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ABSTRACT 

A low temperature and economical method i.e. sol-gel method has been adopted to prepare 

TiO2 sol. After the formation of TiO2 sol, thin films of TiO2 were prepared on the glass substrate 

by dip coating method. These films were formed both undoped and doped forms. The films were 

exposed in air plasma for varying time intervals to alter their surface properties. We observed a 

remarkable variation in the hydrophilic, optical and Photocatalytic properties of undoped and 

doped TiO2films after plasma treatment. The films coated on the surface of glass substrate when 

exposed to air plasma exhibited significant change in contact angle, which is basically a 

representative of wetting property. We found that the contact angle for deionized water and 

ethylene glycol reduced to considerable limits 3.02
o
 and 1.85

o
 from its initial value 54.40

o
and 

48.82
o
, respectively. The variation in the hydrophilic property of films depends upon the 

dangling bonds and nanometer scale surface roughness created after plasma treatment. The 

variation in the surface roughness was estimated with the help of atomic force microscopy 

(AFM), which occurred from 4.6nm to 19.8nmwith the plasma exposure time. Further, the 

variation in the values of contact angle and surface roughness with increasing plasma exposure 

time reveal that not only the surface roughness but the dangling bonds also contribute to the 

hydrophilic property of surface modified TiO2 film. Based upon nanometer scale surface 

roughness and dangling bonds, a variation in the surface energy of TiO2 film was estimated 

which was found to increase from49.38 to 88.92mJ/m
2
.  In order to investigate the variation in 

the surface chemistry, X-ray photoelectron spectroscopy (XPS) studies were carried out. These 

results show that there was an increase in the intensity of Ti2p and O1s, and a decrease in the 

intensity of C1s. These surface modified films were examined for their antifogging properties by 

exposing then in water steam, which resulted as a good antifogging material on the surface of 

glass substrate. 

In case of variation in the optical properties, we observed that a controlled, post-fabrication 

tuning of optical band gap of TiO2 thin film is possible by plasma treatment. The controlled 

tuning of optical band gap is achieved by adjusting the time of plasma treatment. Again when 

studied by XPS, we observed that an alteration in the states of surface species viz. Ti
3+

, Ti
4+

, O
2-

, 

oxygen vacancies and OH group do occur by plasma treatment. In this case both the undoped 

(pure TiO2) and doped (Fe and Co) TiO2were investigated.  It is observed that widening or 
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narrowing of the optical band gap after plasma depends upon the type of impurity doping. We 

found that the plasma widened the band gap of Co doped TiO2 film from 3.24 to 3.57eV, 

whereas it narrowed the band gap of Fe doped TiO2 films from 3.36 to 3.10eV. The variation in 

surface states/chemistry and band gap was analyzed by X-ray photon spectroscopy (XPS) and 

UV-Vis spectroscopy, respectively. In this case too, the resultant band gap depends upon the 

plasma treatment time, higher the treatment time is more the band gap variation is; therefore, 

band gap can be precisely tuned just by adjusting treatment time. This approach facilitates band 

gap manipulation any number of times till the required/precise value is obtained, and liberates 

from in-situ band gap manipulation condition as in the traditional approaches. This approach 

mitigates band gap tuning, and is suitable for many optoelectronic applications. In the third 

experiment, the undoped and doped (Fe and Co) TiO2 films were investigated for their 

Photocatalytic properties in sun light. The Photocatalytic activity of dip coated undoped, Fe and 

Co doped TiO2 films was checked the degradation of Methylene blue (MB) dye.  The Fe doped 

TiO2 films show 50% degradation of Methylene blue due to the reduction in the band gap, 

formation of oxygen vacancies, Fe
3+

, and Fe
2+

 states. In case of Co doped TiO2films, 30% 

degradation of MB dye in observed. Since we found that the Co doped TiO2 films exhibited 

widen band gap which indicated that other factors; mainly formation of oxygen vacancies, then 

band gap is responsible for degradation of MB dye in sun light. Therefore, the generation of 

oxygen vacancies by air plasma can enhance the Photocatalytic activity of doped TiO2 films. 

Thus we conclude that exposure to air plasma alters the surface states of TiO2 films significantly 

and makes them applicable for many applications, such as photo electrochemical cells, 

antibacterial coating, self-cleaning materials, water splitting, solar cell, water purification etc. 
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Chapter-1                                                                               Introduction 
 

3 
 

 

1.1. Introduction  

The term “Nano” is arguably the most inspirational thing to take place in science and 

technology since the space race. Nanotechnology is moderately new, while the essence of 

operative devices and structures of nanometer range is not innovativebecause they exist on the 

earth as long as life itself. Nanotechnology is a growth industry in the field of research, over four 

billion dollars per years growing at an annual rate of about 20% [1] running by worldwide 

government funded research. Application and production of chemical, physical and biological 

system encircle by nanotechnology differ from discreate atom or molecule to submicron extent. 

Nanotechnology spreadmuch area which is shown in Fig.1.1. In the early 21
st
 century, there is 

great impact of nanotechnology on our society and economy as compared to cellular 

&microbiology, informational & semiconductor technology.Thus, science and technology 

investigation in nanotechnology penetrate in areas such as manufacturing and materials, 

nanoelectronics, healthcare energy and medicine, biotechnology and national security. There are 

many benefits to research and exploration of nanotechnology. The scientific possibilities are 

endless and we have only just begun to breach the frontier of nanoscience. Hence, 

nanotechnologyassociated with fabrication and/or manipulation,and characterizationof structure 

devices or materials that have at least one dimensional that is approximately 1-100nm in length. In 

fact, public viewregardingthe general application of nanotechnology has varied from neutral to 

slightly positive [2-5].At the nanometer scale, materials are the essence of technology, because the 

atomic group and the arrangement not only describe the properties of the materials but also the 

purpose of the devices at the nanotechnologies scale. Basically, nanotechnology controlled the 

atomic/molecular placements, arrangements andpromotes the technologies into distinctive 

materials, structures and devices. This new type of formation requires advanced methodology, to 

understand the development of materials on the nanoscale. Mentioned nanomaterialsinvolvedall 

the nano-object likenano-plates, nano-fiber (rods, tubes), andnano-thin films which can be 

expressed by distinctive materials to form aggregate [6-8]. Thus with the wide spread 

industrialization of nanotechnology, nanomaterials applications in the area of materials 
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modification, degradation of environment pollutants, area of medical diagnostics, and 

biotechnology are rapidly increasing [9]. 

 

 

Fig.1.1: Different application encompasses by nanotechnology. 

Nanomaterials are well known to possess excellent optical, catalytic, electrical, thermal and 

strong mechanical strength which offers great opportunity to construct nanomaterials based 

sensors and other devices [10].When the size of the material particle is reduced, and it comes to 

the range of less than 100nm its physical and chemical properties are altered. The resultant 

properties are also depending upon the shape of the nanostructures, for example the same 

material in different forms such as nano-dot, nanowires, nanocones etc. shows different 

properties. There are many resorts on the properties and fabrication procedures of the 

nanomaterial [11]. When the size of the material is reduced to nanometer scale, it affects the 

motion of the electrons and holes in the structure and thus resulting in changed properties [12-

15]. Also, with the reduction of the size, the surface area of structure increases, creating new 

surface, and thus the free bonds on it that also affects many physical and chemical properties 

[16].  
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In fact, the research in this field desiresto discover some unique structures properties and 

synthesis mechanisms so that the nanostructures can be produced commercially.To understand 

the fundamental phenomenon in the nano range it is quite reasonable to know the synthesis 

processes as well as the structure of materials at the atomic level for the effective growth of 

nanostructures for the commercial purpose. 

Metal oxides are tremendously studied in the areas of physics, chemistry, materials science, 

biology and medical science [17, 18]. The chemical and electronic properties of metal oxide 

made them a stimulating candidate for technological and scientific applications. These oxides are 

frequently used for fabricating rust proof coatings of surfaces [19], catalysts [20], sensors [21], 

energy cells [22], microelectronic circuits [23] and optoelectronic devices [24]. Due to the 

difference in electronic structure, the metal oxide exhibits semiconducting, metallic or insulating 

behavior. Oxides comprise an extensive variety of electrical properties from wide band gap 

insulators to extremely conducting metals and even that of superconducting materials. The wide 

band gap semiconducting oxides, such as MoO3, SnO2, TiO2, ZnO, Al2O3etc., are useful for 

many applications, including gas sensors, transparent conducting oxides and optical components. 

Among various materials, Titanium Dioxide (TiO2) is better oxide materials investigated in 

today literature due to its optoelectronics properties for a variety of applications due to its strong 

oxidizing power, long term stabilization against photo/chemical corrosion, biological inertness 

and its inoffensively behavior [25]. Its particles films possessing large surface areas are more 

important as they provide enhance properties in many applications such as adsorption of dye to 

absorb photons in solar cell and photocatalyticactivity. In the present work, we have adopted sol-

gel dip coating method for the fabrication of thin films. These preparedTiO2thin films were used 

for environmental, optical and opto-electronics application. 

1.2.TiO2 

TiO2correspond to the group of transition metal oxides. TiO2exists in both crystalline and 

amorphous forms. Titanium is the most important element in the earth’s crust comprising an 

estimated 0.62% of the earth crust [26]. The naturally occurring ores of TiO2 is ilmenite 

(FeTiO3), mineral rutile and brookite [27]. At atmospheric pressure, TiO2 is only the natural 
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occurring oxide of titanium, found to exhibit three different polymorphs: Rutile, Anatase and 

Brookite [28]. Anatase and Brookite are the metastable phases whereas Rutile is the most stable 

phase of TiO2.Srilankite, cubic fluorite, pyrite, monoclinic baddeleyiteand cotunnite are the 

phases of TiO2occurring at high pressure. Durability of these phases discussed by several authors 

[29]; however, they are of minor significance for the application point of view. Though, only 

anatase and rutile play role in most of the application of TiO2. In both the structure the basic 

units are TiO6 octahedron and the structures of TiO2depends upon their configuration. 

1.2.1. Rutile 

Rutile phase of TiO2 is most stable; it shows stability at all the temperatures and pressure 

up to 60 kbar. The rutile phase shows small free energy as compared with anatase and brookite 

phase. Rutile TiO2 has a tetragonal structure; each Ti is bonded to six O atoms (Fig. 1.2) with the 

equatorial Ti-O bond length of 1.946Å. The lattice parameters for rutile phase are a=b=4.583Å, 

c=2.958Å. The TiO6 octahedron is slightly distorted. Two phases’i.e.anatase and 

brookitetransforms to the rutile phasedepending upon the particle size, which is more stable 

phase if the particle size is more than 14 nm [30]. The activity of the rutile phase as a photo-

catalyst is generally very poor. Depending on its preparation conditions, the activity (active or 

inactive) of the rutile phase can suggest [31]. 
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Fig.1.2: Bulk structure of rutile and anatase. 

 

1.2.2.Anatase 

The anatase phase of TiO2 has a tetragonal crystalline structure same as the rutile, but it 

shows slightly more distortion of TiO6 octahedron as shown in Fig. 1.2. The energy difference 

between anatase and rutile phase is very small (2 to 10 kJ/mol), however, the stability at 0K of 

anatase phase is more than the rutile phase. The lattice parameter for anatase TiO2 are 

a=b=3.784Å, c=9.502Å with equatorial and apical bond length of 1.934Å and 1.980Å, 

respectively. Anatase shows slightly higher fermi level position, which increase in the photo 

reactivity, smaller capability to absorb oxygen and higher degree of hydroxylation [32]. The 

anatase structure is preferred over other phases as it shows higher value of the conduction band 

edge, and small recombination rates of the electrons and holes.Some of the physical and 

structural properties of TiO2 phase were shown in the Table 1.1[33] 
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Table 1.1 Physical and structural properties of TiO2. 

 

1.2.3. Phase transition 

The transformation from anatase to rutile phase at higher temperature can be easily 

explained by the phase diagram. With a variety of crystal structure, the Ti-Ophase diagram is 

very affluent with many stable phases.When the titanium dioxide stoichiometry is varied from 0 

to 2, Ti, Ti2O, TiO, Ti2O3, Ti3O5, TinO2n-1, and TiO2are encountered as shown in Fig.1.3. Rutile 

and anatase structures are compatible with stoichiometry higher than 1.95 only. Above 700°C 

ruitle phase occur, as titanium dioxide becomes liquid, whereas after 500°C anatase phase of 

TiO2were formed. 

 

 

Property Anatase Rutile 

Molecular Weight(g/mol) 79.88 79.88 

Melting Point (
o
C) 1825 1825 

Boiling point (
o
C) 2500-3000 2500-3000 

Specific Gravity 3.9 4.0 

Light Absorption (nm) ≤385 nm ≤415 nm 

Mohr’s Hardness 5.5 6.5 to 7 

Refractive Index 2.55 2.75 

Dielectric Constant 31 114 

Crystal Structure Tetragonal Tetragonal 

Lattice Constant a=3.784, c=9.502 a=4.593, c=2.958 

Density (g/cm
3
) 3.79 4.13 

Solubility in Water Insoluble Insoluble 

Solubility in HF Soluble Insoluble 
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Fig.1.3: Phase diagram of the Ti-O system [34]. 

Thus size, shapes, organization and surface properties altered the chemical and physical 

properties of TiO2. 
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1.3. Applications of TiO2 nanostructures 

Owing to a huge commercial market of TiO2-based products, large numbers of work has 

been reported since last two decades. The viable and auspicious applications of TiO2 

nanomaterials include toothpaste, paint, photovoltaics, photocatalysis, UV protection, sensing 

and photochromic as well as electrochromic. TiO2nanomaterials have high absorption in the UV 

region because the electronic band gap of TiO2 normally larger than 3.0eV. Optical and 

biologically amiable properties of TiO2 allow them to be suitable candidate for UV protection 

applications [35-38].As summary of applications, TiO2is used in a broad range of research areas 

shown in Fig.1.4 [39]. 

In sensing applications, TiO2films have been used due to their optical or electrical properties 

which were change upon adsorption. Grimes et al. [40, 41] organized a sequence of admirable 

studies on sensing using TiO2 nanotubes. They observed that TiO2 nanotubes were act as a 

brilliant hydrogen sensor not only with a high sensitivity but in additions they have the ability of 

self-cleaning andphoto activity. Besides these TiO2nanomaterials shows potential for CO, 

methanol and ethanol sensing. In display applications such as electrochromic displays and 

windows [42] nanostructures ofTiO2 have been investigated mostly owing to their significant 

properties of titania electrode i.e. broad surface area, high surface affinity toward certain ligand, 

visible light transparency, and electronic conductivity [43, 44]. For example, Choi et al. [45] 

fabricated thin film electrodes represented by meso-nc-TiO2-V (2+) for the electrochromic 

application. They also observed that well-organized meso-nc-TiO2-V (2+)electrode display 

similar reversibilityandcolor switching speedas nanocrystallinetitaniabut with enhanced 

performance in terms of color dissimilarity.Similarly, the dye-sensitized TiO2 is used in chromic 

smart windows by Pichotet al. [46]. A typical transmittance of 75% of visible light is observed 

initially, and when the device was exposed to visible light the transmittance reduced to 30%. 

Upon removal of the light source the window returned to its initial state of without illumination. 

In this mechanism, the window ideally behaved like a capacitor. In energy production 

applications such as solar cells the TiO2nanocrystalline electrodes have been used [47]. 
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Fig.1.4: Schematic diagram for the different application of TiO2. 

Although, TiO2 has wide band gap and can absorb UV radiation of the spectrum, but when the 

band gap is tuned it can absorb visible spectrum of the light. In some of the solar related 

applications it is used with photo-sensitizers such as dye [48]. For example, in the dye sensitized 

solar cell, when TiO2 is used with dye, the dye molecules absorb visible radiations and the photo-

generated electrons are entered to the TiO2 used as sensitizer, making absorption of visible light. 

The generated photo-voltage is determined by the chemical potential [49]. In this process, 
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separation of the charge takes place at the surface of dye and TiO2, and the factors causing this 

separation are driven from the enthalpy and entropy forces. In these applications, the porosityis 

an important factor because a high porous surface can absorb larger amount of the dye [50].In 

the clean energy applications, this material is used for efficient production of the electricity 

and/or hydrogen.  

Again,for the production of energy, taking the advantage of suitable electronic band structure of 

TiO2which gives redox potential of water; studies have been done for the water splitting and 

hydrogen origination [51]. In these processes, there is ageneration of holes/electrons in their 

respective valence and conduction band when TiO2 absorbs light. This charge carrierwas 

responsible for the redox reaction. H2are formedwhen H2Omolecules reduced by the electrons 

and oxidized by the holes to form oxygen moleculewhich give the overall water splitting [52]. 

The potential of TiO2 is just relay on the potential of H2 and O2 which are thermodynamically 

required. The highest level of valence band must be more positive than the oxidation potential of 

O2/H2O (1.23 V) while the lowest level of the conduction band has to be more negative than the 

reduction potential of H
+
/H2 (0 V vs NHE). TiO2 is considered as the most experienced and 

environmentally approachable photocatalyst, and it has been broadly used for photo-degradation 

of different pollutants [53-55].  

In environmental/photocatalytic applications, TiO2photocatalysthas been accomplished with E. 

coli suspensions to kill bacteria [56] and it can be used for the cancer treatmentto kill the tumor 

cells due to the strong oxidizing power of TiO2 [57]. The mechanism for the photocatalytic 

reaction is straightforward. Electron/hole pairs are formed when light is absorbed by the photons 

with energy greater than their band gap. 

The produced charge carrier moves around the surface, and reacts with the adsorbed chemicals 

on the surface to decompose them. Intermediate species such as H2O2,
.
OH, O2 or, O

2-
 resulted 

from the photodecomposition process which were very essentialfor the photocatalytic reaction 

mechanisms (as shown in Fig. 1.5). The factors affecting the photocatalytic activity are basically 

absorption properties of the material, rates of oxidation and reductionby photo-generated electron 

and hole, and their electron/holes recombination rates.  
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Fig.1.5: Photo-activation of a semiconductor and primary reactions occurring on its surface. 

By virtue of its property as a semiconductor, when ultraviolet light applied to TiO2 it givesrise to 

electron/hole pairs which are applicable for many applications. While asuperiorphotocatalyst, 

TiO2 work only in UV region (<380nm) owing to its wide band gap which confines its uses.Thus, 

it would be important if the visible portion of the light could be used for making photocatalyst 

based upon the TiO2 material. However, in certain applications such as a photo-catalysts and 

optical absorbing material for photovoltaic cells the band gap of TiO2needs to be modified to 

bring its optical band gap into visible light range, and to generate electron/hole pairs essential for 

such functionalities.  

Similarly,in wetting applications TiO2 nanomaterial shows antifogging behavior on diverse 

glasses product, i.e., eyeglasses&mirrors, having super hydrophobic or Superhydrophilicsurfaces 
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[58]. Feng et al. [59] found that when the TiO2nanorods films were subjected to UV light, 

surface oxygen vacancies were createdby the reaction of lattice oxygen with photo generated 

hole. Due to the creation of oxygen vacancies on the surface of the TiO2, the water spreads and 

enters to the groves on the surface showing a contact angle near to 0 degree, which is the state of 

super hydrophilicity. 

