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Abstract

The thesis entitled “Studies on photophysical properties of pristine and nanocomposite
thin films based on sol-gel TiO2” deals with two photophysical properties namely
photoluminescence and photodetection properties of TiOz-based nanocrystalline thin films.
TiO2 being a wide band-gap (~ 3.0-3.2 eV) material is getting remarkable attention in various
fields of applications due to its several unique properties like great thermodynamic stability,
non-toxicity, low corrosion, and low cost. As TiO; has a very defect rich chemistry, the intrinsic
and extrinsic defects present in TiO2 cause appreciable change in the photoluminescence and
photodetection properties. Therefore, engineering the surface defect states is very crucial to get
significant modification of the mentioned properties. Here in this thesis work, easy and low-
cost sol-gel technique has been used to prepare TiO2 films followed by various post-growth
treatments such as thermal annealing, vacuum annealing, UV curing to tune the surface defects
and their concentration. Due to large band-gap, TiO: in general is ultraviolet (UV) light active
and visible light blind. Among the various strategies adopted to get visible active TiOo,
incorporation of noble metals (Au, Ag, Pd, Pt) in TiO: is very beneficial and convenient way
as these noble metal nanoparticles exhibit a unique property. The interaction of visible light
with these noble metal nanoparticles results in the collective oscillation of free electrons in
nanoparticle lattice in resonance with the electromagnetic field of light called surface plasmon
resonance (SPR). Therefore, plasmonic Ag-TiO2 nanocomposite film is synthesized to get
visible photoactivity in this work. To study the defect states in TiO- like other semiconducting
materials, doping is one of the well-known processing steps though the impurity incorporation
into TiO- films has already achieved successfully using doping during growth or by diffusion,
a controllable doping is still difficult. In such cases, post-growth doping via ion implantation
can be an effective way where also the accumulation of doping impurities on the surface of the
TiO: due to excess surface energy can be avoided. Therefore, in this work, Li doped TiOz is
synthesized to study the defects and their effect on the above said photophysical properties.
With the above-mentioned motivation, the work embodied in this thesis has focused mainly on
two aspects:

(i) Studies on photophysical properties of pristine sol-gel grown TiO2 nanocrystalline thin films
via various post-growth treatments

(if) Studies on the photophysical properties of TiO2-based nanocomposite films and the
evolution of defects in doped TiO- films via ion implantation

The entire thesis consists of total eight chapters. The chapter wise contents are given below:

The chapter 1 provides a concise general introduction of TiO. material and its
advantages over other wide band-gap semiconductors followed by the motivation and
organization of the thesis.

A brief status review on the published works dealing with enhanced photophysical
properties of TiO., TiO2-based nanocomposite, and doped TiO. has been presented in the
chapter 2.

[i]



Chapter 3 consists of two sections; (i) Detailed descriptions of the deposition methods,
and (ii) various types of characterization techniques particularly those used for this thesis work
have been discussed in this chapter.

The influence of various post-growth annealing processes on the defects of sol-gel
grown TiOz thin films has been investigated in the chapter 4. It has been observed that
annealing in air followed by a rapid cooling process offers an efficient method to achieve a
stronger UV emission and reduced visible emissions giving the highest UV to visible emission
ratio value. The correlation between various types of surface defects formed due to different
post-growth treatments with the visible emissions occurred in the films has been analysed
thoroughly in this chapter.

In the chapter 5, highly efficient UV photodetection property of nanocrystal assembled
TiO> films via defects tuning has been discussed. An extremely high UV-to-visible rejection
ratio of 1.7x10° and photo-to-dark current ratio of 1.2x10* under 10 V bias and 10 pW incident
light power in a simple lateral photoconductive geometry have been observed for UV cured
TiO; film. This study also explains the influence of intrinsic defects like Ti**, oxygen vacancy
(Vo) as well as surface adsorbed Oz, OH species on the UV photodetection properties of TiO».
A photo-to-dark-current ratio of ~10* under as low as 1 V bias condition and 10 uW incident
UV light reveal that simple sol-gel processed films followed by a post-growth UV curing can
be promising candidate for efficient UV photodetector without any device fabrication.

UV to visible broad band photodetection property of plasmon assisted Ag-TiO>
nanocomposite film has been presented in the chapter 6. In this study, various thicknesses of
Ag nanoparticles on the sol-gel grown TiO> has been deposited and their photoresponse under
various wavelengths of incident light has been rigorously discussed. For 1 nm thick Ag layer
on TiO., unprecedently high photo-to-dark current ratio of 107, 10° and 10* under 350 nm, 680
nm and 550 nm light illuminations have been observed. It has been concluded that the
plasmonic hot carriers play a crucial role in the highly enhanced visible photodetection property
of Ag-TiO2 nanocomposite film which depends on the Ag nanoparticle size.

In chapter 7, both photoluminescence and photodetection properties of Li doped TiO:
films prepared via post-growth ion implantation method has been illustrated. It has been
observed that creation of more acceptor levels defects upon Li ion fluence of 1x10%* causes
violet emission. Then with increasing the fluence, probably due to creation of nonradiative
recombination pathways, the violet emission has been disappeared. The enhanced visible
emission has been noticed for higher fluence sample indicating formation of more defects like
Vo and Ti®" related states.

A list of up-to-date references relevant to the topics of the chapter has been included at
the end of each chapter.

Finally, in the chapter 8, a summary of the important results stemming out from this
thesis work has been listed followed by a future scope of the work.

[ii]
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CHAPTER-1

Introduction and motivation






Chapter-1

1.1  Background of the work

Over past two decades, TiO; [titanium (iv) oxide or titania] is getting remarkable
attention in the field of various optoelectronic, photochemical, and photophysical applications
due to its extraordinary properties like wide band-gap, great thermodynamic stability, low
corrosion, non-toxicity, and low cost [1-5]. Among the above-mentioned application fields,
photophysical applications are very demanding in current research areas [6-10]. Among the
various photophysical phenomena, photoluminescence and photodetection are two main kinds

where prospects of TiO2-based materials need extensive investigation.

Photoluminescence (PL) spectroscopy, is the spontaneous emission of light from a
material following optical excitation. It is a non-contact, non-destructive method to probe the
electronic structure of materials. The materials exhibiting PL properties are significant for
practical applications such as solid-state lighting (SSL), light emitting diodes (LEDs), display
devices, sensing, and biomedical applications [11-17]. TiO2 being a wide band-gap material
having good electron mobility and high light absorption coefficient is a very promising
candidate for luminescence [18-22]. It has band-gap of 3.0-3.4 eV that permits activation by
the ultraviolet (UV) light and then electron-hole (exciton) pairs are produced. The electrons
can quickly relax to the bottom of the conduction band (CB), where its mobility can carry it to
a defect site or elsewhere. As TiO- has high defect rich chemistry, PL study can also be a great
tool to probe its defect states [23, 24]. The presence of defects or impurities disturbs the local
band structure of TiO2 by interrupting the periodicity of the lattice. Hence a local charge
irregularity is generated due the presence of the defects that act as traps for the photogenerated
charge carriers i.e., electrons and holes. At low temperature the interactions between
photoexcited charge carriers and lattice phonons are significantly reduced, and as a result,
charge carriers become trapped at defect sites, where they recombine following an emission of
defect states related PL [25-27].

Photodetection is another main photophysical property which has extensive usage in
optical communication systems, optical interconnections, biomedical imaging, and many more
[28-32]. A photodetector is a device that converts the incident photon energy into an electrical
signal where the active component of it is usually made up of semiconducting materials [33].
The working principle of a photodetector is, when a photon of ample energy strikes the
detector, it makes a pair of an electron-hole. This mechanism is also known as the internal

photoelectric effect [34]. If the absorption arises in the depletion region junction, then the
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carriers are removed from the junction by the inbuilt electric field of the depletion region.
Therefore, holes in the region move toward the anode, and the electrons move toward the
cathode, hence a photocurrent is generated [35]. Based on the spectral detection limit, the
detectors can be divided into UV, visible, and near infrared (NIR) photodetectors. For a broad
spectral detection, it is called as broad-band photodetector. In our modern daily life, usage of
UV radiation has now become an important part because of its widespread applications such
as water and air purification, therapeutic purposes, disinfection for viruses, hygiene and
infection control, fluorescent inspection, flame detection, environmental studies etc [36-42]. It
is generally known that a moderate UV light is beneficial for human health however, excessive
exposure of UV rays can cause various health issues like eye problems, skin cancer, wrinkling,
etc [43, 44]. Therefore, an efficient detection of UV radiation is necessary. In the past decades,
narrow band-gap silicon, some IlI-V compounds (GaP, GaAs, etc.) have been broadly
investigated for the purpose of UV photodetection [45, 46]. Nevertheless, there are intrinsic
imperfections for those, such as fragile, large volume, high cost related to raw materials, and
expensive growth technology which obstacles their application in miniaturized and reliable UV
detection devices for portability or shipping. To overcome the limitations, development of a
new generation of wide band-gap semiconductor-based UV photodetectors has received a great
interest. In this scenario, a delicate selection of suitable material with efficient morphological,
microstructural, and photoelectrical properties plays a key role in the construction of high-
performance photodetector. Many wide band-gap semiconductors including GaN, TiO2, ZnO,
SiC, ZnS, ZnSe, Ge20:s etc. have been chosen for investigation as UV photodetectors [47-51].
Among them, TiO: is emerged as a novel material due to its excellent physical, chemical,
optical, and optoelectrical properties. Moreover, its high electron transport property and
suitable band-gap makes TiO> appropriate for UV detection [9, 52]. Detection of visible light
is also significant because of applications in a wide variety of fields ranging from day-to-day
consumer electronics to more advanced and complex applications such as camera sensors,
spectroscopic instruments, various communications etc. [53-56]. Generally, pristine TiO2 can’t
be used in visible photodetection as its optical band-gap restricts the visible photon absorption.
Many strategies like doping with metal or non-metal elements, surface modification,
photosensitization, noble metal incorporation etc. can be performed to extend the absorption

edge of TiO2 in the visible range to get visible photo active TiO2 [57-59].
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1.2 Properties of TiO2

