used as dopants. Grain sizes increase with the introduction of Ti 

dopants along with increasing annealing temperature, reaching the maximum value of 80 nm for 

the film prepared with 4 at% Ti concentration and post-annealed at 500°C. Therefore, we propose 

that enhancing the crystal growth and the preferred orientation of the 3-d metal doped ITO thin 

films could be attributed to introduction of Ti as a dopant for these thin films. 

The FESEM images of the synthesized ITO and Ti-doped ITO films as deposited (150 

°C) and after being annealed at 400, 500 and 600 °C show that the surfaces of all the thin films 

are smooth, homogeneous, and composed of uniform coalesced clusters, and show a grain 

structure demonstrating nanocrystalline features. However, the as deposited thin film of 4 at% Ti 

shows a smoother surface and possesses larger grains compared to those of pure ITO and 2 at% 

Ti-doped ITO, which may be attributed to the enhancement of crystallinity with Ti ratio.  

3.1. Raman analysis 

Raman spectroscopy was used to study the effect of Ti contents and annealing 

temperature on the electronic and mechanical properties of Ti doped ITO thin films. It is well 

known that ITO based materials have a body centred cubic structure that belongs to Ia3 space 
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group, similar to that of In2O3. Two types of cation are present in the ITO based structure: (1) 8 

In3+ with 3 sides symmetry at b-sites and (2) 24 In3+ with 2-fold point symmetry at d-sites. 

Moreover, the 48 oxygen atoms in this structure occupy general e-sites with no symmetry. Thus, 

six possible vibration modes may be identified [28]: 

4Ag + 4Eg + 14Tg + 5Au + 5Eu + 16Tu 

The Ag, Eg and Tg symmetry vibrations are Raman active and infrared (IR) inactive 

modes; whereas, Tu vibration modes are Raman inactive and IR active. The Au and Eu vibration 

modes are inactive for both Raman and IR measurements. Figure 2 presents the results of Raman 

active modes for the Ti doped ITO thin films at 2% and 4% Ti concentrations after being 

annealed at the temperatures of 400, 500 and 600 °C. The observed vibrational modes 

correspond to 106, 135, 176, 275, 367, 432, 584, 633 and 704 cm-1 which represent an 

unequivocal finger print for In2O3 and/or ITO cubic structure These results are in good 

agreement with Raman active modes observed from In2O3 and ITO based materials, refer to [29, 

30]. The peaks recorded at a wavenumber below 500 cm-1 are attributed by In-O stretching 

vibrational modes in ITO matrix. However, the line at 633 cm-1 are due to the overlapping of the 

contributions from In-O, Sn-O and O-Ti-O vibrational modes with frequencies of 630, 633 and 

636 cm-1 respectively. Indeed, these observed vibrational modes in Ti doped ITO structure may 

be ascribed to a good incorporation of Ti and Sn dopants into the In2O3 lattice. It is also noticed 

that, along with the increase in annealing temperature from 400 to 500 °C, the intensity of the 

high frequency peaks at 633 and 704 cm−1 was gradually enhanced. However, the intensity of the 

low frequency peak at 175 cm−1 decreased. For the sample annealed at 600 °C, the intensity of 

the high frequency peaks decreased and the low frequency peak at 135 cm−1 disappeared. 

Increasing the annealing temperature up to 600 °C also led to the disappearance of the peaks at 

367 and 432 cm-1.  

 

3.2. Atomic compositions and surface chemical bonding states  

The elemental compositions of Ti doped ITO thin films were obtained via XPS survey 

scans. Figure 3 (a, b) shows the survey scan results for the synthesized Ti doped ITO thin films 

for both Ti contents. The photoelectron peaks for In3d, Sn3d, Ti2p, O1s, Cl2p and C1s in the 
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binding energy range of 0 - 1200 eV were observed. The XPS survey spectra confirm the 

existence of the principal elements (In, Sn, Ti, Cl and O), as well as carbon, in the related sample 

coatings. Table 1 lists the atomic compositions of the Ti doped ITO thin films at 2% and 4% Ti 

concentrations after being annealed at 400, 500 and 600 °C. The results imply that the surface 

elemental composition of the film materials was significantly affected by annealing temperature. 

As the annealing temperature increased, the ratio of atomic percentages of the principal elements 

(In, Sn and Ti) to oxygen on the surface of the thin film coatings decreased for both levels of Ti 

doping. At 600 °C the Ti2p and Cl2p signals were completely absent for both 2 and 4 at % Ti 

concentrations, respectively, indicating that surface oxidation is taking place at high temperature. 