Wetting is crucial occurrence in different natural and technical processes together with the 

wetting of soils, painting, printing, textile impregnation, etc.During the earlier period, the wetting 

of rough surfaces has paying much attention[60].When awater droplet is positioned or falls onto 

a solid surface, there is anappearance of sessile drop asthe shape of a sphere. There is anisolated 

and substantial contact angle between the water droplet sphere and the surface at the spherical 

solid/liquid/vapor three phase contact line. In 1804 Thomas Young recommended that every 

solid/liquid pair has an “appropriate angle of contact” [61] in “An Essay on the Cohesion of 

Fluids.” For smooth surfaces, the wetting is designatedby the equilibrium or Young angle, given 

by the widely known Young equation: 

Cos )1.1(SLSA

 

where the symbols , SA and SLcorrespond to the surface tensions at the liquid/air, solid/air 

interfaces and solid/liquid, respectively.Young equation affords a single value of the contact 

angle for the certain combinations of solid, liquid and gaseous phases. Schematic representation 

of Young, Wenzel and Cassie angle is shown in Fig. 1.6. 

 

Fig.1.6: Schematic of different wetting angle: (a) Young’s angle, (b) Wenzel angle and (c) Cassie angle. 

Unfortunately, due to some complicated experimental situation on flat surfaces, a uniformity of  
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contact angles is observed by its extended range interaction between molecules forming the 

three-phase contact line of the droplet. Further some experimental and theoretical perception 

must be highlighted on the wetting of liquids on the rough surfaces which is not clear since most 

of the natural and artificial solid surfaces are rough to some extent. Cassie and Wenzel 50 years 

ago developed themain theoretical routes to the wetting properties [62]. According to the Cassie 

model [63], when a drop is fall on the surface air can remain trapped in the pores under the drop, 

creating “air pockets” as shown in Fig.1.7(a). Wenzel [64] developed a model for the wetting of 

rough chemically homogeneous surfaces. According to this model, surface roughnessrfis defined 

as the ratio of the real surface in contact with liquid to its projection onto the horizontal plane 

which always magnifies the causal wetting properties (Fig.1.7(b)). The relation between surface 

roughness and apparent Wenzel contact angle is given by  

Cos
*
=       rfCos  

In fact, pure Cassie and Wenzel wetting were hardly occurring so after Cassie and Wenzel 

Marmur [65] suggested a merged wetting state. In this state, when a drop is placed on the surface 

it partially wets the surface and partially settle down on the air pockets, as depicted in Fig.1.7(d). 

Therefore, apparent contact angle (APCA) in this case is as follows: 

Cos
*
   =    rff Cos  + f-1(1.3) 

Wherethe symbol f represents the fraction of the projected area which is soaked by the liquid. 

When f = 1, equation (1.3) turns into the Wenzel equation (1.2). Bicoet al. [66] introduced one 

more wetting state that is Cassie penetrating state described in Fig.1.7(c).  

Cos
*
   =   1- fs + fs Cos (1.4) 

From the above discussion, it is obvious that most of the applications involve surface properties 

of TiO2 nanostructures. Most of the applications utilize thin film of TiO2, indicating that the thin 

film structure of TiO2 are comparatively important in many technological applications. From the 

above discussion, we also conclude that for the efficient utilization of TiO2 in environmental and 

optical applications its surface as well as optical properties needs to be improved. In the 

following section, we give a brief literature related to the need of surface modification and its 

methods.  
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Fig.1.7: Different wetting states taking place on rough surfaces: (a) Cassie air-trapping state, (b) Wenzel state, (c) 

Cassie impregnating wetting state and (d) mixed wetting state. 

 

1.4. Surfacemodification of TiO2 thin films: need and methods 

 Surface modification not onlyinfluence the charge separation, optical properties 

(absorption edge, optical band gap), and recombination processes but also have significant 

impact on their interfacial energy. Therearemany ways to modify the surface of a material to 

improve its functionality [67, 68]. Numerousexperiments have been done to modify TiO2 to 

respond to the visible light. Some of the metal and nonmetal element have been employed to 

tune electronics and photocatalytic activity of TiO2 by chemical or physical methods. They 
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include: doping and deposition of TiO2 using noble metals such as platinum [69], silver [70], 

gold [71] etc., inclusion of transition elements such as Cr, Fe, Co, W, Cu, V [72-77], and doping 

of non-metals such as S, P, F, N, C [78-82] etc. Toenhance the absorption in the visible 

region,transition metals doping in TiO2(V, Cr, Mn, Fe, Co, and Ni) is mainlyrecognized as one 

of the finestroute to narrow the band gap. However, these transition metal ions reduced the photo 

generated charge carrier life time. Therefore, with the reduction in the life time of charge carrier 

and increase in their recombination rate results in a decreased photo catalytic activity of doped 

TiO2.So to minimize the recombination processes by introducing trap state for electron/hole, 

when a small concentration of transition metals (around 1-2 at. %) were inserted into the TiO2 

matrix.Choi et al. [83, 84] reported a consistent research on TiO2 through the addition of 21 

metal ions.They considered that between varieties of transition metal ions, Fe
3+

was declared 

advantageous due to their stable half-filled configuration. With proper concentration of Fe
3+

 ions, 

it has been found that Fe
3+

ions are not only narrow the band of TiO2 but also support the 

electron/hole pairs separation. Wu et al. [85] conducted a succession of vanadium-

TiO2photocatalyst synthesized by 2 modified sol-gel methods. As synthesized vanadium-

TiO2exhibit a red-shift in the UV-visspectrumand shows higher activity in the dye degradation 

under visible light as compared to pure TiO2.Similarly, Ali et al. [86] fabricated V doped TiO2 

thin films by RF sputtering. They found the increased photocatalytic properties when V is 

substituted in the Ti
4+

 state resulted in the additional bands in the photoluminescence of TiO2.  

Sathasivamet al. [87] have used CVD method for the fabrication of photo catalytically active, 

electrically conductive and transparent, thin films of W-TiO2 films. The optical transparency in 

the visible region makes them appropriate candidates for the photovoltaic devices (as electrodes). 

Moreover, in the removal of supportive redox dye when irradiated by UVA radiation the W 

doped films revealed the superiorphotocatalytic activity as compared to the undoped TiO2. Xinet 

al. [88] reported that with appropriate content of Cu (about 0.06 mol %) the Cu-

TiO2photocatalyst acquire abundant electronic trap, which efficiently inhibits the recombination 

of photo induced charge carriers, ameliorate the photocatalytic activity of TiO2. 

Similarly, Tianet al. [89] concluded that the band gap of Co doped TiO2thin films vary between 

3.10 and 3.26 eV. With increasing the concentration of Co, the band gap first increase and then 
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decreases. The reason for the increase in the band gap is related to the compressive stress and 

reduced grain size,whereas due to the presence of defect and impurity the band gap decreased. In 

another study, Penget al. [90] synthesized Cr-doped TiO2nanocrystalline film by a sol–gel 

method. These films have been systematically investigated to see the effect of Cr content and 

annealing temperature on the photocatalytic activity of TiO2.The crystalline phases of undoped 

TiO2 thin films convert from pure anatase to rutile structure between 600 and 700
o
C. Cr-doping 

not only conclusively reduced the grain size but also decrease the phase transition temperature of 

anatase to rutile phase of TiO2.With Cr doping there was the formation of oxygen vacancy which 

improved the photocatalytic activity of Cr-TiO2 films. Several reports of Cr doping have been 

shown by different authors who revealed the decrease photocatalytic activity of TiO2 under UV 

light irradiation [91, 92]. The decrease in the photocatalytic activity was attributed to either 

reduced redox power or the formation of recombination centers. After numerous failed efforts 

with cationic doping, anionic nitrogen doping has become progressively more popular.Many 

anionic dopants have consequently been studied;due to the easy adaption of nitrogen in TiO2 

lattice it has become the ideal dopant as compared to other elements.However, the disadvantages 

of cationic doping are that their localized d-levels were positioned deep in the band gap of TiO2, 

acting as trapping centers for charge carriers, but the detrapping process is often slow and serve 

as recombination center for photoengraved charge carriers [93]. 

 In 1986, non-metal doped TiO2 was elucidated by Sato et al. [94]. By calcination of commercial 

titanium hydroxide, they formed N-TiO2powders and presented high photocatalytic activity by 

the oxidation of C2H6 and CO. But at that time, these finding did not attractmuch 

consideration.Asahi et al. [95] reported that with nitrogen doping into the substitutional sites of 

TiO2 (TiO2-xNx) enhanced the hydrophilic and photocatalytic properties.  

Hattori et al. [96] synthesized F
-
 doped TiO2 thin films/powder. They concluded that with the 

addition of F
-
 ions, asignificant enhancementin the photocatalytic activity of TiO2attributed to 

the increase in the anatasecrystallinity. Also, Sotelo-Vazquez et al. [97]addressed Pdoped TiO2 

films with both P
5+

 and P
3-

 states which are fabricated by APCVD. This deposition technique 

controls the impurities oxidation state which presents a novel approach to attain films with both 

self-cleaning and transparent conducting oxide properties. For a wide range of applications, these 
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innovative P-doped TiO2 films are a breakthrough in the progress of multifunctional advanced 

materials with their tuned properties.Renet al. [98] have synthesized C doped TiO2nanostructures 

by using glucose as carbon precursor.As compared to pure titanium dioxide, C doped TiO2 

presented a red shift in the band gap.They also formulated the increased photocatalytic activity 

with carbon doping for the degradation of rhodamine B (RhB). This method can be simply used 

for the degradation of various pollutants on industrial scale by the formulation of visible light 

active photocatalystdue to its convenience and energy saving properties. Park et al.[99] 

investigated that when sulfur is introduced in the matrix of mesoporous TiO2 thin films there is 

an increase in the stability of the structure by the retardation of new phase formation and 

simultaneously their resistivity is decreased with the reduction in their band gap.It should be 

noted that heavy doping of metal and non-metal has resulted in the opposite effect despite the 

increased visible light absorption. As technically pointed out by the several authors, with low 

doping concentrations there is only a little change in the band gap because high concentration 

should be essential to expand efficient light activity.The mechanism of observed photo response 

of doped or modified TiO2 is still unclear; however, a generally accepted concern is that the 

photo absorption of a material is explained better by the introduction of defects in the lattice of 

TiO2, for example Ti
3+ 

and oxygen vacancies creating trap centers, rather than the recombination 

centers.  

Besides the above methods, there are other approaches which narrow the band gap of TiO2 thin 

film and enhance their photocatalytic activity in visible region. The methods of surface 

modification generally include surface hydrogenation, vacuum activation and plasma treatment. 

Recently Chen et al. [100] fabricated a new approach to generate disordered phase of TiO2by 

incorporating hydrogen into TiO2 through the hydrogenation of TiO2nanocrystal. Hydrogenation 

of commercial P25 TiO2 was done at hydrogen atmosphere with enhanced photocatalytic activity 

by Haiqianget al. [101]. They also studied that after 15 days the hydrogen treated sample were 

black in color which enhanced the photocatalytic activity in visible region. But the 

hydrogenation method requires high temperature during the process of incorporation of hydrogen 

in TiO2 matrix, making the films unable for many optoelectronic applications such as transparent 

electrode in the optoelectronic devices. Alexander et al. [102] showed that hydrogen plasma 
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treated TiO2 thin films which improved the absorption in the visible region due to the surface 

reduction. Plasma treatment methods create highly stable Ti
3+

 and oxygen vacancies. In the 

plasma treatment methods, generally gases such as H2, Ar, O2, N2 and mixture of gases such as 

H2&O2, N2&O2 etc. were used. The partial reduction of anataseTiO2 by Arand H2plasma 

treatment were used to investigate the differences in catalyst characteristics in the visible-light 

region reported by Chaeet al. [103]. Oxygen defects were the major factors for the broader; red 

shifted absorption bands in the visible-light region and showed confirmationfor visible-light 

absorption. 

Huang et al. [104] fabricated TiO2powders by thermal N2plasma treatment at RF power of 400W. 

During the N2plasma,the treatment time greatly impact the visible light absorption, IPA 

adsorption, photocatalytic activity and BET surface of the prepared TiO2samples. They also 

studied that the oxygen vacancies were produced which is confirmed by XPS results, attributed 

to increase in the visible absorbance and the improvement of photocatalyticactivity.Kimet al. 

[105] utilized PECVD method for the H2 plasma treatment of nanostructured TiO2.The 

efficiency of DSSCs was appreciablyrelay on the plasma power. They also reported the power 

efficiency of 6.94% in case of plasma treated TiO2 which were much higher than the untreated 

TiO2 samples.  

Han et al. [106] studied the effect of plasma treatment (O2, N2 and Ar) on the contact angle of 

TiO2thin films prepared by reactive sputtering technique. By the drop shape analysis, the water 

contact angles on the surface of TiO2 films were measured, which is remarkably decreased with 

plasma treatment time. Enhancement in the hydrophilic property of TiO2 thin film is due to the 

surface oxidation, surface etching, ultraviolet radiation, and of plasma treatment. Recently, the 

hydrophilicity stability of radio frequency co-sputtered TixSi1-xO2 thin films in dark were 

reported by Mirshekariet al. [107]. Plasmas contain radicals, ions, electrons and, neutral 

molecules that connected with surfaces, proceeding in physical and chemical modifications of 

the surfaces. Jung et al. [108] observed good hydrophilicity when irradiated TiO2 thin films with 

microwave and rf plasmas of 50-200 W for 5 min under 25 Pa. However, the mechanism for the 

hydrophilicity induced by various plasma treatments was still unclear. Wang et al. [109] reported 

the mechanism of hydrophilicity, when the TiO2 thin films were irradiated with 115 W rf oxygen 



Chapter-1                                                                               Introduction 
 

21 
 

plasma for 30 min. With oxygen plasma lattice oxygen form oxygen molecules because of the 

oxidation of lattice oxygen which disappear the oxygen vacancies on the lattice oxygen atoms to 

form oxygen molecules. 

In this work, we utilized low cost air plasma for the surface modification of TiO2 thin films. The 

air plasma also avoids utilization of harmful gases unlike the other reports.  

1.5. Synthesis methods for TiO2thin films 

This section describes different approaches utilized for TiO2 thin film formation. There are 

many approaches mentioned in the literature but here we confined ourselves to the method of 

thin film formation only. Aconcise and shortdepiction of few of the chemical and physical 

methods for nanostructures synthesis is as follows and illustrated in Fig.1.8. 

Chemical vapor deposition (CVD) is anextensivelyused for materials-processing technology. In 

this process one or more volatile precursors were exposed to the substrate, which react and/or 

dissolve on the surface of the substrate to create a non-volatile solid deposit or thin film. Mostly 

this method was used for the formation of solid thin-film coatings to surfaces.Different chemical 

reactions were involved in CVD method due to its versatile nature. 

 Yang et al.[110] used PECVD deposition for the formation of amorphous TiO2 films, by taking 

mixtures of titanium tetraisopropoxideand oxygen. It was observed that, deposition rate 

decreased with plasma power and increased with equivalence ratio. Capacitance–voltage 

measurements were used for the metal-insulator-silicon devices. The dielectric constant of TiO2 

increased as the thicknessof the films increase. Kolouchet al.[111] fabricated TiO2thin films by 

Plasma Enhanced Chemical Vapor Deposition. Oxygen with Titanium (IV) isopropoxide was 

used as the working gas. Glass and silicon substrates were used for the deposition of the films. 

Based upon the experimental conditions photo inducedhydrophilicity and photocatalytic activity 

of the films were studied. Ion bombardment and deposition temperature strongly influenced the 

photocatalytic properties of the films.  

Iancuet al. [112] fabricated TiO2 thin films by atomic layer deposition (ALD) using properpost 

processing anneals in various ambient environments tocontroltheirelectrical properties. With 

ALD, hole mobilitieslarger than 400 cm
2
/(V·s) are approachable which replacethe use of 
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extrinsic doping, whichusually produces orders of magnitude smaller values. This behavior is 

due to the presence of excess oxygen in the films. This finding enables completely new 

categories of TiO2 devices and applications, and unlocks the prospective to improve existing 

ones. Naamet al. [113] synthesized TiO2 thin films by metal organic chemical vapor deposition 

(MOCVD) at deposition temperature in the range of 300–750
o
C for the application ofdye-

sensitized solar cells. Si(100) substrate were used for the deposition of crack-free, highly 

oriented TiO2 polycrystalline thin films with anatasephase at temperature as low as 450
o
C. 

Below 500
o
C, XRD data showed that the TiO2 thin films were dominantly grow-up in the [211] 

direction on Si(100), the core film growth direction was corrected to [200] with the increase in 

the deposition temperature to 700
o
C. Rutile phase TiO2 thin films have only been obtained above 

700
o
C. 

 

Fig.1.8: Schematic diagram for the different fabrication methods of thin film. 
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Dongaleet al. [114] reported the hydrothermal method for the fabrication of memristor device 

(Ag/TiO2/Al) with TiO2 active layer. The deposited TiO2 films show the optical reflectance of 

15–22% in the visible region.  

Pulsed laser deposition (PLD)is a high energy process which also provides [115]surfaces with 

high specific surface area, to get effective thin film with good mechanical rigidity. Inert and 

reactive gases were also deposited by PLD in a wide range of operating temperature and 

pressure.Kishoret al. [116]fabricated TiO2thin films on Si (111) substrate by using (PLD) 

ArFexcimer laser (operating with wavelength 193 nm).Alterations in the resistances of samples; 

sensor detects thedifferent concentrations of COgas. Thetemperaturevaries from room 

temperature to 230°C. AFM and XRDwere applied to characterize the surface morphology and 

structure of the deposited TiO2/Si films. 

Zhao et al. [117]synthesized N-doped titanium dioxide (TiO2-xNx) thin films using PLD 

deposition on quartz glass substrates by maintaining the nitrogen atmosphere to evaporate the 

titanium dioxide target. Two characteristic deep levels located at 1.0 and 2.5eV below 

theconduction band which were revealed byUV–vis spectroscopy measurements. O vacancy 

state was available at 1.0eV level whereas the 2.5eV level is introduced by N doping, which 

contributes tothe reductionin the bandgap by mixing with the O2p valence band. 

Molecular beam epitaxy (MBE) is an ultrahigh-vacuum epitaxial-growth technology.In MBE, 

ultrahigh vacuum environment was required. Molecular beams of specific materials impinge 

upon an appropriately prepared wafer. Because of this reaction, there is a growth of thin epitaxial 

film on the wafer's surface. This process can be controlled by manipulating the temperature of 

the wafer surface and arrival rates of the beams so that layers of specified materials are grown. 

Calloniet al. [118] prepared TiO2thin films onto Au(100) single crystals by MBE.TiO2 film 

expands epitaxial on the substrate at 300°C illustrating the rutile (100) surface. XPS results 

revealed that there was the formation of Ti
3+

 state with the reduction of Ti
4+

at the Au(100) 

interface. At higher substrate temperature, a stoichiometric and crystalline oxide was formed.  

Lyandreset al. [119] examined the effect of reactive gas partial pressure and substrate radio 

frequency (RF) bias on the photo reactivity and structure of TiO2 films fabricated by reactiveDC 

magnetron sputtering.Both the film texture and reactivity were influenced by the change in the 
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RF bias. When RF bias optimized to 50 volts, prepared films exhibit biaxial texture with 

maximum crystallinity and degree of orientation.  

Sol-gel method is one of the established and significant techniques for making optical coatings 

about 50 years ago and in the last decade paying much attention due to the demandinggrowth of 

sol–gel technology. This method has been broadly adopted to synthesize different type of 

materials in bulk, powder, fibers, nanosheet, and thin films etc.for different advanced 

technological applications. In this method, low temperature is required for the mixing of 

precursors which give superior control to different components at atomic level. Thus, the sol-gel 

route is more appropriate for the synthesis of crystalline and glassy/amorphous materials than 

conventional methods. 