TiOz is an inexpensive, biocompatible material having high dielectric constant, strong
oxidizing power, great refracting index with large surface area [60-62]. It is by far the most
suited white pigment to obtain whiteness and hiding power in coatings, inks, self-cleaning
ceramics, and plastics as well as food items, medicines, cosmetics products [63-65]. Apart from
this, there are several additional beneficial properties of TiO», such as the scope of band-gap
engineering, availability of large area single crystal substrates, various formation of
nanostructures, large piezoelectric constants, easy wet chemical etching, environmental
benefits, etc. [66-68] Further, by simple post-growth treatments, fabricating composites,
doping with suitable materials its optical, electrical, and optoelectronic properties can be tuned

for making a better and efficient candidate for broad area of applications.

There are three common polymorphs (phases) of TiO, found in nature; anatase, rutile,
and brookite which are all composed of TiOs octahedra (i.e., Ti** coordinated to six O*") but
in different arrangements [1]. The crystalline structures of all three phases are shown in Fig.
1.1. At ambient pressure, TiO> crystallizes into mainly two polymorphs, anatase and rutile.
Anatase is the most common and low temperature phase. Commonly, anatase forms at
temperature below 600 °C and above this temperature, it transforms to thermodynamically
stable rutile phase [70, 71].

Fig. 1.1: Schematic representation of TiO> crystal structures; (a) anatase, (b) rutile, and (c)
brookite. Ref. [69].
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Anatase and rutile both crystallizes in the tetragonal system. Both structures can be described in
terms of chains of TiOs octahedra that are more distorted in anatase than in rutile. Therefore,
unit cells of anatase and rutile are significantly dissimilar which results in their distinct physical
and chemical behavior. Anatase and rutile belong to space group 141/amd and P42/mnm
respectively [73]. The characteristics of Ti-O bonds play very crucial roles in the properties of
different TiO2 phases [74]. In both rutile and anatase, there are two elongated Ti-O bonds in

each octahedron

Table. 1.1. Properties of TiO>. [60, 72]

Phase Crystal Refractive Lattice Band-gap | Density
system index constant (nm) (eV) (gm/cm?d)
a b C
Rutile tetragonal 2.609 0.459 | 0.459 | 0.296 3.0 4.13
Anatase tetragonal 2.488 0.378 | 0.378 | 0.953 3.2 3.79
Brookite | orthorhombic 2.583 0.544 | 0.915 | 0.514 _ 3.99

and lengthening of these two bonds is greater in rutile than anatase which indicates relative
weakening of the bonds in rutile. This results in a decrease in the energy required for the
excitation of the bonds for rutile. The (110) face in rutile has the lowest surface energy and it
is the most intensely studied surface. In rutile, along the [001] direction, six-fold-coordinated
Ti atoms rows alternate with five-fold-coordinated Ti atoms with one ‘dangling bond’
perpendicular to the surface. Two types of oxygen atoms are present in rutile TiO2. Oxygens
on main surface planes are three-fold coordinated where bridging oxygens are two-fold-
coordinated. For anatase, (101) and (001) plans are the two main surfaces. The closed-pack
structure of anatase consists of large oxygen with titanium atoms with every second octahedral
interstitial site in a zigzag alignment. Each titanium atom is thus surrounded by an oxygen
octahedron. The evident ionic character of atoms results a strong crystal field that distorts the
octahedral. The third phase, brookite, a metastable phase of TiO. which is often observed as a
by-product when the synthesis procedure is carried out in an acidic medium at low temperature.
Pure brookite without rutile or anatase is usually difficult to prepare [75, 76]. This phase
belongs to orthorhombic structure whose unit cell composed of octahedra, each with a titanium
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atom at its center with oxygen atoms at its corners. Some fundamental and key properties of

all three structures are summarized in Table 1.1.
1.3 Motivation and Organization of thesis

The studies on PL property of TiO has so far been focused on the controllable synthesis
as well as fabrication of heterostructures based on TiO> for realizing enhanced functionality
[77, 78]. Knowing the fact that PL property of TiO> highly depends upon surface defect states,
controlled technique of engineering the defects is crucial to achieve significant emission
properties of TiO2 [79-81]. Hence, surface modification via simple post-growth treatment of
TiO2 thin films is an easy and efficient approach to modify the surface defects of TiO> as well

as for enhancement of emission properties without fabricating any complex heterostructure.

Pristine TiO2 is an eligible candidate for UV detection as mentioned earlier. Similar to
PL, the sub-band-gap density of states mainly originated from the defect states such as oxygen
vacancy (Vo) and surface adsorbed species strongly influence the properties of TiO2 and
consequently its UV photodetection property by affecting carrier mobility and recombination
[9, 82, 83]. Therefore, post-growth treatments are also useful for tunning the defects to achieve
enhanced UV photodetection. Superior operation of TiO2 or TiOz-based composite UV
photodetectors is mostly realized in photodiode mode which involves a p-n junction of similar
or dissimilar semiconducting material leading towards complicated fabrication procedures [84,
85]. On the other hand, pristine TiO> film as single semiconducting layer photodetector based
on photoconducting principle may engage much simple synthesis process and without

fabricating any complex heterostructure it can exhibit high UV photosensitivity.

Besides UV detection, TiO> can be a very promising candidate for visible
photodetection by incorporating noble metals (Au, Ag, Pt, Pd) into it [86-88]. Due to surface
plasmon resonance (SPR), the noble metal nanoparticles (NPs) can absorb visible photons
which can generate hot carriers. These hot carriers can exhibit visible photosensitivity of noble
metal modified TiO,-based composite systems. Among all noble metals, Ag is cheaper,
abundant, and it possesses unique plasmonic properties [89]. Therefore, Ag NPs modified TiO>

films can be an ideal combination for visible photodetection.

Among the several approaches to modify the defects and to study its effect on the
photophysical properties of TiO2, doping in TiO2with suitable elements is very enticing for the

current field of research [90, 91]. Selection of proper dopant to enhance the desired property is
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also essential in this purpose. Various metals and non-metals are popularly used to dope TiO>
to tune its photophysical properties [92-98]. Being a group-I element and comparable cationic
radius with Ti, Li doped TiO2 has special importance for wide area of applications. Hence a
detailed discussion on the photophysical properties of Li doped TiO> is needed.

Keeping eye on the above-mentioned issues the main objectives of this thesis work have
been decided as: (i) Tuning the structural defects in TiO thin films by various post-growth
treatments and study their PL properties. (ii) Developing TiO2 films as efficient UV
photodetector by post-growth treatments via defect engineering. (iii) UV to visible broad-band
photodetection by Ag-TiO2 nanocomposite film. (iv) Investigation of photophysical properties
of Li doped TiO; films. Considering the applications and advantages of TiO- as discussed in
the earlier sections, the work presented in this thesis has focused mainly on the detailed

investigations on two photophysical properties of TiO2 namely PL and photodetection.

With the given opportunity of the progressive work on those photophysical properties,
the title of the thesis has been chosen as ‘Studies on photophysical properties of pristine and
nanocomposite thin films based on sol-gel TiO2’. The thesis consists of eight chapters including
a brief introduction on TiO2 which has been presented in this chapter 1 with an objective and
organization of the thesis work. In chapter 2, a status review on the PL and photodetection
properties of TiO2 has been illustrated. VVarious synthesis processes for TiO> thin films have been
elaborated in the chapter 3 followed by the descriptions of different types of characterization
techniques used in this work. In the chapter 4, various post-growth treatments on tuning the defects
and their effect on the PL properties of TiO. films grown by the sol-gel process have been
investigated. The effect of various post-growth treatments on UV photodetection properties of
simple sol-gel grown TiO> films have been discussed in chapter 5. In chapter 6, plasmon assisted
UV to visible broad-band photodetection by Ag-TiO> composite films has been presented. An
investigation on the photophysical properties of TiO, due to Li doping has been discussed in
chapter 7. Finally, a summary of the important results that emerged from this thesis work has
been presented followed by a future scope of the work in chapter 8.
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2.1 Introduction