As the oxygen content becomes higher at high temperatures, the surface oxidation layer should 

become thicker. In order to compensate for any charge shifts, the XPS energy scale was 

calibrated by the C1s (C-H) line at 284.60 eV (bonding energy).  

The XPS spectra for these elements are shown in Figures 4-8. The surface chemical 

bonding states of the annealed Ti doped ITO films were characterised by de-convoluting the high 

resolution In3d, Sn3d, Ti2p, Cl2p and O1s photoelectron lines using the Gaussian distribution, in 

order to appraise analysis the possible chemical bonding states of these atoms in the composites. 

The parameters, derived from the analysis of the XPS spectra, are listed in Table 2 and include: 

the photoelectron lines, bonding states and their corresponding binding energies, full width at 

half maximum (FWHM) values and atomic percentages of the elemental compositions present in 

the films after being annealed at 400, 500 and 600 °C as evaluated from XPS curve fittings. 

The de-convoluted curves of the high resolution XPS spectra of In3d5/2 photoelectron 

lines are shown in Figure 4 (a, b). It is clear that the de-convoluted In3d5/2 spectrum is assigned 

to three different bonding states in the range of 443.6 - 445.4eV. The lower energy peaks placed 

within the range 443.6 – 443.8 eV (labelled i) is linked to In° bonding state, precisely In-In 

bonds, while the mid energy peaks located in the range 444.1 – 444.6 eV (labelled ii) 

corresponds to In3+ bonding state from In2O3 [31, 32]. The higher energy peaks in the range 

444.7 – 445.4 eV (labelled iii) could be attributed to the In-Cl bonds from InCl.  

            Figure 5 (a, b) displays the de-convoluted curves of high resolution XPS spectra for 

Sn3d5/2 photoelectron lines. Three bonding states in the range of 485.6 - 487.2 eV have been 

allocated. The first components are obtained within the range 485.6 - 485.8 eV (labelled ‘i’) 
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correspond to Sn4+ in SnO2, whereas the second features (labelled ‘ii’) observed in the range 

486.0 - 486.5 eV are related to Sn2+ from SnO. It has been reported by Fan and Goodenough that 

the Sn3d peak for Sn2+ in SnO was seen at a binding energy around 0.5eV higher than that for 

Sn4+ in SnO2 [33, 34]. The SnO phase is thermodynamically less stable than the SnO2 phase; 

therefore, the Sn4+ is thought to be the predominant state in the ITO based materials. The last 

components (labelled ‘iii’) seen in the range 486.6 - 487.2 eV may be attributed to the SnCl2 

bonding state. 

The Ti2p photoelectron lines of Ti doped ITO films are presented in Figure 6 (a, b). The 

curve fitting of Ti2p core level XPS spectra assigned three components within the energy range 

of 457.3-458.5 eV. The lower constituent in the energy range of 457.3 - 457.5 eV (labelled ‘i’) 

corresponds to Ti3+ in Ti2O3 bonding state [35]. The second component within the energy range 

457.9 - 458.0 eV could be attributed to TiCl3; while the higher energy components in the range 

458.4 - 458.5 eV correspond to Ti4+ from TiO2 [36].  

The de-convolution of O1s spectra exhibits three sub-peaks within the energy range of 

529.3 -531.8 eV as shown in Figure 7 (a, b). The first components in the range of 529.3 - 529.6 

eV correspond to O-In bonds and O-Ti bonds, in In2O3 and Ti2O3. The second components 

within the range 530.3 - 530.8 eV are attributed to TiO2 and SnO2 bonding states. Finally, the 

other components in the range of 531.4 - 531.8 eV could be due to the existence of O-Sn bonds 

[31, 32, 36]. For In2O3-based oxide semiconductors, the role of oxygen vacancies (Vo) on the 

electrical properties has inspired significant debate. Using first principle calculations and density 

function theory, Agoston et.al reported that the oxygen vacancies exist in indium oxide lattice 

are shallow, suitable for generating free electrons in the conduction band. Existence of oxygen 

vacancies in indium oxide system and its derivative materials indicate experimentally that these 

defects are the major source of n-type conductivity [37].  