Sol-gel method associated with the formation of a sol, which is consequently dehydrated by 

evaporation or solvent extraction, resulting in a gel. This method modifies certain preferred 

structural characteristic such as grain size, particle morphology, porosity, and compositional 

homogeneity. In a typical sol-gel method, two steps are main important for the formation of sol 

i.e.hydrolysis and the polymerization reaction of precursors which are usually metal oxide or 

inorganic metal salt.  

Wang et al. [120] deposited thin-films of TiO2 on Si wafers by dip coating techniques. The 

change in crystal structure with different temperature and the in homogeneity of TiO2 thin film 

bring up by dip coating were revealed to be significant variables in this system. Refractive index 

of pore water was measure using ellipsometry under proscribed humidity. Unexpectedly, with 

increasing ionic strength the refractive index of pore water decreases, which is the opposite case 

of bulk water as measured by the ellipsometry. To obtain the capacitance of TiO2 thin film, 

electrochemical charge−discharge measurements were performed using TiO2 thin films coated 

on platinized Ti coupons. 

Hashizumeet al.[121]established anew approach for the formation of self-supporting ultrathin 

films of titaniabyspin-coating process. They observed that theself-supporting thin film were 

microscopely consistent only when the films thickness varies between 10-20nm. The embossed 

Nano pore should be important for the growth of permselectiveceramic membranes. They readily 

organize the self-supporting titania films with 10nm thickness and10 cm
2
 size.  
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Among the above discussed approaches for thin film formation, sol-gel process has advantages 

than other methods for film deposition as discussed above. These advantages are: (i) it provides 

high optical and quality films, (ii) it is an economical method, (iii) it can produce thick coating to 

provide the corrosion protection performance (iv) capable of making small thickness films, (v) 

low temperature is required and (vi) coating of large surface is very easy. 

Hafizuddin et al.[122] prepared TiO2 thin films onto SiO2 via sol-gel technique. They studied gas 

sensing properties and microstructures of TiO2 thin films. TiO2 thin film exhibits a reasonable 

response towards C2H5OH and CH3OH vapor. However, the potential to select varied type of 

gases remain the main problem as the detection pattern for both gases are similar where XRD 

investigation shows that thin films were amorphous. In the present work, we have used simple 

and low cost sol-gel method for thin film formation on the surface of glass substrates. The 

obtained films were annealed and exposed in the air plasma for their surface modification. These, 

plasma treated and untreated films were characterized using the following characterization tools. 
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1.6. Synthesized TiO2 nanostructures were characterized using the following 

techniques: 

(i) X-ray Diffraction (XRD):X-ray diffraction provides a convenient and a practical means for 

the qualitative structural identification of compounds because of the uniqueness of the pattern for 

each compound. 
 

(ii) Field EmissionScanning Electron Microscopy (FE-SEM) installed with Energy 

Dispersive X-rays (EDAX):Using FE-SEM, we have observed the surface morphology. From 

EDX the information corresponding to the different elements present in the nanostructures have 

been obtained. 

(iii) UV-Vis Spectroscopy:UV-Vis spectroscopy is used to study the optical properties of 

compounds. It is characteristically used in analytical chemistry for the quantitative determination 

of different analysis, such as highly conjugated organic compounds, biological macromolecules 

and transition metal ions. 

(iv)Atomic Force Microscopy (AFM):To observe three-dimensional geometry of the 

nanostructures above the surface of substrate AFM is a powerful tool.  

(v) X-ray Photoelectron Microscopy (XPS):XPS is used to identify the chemical state of the all 

elements that are present on the surface. 

1.7. Thesis Outline 

Here we outline thesis chapters: 

Chapter 1 initiateswith the basic introduction of the nanotechnology. A brief explanation of the 

different synthesis methods is explained. Different applications of nanostructures have been 

discussed successivelyand the reason of selecting the present work has been discussed in the last 

of this chapter. 

Chapter 2 describes the detailed information about the synthesis and characterization techniques 

that were employed to the preparation of all TiO2 thin film. In this chapter, we explainsol-gel dip 

coating method for the fabrication of TiO2, Fe doped TiO2 and Co doped TiO2 thin films. 

Structural, morphological, optical, and surface properties of the fabricated TiO2 thin films were 
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studied by X-ray Diffraction (XRD), Scanning Electron Microscope (SEM), UV-Vis Absorption 

Spectroscopy (UV-Vis), Atomic Force Microscopy (AFM) and X-ray Photoelectron 

Spectroscopy (XPS). In the experimental work, all the arrangements employed have been 

described in this chapter. 

Chapter 3 started with a brief introduction of TiO2 thin films and their applications. The second 

section of this chapter involves the formation mechanism of TiO2 thin filmsand their 

modification by plasma treatment. In the next section, details description of structure of TiO2 

thin films and their analysis is presented. The antifogging performances of the thus prepared 

TiO2 thin films have been discussed in the succeeding section. The recognized 

antifoggingbehaviors are the directlyconsequences of the development of the 

Superhydrophilicthin films discussed in the last. 

Chapter 4 startswith the introduction of transition metal doped TiO2 thin films, and then the 

experimental method for doped TiO2 films method is given. In the next section, detailed analysis 

of the results for optical,morphological and electronic properties is discussed. And finally, the 

chapter ends with a summary. 

Chapter 5 starts with a brief introduction of the different photocatalyst and theirperformances in 

different radiation conditions. In the next section, preparation of doped photo catalyst films of 

TiO2by air plasma is presented. Performance of thus produced photocatalyst in the visible light is 

presented in the next section. In last of this chapter, a summary describing the effect of air 

plasma treatment on the doped films for visible light photocatalytic mechanism is given. 

Chapter 6 statessummary and important suggestion towards the future work. 
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This chapter presents the detailed information about synthesis and characterization techniques 

that were employed to the preparedTiO2films. Explanation to measure the surface 

adhesionproperties using contact angle is given in the next section. Structural, morphological, 

optical, and surface properties of as grown TiO2 thin films were studied by using X-ray 

Diffraction (XRD), Scanning Electron Microscope (SEM), UV-Vis Absorption Spectroscopy 

(UV-Vis), Atomic Force Microscopy (AFM) and X-ray Photoelectron spectroscopy (XPS)is also 

explained in the subsequent section.Formulae used in this thesis such as forcontact angle, surface 

energy, energy band gap, Burstein shift etc. are given in the last section. 

2.1.Synthesis of TiO2 thin films 

 2.1.1. Materials: Titanium tetraisopropoxide (Ti(OC3H7)4) (purity 98.99%), ethanol (C2H5OH) 

(purity 99.9%), triethanolamine (N(C2H4OH)3), iron (III) nitrate and cobalt (II) nitrate (purity 

99%) were procured from Sigma-Aldrich and Merck, respectively.The reagents were used as 

received without further purification. 

2.1.2. Preparation of TiO2 sol 

Titanium tetraisopropoxide (Ti(OC3H7)4: TTIP), ethanol (C2H5OH) and 

triethanolamine(N(C2H4OH)3) were used as the starting materials. Mixing of the chemicals was 

carried out under ambient condition. In the synthesis process, addition of TTIP in ethanol prior to 

the introduction of triethanolamine induces immediate precipitation due to high reactive alkoxide. 

Therefore, triethanolamine a stabilizing agent in the process of hydrolysis was stirred first which 

was followed by the dropwise addition of chemical TTIP. In the chemical process, 17mL of 

Ti(OC3H7)4) added to a mixture of 67mL of C2H5OH and 4.8mLof N(C2H4OH)3. The solution 

was then stirredcontinuously for 2 hours. In the above solution, was mixed withanothermixture 

of 1mL deionized water and 9mLC2H5OH was added drop wise. The solution was stirred for 

about two hours.After two hours, the solution was allowed to cool down to the room temperature, 

which was then left for ageing for about 48 hours.  
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After this time interval, there was formation of TiO2 sol. The complete chemical reactions may 

be represented as: 

        3𝑇𝑖 𝑂𝐶3𝐻7 4 + 4𝑁 𝐶2𝐻4𝑂𝐻 3

𝐶2𝐻5𝑂𝐻
      𝑇𝑖3  𝑂𝐶2𝐻4 3𝑁 4 + 12𝐶3𝐻7𝑂𝐻      (2.1) 

                    𝑇𝑖3  𝑂𝐶2𝐻4 3𝑁 4 + 12𝐻2𝑂 → 3𝑇𝑖(𝑂𝐻)3 +  4𝑁(𝐶2𝐻4𝑂𝐻)3                 (2.2) 

 

 

 

Fig.2.1:Flow chart for the formation of TiO2 sol. 

2.1.3. Role of stabilizing agent  

The addition of the triethanolamine helps in the formation of a homogeneous solution 

avoiding the precipitation. Thus, the presence of triethanolamine in the solution retainsits 

transparency of the thin films formed in this work. In fact, the films formed without using 

triethanolamine; there was formation of precipitate when ethanol was added to TTIP, which 
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resulted in the poor formation of the thin films when this solution was used for thin films on 

glass substrate. Also, the films were found to be opaque in appearance.  

2.2. Thin film preparation 

The fabrication of TiO2thin films was mainly dependent upon the twosteps. 

(i) First,selection of substrates on which oxide wasdeposited. Itdepends upon the class of  

measurements considered for the samples. 

(ii) Second, deposition ofTiO2thin film by dip coating method. 

2.2.1. Substrates 

The selection of substrate is very important because it can influence structure and 

properties of deposited thin film. In ideal case, all evaluation should be completed on the same 

substrate to formulatea good relation between results, although it is often not promising but here 

we have used glass substrate with same specifications.  

2.3.Formation of TiO2 thin film by sol-gel dip coating method 

To coat thin film of TiO2on the surface of glass slides, the slides were cleaned before 

deposition of the TiO2 films. For the cleaning, they were first washed ultrasonically in acetone, 

and then in ethanoland distilled water. In the next step, for the deposition of film, the cleaned 

slides were immerged in the solution, and then withdraw with a constant withdrawal speed of 2.5 

cm/min. In the last the films were annealed at 200
◦
C for about 30 min in a furnace to remove the 

contaminations [123, 124]. 

2.3.1. Synthesis of Fe and Co doped TiO2 thin films 

Similar to the pure/undoped TiO2thin films, thin film of Ti1-xFexO2 and Ti1-xCoxO2 (where 

x=0 and 0.05) were also prepared using dip-coating method[125].In this case, the precursor 

solutions of titanium (IV) isopropoxide (TTIP, Ti[OCH (CH3)2]4, 98%, Aldrich) with Fe 

(NO3)3.9H2O, and Co (NO3)2.6H2O) were formed separately to fabricate Fe and Co doped 
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TiO2thin films. Again triethanolamine (C6H15NO3) was used as a stabilizing agent to prevent the 

precipitation of titanium precursor. Following the similar procedure as that of undoped TiO2films, 

triethanolamine (C6H15NO3) was dissolved in ethanol (C2H5OH) to form a colorless solution, and 

then Ti [OCH(CH3)2]4 was added dropwise with continuously stirring to form a clear pale-yellow 

sol. Afterwards, a mixture of ethanol and deionized water (9:1) was added to the prepared sol to 

avoid rapid precipitation of TiO2.During the synthesis of sol-gel, the solutions of transition 

metals Fe and Co were added to the solution, separately.  

 

Fig.2.2: A schematic representation for TiO2 sol formation. 
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The final solutions were stirred further for next 2 hours and allowed to age over night before 

coating on glass slides. Glass substrates were cleaned ultrasonically with sequentially deionized 

water, detergent, C3H6O and then C2H5OH. After coating the films were dried in air and 

annealed at 400°C for 2 hours in an oven. 

2.4. Surface modification of TiO2, Fe and Co doped TiO2thin films 

As we discussed in the first chapter, that the plasma treatment is a clean and dry process to 

enhance the surface properties of the films [126, 127].The formed thin films were treated in air 

plasma for varying treatment time such as; 0, 05, 10, 15, 30, 60, 120 and 180 seconds. The 

plasma was generated using air inside a vacuum coating unit (Model 12A4D). For the plasma 

formation, a vacuum of 0.3 mbar was created suing rotary pump in the machine. The applied 

voltage was kept 30 V and the power was 24.6 Watt. These films after plasma treatment were 

studied for their wetting properties as discussed in the following sections. Before the wetting 

study, untreated and plasma treated films were characterized byXRD, EDX, AFM and XPS.The 

variation in the treatment time was thought to produce changes in the wettability of the treated 

films.  

2.5. Contact angle measurements and surface energy estimation 

Surface energy is directly related to surface wettability, more actively steady surface results 

in less wettable surface. In fact, enhanced wettability is attributed to the increasein the amount of 

polar groups [128, 129]variation in the roughness of treated films [130]. To estimate the change 

in the wettability of treated samples, variation in the contact angel of liquids was measured. In 

this experiment, we used deionizedwater and ethylene glycol as the test liquids. These two were 

selected as they have known surface tension components. Droplets of these liquids were placed 

on thesamples surface using micropipette. In order to accuracy of results of the contact angles, 

liquid droplets were placed at many position of the surface of sample. After finding the contact 

angles,surface energy was estimated using the relation:  
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(1+Cosθ) LVS
DLV

DS
PLV

P(2.3) 

Where θ is measured contact angle of different test liquids. Theknown surface tension of 

deionized water and ethylene glycol i.e. LVand its two components such as polar LV
P
 and 

dispersiveLV
D

 were used which are mentioned in the Table 2.1 [131, 132]. 

Table 2.1: Various parameter of the testing liquids. 

 

The contact angle of H2Oand C2H6O2results a set of two equations of two unknownsS
P
 and S

D
 

of TiO2surface. By solving these two equations, unknown S
P
andS

D
on the TiO2 surface were 

calculated. Total surface energy i.e. Swere estimated by addingS
P
 and S

D
 using in the 

following equation: 

S =S
P 

+S
D

 (2.4) 

 

2.6.Characterization Techniques 

2.6.1.X-ray Diffractometer (XRD) 

Thecrystal structure of thin films was explored by X-ray diffractometer. When high energy 

X-ray was falled on solid materials, a part of the incident beam would be spread in all direction 

by the atoms.A regular array of atoms made a crystalline solid which form a 3-dimensional 

 

Test Liquids 

Polar 

LV
P
(mJ/m

2
) 

Dispersion 

LV
D
(mJ/m

2
) 

Surface tension 

LV (mJ/m
2
) 

Deionized Water 51.0 21.80 72.8 

Ethylene Glycol 19.0 29.0 48.0 
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diffraction grating for the X-ray. As a result, the atomic arrangement in the crystal could be 

analyzed by X-ray diffraction.The distance between the atomic planes where X-rays are 

diffracted can be obtained from the Bragg condition given as: 

         2dsinθ= nλ   (2.5) 

where θis the peak angle position of diffracted X-rays and λ is the wavelength of X-rays. The 

distance between atoms varies regularly with kinds of atoms or ions. Therefore, if the distance 

between atomic planes is known, one can know kinds of constituents of the sample. The 

diffraction angle 2θ was varied in an appropriate range and the diffraction intensity was 

recorded as a function of 2θ. In principle, every crystal has itsown indication: the location of the 

respective peaks relay on the size of the elementary cell and their crystal arrangement. To check 

whether the amorphous or crystalline phases present in the samples a standard database has 

been used [133]. Measurements were performed on a Rigaku diffractometer, with a Cu X-ray 

tube (Cu Kαwavelength 1.54246 Å). Two types of diffraction configurations were used: grazing 

incidenceand θ-2θ. In the first case, the angle between the thin film surface and the incident x-

ray beamwas kept constant at a low value, 5° typically. In the second case, the angle between 

the thinfilms moved in such a way that only reflections from atomic planes parallel to the film 

surface were measured. The crystallite size (D) of nanoparticles and thin films have been 

calculated using Scherer’s formula [28]: 

    
 cos/kD 

               
(2.6) 

where λ is the wavelength of the x-rays used, β the full width at half maximum of the preferred 

XRD peak, and θ the Bragg angle. Also from XRD data, the average strain (εstr) can be 

calculated using Stokes-Wilson equation: 

                   
 tan4/str             (2.7) 
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2.6.2.Scanning Electron Microscopy (SEM) 

In SEM, a high energy focused beam is used to different signals at the surface of solid 

species. The interaction between electrons and sample surface give very important information 

regarding the different variables like; orientation of materials,external morphology, chemical 

composition and the crystal structure. During characterization, selected area was used to collect 

the data which give 2-dimensional images. Area ranging from approximately 1 cm to 5 microns 

in width can be imaged in a scanning mode using conventional SEM techniques (magnification 

ranging from 20X to approximately 30,000X, spatial resolution of 50 to 100 nm). SEM is also 

capable of performing analyses of selected point locations on the sample; this approach is 

especially useful in qualitatively or semi-quantitatively determining chemical compositions 

(using EDS), crystalline structure, and crystal orientations (using EBSD). In our case, for the 

variation in the sample morphology and elemental identification with the change of doping 

conditions as well as the plasmatreatment conditions with exposure time, we characterized our 

samples using SEM which was installed with EDX. 

EDX is an investigative technique used for the analysis of the different elements that were 

present on the sample surface. X-ray was emittedwhen a high energetic electron beam incident 

on the sample surface. We can detect each element on the sample and their stoichiometry 

viaknowing the nature of X-ray generated. Element with atomic number less than four are 

difficult to detected by EDX whereas the elements whose atomic number are lies between 4-92 

were easily detected and analyzed. An atom within the sample contains ground state electrons in 

discrete energy levels. The elemental composition of the specimen is measured, because the 

energy of X-rays is characteristic of energy difference between the two shells and of the atomic 

structure of the elements present,an electron beam strikes the surface of a sample. The energy of 

the beam is typically in the range of 10-20 KeV. An EDX can be used in various fields like 

environmental testing, materials identification, home inspection metallography, etc. 

 

 

http://serc.carleton.edu/research_education/geochemsheets/eds.html
http://serc.carleton.edu/research_education/geochemsheets/ebsd.html
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2.6.3.Optical characterizations 

UV-VIS-Spectrophotometer 

Sincethe surface properties also affect the optical properties of the films, the UV-Vis 

spectrophotometer was used to study the variation after plasma treatment/exposure. In the 

absorption process, photons of a known energy excite an electron from a lower to a higher 

energy state. Thus, by placing a semiconductor specimen at the output of a monochromator and 

studying the changes in the transmitted radiation, one can discover all the possible transitions an 

electron can make and learn much about the distribution of states. 

The instrument automatically records a graph of absorbance versus wavelength within a spectral 

range of 200 to 1100nm. A beam of selected wavelength is passed through the sample. Visible, 

infrared or ultraviolet light from the lamp enters the monochromators, which disperse the light 

and select the wavelength chosen by the operator for the measurement. Light of selected 

wavelength strikes a rotating mirror, which directs the light beam alternately through the sample 

and along a reference path. The two light beams coverage on the detector. Relative intensities of 

two beams which strike the detector provide a measure of the amount of light absorbed or 

transmitted by the sample. The absorption spectrum is obtained by an automatic recorder with a 

scan drive system which changes the wavelength setting of the monochromators and drives the 

recorder chart.  From UV-visible plot  

2.6.4.X-ray Photoelectron Microscopy 

To understand the variation in electronic structure with the plasma treatment, the plasma 

treated and untreated samples were investigated using. X-ray photoelectron spectroscopy (XPS). 