In 1972, after the great achievement of photoelectrochemical water splitting by
Fujishima and Honda [1], the field of photoelectrochemistry has received a significant boost in
attention and paved the way for the role of TiO in numerous energy-based applications [2-10].
It is very much known that TiO: is used as an excellent photocatalyst [11-15]. Besides
photocatalysis, TiO is also an eligible and promising candidate for various photophysical
applications due to its superior optoelectronic properties as discussed in previous chapter 1 [16-
18]. Commonly, photoexcitation or any subsequent process that does not involve any chemical
change is called as photophysical process such as photoluminescence (PL) and photodetection.
Among the extensive applications using physical and surface chemical properties of TiOa, the
study of the surface defect states of TiOz plays a vital role in its electrical, chemical, and optical
properties [19, 20]. PL and photodetection properties of TiO2 have been studied extensively as
both properties provide the significant informations about the photogenerated electron-hole
separation, recombination, and their trapping at defect sites [21, 22]. But as said in previous
chapter, the optical absorption of pristine TiO restricts its photoactivity in the UV fraction of
solar light, which accounts for only 3-5% of the solar energy [23, 24]. Therefore, as mentioned
in the earlier chapter, many approaches have been attempted to extend its absorption in the
visible range such as doping, photosensitizing, making a composite, etc. Literature data shows
that the optoelectrical properties of TiO- significantly depend on the method of its synthesis
and purification, structure and morphology, its surface state, and the way of its treatment [18,
25-27]. Therefore, this chapter presents a brief status review of the above mentioned
photophysical properties of TiO2 and TiO2-based materials followed by a discussion on defects

present in TiO.
2.2 Photoluminescence property

PL provides a measure of recombination of the photogenerated excitons while a
recombination may be radiative or non-radiative. For semiconducting materials, the most
common radiative transition is between the conduction band (CB) and the valence band (VB)
termed as band edge emission. Radiative transitions in semiconductors may also involve
localized defects or impurity levels, therefore, the analysis of the PL spectrum also leads to the
identification of defects or impurities present in the material. Excitons can be classified into
two types; free exciton and bound exciton. Bound excitons can be bound to the donor; called
donor bound or to the acceptor; called acceptor bound [28, 29]. The electronic states of bound
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excitons strongly depend on the type of semiconducting materials hence the band structure of
the materials [30, 31]. Therefore, the PL property is also a measure of the purity of the

crystalline structure of a material.

Luminescence from a wide band-gap semiconductor is usually due to two reasons
named as band edge emission and defect mediated emission [32, 33]. Since in this thesis work,
PL property has been studied broadly, a comprehensive overview of the PL properties of TiO>

and TiO2-based materials is presented in the next section.
2.2.1 PL properties of TiO2

TiO2 can be grown in nanostructured bulk or thin film form on a substrate. The shape
and size of the bulk nanocrystals depend on the surface energy and experimental conditions
whereas that for nanostructured films depend on the lattice mismatch with the substrate,
substrate roughness, and growth conditions. There are enormous numbers of reports on
different types of nanostructured TiO, synthesized by various methods [34-39]. In this section,

we will discuss the PL properties of TiO2 grown via various synthesis procedures.

Structural control constitutes one of the major challenges in the design of a
suitable coating process for use in specific applications. Among many synthesis procedures,
radio frequency (RF) magnetron sputtering can produce highly uniform films having good
adherence to the substrate [40, 41]. Various parameters such as sputtering pressure, sputtering
power, substrate temperature, types of sputtering gas, etc can change the structural and optical
properties of thin films prepared by this method. Nair et al. [42] have synthesized TiO; films
by this method and reported that annealing temperature has a vital effect on the room
temperature PL (RT PL) properties of TiO> films. As the growth temperature has been varied
from 573K to 1073K, both UV and visible peak intensities and the peak positions of the PL
spectra have been changed. The inter-band transition has been assigned for UV emission
whereas the transition of electrons from the shallow donor level of oxygen vacancy (Vo) states
to the VB is for visible emission obtained in the PL spectra. The variation in the peak positions
of band edge emission has been attributed to different concentrations of native defects present
in the crystal. The decrease in PL intensity at higher annealed TiO: films has been attributed to
thermal quenching. Liu et al. [43] have also prepared sputtered TiO> films on quartz substrates
with some variation of post-growth treatments and discussed their PL properties. A broad
emission band has been reported to be formed in the region of 350 to 550 nm for all the samples

where the UV peak at 368 nm has been ascribed to direct electron-hole recombination. The
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shoulder peaks at 496.5 and 486.5 nm have been attributed to indirect recombination via defects
with the interaction of phonons in the TiO> lattice. The study of defect levels through PL spectra
in TiOz thin films deposited by magnetron sputtering has also been reported by Abdullah et al.
[19] and their PL results show the profound effect of annealing temperature on the defect levels
of Vo and Ti** at Ti interstitials site. They have also found that increases in temperature reduce
the Vo related defects in TiO2. The sol-gel process is considered as one of the suitable methods
to obtain semiconducting oxide films because of low cost, ambient processing temperature and
simple synthesis route [44-47]. Also, the quality of the films like homogeneity, stoichiometry,
and purity can be easily achieved, ease of processing and control of composition, and the ability
to coat on large area substrates [48-50]. Senthil et al. [51] have prepared TiO> films by the sol-
gel method and discussed the PL properties of these films followed by annealing at two
different temperatures. Both the spectra exhibit a broad band PL in the region of 350 to 550
nm. Self-trapped excitons (STE) located or trapped on Ti octahedra have been attributed to
main cause of PL emission in anatase TiO> film. They have also discussed that the peak at 449
nm in the 350 °C annealed film and the shoulder peak at 446 nm in the 550 °C annealed film
can be due to oxygen related defects which is a prominent intrinsic defect in TiO> lattice. The
thickness of the film is a very crucial factor for measuring PL property. Malliga et al. [52] have
reported that with increasing film thickness, intensity of PL band of sol-gel grown TiO; films
has been enhanced. Rawat et al. [53] have prepared TiO films by another method, electron
beam evaporation (EEB) and also by sol-gel method and compared their PL properties. The
sol-gel derived films provide more prominent and intense UV peak in PL spectra than the other
one. Both the films exhibit a strong peak at ~ 413 nm which has been assigned to near band
edge emission (NBE) while the other peaks in the visible region have been assigned to the

surface states, Vo, and bulk defects.

Besides the thin films, there are several other nanostructures of TiO2 which exhibit good
UV as well as visible emission properties. TiO2 nanorods (NRs) grown on the sapphire show a
UV peak at 396 nm as a result of free excitons recombination as reported by Wu et al. [54]
They have concluded the low intense green emission band in the PL spectra due to the presence
of low oxygen related defect concentration in TiO2 sample. Rajabi et al. [22] have synthesized
TiO2 NRs on FTO substrates and measured their PL properties with the variation of excitation
wavelengths which show that the PL property of TiO. NRs strongly depends upon the
excitation energy. Vo-Ti®" related states have been assigned for the emission peaks at visible

region. They have also discussed the effect of growth conditions on the PL property of TiO-
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NRs. Change in growth conditions changes the UV peak intensity but the peak positions remain
unaltered. The detailed analysis of both UV and defect mediated visible PL emission has been
reported in TiO2 nanofibers (NFs) by Chetibi et al. [55] They have deconvoluted the broad PL
band into six Gaussian sub-bands centered at 3.2 eV, 2.7 eV, 2.5¢eV, 2.3eV, 2eV and 1.9 eV
and thoroughly discussed the correlation of the peaks with the defects present in the sample.
According to their report, the peak at 3.2 eV corresponds to band edge emission and the other
emissions have been attributed to three kinds of physical origins; STE, Vo, and surface states.
De-excitation from lower levels in Ti%* 3d states of TiO lattice to the deep levels (acceptor)
created by OH™ states have been assigned for appearing the peaks at 463 and 591 nm.
Choudhury et al. [56] have synthesized TiO2 NPs which exhibit both UV and visible emission.
The multi-peaks in the visible emission spectra are mainly associated with the excitons and
oxygen defects related shallow and deep trap centers. The emission peak at 431 nm has been
assigned to STE. The other two peaks centered at 460 and 535 nm have been assigned to F or
F?* and F* color centers respectively where the F center is Vo with two trapped electrons, F* is
Vo with one trapped electron, and F?* is the Vo with no trapped electrons. Green emission is a
very familiar characteristic of anatase TiO2 which is mainly originated from Vo related states
[57-59]. TiO2 also exhibits red emission. A red band at 600 nm and a green band at 515 nm in
atomic layered deposited (ALD) TiO> films have been reported by Jin et al. [60] The under-
coordinated Ti** defects have been attributed to the red band and the green band is due to the
Vo located on the (101) surface of the films. The increase in annealing temperature causes a
blue shift in the PL spectra which has been assigned for transition of under-coordinated Ti
atoms to surface Vo with increasing temperature from 800 °C to 900 °C in N2 atmosphere.
Pallotti et al. [61] have also reported red PL in anatase TiO- films. Radiative recombination
between free holes and electrons that relax from CB and shallow sub-gap states to deep defect

states have been attributed to the red emission in TiO-.
2.2.2 PL properties of TiO2-based composites