 

Figure 8 (a, b) shows the results from curve fitting of high resolution XPS spectra for Cl 

2p photon lines. Here also three components were obtained in the range of 197.6 – 199.9 eV. The 

first components are observed in the energy range of 197.6 - 198.0 eV (labelled ‘i’) related to 

InCl bonding state [38], the second components within 198.5 - 198.7 eV (labelled ‘ii’) may be 
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attributed to SnCl2 bonding states, while the last components in the range of 199.6 – 199.9 eV 

(labelled ‘iii’) corresponds to TiCl3 bonding states [36]. Table 2 details the de-convoluting results 

of the XPS data of spin coated Ti doped ITO samples as a function of Ti concentrations and 

annealing temperature. 

  

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

The thickness of the TCO films prepared for this study is within the range of 300-400 

nanometres. It has previously been reported that the indentation depth should be less than 10% of 

the film thickness to avoid substrate effects. Therefore, in order to determine the hardness and 

elastic modulus values for our Ti doped ITO thin films, the measurements were taken at a 

maximum indenter depth of around 13 nm, which is less than one-tenth our samples thickness. 

Figure 9 (a, b) shows the load-displacement curves determined from the nanoindentation 

measurements corresponding to the Ti doped ITO samples of both Ti contents and after being 

annealed. It was reported by Jian and co-worker that establishment of cracking in films 

underneath the nanoindentor resulted in a distinct discontinuity in the loading part of the loading 

displacement curve [39]. In this study, the experimental nanoindentation results presented in 

Figure 9 (a, b) confirmed that continuous loading curves were obtained for all the films, 

indicating that the phenomenon of cracking was absent in the Ti doped ITO films at different Ti 

contents and annealing temperatures. Figure 10 shows typical load-displacement curves of the 

nanoindentation measurements. Hardness and Elastic (Young’s) modulus can be calculated 

directly from the measurements of indentation load and penetration depth for both loading and 

unloading process. From a typical load-penetration depth (p-h) curve, maximum load, maximum 

displacement and unloading stiffness (also called contact stiffness S) can be determined. The 

value of how resistant solid matter is to deformation under an applied force is known as the 

hardness which can be calculated from the following relation:  

� =	 ����
	      (1) 

Where Pmax is the maximum load and A is the area of the hardness impression  
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Young’s modulus can also be calculated from the values of unloading stiffness and 

contact area by the following relation: 


 = 	� �
√� ����√�    (2) 

 

Where β is a dimensionless constant taken as unity and Eeff can be defined as 

�
����

	 = 	 ����
�

� + �����
��
�   (3) 

where σ and σi are the Poisson’s ratio of the indenter and the thin film coating respectively. Eeff 

and Ei are the Young’s modulus of the indenter and the thin film coating, respectively. 

The hardness (H) and elastic modulus (E) values of the Ti doped ITO films derived from 

nanoindentation experiments are shown in Figure 11 (a, b). A difference is observed between the 

trends in the hardness results of the two sets of samples. For the 2 at% samples, the hardness 

decreased with increasing annealing temperature, changing from 6.6 to 6.3 GPa when the 

annealing temperature increased from 400 to 600 °C. In contrast, for the 4 at% samples, the 

hardness seems to stabilise around 6.8 GPa after annealing at different temperatures, only 

showing a slight decrease after annealing at 500 °C. Overall, the results show that the ITO films 

with higher Ti concentrations have the highest average hardness. The hardness of the Ti-doped 

ITO thin films measured in the present study are generally consistent with those reported by 

Zeng et.al (6.5 ± 1.6 GPa) for 250 nm thick sputtered ITO thin films onto glass substrate using a 

Berkovich indenter with 6 mN load [40]. Similar trends were also observed by Yen et.al for ZnO 

thin films deposited by atomic layer deposition on Si substrates and then post annealed at 

different temperatures. They suggested that the decreasing hardness of the ZnO thin films with 

increasing annealing temperature can be related to the increment of the grain size with increasing 

temperature [41]. Also, the reduction in the hardness could be ascribed to the changes in 

elemental compositions resulting from the diffusion process in the coatings, softening of the 

substrate, stress relaxations and formation of new phases. As such, the decrease in the hardness 

of 2 at% Ti-doped ITO films with increasing annealing temperature could be attributed to a 

number of different mechanisms. In this work, the samples were annealed in atmospheric 
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environment, so it was expected that the composition of the surfaces would change due to 

oxidation. Therefore, it is reasonable to assume that the change in the hardness of Ti doped ITO 

samples is induced by the difference in the oxygen content on the surface of the film with 

increasing temperature, as proved in the XPS results (section 3.1). These results are in general 

agreement with those reported by Biswas and co-authors, which show that there is a relation 

between the hardness and the oxygen contents in the ITO film materials. They found that when 

the oxygen content increased from 6 to 10 wt% in the precursor solutions, the hardness of the 

corresponding ITO films decreased from 9.6 ± 0.9 GPa to 1.6 ± 0.1 GPa [42]. Barna et.al and 