XPS is based on the measurement of the energy of electrons emitted from a surface bombarded 

by a beam of X-rays. Like in the EPMA technique, each atom has its own signature. One of the 

most important capabilities of XPS is its ability to measure shifts in the binding energy of core 

electrons resulting from a change in the chemical environment of the emitting atom. In this way, 

the degree(s) of oxidation of each atomic species can, in principle, be measured. The depth 

penetration of this chemical analysis is only few nanometers, thus surface contamination and 
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surface oxidation have a great influence on the results and samples must be carefully prepared to 

obtain valuable information. The XPS studies were performed on samples deposited on silicon 

using a SCIENTAESCA 300 system equipped with a rotating anode, Al Kα X-ray source, an X-

raymonochromator and a hemispherical electron energy analyzer.X-rays are directed onto the 

sample and the resulting photoelectrons are then focused onto the entrance slit of a concentric 

hemispherical analyzer.Here a negative and positive potential are applied to the outer and inner 

cylinders, respectively, such that the central line between the cylinders is a line of zero potential.  

Scanning the potentials allows control of the energy of electrons that can pass through the 

analyzer and onto the detector, usually a channel electron multiplier (channeltron).  In order to 

check the variation in the peak area of respective peak, the percentage area was calculated by the 

following formula: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑎𝑟𝑒𝑎 =
𝐴𝑟𝑒𝑎  𝑜𝑓  𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐  𝑝𝑒𝑎𝑘

𝑇𝑜𝑡𝑎𝑙  𝑎𝑟𝑒𝑎  𝑜𝑓  𝑎𝑙𝑙  𝑡𝑒 𝑝𝑒𝑎𝑘𝑠
 𝑋 100               (2.8)                        

 

2.6.5. Atomic Force Microscopy (AFM) 

The variations in the surface morphology (3D) were also investigated using AFM. AFM is 

the most basic of scanning probe techniques which provides topographical information and used 

to study over a range of materials like semiconductors, conductors and insulator. AFM is a real-

space imaging method that enables one to characterize and manipulate surfaces, nanostructures 

and molecules at the nanometer length scale, and in some cases down to the atomic scale. AFM 

can be performed in either contact Mode (CM) or tapping Mode (TM) [134, 135]. Different 

AFM imaging modes rely on the interaction of a tip located at the end of a cantilever with the 

surface. This interaction influences the cantilever properties which can be detected with a motion 

sensor. A standard AFM image consists of a raster scan of n lines with on each line n 

measurement points. In constant force mode, the force applied by the tip on the sample is kept 

constant, this is done by adjusting the distance between the tip and sample surface in a feedback 

loop. This signal is also used to image the surface topography. In tapping mode, the tip is 

oscillating in vertical direction at its resonance frequency. Tip–surface interactions will result in 
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a change of the oscillation amplitude and resonance frequency. These signals or the adjustments 

of the tip-sample distance can again be used to image the surface. 

 

2.7.Formulae: 

In the thesis, to estimate different parameters of the formed TiO2 films, the following formulae 

were used. 

1. Surface energy of unexposed and plasma exposed TiO2 films were calculated by following 

equation [25]: 

(1+Cosθ)LVS
DLV

DS
PLV

P(2.9) 

whereθis average value of apparent contact angle. The standard values of total surface tension 

(LV), and its polar (LV
P
) and dispersive (LV

D
) components for water and ethylene. 

2. Total surface energy was estimated according the following Young’s equation 

S           =       S
P 

+ S
D
(2.10) 

3. Young’s contact angle is generalized in terms of apparent contact angle (Wenzel contact     

angle) as: 

Cosθa = r Cosθy (2.11) 

whereθais apparent contact angle,θyis the Young’s contact angle and r is the Wenzel roughness 

factor, defined as the ratio of actual surface area and projected area. 

4. Absorption coefficient depends on optical band gap, given by: 

(αhν)1/2= C(hν−Eg)(2.12) 

Wherehνis the incident photon energy, C is a constant and Egrepresents the optical band gap. 

5. Optical energy band gap all synthesized TiO2 thin films have been calculated using the 

formula: 

/hcEeV   (2.13) 

Whereh = Planck’s constant and E=energy band gap of thin films. 
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6. Burstein Moss effect, which explains blue shift occurred by a shift of fermi level into the 

CB, andenhancing optical band gap energy by 

)14.2(
11

2 **

22











he

FBM

g
mm

K
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Where hm* and em* are theeffective mass of hole and electron in the respective bands, and KFis 

fermi wave vector. 

Note: A detailed discussion of the formulae listed above is given in the corresponding chaptersof 

the thesis 
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This chapter reports an increase in the hydrophilic property of titanium dioxide (TiO2) thin films. 

In this chapter, we describe an experiment performed to enhanced hydrophilicity of TiO2 thin 

films using air plasma treatment. As in the study of hydrophilic property, the surface energy 

plays an important role so in this chapter we have enhanced surface energy which has been 

examined through the measurement of contact angle variation in a sessile drop method. We 

observed that the hydrophilicity of plasma exposed TiO2 films dependes upon both the roughness 

of surface and formation of dangling bonds on the surface of films. The performed experiment 

for antifogging properties of plasma treated films give direct application/results of the 

superhydrophilic wetting characteristics to TiO2 films. 

3.1. Introduction 

For solid surfaces, wettability is one of the crucial resources which play a very significant 

function in every day life. Formation of water droplet on transparent solid surface scatter light 

and reduces optical transmission, which can be a major issue for the everyday use of 

windshields, eyeglasses and goggles and reduces the efficiency of medical/analytical 

instruments, solar energy panels and other industrial equipments. To prevent fogging, immense 

research on the control of surface wetting/dewetting behavior, typically using super 

hydrophobicity and super hydrophilicity, has been reported over the past decades. In recent 

years, materials properties related to their surfaces have been extensively studied to understand 

their wettability for many applications as anti-fogging behavior, surface cleaning, applications in 

dye sensitized solar cells, as a photocatalyst, and gas sensing etc. [136-142]. To exhibit these 

properties, TiO2 has been found most suitable material. This material is used in hydrophilic 

coatings; however, it is found that this material shows hydrophilicity in the presence of UV 

radiations only, and in the absence of UV irradiation it does not show any hydrophilicity. [143]. 

It is found that when TiO2 is placed in the dark or in visible light, there occours recombination of 

photo generated charge carriers with the time of nanoseconds [144]. In our daily life there are 

many objects which needs their surface to be hydrophilic, examples belong to surfaces of car 

mirrors, building galsses, self-cleaning objects etc. [145]. Therefore, to achieve the required 

hydrophilicity of the surface there is a need of controlling the properties of the material which as 

to be used as a coating material. 
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The simple way to estimate the wetting ability of a surface is to measure the contact angle of test 

liquids. It is found that the surface shows perfect wetting if the water contact angle is less than 

10
o
 [146] and perfect water repellent if it is greater than 150

o
 [147]. Generally, the wetting is 

ascribed by the surface smoothness, in both wetting case i.e. perfect wetting and prefect water 

repellent. In these two cases, the mechanism is different, but the concept of wetting in the 

presence of UV light remains same. In the irradiation process of smooth surfaces, when UV light 

is irradiated on the material surface it is absorbed due to the incident energy which is sufficient 

to jump an electron the band gap of the material. 

 Thus in the absorption process, there is generation of electron/hole pairs. These produced 

electrons reduce Ti
4+

 to Ti
3+

 state and the produced holes oxidize O
2-

. In this process, the oxygen 

atoms are ejected out for the lattice and in place oxygen vacancies are produced. In the process 

of wetting when a water dorp is placed on TiO2 in UV light, the oxygen vacancies are occupied 

by the water molecules, and thus OH group is adsorbed on its surface, making the surface 

hydrophilic [148, 149]. Again, if the film is kept in the dark, the absorbed OH is replaced with 

the oxygen in air, and the surface becomes hydrophobic again [150]. For smooth surfaces, the 

water contact angle is simply Young‟s contact angle or the intrinsic contact angle which is 

symbolized by θy. Alteration in the value of θy described the wetting transition whether it is 

hydrophobic or hydrophilic. Historically this phenomenon was studied by Wenzel and latter 

supported by Cassie and Boxter. There are two defined wetting regimes which are named as 

Wenzel regime and Cassie regime. The Wenzel regime states that the liquid which is used as 

droplet spreads over all the surface irregularities, and in Cassie regime, there is impregnation or 

rolling of water droplet. In the state of rolling of a droplet on the surface it is called Cassie 

regime; whereas, if it impregnates the surface irregularities it is called Cassie impregnation 

regime or the state of super hydrophilicity. In the wetting of surfaces, surface roughness is an 

important factor. In fact, the interfacial area of solid and gas is replacing with the interfacial area 

of solid and liquid after wetting. This change in the interface conditions relay upon mainly the 

texture etiology. Every individual surface possesses surface energy and therefore the variation in 

the wetting property of a surface depends upon the alteration in the surface energy, and the total 

energy of liquid/vapor interface [151]. 
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Various approaches have been adopted in regard of TiO2 to enhance its hydrophilicity such as 

making of porous surface and texturing of surface, which in fact shows better hydrophilicity in 

comparison to its smooth surface [145]. In some of the approaches, incorporation of PEG or the 

nanoparticles has been done to make them hydrophilic. These porous TiO2 thin films as 

superiority reveal hydrophilic activities still in the visible light in a certain degree. Other than 

these approaches, there are reports involving exposure of TiO2 surface to photons, corona 

plasma, electrons, flame, ions etc. Generally, in the process of the surface modification, if plasma 

is used it alters simply the surface properties without altering the bulk properties; therefore, this 

method as compared to other is most appropriate for surface modification [152, 153]. Also, the 

plasma treatment is an economical, dry and contamination free approach allowing uniformity 

over the treated surface [154, 155]. In the process of the plasma treatment, basically there is 

generation of electrons, positive charge particles along with the neutral particles, which is 

accelerate to the surface of interest. The accelerated particles get strike on the surface and causes 

break of the surface bonds, thus producing dangling (free) bonds. In this process, some of the 

oxygen based functionalities; such as such as -COOH, -C=O, -OH are also generated, which then 

helps in the wetting of surface [156]. Kim et al. [157] addressed O2 or N2 plasma exposure in 

order to enhance the performance of dye sensitized solar cell and revealed a strong adhesion of 

TiO2 with dye which consequences in the decrease of oxygen vacancies on the surface of TiO2. 

This chapter reports that the plasma generated surface roughness (nanometer range) and the 

produced dangling bonds produces significant effect on the wetting property of TiO2 thin films. 

It is observed in the experiments that the generated nanometer scale roughness along with the 

dangling bonds changes its surface energy which is determining by calculating the contact angle 

of test liquids on the surface. To observe the variation in the surface energy of TiO2 films, they 

were treated to the plasm for varying treatment time. These films were then investigated for the 

variation in the contact angle and hence the surface energy. The roughness of the surface was 

estimated using AFM studies, where we found that with raising the plasma treatment time the 

surface roughness also increased. For the first 10 seconds of the plasm exposure time, there is 

effect of dangling bonds only and afterwards the surface roughness becomes prominent resulting 

in the enhanced wetting behavior of the treated films. 
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3.2. Experimental method 

3.2.1. Fabrication of TiO2 thin films 

TiO2 thin films were deposited on the cleaned glass substrate. Initially, the sol of TiO2 was 

formed by the following method; C12H28O4Ti were mixed with a mixture of C2H6O and 

C6H15NO3 in 1:4:4 ratios with countinous stirring. To the above solution, a mixture of H2O and 

C2H5OH was added drop wise with constant stirring. This mixture was stirred for 2 hours, and 

then it was left to cool down to the normal environmental temperature. Thus, formed liquid was 

left for aging for about 48 hours, which resulted in the TiO2 sol. This sol was then used to form 

thin films on glass substrates, which were cleaned ultrasonically. The cleaned glass substrate 

after dipping the sol was withdrawal with a speed of 2.5cm/min. Then the formed films were 

annealed at 200
o
C for about 30 minutes [158, 159]. Films thickness could be controlled by 

controlling the withdrawal speed, in our case it is about 350nm, thickness of the films when 

measured by a stylus profilometer. The involved chemical reactions can be represented as;  

 

                (3.1) 

(3.2) 

 

3.2.2. Surface modification of thin films by plasma exposure  

The formed films were treated in air plasma for varying time intervals such as, 0, 5, 10, 15, 

30, 60, 120 and 180 seconds. The plasma was generated in a vacuum coating unit (Vacuum 

coating unit; Model 12A4D) by applying a voltage of 30 volts and power 24.6 watt. The pressure 

inside the chamber was kept 0.3 mbar throughout the treatment process. These resulted films 

were examined for the change in their wetting behavior.  Also, these were characterized by XRD 

for structural properties, EDX for elemental composition, AFM for surface roughness and XPS 

for surface chemistry variations. To evalute the variation in wetting properties, S  was estimated 

with the help of change in contact angle of test liquids deionized water and ethylene glycol. The 

surface tensions of these test liquids were known. In the contact angle measurement, drop of 

diameter about 0.1l was positioned on the surface of treated films. Different measurements on 

the contact angle of a single liquid were taken, which were then averaged for different locations. 
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Thus measured contact angle was used to determine the surface energy of the films by means of 

the subsequent equation [160]: 

 

                       (1+cosθ)LV = 2 (S
D
LV

D
)
 1/2

 + 2 (S
PLv

P
)
 1/2

                                                  (3.3) 

In this equation „θ‟ represents the average contact angle. Table 3.1 shown the standered values of 

surface tension (LV), its polar (LV
P
) and dispersive (LV

D
) components for deionized water and 

ethylene glycol, respectively [161, 162]. 

Table 3.1. Surface tensions of deionized water and ethylene glycol. 

 

The measured contact angles for the test liquids gave 2 equations having two unknowns „S
P‟

 and 

„S
D‟

 for the TiO2 surface. By elucidating these two equations, the unknown components „S
P‟

 and 

„S
D
‟ were calculated, by adding „S

P‟
 and „S

D
‟ the total surface energy was measured according 

the following Young‟s equation: 

S           =       S
P 

+ S
D
                                                    (3.4) 

Finding the super wetting behaviour of these films, they were also investigated for antifogging 

behavior. In this experiment, the samples were exposed to hot water vapors.  

3.3. Results and discussion 

3.3.1. Structural analysis  

Figs. 3.1(a, b) illustrate the XRD spectra of prepared and plasma treated TiO2 thin films. 

The characterstics peak were found at the diffraction angle of (2) 25.3
o
 which indicates that the 

prepared TiO2 were amorphous in nature [163], as thin films of TiO2 were annealed at 200
o
C. 

Test Liquids Polar 

LV
P 

(mJ/m
2
) 

Dispersion 

LV
D 

(mJ/m
2
) 

Surface tension 

LV (mJ/m
2
) 

Deionized Water (H2O) 51.0 21.80 72.8 

Ethylene Glycol (C2H6O2) 19.0 29.0 48.0 



Chapter-3                             Superhydrophlic Titanium Dioxide…………. 
  

48 
 

2angle and FWHM of (101) diffraction peak remains almost unaffected with plasma exposure, 

as shown in Fig. 3.1(b). Therefore, these XRD analyses revealed that there is an insignificant 

impact on the TiO2 crystalline structure. 

 

Fig.3.1: XRD of (a) prepared TiO2 thin film and (b) plasma exposed TiO2 thin film. 

EDX analysis was also performed, to check which elements were present in the synthesized TiO2 

thin films. Figs. 3.2(a, b) shows the EDX spectrum of prepared and plasma exposed films. 

Particularly oxygen and titanium were recognized with strong signals as shown in Fig. 3.2(a) and 

no other impuriteis were detected. Atomic percentage of O: Ti: 62:33 (around in the ratio of 1:2) 

also confirmed the formation of TiO2. 

 

Fig.3.2: (a, b) Illustrating EDX spectrum (to detect the different elements present on the surface of TiO2) (c, d) SEM 

images of undoped and plasma doped TiO2 thin films. 
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Fig. 3.2 (c, d) shows the SEM image of unexposed and plasma exposed TiO2 thin films. These 

images show that the films are composed of small grains with grain size range of 20-40 nm. Also 

the films are course, dense, and the surface of the films remains almost same even after the 

exposing to the plasma. 

 

3.3.2. Wetting Behaviour: experimental data and its interpretation 

The deviation in the contact angle of TiO2, measured for various plasma treatment time (0, 

5, 10, 30, 60, 120 and 180 seconds) is dipicted in Fig. 3.3. Droplet images corresponding to H2O 

and C2H6O2 on unexposed and plasma exposed TiO2 thin films were shown in Fig. 3.3(a) and 

3.3(i) respectively. Fig. 3.3(a-e) indicates that as the plasma treatment times were increased, 

reductions in the values of contact angle were also occurred. Similarly, Fig. 3.3(j-m) shows the 

reduced contact angle value of C2H6O2 droplet with plasma treatment time.  
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Fig.3.3: Test liquids behavior and contact angles of H2O (left) and C2H6O2 (right). 

Different intervals of plasma treatment alter the apparent contact angle as summarized in Table 

3.2. The contact angle of deionized water for untreated TiO2 film was 54.40° and for ethylene 

glycol it was 48.82°. With plasma treatment time of 180 seconds on the surfcae of TiO2 thin 
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films, contact angle reduced to 3.02
o 

for deionized water and 1.85
o
 in case of ethylene glycol. 

Change in the components of surface energy and thus total surface energy was also considered, 

after evaluating the contact angle for different intervals of plasma treatment time which are 

shown in Table 3.2. Here we examined that contact angle value for plamsa exposure time more 

than 180 seconds stay similar as observed for 180 seconds. However, at the begining, as the 

plasma exposure time was somewhat enlarged, the contact angles were quickly decreased as 

depicted in Fig. 3.3(b) and 3.3(j). “This shows that within first 10 seconds of exposure time, the 

water contact angle decreased from 54.40
o
 to 33.94

o 
and ethylene glycol contact angle decreased 

from 48.82
o
 to 33.16

o
, whereas after 10 seconds it decreased slowly as shown in the Table 3.2. 

Table 3.2. Effect of plasma exposure time on the contact angle and corresponding surface energy 

of TiO2 films. 

 

Time 

Contact Angle (Degree) Polar 

Component 

(mJ/m
2
) 

Dispersive 

Component 

(mJ/m
2
) 

Surface 

Energy 

(mJ/m
2
) 

Deionized 

Water 

Ethylene 

Glycol 

0 54.40 48.82 47.12 2.26 49.38 

5 49.20 39.05 47.68 2.67 50.35 

10 33.94 33.16 71.19 2.64 73.84 

20 28.82 24.37 71.99 2.91 74.91 

30 26.26 20.36 72.99 3.00 76.00 

40 22.32 16.54 76.03 3.05 79.08 

50 20.18 15.20 77.90 3.06 80.97 

60 19.50 14.88 78.52 3.06 81.58 

120 6.67 7.28 85.58 3.09 88.68 

180 3.02 1.85 88.92 3.12 88.92 

 

 Genuinely a water contact angle consideration is enough for wettability applications. Analogous 

to the variation in the contact angle values, the polar component „LV
P
‟ of surface energy also 

display a quick increase in its value; on the other hand, the dispersive component „LV
D
‟ 

approximately identical as shown in column 5 of Table 3.2. “This rapid decrease in the contact 



Chapter-3                             Superhydrophlic Titanium Dioxide…………. 
  