Composites are heterogeneous materials composed of more than one material to obtain
a combination of the individual properties of its constituents. Nanocomposites are nothing but
amalgamations of varying materials, combined together in nanoscale dimensions [62, 63]. This
technology utilizes the strongest features of different elements and combines them into one
entity to bring about the most efficient functionality. That’s why nanocomposites have received
great scientific and industrial attention in various fields [64-67]. TiO2-based nanocomposites

also are not the exception. Sridevi et al. [68] have synthesized ZnO-TiO2 nanocomposite via
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the sol-gel process and reported its PL property. In PL spectra, NBE found at 430 nm has been
red shifted in composite sample which has been attributed to the de-excitation of Ti®* 3d states
of ZnO-TiO: lattice from the lower vibronic level to the deep trap levels. The presence of
several types of defects like zinc interstitials (Zni), oxygen interstitials (Oi), zinc vacancy (Vzn),
Vo have been reported. Avcr et al. [69] also have studied PL properties of ZnO-TiO>
nanocomposites synthesized by submerged direct current (DC) arc discharge. A broad PL band
with multiple emission peaks of both TiO2 and ZnO has been observed. The band at 3.26 eV is
due to the free exciton recombination of TiO and blue emission band at 2.92 eV is due to
presence of both phases of the TiO2-ZnO nanocomposites. The intense emission band centered
at 3.18 eV due to the free exciton-related NBE emission of ZnO NRs due to the recombination
of the free exciton through an exciton-exciton collision process. Wang et al. [70] have chosen
sub-stoichiometric tungsten oxide (WOs3-x) with TiO2 matrix which is basically WOs3 structure
with Vo and shown that TiO2/WOs- hybrid nanomaterials exhibit multi-color including UV,
blue, green, and red PL band. The UV band has been attributed to band edge emission where
blue PL bands (435-448 nm) have been associated with the recombination of photogenerated
electrons and holes via the Vo with two trapped electrons. Surface states of TiO. have
originated the green PL band and the transition between the gap state and the VB has been
attributed to red and infrared emission. Badhe et al. [71] have prepared CdS@TiO:
nanoparticles by two-step low temperature solvothermal method and reported that both pristine
TiO2 and CAS@TiO2 NPs show two sharp emission bands at 402 and 428 nm, which are due
to TiO2 NPs. The additional emission band in CdS@TiO. nanoparticles in the red region at
500-600 nm has been attributed to presence of CdS but the overall PL intensity of the composite
sample has been reduced which indicates better charge separation and lower electron-hole

recombination.
2.2.3 PL properties of doped TiO2

Doping is an intentional introduction of impurity elements into semiconductor for the
purpose of modulating and modifying their electrical, optical, and structural properties. Doping
in semiconducting metal oxides creates defect states in the band-gap and modulate its optical
properties [72-75]. Metal or non-metal doping is preferable as a feasible method to alter the
wide band-gap material, owing to its ability to decrease the band-gap and expand the absorption
in the visible range. Loan et al. [76] have studied the effect of Zn doping in PL properties of
anatase TiO2 nanowires (NWSs) synthesized by hydrothermal technique and reported that

incorporation of Zn?* ions into the TiO: lattice leads to a strong enhancement in PL intensity
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compared to undoped TiO. TiO2 doped with 0.1% Zn has introduced a strong peak located at
2.96 eV and enhanced the intensity of peaks at 2.65, 2.76 and 2.83 eV significantly. According
to the report, replacing Ti** ions with Zn?* ions creates Vo states and shallow defects associated
with Vo which are responsible for the enhanced luminescence of Zn?* doped TiO2 NWs. Jing
et al. [77] have also discussed that Zn dopant has a great effect on the PL intensity of sol-gel
grown TiO2 NPs. According to their report, with increasing the Zn content, the intensity of PL
spectra has been increased but no additional peak has appeared. But for 3% Zn doping, the PL
intensity of the sample has been decreased. The PL spectra of all samples have shown two
intense peaks at 420 and 480 nm which have been attributed to presence of Vo. Different levels
of sub-bands resulting from the Vo are located near the bottom of the CB, and these states
easily trap photoinduced electrons to further give rise to PL signals. Cr can be another transition
metal dopant that may act as a trapping centre for the enhancement of emission properties in
TiO2. Both Cr doped rutile and anatase TiO2> NPs have been prepared by Kernazhitsky et al.
[78] and found that both undoped and Cr doped TiO. samples exhibit broad PL spectra with
similar curve patterns, while the intensity of PL spectra of doped samples has been changed. It
has been observed from their study that in Cr doped rutile TiO2, the emission peaks at 2.70-
2.75 eV have become narrower and a new peak at 2.78 eV appears. The new peak has been
assigned to 4 T1—* A transition in Cr®*. For Cr doped anatase TiOz, blue and red shifts of the
PL peaks are due to the Burstein-Moss and band tailing effects, respectively. The anatase
samples with low concentrations of Cr®* ions (0.5 at%), the intensity of PL band has been
increased compared to the undoped TiO2 due to the formation of more radiative recombination
centers. At higher contents of Cr* (1.0 at%), the PL intensity decreases due to the concentration
quenching effect. Morphology can be an important factor in luminescence properties of metal
oxides. Das et al. [79] have developed three types of Co doped TiO2 nanostructures namely
NRs, NWs, and, nanotubes (NTs) via simple solvothermal process, and compared their PL
properties. While doping, Co has been incorporated into the TiO; lattice as Co?* and Vo have
been created due to the substitution of the Ti** ions by Co?* ions which leads to a significant
change in the PL properties of doped TiO.. The higher intensity of emission peaks with a higher
doping concentration of Sn in sol-gel TiO> films due to formation of more Vo states have been
reported by Rajeswari et al. [80] Non-metal doping has also been considered as a promising
way to change the optical absorption of TiO.. Dong et al. [81] have synthesized C doped TiO>
followed by heat treatment at 200 °C and reported a broad visible PL band centered at 570 nm.
The PL intensity has been decreased in the heat-treated sample compared to un-treated sample.

Here also, shallow trap levels associated with Vo have been considered as a reason behind the
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visible PL band and reduction of these defects due to heat treatment has been suggested as the
removal of oxygen related defects which is also reported by Zhang et al. [82] The emission
intensity has been significantly weakened in hydrothermally grown N doped TiO2-graphene
composite as reported by Khalid et al. [83] As the PL is nothing but the electron-hole
recombination, the results have suggested that charge carriers have been separated more

effectively due to the cooperative effect of N and graphene.
2.3 Photodetection properties of TiO2

It has been observed that in the last few decades the photodetectors (both UV and UV
to visible broad-band) based on TiO, have been acquired engrossing achievements due to their
intrinsic photoresponse mechanism along with the various advantages as mentioned in the
earlier chapter. The basic quality of a photodetector is determined by some guantities named

below:

Sensitivity (photo-to-dark current ratio): Photo-to-dark current ratio or sensitivity (S) is a
basic characteristic of a photodetector. S is a unitless ratio of photocurrent (lpn) to dark current
(la) and can be expressed as: S = Ipn/lq [84]. In absence of light, I4 flows in the circuit due to
impurity and thermal excitations in a photodetector.

Responsivity: Responsivity or photoresponsivity (R) is a measure of the gain of a detector
based on illumination intensity. R is usually expressed in A/W in S.1. unit. Usually, the R value
is dependent on spectral region intensity and output current. Mathematically, it is expressed as
[85]:

I
R = % 2.1)

where P is the input illumination power density

Detectivity: Detectivity of a photodetector is a figure of merit used to characterize the
performance of a photodetector. It is commonly expressed in Jones (cm.VHz /W), in the honor
of Robert Clark Jones, who originally defined it [86]. D value of a photodetector is dependent
on R and I4 values and can be represented as:

_ R
V2qJq

(2.2)

where q is the charge of an electron and Jq is the dark current density of the detector
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In the next section, TiO2 and TiO2-based materials will be discussed as conventional UV as

well as visible photodetecting materials.
2.3.1 UV photodetection properties of TiO2 and TiO2-based materials