Petrov et.al reported that, oxygen, impurities and other defects may lead to grain refinement and 

then change the morphology of the films [43, 44]. As a summary, a higher annealing temperature 

leads to larger grain size (as mentioned previously in Section 3.1), which, when combined with 

substitutions, interstitials, and/or the formation of oxygen vacancies and other point defects, may 

cause a hardness decrement, although this effect is not so significant in our 4 at% samples. In 

relation to the annealing temperature increment, the Young’s modulus of Ti doped ITO films 

decreased for the films of 2 at% Ti, while it increased for the films of 4 at% as shown in Figure 

11 (a and b). However, both thin films with 2 at% and 4 at% Ti contents present similar Young’s 

modulus in the range of 137 - 143 GPa, which is comparable to the reported results given by 

Zeng et.al (120 - 160 GPa) [38] and Chen and Bull (141 GPa)[25, 40].  

Elastic modulus along with hardness of material can influence wear behaviour. The wear 

of a material coupled with elastic limit define the ability of this material to deform under an 

applied stress and regain its initial state without being deformed permanently [45]. The ratio, 

H/E, which is obtained from nanoindentation measurements can be used to evaluate the wear 

resistance of the coating. The larger this ratio is the higher the wear resistance will be [46]. The Ti 

doped ITO thin films exhibited a decrease in H/E values which are correlated to the reduction of 

wear resistance through high annealing temperature, as shown in Table 3. It is clear from Table 3 

that both the hardness and Young’s modulus depends on the annealing temperature. As discussed 

previously, the prepared Ti doped ITO thin films were annealed in air atmosphere resulting in 

changes of the composition of the sample surface due to oxidation process. Thus, the decrease in 

the hardness of Ti doped ITO samples along with increasing annealing temperature could be 

attributed to increasing the oxygen contents at the surface of the film. A similar trend for 

Young’s modulus was observed with increasing annealing temperature. Thus, it is possible to 
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surmise that the annealing temperature exerts a negative effect on the mechanical properties of 

the Ti doped ITO film coatings. The H/E values in this study are in the range of 4.5× 10-2 – 4.6× 

10-2 and 4.8× 10-2 - 5× 10-2, for the films of 2 at% and 4 at%, respectively. These values represent 

a reasonable level of wear resistance, which is even better than other metal oxide ceramics with 

H/E values of 3× 10-2 - 4× 10-2 [47, 48].  

 

4. Conclusions 

Ti-doped ITO thin films were fabricated on glass substrates using a low cost and efficient 

sol-gel spin coating method. The effects of Ti concentrations (i.e., 2 at% and 4 at% Ti) and 

annealing temperature (ranging from 400 - 600 °C) on the phonon vibrational modes, surface 

chemical bonding states and mechanical properties of Ti doped ITO thin films were studied 

using Raman spectroscopy, XPS and nanoindentation techniques. Raman analysis revealed the 

existence of ITO and/or In2O3 vibrational modes. By increasing the annealing temperature some 

peaks were inversely altered. The XPS results show that the main component atomic percentages 

such as In, Sn and Ti decreased as the annealing temperature increased from 400 to 600 °C, 

while the O atomic percentages increased. Also, at 600 °C, the Ti2p and Cl2p signals were 

completely absent for 2 at % and 4 at % Ti concentration, respectively, indicating that surface 

oxidation takes place at high temperature.  

The nanoindentation load-displacement curves confirmed that all the films exhibited 

continuous loading curves, indicating that the phenomenon of cracking was absent in the Ti 

doped ITO films at both Ti contents. Variations in the hardness (H) and the elastic modulus (E) 

were observed with different Ti at% and annealing temperature. The hardness is within the range 

of 6.3-6.6 GPa and 6.7-6.8 GPa for 2 at% and 4 at% Ti content samples, respectively. In most 

cases the hardness values are negatively affected with increasing annealing temperature, and the 

films with higher Ti concentration in the ITO films possess the highest average hardness. 