51 
 

angle is regarded as wetting transition; a detailed discussion related to the wetting transition is 

given in next sections”. TiO2 thin film with apparent contact angle < 90
o
 resides in partial 

hydrophilic regime without any plasma exposure time, but after plasma exposure time of 180 

seconds the films become superhydrophilic, which shows increasing wettability as observed by 

significant decrease in contact angle value. For this increased wetting behavior with plasma 

exposure time, two inferences are responsible: formulation of surface dangling bonds and 

nanometer scale surface roughness. Certain numbers of Ti and O dangling bonds are being on the 

surface of TiO2 thin films, therefore H
+
,
 

OH
-
 ions and alternative ionic group can be 

adsorbed/chemisorbed to the surface of TiO2 surface [164]. Most common dangling bonds 

particularly available on the unsaturated surface are OH species, O3
-
, O

-
, Ti

3+
 defects state, and O 

vacancies [165]. 

 

3.3.3. Atomic force microscopy observation 

AFM were used to examine the differences in the surface roughness and topography 

formed by the plasma exposure. Explanation for the increased surface roughness with exposure 

time can simply be understood. Plasmas comprised of certian reactive group namely: radicals, 

neutral molecules, ions, and electrons would act together strongly with surface, provide several 

degrees of freedom for the modification of chemical and physical properties of material [166]. 

AFM images explain a variation in the surface roughness upon the plasma treatment. The 

distinctive AFM images of the prepared and plasma exposed TiO2 films are shown in Fig. 3.4. 

Fig. 3.4(a)) clearly indicates the consistent distribution of TiO2 on the substrate without any 

plasma exposure and has roughness 4.6nm which is relatively smooth. While with increasing the 

plasma treatment time, another AFM images, (Fig. 3.4(b-e)), demonstrate an alteration in 

topography. Two major reasons which are responsible for the increased surface roughness 

ascribed as; creation of few nano/micro-dents and aggregation of nanoparticles on the plasma 

exposed TiO2 thin film as presented in Fig. 3.4(d) and 3.4(e). Here, in these images the black 

mark represents the etched area by plasma whereas the bright mark exhibits the arrangement of 

bigger nanoparticles. As plasma, takes along all the particles into the close network result in a 

dense packing [166]. Plasma results in the agglomeration of naoparticles which were responsible 

for the increased particles size. Only some molecular layers were distored as the roghness of 
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TiO2 thin films changes (around 10nm) [167]. There were formations of micro and nano-dents 

when different plasma particles were bombarded with each other and concluded the loss of thin 

films by eatching [168, 169]. Variation in the surface roughness of TiO2 thin films after plasma 

treatment was attributed to the aggregated particles and the etached area created by plasma. Root 

mean squre surface rouhgness were obtained during the AFM characterization of TiO2 films 

which were mentioned in Fig. 3.4. Surface roughness of untreated TiO2 film was about 4.6nm, 

which shows a gradually increment with different intervals of plasma treatment time and reached 

to 19.83nm.  
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In the literature, surface roughness is the most important thing mentioned for the wetting 

property of any surfaces; however, in our case we found that the formation of the dangling bonds 
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along with the nanometer scale roughness on the surface after plasma treatment also enhances 

the wetting characteristic of the surface. In the first 10 seconds of the treatment time, there is 

formation of dangling bonds, and surface roughness is small enough as observed form AFM 

analysis. Further treatment in the air plasma enhances surface roughness as obviously the 

dangling bonds on the surface that enhances the wetting rapidly estimated the rms value of the 

surface roughness, which is mentioned in Fig.  3.5. From the measurements, it is concluded that 

for 0 to 10 seconds, plasma creates only dangling bonds, which causes the wetting of the surface 

for the short treatment time. Thereafter, surface roughness increases, as estimated from the rms 

values, which in addition to the dangling bonds makes the TiO2 films superhydrophilic. 

We know that Young‟s contact angles were measured for the flat surfaces in order to calculate 

the total surface energy [160]. „LV
P
‟ and „LV

D
‟ components of surface tension for flat surfaces 

were illustrated in Table 3.1. Here, the variation in the surface energy is estimated by the change 

in the value of corresponding componets of surface tension „LV
P
‟ and „LV

D
‟. Therefore, the sum 

of these two components („LV
P
‟ and „LV

D
‟) gives the total surface energy i.e. the improved total 

surface energy promotes the wetting of TiO2 surface [160].  
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Fig. 3.4: AFM images of unexposed and exposed TiO2 film with glow discharge plasma for (a) 0 sec, (b) 10 sec, (c) 

30 sec, (d) 120 sec, and (e) 180 sec. 

For wetting transition, surface roughness was investigated as a significant factor, but in our case 

the observed value for this factor is very low as compared to the other reports which shows their 

values in the micrometer range. Intially, when plasma treatment time changes from 0 to 10 

seconds, there was formation of free bonds i.e dangling bonds in conjunction with small surface 
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roughness. Surface area of TiO2 thin films were enhanced as the dangling bonds and surface 

roughness increased with plasma treatment time. The wettability of TiO2 thin films were quickly 

improved by two main important factors i.e nanometer scale roughness and dangling bonds 

present on the surafce of thin films. Fig. 3.5 represents the variation of the root mean squre 

surface roughness of TiO2 thin films with different plasma treatment time. The most decisive 

point in this study is that as the plasma treatment time chnaged from 0 to 10 seconds, there is 

only the creation of dangling bonds that are responsible for the wetting of TiO2 thin film. But 

there is a little change in the surface roughness of thin films which are not sufficient for the 

explanation of wetting properties. With different plasma treatment time, the increased surface 

roughness along with the dangling bonds makes the thin film superhydrophilic. 
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Fig. 3.5: Root mean square values of the plasma treated TiO2 thin films as a function of plasma treatment time. 

 

The formation of dangling bonds and their reason to cause the wetting can be understood as 

follows. In the process of plasma formation, the accelerated atmospheric ions get collide with the 

gas (air in our case), and creates positive and negative ions in the plasma chamber. These created 

ions along with the neutral species form plasma. When a voltage is applied inside the chamber, 

the accelerated changed particles strike on the surface of TiO2 causing bonds to break. Since the 

surface atoms have broken bonds from their neighboring atoms or molecules, this reduces the 

bond length of surface atoms with the underneath atoms, which results in the inward pulling of 

the surface atoms. In case of the small particles, this reduction in the bond length becomes 

important, and affects the lattice constant of the whole solid particle [171]. Thus, by the 
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reduction of lattice constant, there is an additional energy possessed by the particle which is 

known as the surface energy. Therefore, when TiO2 film is exposed to the air plasma free or 

dangling bonds are formed on its surface. These free bonds enhance the surface energy of TiO2 

surface. Thus, when some object is brought close to the unsaturated surface might satisfy some 

of these bonds to reduce the surface energy to bring the whole system in the equilibrium. 

Wetting charterer of a surface can also be explained by these unsaturated bonds. When a drop is 

placed on such as surface some of the bonds are satisfied by the process chemisorption of H2O 

with the surface [172]. The change in the wetting character can be measures by the change in 

contact angle of the test liquid on such a surface. Larger the dangling bonds more is the wetting 

charterer of a surface, and hence the reduced contact angle.  

3.3.4. Explanation for the wetting properties 

Here we explain the wetting behavior of plasma treated TiO2 thin films. For the films 

treated for 180 seconds in the air plasma shown a decrease in the contact angles of the test 

liquids i.e. for water it reduced to 3 degrees and for ethylene glycol it reduced to 1 degree.  The 

change in the wetting property of treated thin film can be explained by Cassie-Wenzel model 

[173]. According to the models, the films which were not exposed to air plasma show partial 

hydrophilic property, but when they were exposed to the plasma, enter the Cassie impregnating 

regime as they show perfect wetting characteristic.  

Again, in the Wenzel model, depending upon the wetting situation of the solid surface, the 

surface can get wetted partially (it will be partially hydrophilic if the contact angle is less than 90 

degrees and partially hydrophobic if the contact angle is greater than 90 degrees). Now this state 

is basically intermediate as the wetting characteristic of the surface may move towards either 

side of the wetting (superhydrophilic or hydrophobic). These changes relay upon the chemical 

and physical properties of the solid surface [151]. The measured contact angle is termed as 

Wenzel contact angle. In case of the rough surfaces the generalization of the Young contact angle 

is given as: 

                         Cosθa = r Cosθy                                             (3.5) 

 

where θa is the measured contact angle, θy is Young‟s contact angle and r is known as the Wenzel 

roughness factor, which is defined by the area ratio of actual surface and projected surface. In 
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case of the rough surfaces the measurement of Young contact angle is difficult; therefore, the 

above equation shows a relation between the Young contact angle and the apparent contact 

angle. This relation is linear, showing that the value of apparent contact angle is proportional to 

the Young contact angle. 

From this relation, for the flat surface the value of r is 1, showing that on the flat surfaces both 

the Young contact angle and the apparent contact angles are same.  

 If the roughness increases, i.e. r increases and Young contact angle is less than 90 degrees, the 

surface results in the increased wettability or the hydrophilic one. For this type of the surface, 

from the relation 3.5, the apparent contact angle also decreases. And in case, if the value of the 

Young contact angle is more than 90 degrees, for the increased roughness the wettability again 

increases. We also found that the surface roughness increases with plasma treatment as observed 

by AFM measurements. For untreated films, the apparent contact angle is 54.40
o
 (as measured 

by contact angle measurement experiments), indicating that the Young contact angle can not be 

greater than 90 degrees for any value of the roughness factor r. This observation of contact angle 

shows that the untreated films are in the hydrophilic regime of the Wenzel model. After plasma 

treatment, the roughness increases and at the same time the measured contact angel increases, 

this indicates that the value of Young contact angle should lie below 90 degrees. Since there are 

small creaks on the surface produced after the plasma treatment, these can promote the wetting 

of the surface as mentioned in other studies too [174]. Therefore, the roughness of the surface 

and the defects makes the liquid droplets to spread over the surface as soon as it is placed over it. 

The change in the surface energy and the contact angles is shown in Fig. 3.6. In the Fig. 3.6(a), 

there is a sudden drop in the contact angle well below the 10 seconds of the treatment time. An 

analogous variation can be seen in the plots for surface energy shown in Fig. 3.6(b). These 

variations in the contact angle and the corresponding surface energy are due to the creation of 

polar groups „LV
P
‟ by the plasma treatment time. The variation in the hydrophilicity estimated 

by the alteration in the contact angle is suitable to the above mentioned increased surface 

roughness and the formation of free bonds „dangling bonds‟ on the surface layer of the film after 

plasma treatment. We found that the untreated films possess 49.38mJ/m
2 

value of the surface 

energy and 47.12mJ/m
2
 and 2.26mJ/m

2 
values of polar „LV

P
‟and dispersive „LV

D
‟components, 

respectively The value of the surface energy increased to 88.68mJ/m
2 

after the films was exposed 
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to plasma for 180 seconds. The observed enhancement in the surface energy is attributable to the 

formation of dangling bonds and surface roughness by plasma treatment. In the measurement of 

contact angle three different locations were chosen on the film surface, which were then 

averaged to estimate contact angle. 

 

Fig.3.6: Dfference in contact angle (a) surface energy and its „LV
P
‟, „LV

D
‟ component (b) with plasma treatment 

time. 

3.3.5. XPS analysis 

The samples were investigated using XPS measurements. Fig. 3.7 shows the survey spectra 

of untreated and plasma treated thin films.  In these spectra, signals Ti, O and C (C1 peak is 

supposed to come from the impurity. One another feature can be seen form the survey spectra 

that the peaks corresponding to Ti2p and O1s increases till 10 seconds of treatment time, and 

afterword there is no variation observed. 
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Fig.3.7: XPS survey spectra of TiO2 thin films (a) 0 sec, (b) 10 sec, (c) 30 sec, and (d) 120 sec. 

Further this XPS spectrum is analyzed to find the variation in the surface states upon treatment, 

which is shown in Fig. 3.8. The untreated and plasma treated films are shown by high resolution 

spectrum in Fig. 3.8(a) and 3.8(b). These two plots are for Ti2p of the treated and untreated 

films. The spectrums are fitted in peaks corresponding to titanium dioxide (Ti
4+

) and titanium 

sub oxide (Ti
3+

) in Ti2p1/2 and Ti2p3/2, respectively. In the reports, the range of the binding 

energy of TiO2 is from 458.5 to 459.9eV [175].  The peaks in the untreated films are fitted at 

464.8eV (Ti
4+

2p1/2), 464.8eV (Ti
4+

2p3/2) and 459.0eV (Ti
3+

2p3/2). In the case of plasma treated 

films, the peaks are fitted at 464.8 (Ti
4+

2p1/2), 459.1eV (Ti
4+

2p3/2) and 460.4eV (Ti
3+

2p3/2). To 

estimate the change in the stoichiometry, change in the surface area of the corresponding peak 

was measures in the XPS plots. We found that there is 16% increase in the surface area of Ti
3+

 

peak and a decrease of 28% in the area of Ti
4+

 peak. The reduction of Ti
4+

 resulting in the 

formation of Ti2O3 is inferred to increase the surface area of Ti
3+

 peak. The factors causing the 

reduction of Ti
4+ 

may be the creation of oxygen vacancies or the electrons generated in the 

plasma.  
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Fig.3.8: XPS spectra of Ti2p (a, b) and O1s (c, d) core level for TiO2 thin films. 

In the XPS studies, we also analyzed O1s state to estimate the variation in the atomic state of the 

oxygen. Both the untreated and plasma treated films for O1s peak of XPS are shown in the Fig. 

3.8(c) and 3.8(d). Again, these spectra are shaped with 3 peaks at binding energy of 529.3eV, 

530.3eV and 532.1eV, which appear for both the untreated and plasma treated films. These peaks 

correspond to the oxygen in Ti2O3 and non-lattice state [176, 177]. The observed higher binding 

energy can be inferred due to the hydroxyl groups on the surface or water on the surface, and a 

small contribution of the remanent Ti-OH bonds during the synthesis [178]. In this case too, 

stoichiometric change was predictable by the surface area change of the relative peak as in case 

of the titanium. We observed that there is a decrease of 50.7% in the peak at 529.4 eV, and 

increase of 530.4eV and 531.9eV, respectively. The reduction in the peak area at 529.4eV 

represents the decrease percentage of the O
2-

. Also, the increase in the rest of the two peaks 
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surface area indicates an increase in OH
-
 groups, and the non-lattice oxygen. These defect states 

may be created due to the bombardment of ions in the palsma or the generated UV irradiation in 

minute amount. In fact, in the process electrons and holes are generated. Thus, generated 

electrons may have reduced Ti
4+

 to Ti
3+

, and the holes would have captured by the oxygen atoms 

(lattice) on the surface, which results in the decrease of the surface oxygen as observed in the 

XPS. There is formation of oxygen vacancies on the surface of TiO2 as well [179].  

In the XPS, the variation is observed only for the first 10 second of treatment time, and no 

variation is observed for further treatment time, indicating the surface defects are generated 

mainly for the first 10 seconds of treatment time, and for latter time it is only the surface 

roughness which varies as seen from AFM. Thus, for the samples treated for 10 seconds in 

plasma, it only the surface defects which causes the wetting, and after 10 seconds the surface 

roughness also take part in the wetting characteristic of the surface. In our case, we found that 

the nanometer surface roughness is more prominent to cause the superhydrophilic nature of the 

TiO2 films.     

 

3.4. Antifogging experiment 

 The antifogging is needed due to the problems observed in the higher humidity 

environment. And in fact, this is dependent to the temperature conditions, as the vapor reaches to 

the saturation limit with the change in the temperature conditions. If it is cool, it gets saturated on 

the surface of the substrates and creates a problem to see through it. In this regard, a 

superhydrophilic surface can be used to prevent fogging as the water diffused on the hydrophilic 

surface and forms a thin layer rather than forming droplets. In our experiments, we investigated 

our samples for their antifogging application as shown in Fig. 3.9. In this figure, the left side is 

plasma treated TiO2 thin film which remains unfogged due to the formation of thin water layer 

on it, whereas on the right side is the normal glass slide which covers with the droplets and gets 

fogged. In the left side, we can read letters clearly, whereas on the right side it is difficult to read 

the letters through the slide. Thus the plasma treated TiO2 films show perfect antifogging ability 

as observed in this work. 
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Fig.3.9: Illustration of antifogging properties of uncoated and TiO2 coated glass and plasma exposed samples for (a) 

30 sec, (b) 60 sec and (c) 120 sec. 

It is reported that the antifogging behavior appears if the water contact angle remains less than 7
o 

[180]. We found that the value of the water contact angle is 3
o
 which shows enhanced 

hydrophilic properties of the plasma treated TiO2 films. These films can be used in many 

applications such as surface of mirrors, windows glass and windshields of automobiles etc. 

3.5. Summary 

TiO2 films when treated with air plasma show superhydrophilic nature. The plasma 

treatment causes a reduction in the contact angle and thus the surface energy of the TiO2 surface.  

In the plasma treatment, there is formation of dangling bonds for initially, which creates 

nanometer scale surface roughness for prolonged time. The created dandling bonds and the 

surface roughness cause an enhancement in the surface properties of the as fabricated TiO2 thin 

films. These films when used for antifogging application show a remarkable transmission in the 

fogged conditions. Therefore, TiO2 films with the enhanced surface properties, having changed 

surface states and surface roughness can be a significant material for many technological 

applications. 
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This chapter explains the enhancement in the optical properties of TiO2 thin films. TiO2 

thin films; undoped and having moderate doping of Fe and Co were fabricated using sol-

gel method. These films exhibited significant enhancement in the optical properties upon 

air plasma treatment. The moderate doping has facilitated the formation of charge trap 

centers by avoiding the formation of charge recombination centers. In fact, enhancement 

in absorbance and optical absorption region as revealed by the formation of Ti
3+ 

and 

oxygen vacancies in the band gap of TiO2 films was observed in the plasma treated films. 

The samples were treated in plasma with varying treatment time. With the increasing 

treatment time Ti
3+ 

and oxygen vacancies increased in the Fe and Co doped TiO2 films 

leading to increased absorbance; however, the increase in optical absorption region/red 

shift (from 3.22 to 3.00eV) was observed in Fe doped TiO2 films, on the contrary Co 

doped TiO2 films exhibited blue shift (from 3.36 to 3.62eV) due to Burstein Moss shift. 

4.1. Introduction 

Metal oxides semiconductors are of indispensable consequence for the scientists, as 

their adjustable distribution brings diverse magnetic, chemical, structural, electronic, and 

optical properties. They are also considerable as functional materials because of their 

admirable stability under intense condition and ease of large scale fabrication. Coatings 

are applied as films to the surface for a variety of different applications. Among various 

metal oxide semiconductors, TiO2 is considered as a prime candidate due to its many 

peculiar properties [181, 182] for diverse applications. It is the most suitable candidate 

for photocatalytic applications due to its biological and chemical inertness, strong 

oxidizing power, non-toxicity and long-term stabilization against photo and chemical 

corrosion [183]. Thin films of TiO2 have valuable applications in LEDs, gas sensors, heat 

reflectors, transparent electrodes, thin film photo-anode to develop new photovoltaic, 

photo-electrochemical cells, solar cells and water splitting [184-190]. In anodic 

applications, it is a preferred material because of its low density/molar mass and 

structural integrity over many charge and discharge cycles [191]. However, the efficiency 
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of pure TiO2 is substantially low because of its large band gap and quick recombination 

of electrons/holes pairs. The key issue to improve the performance of TiO2 relies on 

efficient light harvesting, including the increase of its photo-efficiency and expansion of 

photo-response region and to ensure efficient number of photo-generated electrons/holes 

reaching to the surface before their recombination. To meet these desired performances, 

the bands structure modification of TiO2 is preferred. 