The wide band-gap of TiO has established itself as an efficient UV photodetector. Xing
et al. [87] have synthesized epitaxial TiO- thin films on LaAlOs single crystal substrates by RF
magnetron sputtering technique which exhibit a maximum responsivity of 3.63 A/W at 310 nm
UV irradiation at 10 V bias condition. The three order of UV to visible rejection ratio specifies
visible blindness of the films. High quality TiO: films on LaAlOs substrates by pulsed laser
deposition (PLD) method have also been reported by Zhang et al. [88]. They have claimed a
high photo-to-dark current ratio of order ~ 6 and high responsivity of 0.21A/W at 5 V bias
under 270 nm UV light. TiO> films on glass substrates prepared by magnetron sputtering show
responsivity of 2.2x10* and photosensitivity of 32.25 with a fast response with a rise time of
0.98 s and fall time of 3.12 s at 4 V bias under 365 nm UV light has been reported by Gu et al.
[89] A comparative study of UV detection properties of TiO2 films on p-Si subtrates fabricated
using two different deposition techniques namely the electron-beam evaporation and sol-gel
has been illustrated by Rawat et al. [53] The samples have shown photoresponsivity value of
~ 0.69 and ~1.25 A/W at a bias of -10 V for electron beam evaporated and sol-gel derived
samples respectively. The enhanced responsivity in the sol-gel based photodetectors has been
attributed to the modification of adsorbed oxygen species at the surface of the TiO> films under
illumination and trapped incident photons. Kumbhar et al. [90] have developed TiO: film-based
metal-semiconductor-metal (MSM) UV photodetector by hydrothermal method with a high
photocurrent of 3.96 pA and responsivity of 13.29 A/W under 365 nm illumination at 5 V bias.
Post-growth treatments of TiO2 have a great effect on its photoresponse properties. Car et al.
[91] have shown that annealing in oxygen preserves the stoichiometry of TiO> films and hence
exhibits faster photoconductivity in TiOz films in UV region where annealing in Hz> and N,
TiO2 loses their photoconductive characteristic due to non-stoichiometry. Doping in TiO2 also
can enhance UV photodetection properties. Enache et al. [92] have prepared Fe doped and C
doped TiO; films and observed that C doped TiO- films exhibit 16 times larger photoresponse
than that of undoped TiO> where Fe doped films do not exhibit a significant change in
photoresponse under 330 nm UV light. The enhancement in UV photoconductivity has been
attributed to the changes in the electronic structure of the material due to the incorporation of
C. Perez et al. [93] have observed UV photoconductivity properties of Er doped TiO2 by sol-
gel method. They have shown that 7 at. % Er®* doped TiO, exhibits the higher photosensitivity
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of 2.08x10* compared undoped sample and a further increase in doping concentration leads to
a decrease in photoresponse. The presence of more traps and/ or recombination centers and the
loss of crystallinity of the sample have been attributed as the cause for this. Besides the thin
films, various morphologies of nanostructured TiO2 have been reported for UV detection.
Mahapatra et al. [94] have grown TiO2 NR array on ordinary glass substrates and measured
UV photosensitivity followed by annealing in different ambiences. They have found a
maximum photo-to-dark current ratio of 7.1x10% upon 350 nm UV light for Hz annealed sample
due to generation of Ti®* surface defects below the CB when annealed in H, under a high
vacuum. A fast UV sensitive anodic TiO2 NT-based photodetector with photo-to-dark current
ratio of 10* has been reported by Zou et al. [95] The photoresponsivity value of 13 A/W has
been obtained under 312 nm of UV illumination with a power density of 1.06 mW/cm?at 2.5
V bias. The internal gain induced by the desorption of oxygen and the reduction of the Schottky
barrier of Ag electrode and TiO2 have been considered as the cause of enhancement of
responsivity. Wang et al. [96] have fabricated TiO2> NT array/monolayer graphene film-based
UV detector with responsivity, photo-to-dark current ratio, and detectivity values of 15 A/W,
51, and 1.5x10'? Jones respectively due to extension of carrier lifetime and lower barrier

potential for electron transfer under 365 nm UV illumination.

The basic principle involved in UV photodetection in photoconductive mode is that
when the photogenerated electrons and holes due to the UV illumination are separated by an
external driving force. Like other wide band-gap semiconductors, in TiO2, upon UV
illumination, the electron-hole pairs are generated and recombined simultaneously. In this case,
oxygen molecule adsorption and desorption on the film’s surface play an imperative role in
photoconduction [97]. In dark condition, oxygen molecules from the air are easily adsorbed on
the TiO> surface and due to their high electronegativity, they capture electrons from the bulk

which leads to the formation of a low conductivity depletion region near the surface [98].
0,(g) + e = o5 (ad) [oxygen adsorption]  (2.3)

Upon UV illumination, the electron-hole pairs are created and the photogenerated holes
migrate to the surface along the potential gradient produced by band bending and the oxygens

are desorbed from the surface.
hv - h* + e~ (2.4)

h* + o5 (ad) - o0, (g) [oxygen desorption] (2.5)
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Fig. 2.1: Photocurrent transport mechanism in TiO> thin film. (a) Schematic illustration of
TiO> thin film-based UV photodetector. (b) Adsorption of oxygen molecules on the surface
of TiOz thin film in the dark and the upward band bending. (c) Under UV illumination, some
of the photogenerated holes migrate to the TiO> thin film surface due to the desorption of
adsorbed oxygen molecules. This effectively decreases the resistive depletion layer width of
the TiOz thin film.,

The unpaired electrons are either collected at the anode or recombined with a hole when oxygen
molecule is reabsorbed on the surface of TiO. It results a decrease in the free carrier
concentration and a decrease in the width of the depletion layer. This leads to an enhancement
of carrier concentration, producing an enhancement in current. So, the photoresponse of TiO>
depends on two factors; a fast process of photo generation of carriers followed by
recombination of electron-hole pairs, and a slow process of surface adsorption and desorption
of oxygen molecules. After a certain time, these two processes balance each other that gives

consistent photocurrent.
2.3.2 Visible photodetection properties of TiO2 and TiO2-based materials

As discussed earlier, the large band-gap of TiO: is a considerable disadvantage for solar
light-based applications and therefore, a major goal in this research field is directed to make
visible photoactive TiO.. In the next section, several approaches to get visible photodetection

from TiO; and TiO»-based materials will be discussed.
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In semiconductor physics, doping is a very fundamental process that can introduce a
donor or acceptor state in the band-gap and tune the optical and electrical properties according
to the demands as mentioned previously. In the case of TiO2, both metal and non-metal
elements can be incorporated into TiO2 matrix as dopants for enhanced visible photodetection.
Kara et al. [99] have reported a photocurrent enhancement in sol-gel derived Fe doped TiO:
films under solar light. The decrease of band-gap energy due to doping has been considered as
the reason behind it. Ghicov et al. [100] have reported an increase in visible photoresponse
properties in TiO2, NTs due to Cr doping due to formation of defect states which act as
recombination centers for the photogenerated charge carriers. A maximum of 2.5 times
enlarged photodetection at -3.5 V bias has been observed in In doped TiO; thin film under
white light illumination [101]. Here also, doping introduces mid-gap levels in TiO2 which
causes visible photoresponse. N doped single TiO2 NW has been prepared by Wu et al. [102]
and they have reported that under blue light (457 nm), the device shows a responsivity value
of 8 A/W with the power density of 40 mW/cm? at 1 V bias with response time only 0.5 s.
Impurity N atoms create an energy (N2p) level at about 0.75 eV above the VB and electrons in
the VB and localized N2y levels are excited by photons with lower energy, which result in
noteworthy enhancement of visible light absorption in TiO2. Ngangbam et al. [103] have
prepared Ag doped TiO2 NWs on n-type Si substrate and fabricated n-Si/TiO2 NWs/Ag-
TiO2/Au device. The device shows maximum photosensitivity at -4 V bias under white light
illumination due to the hole trapping process.

Hybrid devices, based on organic conjugated polymers and inorganic semiconductors
are active materials and due to their opportunity to the combine the valuable properties of both
materials groups, particularly in terms of charge generation and transport, they have attracted
considerable attention in the current area of research [104-107]. For this purpose, organic dye
sensitization is a beneficial approach to get visible absorption from wide band-gap
semiconducting oxides like TiO> [108-110]. Additionally, wavelength selectivity can be
achieved using organic dyes with different absorption spectra. The basic mechanism involved
is that the TiO2 with a high surface area acts as the dye molecule supporting layer and allows
the conduction of electrons (electron injection by the photoexcited dye molecule into the film)
to the electrodes [111]. Parreira et al. [112] have fabricated TiO> NRs array films sensitized
with the commercially available ruthenium complex N719, and two new coumarin dyes, C1-
LEN and C2-LEN and shown that the devices exhibit maximum 6 orders of photo-to-dark

current ratio under the visible range of the spectrum.
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Although the above discussed efforts have resulted in improvements in the visible light
response of TiOz, but some drawbacks are still there. The inherently unavoidable trap centers
created by dopants, photobleaching of the dyes, and the complication of fabrication methods
in dye sensitization still limit the performance of TiO.-based visible photodetector. In this
scenario, noble metal incorporated TiO can be an alternative and useful option to extend the
absorption of TiO: in the visible spectral range. The noble metals (Au, Ag, Pt, Pd) exhibit
unique optical properties due to the interaction between the conduction electrons of the metal
NPs with the photons of the incident polarized light which causes collective oscillations. It
leads to a strong enhancement of the local electromagnetic field surrounding NPs which is
called localized surface plasmon resonance (LSPR) [113-115]. The combination of appropriate
plasmonic metal and semiconducting oxide forms a metal-semiconductor Schottky or Ohmic
junction depending on their work functions that can transform incident light energy to other
forms of energy via the plasmonic hot-carriers leading to wide applications in photophysical
and photochemical areas [116-118]. Mainly, these noble metals modified TiO; are widely used
in the research field of photocatalysis and very few reports on the study of photodetection have
been found to the best of our knowledge. This kind of photodetector has an additional
advantage of tuning spectral response peak by simply adjusting the shape, size, and interparticle
distance of metal NPs [119, 120]. Chen et al. [121] have synthesized plasmonic Au-TiO:
composite films on FTO substrates by the sputtering technique. They have reported that while
Au loading, a drastic change of photocurrent density has been observed for the composite films
upon the visible light (550 nm) irradiation and the photocurrent value increases with the
thickness of Au film on TiO2 due to LSPR. Au-TiO2 nanocomposite electrode also have been
prepared by the electrophoretic deposition of Au NPs into a porous nanoparticulate TiO> film
as reported by Brennan et al. [122] Photocurrent increases for the composite films under 520
nm light that has been attributed to the generation and separation of plasmonic hot-electrons at
the interface and also the inter-band generation of holes in Au NPs by visible photons. Due to
the advantages of the narrow energy distribution of plasmonic hot-electrons in Ag and the high
density of states in the TiO, CB, Ag-TiO2 composite is considered as an appropriate pair to
develop plasmonic photodetector [123, 124]. Porous Ag-TiO2 Schottky-diode based plasmonic
photodetector with enhanced photo-to-dark current ratio and high responsivity under 450 nm
incident radiation has been fabricated by Gao et al. [121] due to plasmonic hot-electrons. Wang
et al. [125] have fabricated graphene quantum dot (GQD) sensitized Ag/TiO; films and
noticeable photocurrent with fast response has been observed in Ag/TiO2 and GQDs/Ag/TiO2