Synthesized Ti-doped ITO thin films at different Ti contents show the same Young’s modulus 

values in the range of 137 - 143 GPa. A combination of the highest H and E were achieved in the 

sample of 4% Ti content annealed at 600 °C. All the Ti-doped ITO films appear to possess high 

wear resistance. Combining with optimised control over the doping and annealing processes, the 
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results from this work are expected to help facilitate the engineering design of customizable Ti-

doped ITO thin films for various industrial applications. 
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Ti 
concentration 

% 
 

Annealing 
temperature °C 

 

Photoelectrons 
lines 

 

Bonding states 
 

Binding 
energy (eV) 

 

FWHM (eV) 
 

Percentages of 
the 

components % 
 

   In°(In-In bonds) 443.7 1.1 49.5 
  In 3d5/2 In2O3 444.4  1.2 41.9 
   InCl/InO× 445.1 1.3 8.6 
   SnO2 485.8 1.3 45.0 
  Sn3d5/2 SnO/SnO×/Sn  486.3 1.2 41.6 
 400  SnCl2 486.9 1.3 13.4 

   Ti2O3 457.4 0.5 28.8 
  Ti 2p3/2 TiO2 457.9 0.5 43.7 
   TiCl3 458.4 0.5 27.5 
   TiO2/In2O3 529.4 1.2 52.6 
  O 1s InO×/SnO 530.4 2.2 31.1 
   Ti2O3/SnO2 531.5 1.8 16.3 
   InCl 198.0 1.3 32.7 
  Cl 2p3/2 SnCl2 198.6 1.2 32.1 
   TiCl3  199.7 1.4 35.2 
   In°(In-In bonds) 443.7 1.2 59.4 
  In 3d5/2 In2O3 444.3 1.0 24.0 
   InCl/InO× 444.9 1.2 16.6 
   SnO2 485.8 1.2 61.7 
  Sn3d5/2 SnO/SnO×/Sn 486.5 1.0 30.7 

2% 500  SnCl2 487.2 1.0 7.6 
   Ti2O3 457.4 0.5 31.9 
  Ti 2p3/2 TiO2 457.9 0.6 58.6 
   TiCl3 458.5 0.3 9.5 
   TiO2/In2O3 529.5 1.4 66.1 
  O 1s InO×/SnO 530.8 1.6 20.3 
   Ti2O3/SnO2 531.8 1.7 13.6 
   InCl 197.9 0.7 46.6 
  Cl 2p3/2 SnCl2 198.5 0.9 23.4 

Ti 
Concentration 

Annealing 
Temperature 

°C 

Atomic percentage of the elements 

In Sn Ti O Cl C 

 400 8.0 1.9 4.4 37.7 1.0 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 9.2 3.2 7.4 35.9 1.2 43.1 

4 at% 500 8.3 2.1 5.0 39.7 1.6 43.3 
 600 6.6 1.9 4.0 52.0 0.0 35.5 

Table.1. Elemental compositions of Ti doped ITO thin films at 2 at% and 4 at% Ti 
concentrations after being annealed at different temperatures 

Table.2. Fitting results of the XPS data of Ti doped ITO films for the core level binding 
energies 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

   TiCl3 199.6 1.0 30.0 
   In°(In-In bonds) 443.6 1.4 72.1 
  In 3d5/2 In2O3 444.5 1.1 15.6 
   InCl/InO× 445.2 1.8 12.3 
   SnO2 485.7 1.3 41.2 
  Sn3d5/2 SnO/SnO×/Sn 486.3 1.5 55.4 
 600  SnCl2 487.0 1.3 3.4 
   TiO2/In2O3 529.4 1.3 41.8 
  O 1s InO×/SnO 530.6 2.1 41.5 
   Ti2O3/SnO2 531.6 2.2 16.7 
   InCl 197.7 1 39.5 
  Cl 2p3/2 SnCl2 198.5 0.9 30.1 
   TiCl3 199.8 0.9 30.4 
   In°(In-In bonds) 443.7 1.3 64.4 
  In 3d5/2 In2O3 444.5 1.1 23.1 
   InCl/InO× 445.3 1.5 12.5 
   SnO2 485.7 0.9 30.3 
  Sn3d5/2 SnO/SnO×/Sn 486.3 0.8 37.7 
 400  SnCl2 486.9 1.2 32.0 
   Ti2O3 457.5 0.8 25.0 
  Ti 2p3/2 TiO2 458.0 0.7 33.8 
   TiCl3 458.5 0.9 41.2 
   TiO2/In2O3 529.6 1.2 58.7 
  O 1s InO×/SnO 530.7 1.7 25.9 
   In2O3 531.7 1.7 15.4 
   InCl 197.9 0.9 30.7 
  Cl 2p3/2 SnCl2 198.7 1.2 39.4 
   TiCl3 199.9 1.2 29.9 
   In°(In-In bonds) 443.6 1.2 53.5 
  In 3d5/2 In2O3 444.1 1.0 33.8 
   InCl/InO× 444.7 1.1 12.7 
   SnO2 485.6 1.2 35.3 
  Sn3d5/2 SnO/SnO×/Sn 486.0 1.2 40.7 