Generally, three fundamental approaches are implemented for band structure 

modification viz. doping with metallic/non-metallic elements or co-doping of metallic 

and non-metallic elements [181,192-194], modification via introducing defects such as 

oxygen vacancies and Ti
3+

 in the band gap [195, 196] and surface modification by 

treatment methods [191,197-199]. In the metallic doping, among the range of dopants 

such as Ni, Mn, Cr, Cu, Fe etc. [183, 200-203] the Fe is found most suitable due to its 

half field configuration. Similarly, from non-metallic dopants S, C, F, N etc. [204-207] 

the N is preferred one. In the case of metallic dopants, there are some contradictory 

reports that show disadvantage of thermal and chemical instability of TiO2. Also, their 

high doping although enhances the band gap but at the same time reduces 

optical/photocatalytic activity because of increasing carrier recombination centers [208-

211]. What is the mechanism of observed photo-response of doped/modified TiO2; it is 

still a question, however a generally accepted concern states that the photo absorption of 

a material is explained better by the introduction of defects in the lattice of TiO2. For 

example, Ti
3+ 

and oxygen vacancies [212] create trap centers, rather than the 

recombination centers unlike the high doping case, and results in the variation of band 

gap of pristine TiO2.  

On the other hand, surface modification methods including surface hydrogenation [213], 

vacuum activation [212] and plasma treatment [214] are also accomplished. In the 

hydrogenation method, the surface of TiO2 is terminated with hydrogen leading to an 

enhanced photocatalytic activity [215] in visible region; however, it is still unknown that 

how does the hydrogenation modify a surface to enhance its optical performance 

(photocatalytic activity) [216]. The drawback of the hydrogenation method is that it 
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requires high temperature and the obtained TiO2 film are black in color [215], which 

makes the films unable for many optoelectronic applications, such as a transparent 

electrode in optoelectronic devices. Both the vacuum activation and plasma treatment 

methods create highly stable Ti
3+

 and oxygen vacancies [212, 214]. In vacuum activation 

method, the sample may exhibit higher absorption intensity but it appears brown in color 

[215] that makes it unable for transparent electrode applications. Finally, in case of 

plasma treatment methods, generally hydrogen gas is used to create oxygen Ti
3+ 

and 

vacancies in TiO2 but it is always avoidable to use such a hazardous and expensive gas. 

Except hydrogen there are little reports on the use of argon [217], oxygen [218] and 

nitrogen plasma [219] for surface modification of TiO2. We know that the 

implementation of gas in the treatment chamber may be hazardous and cost effective; 

therefore, it is always required to avoid the use of hazardous gas, and to implement a 

simple and low-cost approach to meet the requirements. In this regard, treatment by air 

plasma may be an effective approach. However, to the best of our knowledge there is no 

report on the application of air plasma for the surface modification of TiO2 film. 

In this chapter, the band structure modification of thin transparent films of TiO2 was done 

by implementing simply the air plasma and thus creating Ti
3+

 and oxygen vacancies in 

TiO2 films. The effect of air plasma treatment was studied in conjunction with metallic 

doping. First, Fe and Co-TiO2 thin films were formed on glass substrates which were 

subsequently treated in air plasma. Considering the drawback of high metallic doping 

(formation of recombination centers), in this study a moderate amount of dopants was 

used to enhance the optical properties of TiO2 thin film and thereafter the air plasma was 

applied to enhance them further. The moderate amount of metallic dopant not only favors 

the separation of electrons/holes but also narrows the band gap of TiO2 [183]. We 

observed that simultaneous effect of the joint approaches increases photo absorbance as 

well as expends photo response region of the films towards both the visible and UV 

spectrum. The doped films of TiO2 were treated in plasma with varying treatment time. 

The moderate doping of Fe and Co elements reduces band gap minutely in both the cases 
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but when treated with air plasma a significant change in the optical properties was 

observed due to the formation of Ti
3+

 and oxygen vacancies in the band gap. 

 

4.2. Experimental methods 

TiO2, Fe doped TiO2 (Ti0.95Fe0.05O2) and Co doped TiO2 (Ti0.95Co0.05O2) thin films 

were fabricated on glass substrate using sol-gel dip coating method. Titanium (IV) 

isopropoxide (TTIP, Ti[OCH (CH3)2]4, 97%, Aldrich) was used as precursor solution. 

First of all, triethanolamine C6H15NO3, a stabilization agent was dissolved in C2H5OH 

which resulted in a colorless solution. In this solution, the precursor solution Ti[OCH 

(CH3)2]4 was added dropwise to form a pale yellow solution with a continuous stirring. 

To avoid the precipitation of TiO2, C2H5OH and H2O was added in a ratio 9:1. Now 

during the sol gel synthesis, solutions of ferric nitrate (Fe (NO3)3.9H2O), and cobalt 

nitrate (Co (NO3)2.6H2O) were added separately as the dopant in TiO2. These solutions 

were stirred for 2 hours and allowed for ageing overnight. Then glass substrates cleaned 

with H2O, C3H6O and C2H5OH were coated with the aged solution. Coated films were 

dried and annealed at 400
o
C to form transparent thin films. It should be noted that the 

dopants concentration was controlled just by controlling the concentration ratio of the 

dopants with respect to the concentration of precursor solution. The fabricated films were 

treated in air plasma, generated in a vacuum coating unit (Hindhivac model: 12A4D), for 

varying treatment time; 0, 10, 30, and 60 seconds, respectively. The air plasma was 

generated at reduced pressure of 10
-3

 mbar in the vacuum chamber. During the treatment 

process the applied bias voltage was 30 volts with a power of 22.7 watt. After treating in 

plasma, the samples were analyzed for optical, structural, morphological and surface 

properties.  

4.3. Materials characterization 

The optical (absorbance, shift in absorption edge and band gap) properties of the 

films were studied by UV-Vis spectrophotometer (Perkin-Elmer Lambda 750). The band 
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gap of Fe and Co doped thin films was calculated by using the absorbance spectra by 

plotting (αhv)
1/2

 against hv, where hv being incident photon energy. Surface morphology 

was studied using SEM and elemental confirmation was done using EDX. The structural 

analysis of the samples was done using XRD (company name Rigaku, with Cu 

k radiation, Å), and to observe the effect of plasma treatment on surface 

states, XPS: (VG Multilab 2000, Thermo electron corporation, UK) studies were 

performed.  

4.4. Results and discussion 

4.4.1. Structural and morphological studies 

After fabricating thin films of pure TiO2, Fe and Co doped TiO2 were treated in air 

plasma for 0, 10, 30 and 60 seconds, which were analyzed for surface morphology and 

crystal structure variations using SEM and XRD. Fig. 4.1 shows the SEM image of pure 

and doped TiO2 thin films exposed in the air plasma from 0 to 60 seconds. These images 

show that the films are composed of small grains with grain size range of 20-40 nm. Also 

the films are course, dense, and the surface of the films remains almost same even after 

the exposing to the plasma. To detect the presence of doped elements Fe and Co, the 

films were investigated by EDX as shown in Fig. 4.2. EDX spectrum of pure TiO2 film 

represents in Fig. 4.2(a). Here, the elements Ti and O are detected. Fig. 4.2(b) is EDX 

spectrum of Fe doped TiO2 film, in this spectrum element Fe with Ti and O is detected. 

Similarly, Fig. 4.2(c) is EDX spectrum of Co doped TiO2 film, containing Co element 

with Ti and O.  
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Fig.4.1: SEM images of TiO2, Fe doped TiO2 and Co doped TiO2 thin films (a) pure TiO2 film, (b) 

pure/treated TiO2 film; plasma treatment time 60 seconds, (c) Fe doped/untreated TiO2 film, (d) Fe 

doped/treated TiO2 film; plasma treatment time 60 seconds (e) Co doped/untreated TiO2 film, (f) Co 

doped/treated TiO2 film; plasma treatment time 60 seconds. 

The atomic percentage of the dopants was evaluated by using EDX. In the EDX spectra 

of Fe doped TiO2 films, the atomic percentage of Fe, Ti and O was found as 1.66%, 

12.93% and 85.41%, respectively, which closely resembles to the percentage of elements 

in Ti0.95Fe0.05O2". Similarly, in case of Co doped TiO2, the obtained atomic percentage of 
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Co, Ti and O in EDX was 1.33%, 23.33% and 75.35%, respectively, which confirmed the 

formation of Ti0.95Co0.05O2 thin films. 

 

 

Fig.4.2: EDX spectrum of thin film of (a) pure TiO2, (b) Fe doped TiO2, and (c) Co doped TiO2. 

For structural analysis, XRD spectra of doped thin films for extreme treatment time 0 and 

60 seconds were shown in Fig. 4.3. Fig. 4.3(a, b) represents XRD pattern of Fe doped and 

Fig. 4.3(c, d) represents XRD patterns of Co doped TiO2 thin films for 0 (untreated) and 

60 seconds of plasma treatment time. Since there is no detection of Fe and Co signals, it 

indicates that all the Fe and Co ions in the respective samples gets incorporated into the 

structure of TiO2 by replacing some of Ti ion and located at the interstitial sites [220]. 

Absence of sharp peak in XRD patters represents amorphous phase of TiO2 thin films 

[125]. After plasma treatment angle and FWHM of the peaks remain almost 
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unchanged, indicating negligible effect on the film structure. XRD indicates that plasma 

treatment does not create any change in the crystal structure of Fe and Co doped TiO2 

thin films. The obtained low signal-to-noise ratio in the above XRD spectra is due to the 

low crystallanity of the films and small crystallite size [221].  

 

 

Fig.4.3: X-ray diffraction spectra of (a) Fe doped/untreated TiO2 film; plasma treatment time 0 second, (b) 

Fe doped/treated TiO2 film, plasma treatment time 60 second, (c) Co doped/untreated TiO2 film, plasma 

treatment time 0 second and (d) Co doped/treated TiO2 film; plasma treatment time 60 second. 

Similarly, Fig. 4.4(a, b, c) represents the XRD spectra of pure TiO2, Fe doped TiO2, and 

Co doped TiO2 samples treated at other treatment time i.e. 30 seconds. It reveals that the 

crystal structure of TiO2 thin films remains unchanged after the different plasma 

treatment time or the synthesis process.  
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Fig.4.4: X-ray diffraction spectra of thin films for 30 seconds of plasma treatment (a) pure TiO2, (b) Fe 

doped TiO2, and (c) Co doped TiO2 film. 

 

4.4.2. Optical studies  

In order to check the variation in optical properties of TiO2 thin films by doping and 

subsequent air plasma treatment the film was analyzing by UV-Vis spectrophotometer. A 

summary of the change in absorption edge and corresponding band gap is mentioned in 

Table 4.1. Pure TiO2 film (undoped and untreated) showed absorption edge at 367nm and 

band gap 3.37eV, whereas Fe doped TiO2 film showed a shift in the absorption edge to 

385nm, with a decreasing in the band gap to 3.22eV. Similarly, Co doping shifts 

absorption edge from 367nm to 369nm with a reduction in the band gap to 3.36eV. The 

observed red shift in absorption edge and narrowing band gap in both the dopants cases is 

similar to other reports on metallic doping [183]. In both the cases, samples were doped 

with a moderate (5%) concentration of Fe and Co forming Ti0.95Fe0.05O2 and 

Ti0.05Co0.05O2, respectively. We could have tuned the optical properties further by 

increasing the dopant concentration but that would form recombination centers [208]; 

therefore, to avoid the formation of recombination centers, a further tuning in the optical 

properties was done by treating these moderately doped TiO2 films in air plasma. The 

films were treated in air plasma for treatment time (0, 10, 30 and 60 seconds), and 

investigated for the shift in absorption edge and band gap variation. With increasing 

treatment time, the absorption edge of Fe doped TiO2 films shifts continuously from 
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385nm (for 0 seconds treatment time) to 413nm (for 60 seconds treatment time), with a 

corresponding band gap change from 3.22eV to 3.00eV, showing a significant increase in 

the absorption region. In case of Co doped TiO2 films, the absorption edge shifts from 

369 to 342nm (for 60 seconds treatment time) with a corresponding band gap change 

from 3.36 to 3.62eV, which shows an increase in the optical band gap/UV absorption 

region probably due to the Burstein-Moss effect [222] explained latter.  

Table 4.1. Variation in absorption edge and band gap of Fe and Co doped TiO2 thin films 

with plasma treatment time. 

 

Plasma treatment time 

[sec] 

Absorption edge [nm]                 Band gap [eV] 

Fe doping Co doping Fe doping             Co doping 

 

0 

 

385 

 

369 

 

3.22 

 

            3.36  by doping 

10 396 360 3.13             3.44 

30 402 345 3.08             3.59  by plasma treatment 

60 413 342 3.00             3.62 
 

From the Table, it is observed that the change in optical properties of TiO2 films appears 

at two levels; by the doping of Fe and Co, and then by plasma treatment. However, here it 

should be noted that the change in the band gap due to the doping is smaller as compared 

to the subsequent band gap changes by plasma treatment. While discussing the effect of 

doping on the change of band gap, we know that the reduction may take place due to 

either the increasing grain size of highly crystalline sample [223] or the formation of 

electronic energy levels within energy band gap [224]. The XRD results indicated the 

samples to be amorphous, thus the first reason can be discarded. Therefore, Fe
3+

 and Co
2+ 

ions substitute Ti
4+ 

ions in TiO2 matrix and cause a change in the band gap by forming 

their mid gap energy levels in the respective samples along with the formation of Ti
3+ 

and 

oxygen vacancies. The electronic transition from valance band to dopant level and then 

from dopant level to conduction band, and/or from valance band to oxygen level and then 

form oxygen level to Ti
3+

 level/ dopant level effectively causes a red shift in the 

absorption edge, showing reduced band gap [225-227].  
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In many cases, the localized level of t2g state of the doping element even lies in the 

middle of band gap (in case of, Cr, Mn or Fe as the doping materials), and at the top of 

the valance band (in case of Co is used as a dopant) [228]. Next, the variation in the 

absorption edge/band gap with plasma treatment time is due to the increase in the Ti
3+

 

and oxygen vacancies. 

Fig. 4.5 shows variation in the absorption spectra of Fe doped TiO2 thin film treated for 

different plasma treatment time (10, 30 and 60 seconds (Fig. 4.5(b-d)) with respect to 

untreated one (Fig. 4.5(a). There is a continuous change in the absorbance, absorption 

edge and band gap of the films with plasma treatment time. The absorbance of the film 

increased from 60% (untreated film) to 87% (treated for 60 seconds) along with a red 

shift in the absorption edge and band gap narrowing by 0.22eV (Tauc plot shown in the 

inset of Fig. 4.5(a-d)). The band gap and absorption edge were estimated using the 

following equations [229]: 

(αhν)
1/2 

= C(hν−Eg)         (4.1)     and 

                                                 
/hcEeV               

(4.2) 

Where α is absorption coefficient and Eg is band gap energy. 
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Fig.4.5: Optical absorption spectra and Tauc plot (( h )
1/2

 versus h  plots) in the inset for (a) Fe 

doped/untreated TiO2 film; plasma treatment time 0 second, (b) Fe doped/treated TiO2 film; plasma 

treatment time 10 second (c) Fe doped/treated TiO2 film; plasma treatment time 30 second and (d) Fe 

doped/treated TiO2 film; plasma treatment time 60 second. 

Similarly, the variation in absorption spectra of Co doped TiO2 thin film treated for 0 to 

60 seconds is shown in Fig. 4.6(a-d). In this case, doping shows a red shift due to the 

presence of Co levels in the energy gap of TiO2, whereas after plasma treatment the film 

shows continuous blue shift with increasing treatment time. This overall shift (due to 

treatment in plasma for 60 seconds) in the band gap is 0.26eV. The observed blue shift 

can be explained by Burstein-Moss effect [222], resulted by the change in the position of 

fermi level into the conduction band. The general equation that represents the 

enhancement in the band gap energy is given by: 
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Where hm* and em* are the effective mass of hole and electron in the respective bands, 

and KF is fermi wave vector. In our case, the shift of fermi level into the CB leads to the 

energy band widening. With increasing carrier concentration, the absorption edge shifts 

to shorter wavelength region.   

 

Fig.4.6: Optical absorption spectra and Tauc plot (( h )
 1/2

 versus h  plot) in the inset for (a) Co 

doped/untreated TiO2 film; plasma treatment time 0 second, (b) Co doped/treated TiO2 film; plasma 

treatment time 10 second, (c) Co doped/treated TiO2 film; plasma treatment time 30 second and (d) Co 

doped/treated TiO2 film; plasma treatment time 60 second. 

The overall variation in the band gap of TiO2 thin film due to the doping (Fe and Co) and 

air plasma treatment is plotted in Fig. 4.7. In the plasma treatment region, a remarkable 

change in the band gap values can be observed with treatment time.  
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Figure 4.7: Plots for variation of optical band gap of Fe and Co doped TiO2 thin film with plasma treatment 

time. 

4.4.3. Surface characterization  

4.4.3.1. X-ray photoelectron microscopy (XPS) study 

To understand the mechanism for the change in the band gap of Fe and Co doped 

TiO2 films with plasma treatment time, the films were investigated by XPS. The XPS 

being surface sensitive technique provides information about the change in chemical state 

of film constituting species. Here, the variation in the chemical state of elements ‘O’ and 

‘Ti’ with plasma treatment time was analyzed in detail to correlate it with the observed 

variations in the band gap of the films. Figs. 4.8(a, b) show XPS survey spectra of 

untreated and plasma treated Fe and Co doped TiO2 thin films, respectively. In these 

spectra, C1s is probably an instrumental impurity. The intensities of O1s and Ti2p peaks 

increase with the increasing plasma treatment time, indicating an increase in these states 

with treatment time. 
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Fig.4.8: XPS survey spectra in a(i) pure TiO2 film indicating all the peaks of elements present in the 

sample, here the appeared carbon peak is instrumental impurity, a(ii) Fe doped/untreated TiO2 film; plasma 

treatment time 0 seconds, a(iii) Fe doped/treated TiO2; plasma treatment time 60 seconds, b(i) pure TiO2 

film which is similar to a(i), b(ii) Co doped/untreated TiO2 film; plasma treatment time 0 seconds, and b(iii) 

Co doped/treated TiO2 film; plasma treatment time 60 seconds. 

Fig. 4.9(a) shows high resolution XPS spectrum of pure TiO2 film. In this spectrum, the 

doublet ‘Ti2p3/2 (binding energy 458.6eV) and Ti2p1/2 (binding energy 464.4eV)’ arises 

from spin orbit-splitting. These peaks are consistent with Ti
4+

 in TiO2 lattice [230]. Also, 

the shoulder Ti2p1/2 at binding energy 460.2eV is corresponding to Ti
3+ 

[231] in Ti2O3. 

This indicates that both TiO2 and Ti2O3 are formed in the film. After doping with Fe, the 

high resolution XPS spectrum (Fig. 4.9(b)) shows a slight shift in the position along with 

a variation in the original peaks. The peaks in the Fe doped samples are now located at 

binding energies 458.4 (Ti2p3/2), 464.3eV (Ti2p1/2) and 459.0eV (Ti2p1/2), respectively as 

shown in Table 4.2. 
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Table 4.2. XPS data of different chemical states of O, Ti, Fe and Co elements on the 

surface of untreated TiO2, Fe doped/treated TiO2 and Co doped/treated TiO2 where OL 

represents lattice oxygen, Os represents sub oxide and ONL non lettice oxygen/ oxygen 

vacancies. 