films under visible light. The enhanced photoresponse has been attributed to the shift of hot-
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electrons from Ag NPs and GQDs to TiO. under visible light. Paul et al. [126] have also
suggested that plasmonic hot-electrons are responsible in visible photoresponse in Ag-TiOa.
Significant enhancement in photocurrent in Ag-TiO2 and Ag—TiO>—C3N4 composites over bare
TiO2 under several visible (470, 510, and 545nm) illuminations has been reported. They have
claimed that the increase in photocurrent is due to the contribution from Ti** excitation, hot-

electron injection, and charge transfer from TiO2 to C3Na.
2.4 Defects in TiO2

Native structural defects are imperfections in the crystal lattice that include only the
constituent elements [127]. The concentration of the these defects depends on their formation
energy, which is dependent on the growth condition or post-growth annealing condition and
position of the Fermi level [128]. Defects usually exist in all laboratory grown crystals [129].
As a simple binary oxide, TiO2 exhibits very rich defect chemistry as stated earlier. The
fundamental native point defects identified in TiO2 are Ti vacancy (VTi), Vo, Ti interstitial (Tii),
and O interstitial (Oi). Among these, Tii, Vo are well known as the donor type defects where
Vi, Oi are known as the acceptor type defects. As Vo has higher formation energy than that of
Tii, the kinetic barrier for creating Vo in a perfect TiO: is expected to be lesser than that for
creating Tii. However, post-growth creation of Vo is possible, particularly after the sample has
been heated for a prolonged time or at high temperature [130]. Vi is the lowest energy acceptor
in TiO2. Thus, in undoped and non-heat treated samples, Ti; and Vi should be the principal
donor and acceptor, respectively. However, according to literature Vo is the significant and
supposed to be the prevalent defect in TiO2 [131-134]. In principle, the formation of Vo on
TiO; leads to the creation of unpaired electrons or Ti** centers, which creates an overall reduced
state of the TiO> crystal, both in the bulk and in the surface. Zuo et al. [135] have reported that
the presence of a defect state closely below the CB minimum, which is attributed to the Vo
with Ti%* and is the responsible for the band-gap narrowing in TiO2. The presence of both
Ti*"laice and Ti®* species results in new states in the band-gap which is about 1-1.5 eV below
the CB of TiO> as discussed by Finazzi et al. [136] The defect levels of TiO> can be categorized
into two types namely electron trap and hole trap [137]. Abdullah et al. [138] have reported
that the electron trap states are associated with Tii or/and Ti** defects which is at 0.7-1.6 eV
below the CB within the band-gap whereas the hole trap states are estimated to be located at
2.50 and 2.29 eV. Pan et al. [131] also has also identified Vo as the major defect observed in
Ti02 and the energy level of this localized donor states originating from Vo is located at 0.75-
1.18 eV below the CB of TiO..
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2.5 Conclusions

From the above review, it is noted that the existence of structural defects, such as Vo,
surface oxygen in the TiO2 has a direct influence in its photophysical properties mainly PL and
photodetection as they often behave like trapping centers for the charge carriers to prolong the
charge carrier generation and recombination time under UV illumination Therefore, to improve
the above mentioned properties, it is important to tune structural defects in TiO2 through
surface modification, formation of complex heterostructure, post-growth annealing, etc. The
various way of getting visible photoresponse of TiO, and TiO-based materials also have been
discussed which are very effective and promising in the field of applications.
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3.1 Introduction

The properties of semiconductor thin films highly depend on the film synthesis
procedures and various parameters associated with them [1-4]. Each synthesis technique
produces films with different structural, electrical, optical, and optoelectronic properties. There
are several deposition techniques to prepare good quality TiO> thin films [5-10]. In this chapter,
deposition procedures, those, used in this thesis work are described elaborately followed by a

discussion on the various characterization technigues as well.
3.2 Thin film synthesis techniques

There are mainly two broad categories of deposition techniques such as (i) physical
vapor deposition (PVD) and (ii) chemically solution deposition (CSD) techniques. There are

various examples of these deposition techniques as noted below in the Table. 3.1

Table 3.1. Various thin film deposition techniques

Physical vapor deposition techniques

Chemically solution deposition techniques

DC and RF sputtering

Sol-gel

Pulsed laser deposition

Electro deposition

Electron beam evaporation

Chemical bath deposition

Thermal evaporation

Agueous chemical growth

Molecular beam epitaxy

Hydrothermal

Atomic layer deposition

Solvothermal

PVD techniques are mainly vacuum-based processes with very good reproducibility
rates, hence, greatly favorable for uniform and homogeneous thin film deposition. But, the
PVD techniques are more expensive than CSD techniques. In this thesis work mainly sol-gel
and thermal evaporation techniques have been used to prepare TiO- thin films. For post-growth
doping, the ion implantation process has been carried out. In the next section, the above-

mentioned techniques will be discussed to some extent.
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3.2.1 Chemically solution deposition techniques

CSD technique is a low cost and non-vacuum process. This technique has more control
over the morphology and optical properties to fabricate polycrystalline, textured, and epitaxial

oxide thin films.
3.2.1.1 Sol-gel

Sol-gel technique is a versatile wet-chemical method that is broadly used for the
synthesis of metal oxide films as well as nanostructures. This process goes through four major
steps such as the formation of sol, gelation, drying, and annealing. The process begins with
choosing a metal alkoxide or inorganic salt as a precursor material and then the formation of a
colloidal suspension of this precursor solution (known as ‘sol’) through hydrolysis and
condensation reaction. Then the sol follows transformation to an integrated network of either
discrete particles or network polymers via polycondensation reactions known as ‘gel’. To
improve the stability, often chelating agents are added into the sol. The gel can be shaped into
desired forms such as thin films or powder followed by appropriate annealing. The following
three reactions at the functional group level are used to describe the hydrolysis and
condensation process of the sol-gel reaction [11].

M-X + H20 — M-OH + H-X (3.1)
M-OH + X-M — M-O-M + H-X (3.2)
M-OH + OH-M —M-0O-M + H,0 (3.3)

where M is the metal or Si, X is the reactive ligands like halogen O-R, NR2, acetate, etc.
Equation (3.1) represents the hydrolysis reaction and both equations (3.2) and (3.3) correspond
to the condensation process. The hydrolysis reaction can be reflected as an origin for the
reactive monomers or oligomers. For a multi-component system, the hydrolysis rate depends
on the type of precursor used and thus metal hydroxides are produced at different rates which
in turn control the rate of condensation reaction. These monomers further react to form
polymers with a higher molecular weight with the three-dimensional continuous network at
proper chemical and thermal environment. This process is called gelation. Both powder and
film type samples can be prepared by this method. With evaporating the solvent, the wet gel is
converted into xerogel and after proper heating dense ceramic material can be formed. If the

solvent in the wet gel is removed under a supercritical condition, a highly porous and extremely
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low-density material called aerogel is obtained. For thin film synthesis, the substrates are
coated with sol after aging the sol to get gel films. Then the thermal decomposition is performed

to remove the residual organic matter and moisture in the gel coating, and finally, the desired

metal oxide film is formed through appropriate heat treatment.
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Fig. 3.1: Schematic diagram of TiOz thin film preparation by sol-gel method.

There are various coating methods to obtain the sol-gel film; spin coating, drain coating,
dip coating, spray coating, capillary coating, etc. Among them, spin coating is the most efficient
and broadly used in chemical deposition technique for the preparation of thin films. This
process is very much industrial friendly and has a good reproducibility for large area coating.
In this process, the cleaned substrate is kept on a holder which can rotate at a certain rotation
per minute (RPM) around an axis perpendicular to the substrate surface. The sol is then sprayed
on the substrate that spreads evenly throughout the substrate due to a rotation at the required
speed for some fixed time. The film thickness depends on the rotation speed, number of
coatings, sol concentration etc. Next, the films are dried and annealed at high temperature to
obtain crystalline films.
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In this thesis work, TiO> films have been prepared using sol-gel followed by the spin
coating method. Firstly, the soda-lime glass substrates were ultrasonically cleaned using the
chromic solution, de-ionized water, HCIl, KOH solution, acetone, and methanol sequentially
for 10 minutes each. The precursor material used for TiO2 sol is titanium isopropoxide
(Spectrochem, purity > 98%) and 2-methoxy ethanol (Merck, purity > 98%) have been taken
as solvent. The milli pore water and acetic acid have been added, followed by a thorough
mixing for 2 hours at RT with a magnetic stirrer at a speed of around 400 RPM. After
preparation, the solution is aged for 24 hours. Finally, using this sol, twenty (20) coatings have
been done at a speed of 2000 RPM for 25 seconds. Each coating was dried at 120 °C and then
heated as required. The particular synthesis details of samples have been described in the
respective chapters. Fig. 3.1 illustrates the schematic diagram of sol-gel preparation of TiO>
films. The spin coating unit used for this thesis work is shown in Fig. 3.2.

Turn off

the Vacuum Pump

after deposition

AT

Fig. 3.2: Digital image of the spin coating unit (APEX Instruments, Model: spinNXG-P1) used
in the work.