4% 500  SnCl2 486.6 1.3 24.0 
   Ti2O3 457.4 0.8 41.9 
  Ti 2p3/2 TiO2 457.9 0.6 39.7 
   TiCl3 458.5 0.5 18.4 
   TiO2/In2O3 529.3 1.2 63.0 
  O 1s InO×/SnO 530.3 1.7 23.8 
   TiO2/In2O3 531.4 1.7 13.2 
   InCl  197.6 1.2 42.6 
  Cl 2p3/2 SnCl2 198.6 1.3 37.1 
   TiCl3  199.7 1.2 20.3 
   In°(In-In bonds) 443.8 1.3 75.7 
  In 3d5/2 In2O3 444.6 1.1 19.5 
   InCl/InO× 445.4 1.0 4.8 
   SnO2 485.7 1.1 31.8 
  Sn3d5/2 SnO/SnO×/Sn 486.1 1.2 44.6 
 600  SnCl2 486.7 1.2 23.6 
   Ti2O3 457.3 0.7 43.0 
  Ti 2p3/2 TiO2 457.9 0.5 40.4 
   TiCl3 458.4 0.5 16.6 
   TiO2/In2O3 529.4 1.3 66.3 
  O 1s InO×/SnO 530.5 1.8 23.5 
   TiO2/In2O3 531.6 1.7 10.2 
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Ti 
concentration 

(at%) 

Annealing 
temperature °C 

 
Hardness 

(GPa) 
 

Young’s 
modulus (GPa) 

Wear resistance 
(H/E × 10-2) 

 400 6.6 143 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 

Table.3. Mechanical properties of Ti doped ITO films after being annealed at 
different temperatures  
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Hydrated indium 
nitrate 

Ethanol 

Dissolved and stirred separately 
(1h at room temperature) 

Mixed and refluxed (1h at 85⁰C) 

Tin chloride 
dihydrate 

Titanium 
isopropoxide  

Aged overnight 

Spin coated on glass 
substrates 

Drying 

Post annealing 

Produced thin films 

Fig.1. The flow chart for Ti doped ITO films preparation via sol-gel spin coating technique. 
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Fig.2. Raman shift of Ti doped ITO films (a): 2 at % and (b): 4 at % of Ti, annealed at different 
temperatures 
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Fig.3. XPS survey scans of Ti doped ITO films (a): 2 at % and (b): 4 at % of Ti, annealed at 
different temperatures 
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Fig.4. In3d XPS spectra of Ti doped ITO films (a): 2 at % and (b): 4 at % Ti, annealed at different temperatures 
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Fig.5. Sn3d XPS spectra of Ti doped ITO films (a): 2 at % and (b): 4 at % Ti, annealed at different temperatures 
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Fig.6. Ti2p XPS spectra of Ti doped ITO films (a): 2 at % and (b): 4 at % Ti, annealed at different temperatures 
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Fig.7. O1s XPS spectra of Ti doped ITO films (a): 2 at % and (b): 4 at % Ti, annealed at different temperatures 
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Fig.8. Cl2p XPS spectra of Ti doped ITO films (a): 2 at % and (b): 4 at % Ti, annealed at different temperatures 
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Fig.9. Load-displacement curves of Ti doped ITO films (a): 2 at % and (b): 4 at % Ti, annealed at different 

temperatures 
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Fig.10. Typical loading and unloading curves of the nanoindentation 
measurements [26] 
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Fig.11. Hardness and Young’s modulus of Ti doped ITO films (a): 2 at % and (b): 4 at % Ti, annealed at 
different temperatures 
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Highlights 

 

� Ti-doped ITO thin films synthesized via spin coating technique  

� Ti contents (2 and 4) at% and post annealing (400-600°) C were used.  

� Surface chemical bonding states were determined via XPS. 

� Hardness is in the range 6.3-6.8GPa. 

�  Young’s Modulus is in the range 137-143GPa.  
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