 

Sample 

Plasma 

treatment 

time (sec) 

Ti4+(eV) Ti3+(eV) O1s (eV) Total 

Percentage 

of oxygen 

vacancies 

Binding 

energy 

of 

metal 

ions(eV) 

 

Ti2p3/2 

 

Ti2p1/2 

 

Ti2p3/2 

 

Ti2p1/2 

 

OL 

 

OS 

 

ONL 

TiO2 0 458.6 464.4 
 

460.4 529.9 530.3 531.3 35 2p3/2 2p1/2 

 
Ti0.95Fe0.05O2 

0 458.4 464.3 
 

459.0 529.8 
 

531.9 53.9 710.1 724.6 

60 458.5 464.4 
 

459.0 529.7 
 

531.5 61.9 711.3 724.8 

 
Ti0.095Co0.05O2 

0 458.6 464.4 460.4 457.9 530.1 
 

531.1 43.4 781.0 796.9 

60 458.5 464.3 460.6 457.4 530.1 
 

531.8 54.2 781.2 796.6 

 

The shift in the position of these peaks indicates an influence of Fe addition on the 

electronic state of Ti element; probably some of the Ti ions get substituted with Fe ions in 

the lattices. After doping, the area of Ti (III) peak increased by 81% and that of the peak 

Ti
 
(IV) decreased by 19%. The increment in Ti (III) peak indicates that either Ti2O3 is 

formed in large amount or some mixed oxide structure with Fe (having oxidation state Ti 

(III)) is formed after doping. Meanwhile, the decreasing area of Ti
 
(IV) indicates a 

reduction of TiO2 in the sample, and probably formation of Ti-O-Fe structure in the TiO2 

lattice through the substitution of transition metal ions. Observed shift in the peaks also 

indicates interaction between Ti and Fe atoms and an overlapping of their 3d orbital 

[232]. This causes an electronic excitation from Fe to Ti in the optical absorption 

experiment, which indicates a narrowing in the band gap of Fe doped TiO2 film (as 

observed in the optical analysis). 
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Fig.4.9: High resolution XPS spectra of Ti2p and O1s in (a) pure/untreated TiO2 film, (b) Fe 

doped/untreated TiO2 film; plasma treatment time 0 second, (c) Fe doped/treated TiO2 film; plasma 

treatment time 60 seconds, (d) O1s for pure/untreated TiO2 film, (e) O1s for Fe doped/untreated TiO2 film; 

plasma treatment time 0 second, and (f) O1s for Fe doped/treated TiO2 film; plasma treatment time 60 

seconds. 

After doping, the film was treated in air plasma. In the XPS results, only the sample 

which was treated for 60 seconds in plasma is demonstrated. The XPS shows a further 

increase in the peak corresponding to Ti
3+ 

at 459.0eV (Fig. 4.9(c)) and a decrease in the 

peak area of Ti
4+

. The transformation in the stoichiometry was predictable by the 

variation in the peak area of relative peaks. The peak area of Ti
3+ 

increases by 20% and 

that of Ti
4+

 decreases by 12%. The increase in the peak area of Ti
3+ 

indicates that after 

plasma treatment there is removal of oxygen from the lattice, which shows a relative 

increase in Ti
3+

 in the XPS spectrum. On the other hand, decreasing peak area of Ti
4+

 is 

inferred due to the reaction of Ti
4+ 

with electrons coming either from the oxygen 

vacancies or by the plasma [125]. Now, as observed in optical analysis, the band gap of 
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Fe doped films (3.22eV) decreased to 3.00eV (for 60 seconds of treatment time), this is 

correlated with the increasing career/electrons density due to plasma treatment. As we 

know that in the doped samples, the possible reasons of red shift/decreasing band gap is 

the introduction of donor states in the energy gap. In the present case, the band gap 

decreases further with increasing treatment time, while the concentration of the dopant 

was kept constant, which is due to the change in the surface states of the constituents i.e. 

Ti element and oxygen vacancies. 

Next, the O1s spectrum of pure TiO2 thin film is shown in Fig. 4.9(d), which is fitted 

with three peaks. The peaks at binding energies 529.9eV, 530.3eV and 531.3eV are 

attributed to lattice oxygen, Ti2O3 and non-lattice oxygen [233, 234]. Similarly, for the 

doped sample, O1s spectrum of Fe doped TiO2 thin film fitted with two peaks is shown in 

Fig. 4.9(e). In this spectrum, only two peaks at binding energies 529.8eV, and 531.9eV 

are observed which are attributed to lattice oxygen and surface adsorbed OH group, 

whereas the peak 530.3eV corresponding to Ti2O3, disappears. This indicates that in the 

doping process TiO2 is formed along with some mixed oxide. Yet again, the 

transformation in the stoichiometry was predictable by the change in area of relative 

peaks. In case of Fe doped TiO2 film, the area of the peak at 529.7 increases by 64% and 

that of the peak at 531.5eV increases by 54%.  

After plasma treatment, the binding energy of lattice oxygen (O in TiO2) shifts slightly 

from 529.8eV to 529.7eV (Fig. 4.9(f)), whereas its area increases by 35%. Also, the area 

of peak at 531.5eV (non-lattice oxygen/OH) increases by 15% as shown in Table 4.2. 

The increase in the area of non-lattice oxygen indicates the formation of oxygen 

vacancies in the lattice. This result is analogues to the XPS spectrum of Ti2p (Fig. 

4.9(c)).  
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Fig.4.10: High resolution XPS spectra of Fe2p in (a) Fe doped/untreated TiO2 film; plasma treatment time 

0 second, (b) Fe doped/treated TiO2 film; plasma treatment time 60 seconds, (c) and (d) are Gaussian fit of 

(a) and (b). 

Fe doping results in a minor shift in the binding energy, indicating that Fe ions are better 

dispersed in the substitutional sites of TiO2 lattice and produce more mixed oxide 

structure, probably Fe-O-Ti. Fig. 4.10(a) shows high resolution XPS spectrum (for 

Fe2p3/2) of Fe doped TiO2 film. After plasma treatment, the high resolution XPS spectrum 

of Fe2p3/2 is shown in Fig. 4.10(b). These spectra are fitted with Gauss–peak shapes as 

shown in Fig. 4.10(c, d). The deconvoluted XPS spectrum of Fe2p3/2 (Fig. 10(c, d)) 

contains main peaks at 710.1eV and 724.6.1eV corresponding to Fe2p3/2 and Fe2p1/2, 

respectively. The appearance of these peaks supports the presence of Fe in Fe
3+

 ionic 

state [235]. Further, after plasma treatment the shift in the binding energy of Fe2p3/2 from 

710.1eV to 711.3eV also indicates the presence of Fe
3+

 species, irrespective of the 

particular oxide (i.e., Fe2O3, Fe3O4, and FeOOH). Shake up satellite at 716.9eV also 

supports that Fe is presented in Fe
3+

 state (oxide) [235]. These shake-up satellites are 
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associated with Fe3d-O2p hybridization. Thus, XPS analysis confirmed that Fe ions are 

doped into TiO2 matrix in the form of Fe-O-Ti. From the XPS analysis, we confirmed 

that by increasing the plasma treatment time the concentration of Ti
3+

 and oxygen 

vacancies also increases.  

The Co doped samples after plasma treating show adverse effect on the band gap of the 

doped TiO2 film. In this case, band gap increases with the increasing treatment time as 

observed in optical studies. To investigate this divergent behavior, the samples were 

analyzed via XPS; Fig. 4.11 shows high resolution spectra. Here, Fig. 4.11(a) is XPS 

spectrum of pure TiO2, and for Co doped sample is shown in Fig. 4.11(b). As discussed 

above in the case of Fe doped sample, here also the XPS of pure TiO2 is fitted with three 

peaks corresponding to titanium dioxide (Ti
4+

) and titanium sub oxide (Ti
3+

) in Ti2p1/2 

and Ti2p3/2, respectively. These peaks are fitted as Ti
4+

2p1/2 at 464.4eV, Ti
4+

2p3/2 at 

458.6eV
,
 and Ti

3+ 
2p3/2 at 460.2eV as illustrated in Table 4.2. The line separation between 

Ti2p1/2 and Ti2p3/2 is 5.8eV, which is consistent with the standard binding energy of 

TiO2 [230]. In this case the Ti2p spectrum (Fig. 4.11(b)) is fitted with four peaks as 464.4 

for Ti
4+

2p1/2, 458.6eV for Ti
4+

2p3/2, 460.4 for Ti
3+

2p1/2 and 457.9eV for Ti
3+

2p3/2, [236], 

respectively. In comparison to the pure TiO2, the area of Ti
3+ 

peak in Co doped TiO2 

increases by 26%, while that of the peak Ti
4+

 decreases by 7%, indicating a reduction in 

the formation of TiO2, which is similar to the case of Fe doped samples.   

After the plasma treatment (Fig. 4.11(c)), binding energies of the mentioned peaks are 

shifted slightly to the positions such as 464.3eV (Ti
4+

2p1/2), 458.5eV (Ti
4+

2p3/2), 460.6eV 

(Ti
3+

2p3/2) and 457.4eV (Ti
3+

2p1/2), respectively. The change in stoichiometry was 

estimated by the change in peak area of respective peaks.  
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Fig.4.11: High resolution XPS spectra of Ti2p and O1s in (a) pure/untreated TiO2 film, (b) Co 

doped/untreated TiO2 film; plasma treatment time 0 second, (c) Co doped/treated TiO2 film; plasma 

treatment time 60 seconds, (d) O1s for pure/untreated TiO2 film, (e) O1s for Co doped/untreated TiO2 film; 

plasma treatment time 0 second, and (f) O1s for Co doped/treated TiO2 film; plasma treatment time 60 

seconds. 

After plasma treatment, we observed that the peak area of Ti
3+

 increases by 30%, 

whereas, peak area of Ti
4+

 decreases by 12%. Further, this is predictable due to the 

reaction of Ti
4+ 

with the electrons coming either from the oxygen vacancies or by plasma. 

Further, the high resolution O1s XPS spectrum obtained for Co doped sample is shown in 

Fig. 4.11(d-f). The spectrum is shaped with three peaks i.e. 529.9eV, 530.3eV and 

531.6eV that correspond to lattice oxygen of TiO2, oxygen in Ti2O3 and non-lattice 

oxygen, respectively.  

The change in stoichiometry was estimated by change in the peak area of relative peaks. 

With the doping of Co, the lattice oxygen (corresponding to TiO2) peak at 529.9 shifts to 
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the position 530.3eV, and the area of the peaks at 530.3eV and 531.6eV increases by 

51% and 24%, respectively. The original peak at 530.3eV (Fig. 4.11(d)) corresponding to 

Ti2O3 disappears after doping (Fig. 4.11(e)), which is due to the formation of mixed 

oxide structure. Further, with the increasing treatment time, the areas of the peaks at 

530.3eV and 531.6eV ((Fig. 4.11(f)) increases by 24% and 25%, respectively. 

Next, Fig. 4.12(a) corresponds to high-resolution XPS spectra of Co2p region of Co 

doped TiO2 thin films and Fig. 4.12(b) shows high-resolution XPS spectra with plasma 

treatment. Fig. 4.12(c, d) represent deconvoluted XPS spectra of doped TiO2 and plasma 

treated TiO2 thin films, respectively. The core level binding energies of peaks Co2p1/2 and 

Co2p3/2 are 796.9eV and 781.0eV, respectively. The satellite peaks at 787eV and 802eV 

reveal high spin Co(II) state with complex transitions [237]. These results are an 

indication that Co does not precipitate as metallic Co on the film surface. After plasma 

treatment, the satellites peaks shift slightly to the 785.3eV and 802.3eV. Also, the binding 

energies of Co2p1/2 and Co2p3/2 are shifted to 796.6eV and 781.2eV, respectively. These 

latter spectra are typical of compounds containing high-spin Co
2+

 ions [238,239], 

reveling the presence of CoO (Co
2+

), CoTiO3 (Co
2+

), Co2O3 (Co
3+

) or mixed valence 

Co3O4 (Co
2+

 and Co
3+

) in the surface. The presence of strong satellites indicates that Co 

atoms in the doped TiO2 film are in 2+ oxidation state, referring the possible formation of 

CoO or CoTiO3 inside the film.  
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Fig.4.12: High resolution XPS spectra of Co2p in (a) Co doped/untreated TiO2 film; plasma treatment time 

0 second, (b) Co doped/treated TiO2 film; plasma treatment time 60 seconds, (c) and (d) are Gaussian fit of 

(a) and (b). 

Now we discuss the probable reason of band gap narrowing in TiO2 film with Fe doping, 

and widening in the case of Co doping after plasma treatment. As reported, the iron 

dopant acts as an acceptor impurity in TiO2 lattice [240]. Thus, when the TiO2 film is 

doped with Fe, the acceptor levels of Fe along with oxygen vacancies are created in the 

band gap of TiO2 [241]. In our case, as discussed above Ti
3+

 is also formed which also 

creates energy level in the band gap, contributing to the reduction of band gap. The 

energy level position of Ti
3+

 lies just below the conduction band since Ti
3+

 acts as a 

donor level in the band gap [212]. Next, when this Fe doped TiO2 film was treated in air 

plasma, the Ti
3+

 levels and oxygen vacancies increases further with the treatment time, 

whereas no change in the dopant levels occurs as the dopant concentration was kept 

constant.  
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The increase in Ti
3+

 levels and oxygen vacancies would further reduce the band gap of Fe 

doped TiO2 film. In case of Co doping, there is formation of Co acceptor levels along 

with Ti
3+

 and oxygen vacancies levels in the band gap that reduces the band gap of Co 

doped TiO2 film. But in this case when the film was treated with plasma we observed 

continuous widening in the band gap with treatment time. The observed increase in the 

band gap can be explained by Burstein-Moss effect. The probable reason for Burstein-

Moss shift in this case is that with the treatment time the Ti
3+

 levels and oxygen 

vacancies increases more as compared to Fe doped case. By plasma treatment for 60 

seconds the Ti
3+

 increases by 20%, oxygen vacancies increase by 15% in case of Fe 

doped TiO2, whereas Co doped TiO2 Ti
3+

 increases 30%, oxygen vacancies increase 

25%. These created levels donate more electrons and thus shift the fermi level to the 

conduction band, which increases the band gap of Co doped TiO2 film. However, the 

precise reason of the observed divergent behavior of Co doped TiO2 films than Fe doped 

TiO2 films is not clear but the most suitable reason looks the on-site coulomb 

interaction/repulsion [242] in case of Co doped TiO2 films. When Co
2+

 ion substitutes 

Ti
4+

 ions, the balance of charge is compensated by oxygen vacancies located near Co ion 

[243]. The production of oxygen vacancies is equivalent to the addition of two electrons 

per Co ion [244]. In case of Co doping the number of oxygen vacancies produced with 

the plasma treatment is more than that of Fe doped case; that may be the reason of on-site 

Coulomb interaction requiring large Coulomb energy to add electrons to the Co ion in the 

optical transition that results to the blue shift in the absorption spectra. The proposed 

mechanism for both the Fe and Co doped TiO2 is illustrated in Fig. 4.13.  
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Fig.4.13: Schematic diagram of the energy levels of (a) pure/untreated TiO2 films, (b) Fe doped/untreated 

TiO2 film, (c) Fe doped/treated TiO2; for 60 seconds of treatment time, (d) Co doped/untreated TiO2 film, 

(e) Co doped/treated TiO2 film; for 10, 30 and 60 seconds of treatment time, indicating Burstein Moss 

effect.  (Ov represents oxygen vacancies) 

 

4.5. Summary 

We observed that the treatment by air plasma leads to significant change in the 

optical properties of TiO2 thin films. Unlike the other treatment methods, this approach 

possesses transparency of TiO2 thin film and alters optical properties. The charge 

separation centers i.e. oxygen vacancies and Ti
3+

 is created with the doping of metallic Fe 

and Co elements; however, they are significantly enhanced by the air plasma treatment. 

In Fe doped TiO2 thin film, the formation of oxygen vacancies and Ti
3+ 

causes enhance 

absorbance and red shift due to the formation of energy levels in the band gap, whereas in 

Co doped TiO2 the Burstein-Moss shift is effective to make blue shift in the absorption 

spectra. Conclusively, we can say that the joint approaches i.e. low level/moderate doping 

and safe and low-cost air plasma treatment resulted in enhanced optical properties of 

transparent TiO2 thin films, making them efficient candidate for transparent electrode 

applications. 
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In this chapter, we briefly discuss the formation of undoped and doped TiO2 films for 

photocatalytic activity. In the introduction, we describe different approaches applied for 

photocatalytic viability of TiO2 nanostructures and related drawback associated with TiO2 in the 

photocatalytic performance. In the next section, we discuss the formation of doped TiO2 films 

and their implementation for photocatalytic performance in sun light irradiation. Finally, in the 

last section the chapter ends with the summary. 

5.1. Introduction 

 TiO2 is of great importance because of its lifetime, chemical inertness and the fact that it is 

simply synthesised and fabricated by simple chemical processes [245]. Nonetheless, films of 

TiO2 have been widely studied due to their physical possibilities and multifunctional applications. 

Aforementioned properties make TiO2 a significant material in numerous applications, including 

water splitting, pigments, photocatalytic degradation of organic contaminants, dye sensitized 

solar cells, self-cleaning, and perovskite solar cell [246-251] etc. Current advancement in 

research on TiO2 photocatalyst has considerably raised the practical significance of 

photocatalysis, because of its strong oxidation as well as moderate reduction potential. 

Photocatalytic ability of pure TiO2 is very low by cause of the limited UV region of the arriving 

solar energy under solar irradiation [252]. Generally, under the illumination of light electron/hole 

pairs are formed, which are responsible for the photocatalytic activity. These electron/hole pairs 

originate several chemical reactions by introducing radical species on TiO2 surface [253]. Due to 

enhanced fast recombination rate of generated electron/hole pairs along with its wide band gap 

(Eg = 3.2 eV), TiO2 shows limited response in the visible light, and thus a low quantum 

efficiency [254]. Therefore, to enhance the photocatalytic activity of TiO2, it is crucial to reduce 

the rate of electron/hole recombination, reduction in the band gap, which would improve its 

sensitivity in the visible range [255-258]. To address the above-mentioned obstacle, doping is 

one of the important ways to enhance its optical and electronic properties. Doping with 

nonmetals, metals or coupling with semiconductors, etc. have been reported in many studies 

[259]. Among all these, metal doping in TiO2, is most effective that not only to enhance the 

optical response from UV to visible range, but also reduced the electron/hole pair recombination 

during photocatalytic activity [260-262]. It is also found that doping with transition metals 
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formed new intra-bands inside the TiO2 matrix, which reduced their band gap and consequently 

promote the optical response of TiO2 in UV and visible range [263, 264]. However, in TiO2 the 

existence of oxygen vacancy is extensively studied which normally widen the absorption edge of 

TiO2 towards visible region [265]. It has been reported that when dopant act as acceptor in TiO2, 

generates oxygen vacancies for the charge compensation.  

Khan et al. [266] has reported the consequence of defects on the optical, electronic and structural 

properties of anatase TiO2. They found that Cr 3d states reduced the recombination rate of 

electron/hole pair which improve the visible light absorption and separate the photoexcieted 

carriers resulting in the increased photocatalytic activity. Formation of oxygen vacancy makes it 

complicated to elucidate the actual reason for the enhanced photocatalytic activity, as the 

increase in the photo activity can be ascribed to the formation of oxygen vacancies or to the 

elemental doping. Khan et al. [267] studied the importance of oxygen vacancies, creation of 

hydroxyl radicals, Ti
3+

 centers and Fe
3+ 

impurity energy levels in doped catalysts visible light 

response, and concluded that the Fe
3+

-TiO2 decreases the electron/hole pairs and improved 

photocatalytic activity.  