3.2.2 Physical vapor deposition techniques

Commonly, PVD methods require a high vacuum system to prepare thin films and
coatings. In this method, the material goes from a condensed phase to a vapor phase and then
back to again in the condensed phase to form thin films. In this thesis work, the thermal

evaporation method has been used.
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3.2.2.1 Vacuum thermal evaporation

Thermal evaporation under a vacuum is very simple and easy PVD technique to
implement. Such a technique allows the deposition of a large range of materials such as metals,
semiconductors, composite materials etc. In this process, atoms, clusters of atoms or molecules
are removed as vapor flux from a target material placed in a metal crucible having high melting
point, such as tungsten. Usually, the target or source material that has to be coated on the
substrate is taken as bulk solid or powder form and the crucible loaded with this material is
heated to a very high temperature (lower than the melting point of the crucible material but
higher than the melting temperature of the target) by passing a current through it in a closed
vacuum chamber until the evaporation takes place. The substrates are kept at a distance above
the source material and the material vapor finally condenses in form of thin film when it reaches
the substrates. Very low pressure (~10° or 10° Torr) is maintained to avoid a reaction between
the material vapor and the atmosphere inside the chamber. This is a very controlled process
where the thickness of the depositing material and the rate of deposition up to nm order per

second can be regulated using the thickness monitor attached to this vacuum chamber.

Vacuum chamber

Thickness
monitor

Substrate

Vapor flux

Crucible containing
target material — Connection to
current source

To high vacuum

Fig. 3.3: A schematic (left) and digital image (right) of the vacuum thermal evaporator
(HINDHIVAC, Model: 12A4D).

In this thesis, this method has been used to deposit a metal layer (Ag) of desired

thickness on the TiO- film at controlled condition as well as metal contacts (Al) on TiO- films
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using a shadow mask for photoconductivity measurement of the samples. In Fig. 3.3, the
schematic diagram (left) and digital image (right) of the thermal evaporation system used in

this work are presented.
3.2.2.2 Post-growth doping: lon implantation

lon implantation is a process in which ions of a material are accelerated by an electrical
field to impact a solid target and the most common application of ion implantation is as dopants
in semiconductors [12, 13]. The ion implantation equipment generally comprises of an ion
source (where ions of the desired element can be produced), an accelerator (where the ions are
electrostatically accelerated to a high energy), a mass spectrometer, and a chamber with a target
(where the ions impinge on a target). lons are formed from a feed gas, or vapor from a solid
source, by running it through a voltage difference, making a plasma. The ions are then
accelerated to high energy into the apparatus with an even higher voltage difference.
Thereafter, a mass spectrometer is employed at the bend in the setup to separate the incoming
ions, only letting the ones with the right velocity, mass, and charge. It is even possible to
separate different isotopes of the ion. Finally, the ion beam is focused by the electromagnetic

lenses and bombarded on the target mounted on a sample holder.

Fig. 3.4: Digital image of the implantation unit of LEIBF at IUAC, New Delhi.

In this thesis work, the TiO; films were implanted with Li ions using the low energy
ion beam facility (LEIBF) at Inter-University Accelerator Centre (IUAC), New Delhi. The
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experimental details of implantation have been described in the respective chapter. The digital

image of the implantation unit installed at LEIBF is shown in Fig. 3.4.
3.3 Thin films characterization techniques

After the fabrication of TiO> thin films, they have been characterized by several
techniques to investigate their structural, microstructural, elemental, optical, and opto-
electronic properties. The characterization techniques those have been used for this thesis work

would be discussed in the next section.
3.3.1 Structural and elemental characterization techniques

The structural characterizations and elemental analysis have been done by using X-ray
diffractometry (XRD) and X-ray photoelectron spectroscopy (XPS). Therefore, the working
principle of XRD and XPS measurement would be discussed here in brief.

3.3.1.1 X-ray Diffactometry

XRD is a well-recognized rapid analytical tool used for checking the crystallinity and
phase identification of a crystalline material. Also, some other physical properties like crystal
structure, lattice parameter, grain size of materials can be determined from this tool. In 1912,
Max von Laue had discovered that crystalline materials can act as 3D diffraction grating under
X-ray irradiation as the wavelength of X-ray is in the order of the lattice spacing. In the year
1913, Lawrence Bragg and his father, William Henry Bragg had proposed simple but very
powerful equation which became known as famous Bragg's law showing the connection
between the wavelength of the X-rays, the distance between the planes of the lattice, and the
angle at which the X-rays are incident. When a monochromatic X-ray beam of wavelength A
(1.5406 A for Cu K, radiation), generated by cathode ray tube, is incident upon a crystal lattice
plane having inter planar distance ‘d’ at a certain angle ‘0’, the beam gets scattered and
undergoes constructive interference. The condition for interference can be expressed by the

well-known Bragg’s law as follows [14]:
2dsin(0) = nA (3.4)

where n is an integer called the order of diffraction. Technically, first, the sample is scanned
through a range of 20 angles, so that all possible diffraction directions of the lattice can be

attained. From the Bragg’s law, the possible 20 values are determined by the unit cell
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dimensions. However, the intensities of the reflections are determined by the distribution of the
electrons in the unit cell. The highest electron density is found around the atoms and intensities
depend on the nature and the number of atoms. Planes going through the areas with high
electron density reflect strongly and planes with low electron density will give weak intensities
corresponding to the highest and lowest intense peak in the XRD pattern. Next, the diffraction
peaks are converted to interplanar spacing and the material with its phases is identified.
Comparing this data with the joint committee on powder diffraction standard (JCPDS) data
file, miller indices of the planes can be identified. Also, from this data file one can easily

recognize the crystal structure of the material.

Incident Beam
| Reflected Beam |

o )6

o

Fig. 3.5: A schematic (left) and digital image (right) of the XRD instrument (Bruker, Model:
D8).

Lattice parameters can be estimated by applying the standard equations. For example, in a
tetragonal crystal system, lattice parameters ‘a’ and ‘c’ can be determined by the equation:

2[R+ k> P

. 2 _ -
sin“0 = 2 (3.5)

+ —_
a? c?

where 0 is the corresponding Bragg incidence angle, at which diffraction occurs from the (h k
I) plane. Also, one can estimate the crystallite size by using the Scherrer equation given as

follows [15]:
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_ kA
o LCos6

(3.6)

where D is the crystallite size by considering the peak broadening due to the film, g is the full-
width-at-half-maximum (FWHM) of a selected diffraction peak, and k is the shape factor
determined by the geometry of the crystallites. Also, the S values give an idea about the
crystalline quality, such as for lower $ value the quality of crystallite is better. Fig. 3.5 shows

the schematic diagram (left) and digital image (right) of the XRD used for this thesis work.
3.3.1.2 X-ray Photoelectron Spectroscopy

XPS, also known as Electron Spectroscopy for Chemical Analysis (ESCA) is the most
widely used surface chemical analysis technique to detect the elemental composition of
materials along with their electronic states. Each atom in a material has core electrons having
characteristic binding energy (Eb) ideally equal to the ionization energy of that electron and
this tool simply deals with the basic photoelectric effect. This technique is surface sensitive
and it can provide information only about the top surface 80-100 A of the sample surface as
the electrons below this layer can’t emit outside of the surface due to the collision with the
electrons and atoms lying above them. When a monoenergetic X-ray with photon energy higher
than Ep, is incident on a sample, the core electron emits from the atom as well as the surface
with some kinetic energy, Ex. The kinetic energy of the photoelectron can be calculated by

using the famous photoelectric equation [16]:
Ex =hv— E,— ¢ (3.7)

Where Av is the incident photon energy, ¢ is the work function that is adjustable of the material.
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Fig. 3.6: A schematic of the working principle of XPS.

XPS patterns are obtained by irradiating a material with X-ray beam while
simultaneously measuring the kinetic energy and the number of photo excited electrons that
escape from the surface. Since the energy of core electron is a significant characteristic of a
material, a detailed elemental analysis can be performed by this technique. The binding energy
of the photoelectrons is measured by an electron energy analyzer. In XPS, a high to ultrahigh
vacuum (10°8-10"° mbar) is required to maintain the accuracy of detection of the actual
elements without contamination. The elemental identity, chemical bonding, and quantitative
amounts of constituent elements can be determined from the position, shape, area, and intensity
of the photoelectron peak. Fig. 3.6 and 3.7 show the schematic diagram of the working principle
and the digital image of the XPS instrument used for this thesis work.
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Fig. 3.7: Digital image of the XPS instrument (Omicron, Serial No.: 0571).

3.3.2 Microstructural and morphological characterization techniques

The shape, size, orientation of the grains, surface roughness, porosity, and
microstructural defects in the films are known as the microstructure and morphology of the
thin film. These results are quite helpful to explain the electrical, optical, and optoelectronic
properties. Field emission scanning electron microscopy (FESEM) and atomic force
microscopy (AFM) has been used in this work for the microstructural and morphological

analysis. Hence these two techniques are discussed in the next section.
3.3.2.1 Field Emission Scanning Electron Microscopy

Scanning electron microscope (SEM) is a type of electron microscope that produces
images of a sample by scanning it with a highly accelerated (having energy of several KeV)
focused electron beam which is produced by the heating of a metal filament known as electron
gun. The SEM with field-emission cathode in the electron gun is known as a FESEM which
provides narrower probing beams for both low and high electron energy. As a result, the spatial
resolution of the images is improved a lot with the highest possible magnification. The use of

a field-emission cathode can also reduce the possibility of sample charging which sometimes
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may damage the sample. The working principle of FESEM is similar to an electron microscope
where the electron beam is used instead of light. As the wavelength of accelerated electrons is

shorter
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Fig. 3.8: A schematic of the working principle of FESEM.