In this chapter, we have synthesized undoped; Fe and Co doped TiO2 thin films simply by dip 

coating method. The films after formation were annealed at 500
o
C for 2 hours. Both the dopant 

metal and plasma generated oxygen vacancies affect the band gap of TiO2 films, and thus their 

photocatalytic activity. Structural properties of as synthesized samples show that the dopants in TiO2 

exhibit no tendency and/or precipitate in different phase during the synthesis process. Similarly, the 

UV-Visible spectra show decrease in the band gap of Fe and Co doped TiO2 films. XPS analysis 

reveals the presence of Ti, O, Fe and Co in the synthesized samples. 

5.2. Experimental section 

Similar to the pure/undoped TiO2 thin films, thin film of Ti1-xFexO2 and Ti1-xCoxO2 (where 

x=0 and 0.05) were also prepared using dip-coating method. In this case, the precursor solutions 

of titanium (IV) isopropoxide (TTIP, 98%, Aldrich) with ferric nitrate, and cobalt nitrate were 

formed separately to fabricate Fe and Co doped TiO2 thin films. Again, triethanolamine 

(C6H15NO3) was used as a stabilizing agent to prevent the precipitation of titanium precursor. 

Following the similar procedure as that of undoped TiO2 films, triethanolamine (C6H15NO3) was 
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dissolved in ethanol (C2H5OH) to form a colorless solution, and then C12H28O4Ti was added 

dropwise with continuously stirring to form a clear pale-yellow sol. Afterwards, a mixture of 

ethanol and deionized water (9:1) was added to the prepared sol to avoid rapid precipitation of 

TiO2. Fig. 5.1 illustrate the synthesis of Fe doped TiO2 thin films. The final solutions were stirred 

further for next 2 hours and allowed to age over night before coating on glass slides. Same 

procedure was followed for the preparation of Co doped TiO2 thin films were. Glass substrates 

were cleaned ultrasonically with sequentially deionized water, detergent, C3H6O and then 

C2H5OH. After coating the films were dried in air and annealed at 400°C for 2 hours in an oven. 

5.2.1. Photocatalytic activity experiment 

Methylene blue (MB) (C16H18ClN3S), an extensively used dye, was working as a 

representative dye pollutant to check the photocatalytic activity of TiO2 films. The undoped and 

doped (Fe and Co) TiO2 films were investigated for their photocatalytic performance in the sun 

light. In the experiments about 0.40 g of TiO2 powder was coated on glass slides to make thick 

films of the material. The coated slide of TiO2 (undoped and doped) was dipped in a MB solution 

of 6.50 × 10
−5

 M and irradiated for varying time intervals. Investigation of photocatalytic 

degradation of MB dye in the sun light was done by analyzing the change in optical absorption 

of the prepared samples. The absorbance of the peak at 650nm is used to evaluate the absorption 

of MB solution. 

5.2.3. Sample characterization 

The samples were characterized for morphology by using field emission electron 

microscope (FE-SEM), structural properties using X-ray diffractometer (XRD), and optical 

properties by using UV-Vis spectrophotometer and surface properties by using X-ray 

photoelectron spectroscopy (XPS). 
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Fig.5.1: Schematic diagram of the preparation of undoped, Fe and Co doped TiO2 films (left) and cleaning of the 

glass substrate (right). 

 

5.3. Results and discussion 

5.3.1. XRD analysis 

To check the structural properties of thicker films, XRD analysis was performed on the as-

deposited TiO2, Fe and Co doped TiO2 films were illustrated in Fig. 5.2(a, b, c). These spectra 

were corresponding to amorphous phase of TiO2, indicating no considerable peak present in the 

synthesized samples. The prepared TiO2 films were annealed at 500°C. A diffraction peak of 

anatase and rutile phase of TiO2 formed after heating at 500°C in some cases [268]. Fig. 5.2(b, c) 

clearly indicate that, no characteristics peaks for Fe and Co were detected. The reason may be; (i) 

Fe
3+

are well implanted into TiO2, (ii) Fe content cannot be found because it is under 

diffractometer detection limits, or (iii) the formed Fe can have an amorphous state [269, 220]. 
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Similarly, Co ions in the respective samples get embedded into the structure of TiO2 by replacing 

some of Ti ions, and locate at interstitial sites [220]. 

 

Fig.5.2: XRD pattern of (a) pure TiO2, (b) Fe doped TiO2 and (c) Co doped TiO2 films. 

5.3.2. Morphological analysis 

Fig. 5.3 shows the SEM micrograph of TiO2, Fe and Co doped TiO2 film. The films appear to be 

dense and flat. To check elemental composition, the synthesized samples were characterized by 

EDX. The EDX analysis confirmed that Fe and Co was distributed throughout the film with 

slight variations. In the EDX of Fe doped TiO2 films, the atomic percentage of Fe, Ti and O were 

found as, 2.37%, 9.77% and 87.86%, respectively, which closely approximate to the percentage 

of elements in Ti0.96Fe0.04O2. Similarly, in case of Co doped TiO2, the obtained atomic 

percentage of Co, Ti and O in EDX was 2.75%, 10.17% and 87.08% respectively, which 

corresponds to the formation of Ti0.96Co0.04O2 films. 
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Fig.5.3: SEM micrograph of pure TiO2, Fe doped TiO2 and Co doped TiO2 thin films. 

5.3.4. XPS analysis of pure and doped TiO2 films 

XPS analysis was performed to confirm the elemental and chemical states of as synthesized 

samples. The corresponding XPS survey scans are shown in Fig. 5.4 (a, b). The binding energies 

found in the XPS spectra are calibrated using C 1s (284.8 eV). The peaks for carbon impurities 

may arise from the chamber contamination in the XPS equipment itself. All peaks in the Fig. 5(a, 

b) were attributed to Ti, O, C, Fe and Co.  

 
Fig.5.4: XPS survey spectra of (a) Fe doped TiO2 and (b) Co doped TiO2 film. 
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5.4. Photocatalytic performance of undoped and doped TiO2 films  

Variation of absorption spectra of MB solution after different time interval of sunlight 

irradiation in the presence of pure, Fe and Co doped TiO2 films are shown in Fig. 5.5. From the 

Fig. 5.5(a), it was observed that pure TiO2 film does not show any change in the absorbance with 

the sun light irradiation time. The solution samples were collected for time 0, 1 and 2 hours. The 

small decrease in the absorbance (Fig. 5.5 (a)) can be observed for 2 hours of irradiation time. In 

the case of Fe doped TiO2 (Fig. 5.5(b)), the change in the absorption spectra with irradiation time 

is such as that in the first 1 hours of irradiation, the absorption peak intensity (at 650nm) 

decreases from 0.15 to 0.097. In the next hour, there is no change in the peak intensity indicating 

that the Fe doped TiO2 degrades MB dye to a certain extent within first 1 hour of irradiation, and 

thereafter there is no degradation in the MB. This result is correlated with the observed change in 

the band gap of TiO2 when doped with Fe (3.22 to 3.00eV) as discussed in the chapter IV. As we 

found, that the presence of Fe by doping and oxygen vacancies by plasma treatment affects the 

band gap of the films. Now, also in the case of Co doping (Fig. 5.5(c)), there is variation in the 

absorption peak value with the irradiation time. In this case, the absorption intensity decreases 

from 0.15 to 0.12. The values are higher than those in the case of Fe doping. In both cases (Fe 

and Co doped TiO2) the observed change in the absorption peak is because of the creation of 

oxygen vacancies on the surface of thin films, which in general effects the band gap and thus the 

absorbance of the films. However, in Co doped films, the degradation of MB dye cannot be 

explained on the bases of band gap, because in this case the band gap increased (3.36 to 3.62eV) 

with the treatment time as shown in chapter IV, which should affect adversely the degradation of 

dye. Therefore, in this case it is only the oxygen vacancies, which produces trap centers to avoid 

the recombination of photo-generated charge careers, and thus the enhanced photocatalytic 

activity. 

 



Chapter-5                                    Photocatalytic Activity of ……………….. 

 
 

100 
 

 

Fig.5.5: Sunlight degradation of Methylene Blue (a) undoped TiO2, (b) Fe doped TiO2 and (c) Co doped TiO2 films. 

Fig. 5.6 shows the variation of relative concentration 0CC  of MB dye with sunlight irradiation 

time. Here, the initial concentration of MB dye is represented by C0 and final concentration after 

the equilibrium is C. In this image, for the undoped TiO2 films, there is negligible degradation of 

MB dye; whereas, in case of Co doped TiO2 there is 30% degradation and for Fe dopant it 

increases to 50%. The photocatalytic efficiency was calculated using the formal η 

= 100)/1( 0CC . 
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Fig.5.6: Photocatalytic activity of undoped, Fe and Co doped TiO2 films under sunlight irradiation. 

Photocatalytic mechanism 

Here, a brief explanation of the photocatalytic mechanism of undoped and doped TiO2 

films is presented. Initially, the solution was kept in dark for 30 minutes, the adsorption-

desorption of MB on the surface of TiO2 films takes place. This solution was then irradiated in 

the sun light which should create electron/hole pairs in TiO2 matrix. In photocatalysis, the 

absorption of a photon excites an electron to the conduction band (CB) generating a hole in 

valence band (VB) (Eq. 5.1). Thus, generated electron/hole pairs can be trapped as O-defect sites 

and Ti
3+

 in the TiO2 or they can recombine, dissipating energy [270]. Alternatively, the 

electron/hole can shift to the catalyst surface and start redox reactions with adsorbates [271]. The 

produced holes react with electron rich surface hydroxyl groups; the water molecule in the 

solution, and form 
∙
OH

 
in the solution (Eq. 5.2&5.3), which are extremely powerful oxidants. 

Electrons when react with the dissolved oxygen molecules in the solution, reduced to form 

superoxide radical anions O2
∙ − 

(Eq. 5.4). The hydroxyl radicals can consequently oxidize organic 

species, yielding H2O and CO2 (Eq. 5.8) [272]. Thus, produced radicals (
∙
OH

 
and O2

∙ −
) 

participate in the degradation of the pollutant MB dye [273].   
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The observed no change in the absorbance peak of pure TiO2 film is analogous to the reported 

showing its wide band gap then to absorb the visible light. In the absorption spectra, small 

degradation is due to the 3 to 5 % UV portion of the sun light. In another two cases of Fe and Co 

doped films, there is an absorbance of degradation of the MB dye. However, the degradation in 

both the cases cannot be explained on the similar bases i.e. band gap reduction, since as studied 

form the UV-Vis analysis the reduction in the band gap occurs only in the case of Fe doped TiO2 

films; whereas, in another case Co doped TiO2, UV-Vis results show increased band gap (as 

discussed in the chapter IV). To explain the photocatalytic activity in these two different cases, 

oxygen vacancies play an important role [274]. These oxygen vacancies introduced mid-energy 

levels in the band gap which by trapping the photo-generated charge carriers reduces their 

recombination (as explained in chapter IV), and hence increases the photocatalytic performance. 

Therefore, the Fe doped TiO2 degrades MB dye due to the reduction of its band gap by Fe 

doping and the oxygen vacancies by plasma, while Co doped TiO2 works as the photocatalytic 

due to the creation of oxygen vacancies after plasma treatment.  

The generation of electron/holes pair under UV and visible light can be explained from the 

following equation [275, 276]: 

TiO2 + hν  → h
+
 + e

−   
    (5.1) 

h
+
 + H2O  → 

∙
OH + H

+
      (5.2) 

h
+
 + OH

−  
→ 

∙
OH       (5.3) 

e
−
 + O2   → O2

∙ −       
(5.4) 

O2
∙ −

 + H2O  → HO2
∙
 + 

∙
OH      (5.5) 

HO2
∙
 + H2O  → H2O2 + 

∙
OH      (5.6) 

H2O2   → 2
∙
OH       (5.7) 

MB + 
∙
OH

 
CO2 + H2O                     

MB + O2
∙ − 

+ Degraded products                                        (5.8) 

 

Fig. 5.7 represents the proposed mechanism for generation of photo induced electrons/holes 

which were responsible for the degradation of MB molecules. 
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Fig.5.7: Representation of degradation mechanism by undoped, Fe doped and Co doped TiO2 films in the sunlight. 

It is inferred that plasma induced oxygen vacancies participate in the new photoexcitation 

reactions. Electron may be excited from the VB to the oxygen vacancy which results in excellent 

visible light absorption and high quantum efficiency. For the separation of photo induced charges, 

oxygen vacancies seem to be highly valuable. The increase in oxygen vacancy may also enhance 

the surface OH group; advantageous for photocatalytic reactions. Thus, the oxygen vacancies 

reduce the recombination of electron/hole pairs either by trapping the VB electron or promoting 

the trap electron to the CB [267]. 

From the absorption spectra of Fe doped sample there was 50% degradation of MB dye, while in 

the case of Co doped sample it was about 30%. The difference in the degradation capabilities 

may be elucidated to the difference in their degradation parameters (band gap and vacancies in 

Fe doped samples, and only oxygen vacancies in Co doped sample). In Fe doping, the formation 

of Ti
3+

, oxygen vacancies as well as Fe
3+

, and Fe
2+

 states improve photocatalytic activity by 

trapping charge carries.  
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5.5. Summary 

In summary, we demonstrate photocatalytic activity of dip coated undoped, Fe and Co 

doped TiO2 films after plasma treatment. The Fe doped TiO2 films show 50% degradation of MB 

dye due to the decrease in the band gap of TiO2 and creation of oxygen vacancies, and Fe
3+

, and 

Fe
2+

 states. In case of Co doped TiO2 films, the absorption edge shifted toward lower wavelength 

results in the widening of the band gap. In this case, observed 30% degradation of methylene 

blue is due to the creation of oxygen vacancies only. As a conclusion, the generation of oxygen 

vacancies by air plasma can enlarge the photocatalytic activity of doped TiO2 films. This 

approach may be used for a wide range of applications, such as photo electrochemical cells, 

antibacterial coating, self-cleaning materials, water splitting, etc. 
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Summary 

We have found that air plasma treated TiO2 thin films have shown good 

superhydrophilicity, excellent antifogging properties, enhanced optical and photocatalytic 

properties due to the change in surface states of undoped as well as doped TiO2 thin films. The 

observed properties can be suitable for many technological applications such as; photocatalysis, 

anti-fogging, dye sensitized solar cells, gas sensing, surface cleaning, heat reflectors, LEDs, thin 

film photo-anode to develop new photovoltaic, transparent electrodes, photo-electrochemical 

cells, and water splitting etc. 

As the summary of the thesis, a low temperature and economical method i.e. sol-gel method has 

been adopted to prepare TiO2 sol. After the formation of TiO2 sol, thin films of TiO2 were 

prepared on the glass substrate by dip coating method. In order to tune properties of these films, 

the films were treated in air plasma with different plasma treatment time: 0, 5, 10, 15, 30, 60, 120 

and 180 seconds. The plasma was generated using air inside a vacuum coating unit (Model 

12A4D). For the plasma formation a vacuum of 0.3 mbar was created using rotary pump in the 

machine. The applied voltage was kept 30 V and the power was 24.6 Watt. After exposure in air 

plasma, the samples were analyzed for their wetting behavior, optical properties, antifogging 

properties, surface morphology and structural properties. Both the untreated and plasma treated 

thin films were characterized by using contact angle measurement, XPS, AFM, XRD, XPS and 

UV-Visible Spectroscopy. 

To recognize the consequence of plasma treatment on the wetting properties of thus formed films, 

they were analyzed using sessile drop method. The decrease in the contact angle of test liquids 

(H2O and C2H6O2) with the increasing plasma exposure time, revealed an increase in the surface 

energy of the films. 

 These films when examined for their hydrophilic properties showed super hydrophilicity. In the 

analysis, we found that dangling bonds, commonly; Ti
3+

, O3
-
, O

-
, OH species, O vacancies and 

nanometer scale surface roughness created by the plasma are the responsible factors for 

superhydrophilicity. The presence of dangling bonds facilitates OH
-
, H

+
 ions and other ionic 

species to be chemisorbed/adsorbed on the surface of TiO2 film. While investigating through 

XPS, the presence of dangling bonds due to the enhancement of oxygen vacancies and Ti
3+

 states 

via plasma treatment was confirmed. The increase in Ti
3+

 state indicated formation of Ti2O3 by 

the reduction of Ti
4+ 

state, and decrease in Ti
4+

 state due to the reaction of Ti
4+ 

with electrons 
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from the plasma or by formation of oxygen vacancies resulted from plasma treatment. In the 

investigations for surface morphology by AFM reveal that increasing plasma treatment time also 

enhances surface roughness, which is due to the formation of nano/micro-dents on the treated 

film as well as the formation of aggregated nanoparticles. In the process of plasma treatment, 

small nanoparticles in the intimate contact aggregate results in the formation of slightly bigger 

nanoparticles, causing the surface roughness. However, the surface roughness occurs only a few 

molecular layers (approximately 10nm) of TiO2 film surface. As observed form the AFM results, 

the bombardment of plasma particles leads to the formation of micro and nano-dents as well. 

Thus, formed TiO2 thin films have shown superior superhydrophilic nature under the antifogging 

experiments by exposing the film to hot water vapor. In the experiment, plasma exposed 

superhydrophilic TiO2 thin film remained clear for several minutes due to the formation of a 

continuous water film on the surface, whereas a simple glass substrate gets fogged. 

In another set of experiments doped TiO2 films were prepared using the above-mentioned 

technique. For structural characterization of these films done by XRD indicated amorphous 

nature of the films. Form the XRD analysis it is concluded that the dopants Fe and Co get 

incorporated in the TiO2 structure by replacing Ti ions, and locate at the interstitials site in the 

lattice. XRD indicated that plasma treatment does not create any change in the crystal structure 

of Fe and Co doped TiO2 thin films.  

While investigating the optical properties, the doped films after plasma exposure showed 

enhanced optical properties. We found that the plasma exposure enhances optical absorbance and 

absorption region, while keeps the films transparent. Also, we found that a moderate doping of 

Fe and Co avoids the formation of charge recombination centers, and when exposed to air 

plasma there is a formation of Ti
3+ 

and oxygen vacancies in the band gap of TiO2 films resulting 

in the variation of optical properties. However, the observed increase in the optical absorption 

region/red shift (3.22 to 3.00eV) in Fe doped TiO2 films indicated reduction in the band gap; 

whereas, on the contrarily, Co doped TiO2 films exhibited blue shift (3.36 to 3.62eV) and thus a 

broadening in the band gap due to Burstein Moss shift. The broadening in band gap in the case of 

Co doped thin films is the formation of relatively larger number of Ti
3+

 levels and oxygen 

vacancies increases as compared to Fe doped samples. These created levels donate more 

electrons and thus shift the fermi level into the conduction band, which increases the band gap of 
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Co doped TiO2 film. The formed oxygen vacancies by air plasma treatment also lead to the 

photocatalytic activity of Fe and Co doped thin films. 

Future Scope 

 The present study has been carried out for TiO2 thin film fabricated by sol-gel dip coating 

method. The work can be further extended using TiO2 films deposited by RF sputtering 

and electron beam evaporation. 

  Additional study on the TiO2 films such as annealing in H2 or D2 gas at high temperature 

can further alter the surface states and thus the film properties. 

 By the study of doping materials into TiO2 films their electron mobility could be 

enhanced to make them a suitable candidate as a photo-anode in the solar cells 

applications.  

 Similar studies can be done for other metal oxide semiconductor thin films. 
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