Detector

than that of electromagnetic wave, hence the electron beam in FESEM can produce a better
resolution image than the optical microscope. Here, the electron beam passes through several
condenser lenses placed vertically which helps to focus the beam onto the target sample.
Usually, the target is scanned in a raster scan pattern having energy ranging between 0.2 to 40
KeV. Various electrons such as back-scattered electrons, secondary electrons, auger electrons,
characteristics X-ray etc. are produced due to the interactions in between the target sample and
the electron beam striking on it. The back-scattered electrons are used for contrasting the

multiphase compositions of sample whereas the secondary electrons are generally for

48



Chapter-3

collecting information regarding surface morphology and topology of the sample to build the
microstructural image of the target sample. The characteristic X-ray photons, produced when
the beam hits the target, are collected by the detector, and analyzed to recognize the elements

present on the surface of the target.

Fig. 3.9: Digital image of FESEM (JEOL, Model: JSM-6700F).

Sometimes an additional arrangement is attached to the FESEM for elemental analysis
of the target sample called energy dispersive X-ray spectroscopy (EDS/ EDX). This technique
works on the generation of the X-ray fluorescence produced from the atoms when scanning
beam falls on them. Then, the characteristic X-ray photon produced from the elements in
sample are collected by the detector and analyzed to recognize the elements present in target
sample. In this thesis work, FESEM has been used for topography imaging as well as cross-
section analysis. Fig. 3.8 and 3.9 show the schematic diagram of and the digital image of the

FESEM instrument used for this thesis work.
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3.3.2.2 Atomic Force Microscopy

AFM is one kind of high-resolution scanning probe microscopy (SPM) having
resolution in the order of a fraction of one nm, more than 1000 times better than the optical
diffraction limit. It measures mainly the asperity of a sample using a tip with micro-machined
cantilever attached with the instrument. As the tip scans the sample surface, the inter-atomic
force between the tip and the sample surface induces a displacement of the tip that bends the
cantilever which is measured using a laser beam. The moving cantilever reflects the laser beam
which strikes a position-sensitive four segment photodiode. The difference between the
segments of photodiode indicates the position of the laser spot and helps to provide a three-
dimensional pattern of the motion using a piezoelectric scanner. Then the data is processed in
the computer and comes up with a topographical image of the surface with atomic range

resolution.

There are three types of modes in AFM to read the sample: contact mode, tapping mode
and non-contact mode. Firstly in ‘contact mode’, the tip can be dragged smoothly over the
surface and in the second one, ‘tapping mode’, the tip is repeatedly tapped on the surface. In
‘non-contact mode’ where the tip doesn’t actually touch the material surface but rather
measures attractive forces between the sample and tip. The tapping mode is normally used for
AFM imaging. The contact mode is used for some specific applications, such as force curve

measurements.
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Fig. 3.10: A schematic (left) and digital image (right) of the AFM instrument (VECCO, Model:
diCP-11).
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The properties and dimensions of the cantilever and tip play important role in
determining the sensitivity and resolution of the AFM. AFM tips are manufactured using
micro-lithographic techniques normally shaped like a pyramid and it is gold coated on the upper
side with spring constants ~10 pN/nm. The sharper the tip, the better is the resolution of the
final image of the sample surface. The tip is generally made from ceramic, semiconducting
materials, and carbon nanotubes. AFM is basically an updated version of electron microscopes
with two main advantages; it doesn’t require a vacuum and can give three-dimensional images.
As vacuum is not needed, hence there is the versatility to measure samples in air or any required
medium (even underwater). Also, it can give additional information like roughness, co-efficient
of friction of the sample. In this thesis, AFM images of the TiO; films are studied to know the
surface morphology and topographic nature. Fig. 3.10 shows the schematic diagram (left) and
digital image (right) of the AFM instrument used for this thesis work.

3.3.3 Optical characterization techniques

The optical characterization of the material is very important as it has huge applications
in various optoelectronic devices, such as solar cells, photosensors, light emitting diodes
(LEDs), etc. There are mainly three types of optical characterization used in this work namely
transmission, absorption spectroscopy, and photoluminescence (PL). For more investigations
about the PL relaxation pathways, Time Correlated Single Photon Counting (TCSPC)

measurement has been carried out.
3.3.3.1 UV-VIS transmission and absorption spectroscopy

It is a very convenient tool to measure the absorbance, transmittance, and reflectance
of a material. When a beam of light falls on a sample, a part of the beam is reflected, another
part is absorbed and the rest of the incident light transmits through the sample. Light passing
through an optical medium gets attenuated due to both absorption and reflection. As light travel
more through a medium, more it gets absorbed. Mathematically, absorbance is the logarithmic
ratio of the incident radiation to the transmitted radiation through the medium. According to
Lambert-Bouguer Law, the absorbance of an optical medium is directly proportional to the
density of the absorbing medium and path length i.e., the thickness of a material. For a medium
with insignificant scattering, at a particular wavelength, the absorbed beam intensity, ‘I’ is

related to incident beam intensity, ‘lo’ according to Lambert-Bouguer law [17]:

1) = I, (1) e~ed (3.8)
51



Thin film synthesis and characterization technigues

where ‘d’ is the sample thickness and ‘o’ is the absorption coefficient. The change in the «
with 4 is called the absorption spectrum of the medium. According to classical electromagnetic

theory, the absorption coefficient can be written as the following equation:

a = 41k/, (3.9)

where k is the imaginary part of the complex index of refraction and it is also called extinction
coefficient and c is the speed of the light in free space. Now considering that the reflection is
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Fig. 3.11: A schematic (left) and digital image (right) of the UV-VIS spectrometer
(PerkinElmer, Model: Lamda 35).

insignificant for any material, then the transmittance of a sample is equal to the ratio of the

transmitted beam to that of the incident beam and its expression is given by:

_ 1
T = 15 (3.10)

Using above two equations,
In{T(D)} = —-a(l)d (3.12)

Therefore if ‘d” is known, the absorption coefficient can be calculated from the above equation.
From this relation, Tauc plot [(a4v)Y"vs hv] can be drawn to determine the optical band-gap of
the materials where n = % for direct band-gap and n = 2 for indirect band-gap materials [18].
A schematic of and the digital image of the UV-VIS spectroscopy instrument used in this thesis

work are shown in Fig. 3.11.
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3.3.3.2 Photoluminescence measurement

When light of suitable energy is incident on a material, the photon gets absorbed by the
material and the absorbed energy is converted into several forms. It can be transformed into
thermal energy through inter-atomic collisions and later radiated at lower wavelengths. When
it is the subsequent emission of a photon, it is classified as PL. Luminescent materials can
radiate light even when the excitation is turned off. The time gap between the absorption and
emission of a photon is called life-time or decay time of emission. Depending on life-time,

luminescence is
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Fig. 3.12: A schematic of the PL instrument.

named as phosphorescence (long life time~102s and more) and fluorescence (short life time
~10° to 10° s). These processes involve electronic transitions between the different energy
states associated with the CB and VB and the other in-gap defect states lying in between. The
general discussions about PL property have been already presented in previous chapters. The
required major components of a PL apparatus are: (i) an illuminating source to excite the
sample, (ii) a monochromator, (iii) a dark chamber where the sample is placed, and (iv) a

detector that recognizes the emission intensity.
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In this thesis work, the sample has been irradiated by He-Cd LASER (Kimmon Koha
Co., Ltd., Model: KR1801C) source at 325 nm excitation. The emission from the sample has
been focused through an array of lenses and mirrors (Horiba Jobin Yvon, Model: iHR 320)
together with a photomultiplier tube and finally recorded by a detector. The schematic and the

digital image of the PL set-up used in this work is shown in Fig. 3.12 and 3.13 respectively.

Fig. 3.13: Digital image of the PL measurement set-up.

3.3.3.3 Time Correlated Single Photon Counting

TCSPC is a well-established and common technique to measure PL decays in the time
domain. This instrument provides time dependent intensity profile of the emitted photons upon
excitation by a short flash of light [19]. In principle, a single photon is detected and its time of
arrival with respect to a reference signal usually the light source is measured. Mainly, the laser
is used as a source to excite the sample. Because of the high repetition rate of the laser, this
process can be repeated many times to accumulate a sufficient number of photon events to
build up a statistical photon distribution over the time and spatial coordinates. In practice, a
sample is excited by a pulsed laser source. The pulse duration is in the range of femtoseconds

to about 100 picoseconds with a pulse repetition rate between 1-100 MHz. A single photon
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detector is attached to record the emission. A fast and efficient TCSPC electronics is needed to
register the photon events in relation to the laser sync pulses. From the PL decay curve, the
lifetime can be determined. When TCSPC instrument is attached with a scanning
technique fluorescence lifetime imaging (FLIM) can also be performed.

In this thesis work, PL emission life time measurement has been carried out by TCSPC
instrument (Horiba Jobin Yvon IBH) using micro-channel plate photomultiplier tubes
(Hamamatsu, Model: R3809) by exciting the samples with 295 nm light using a picosecond
diode (IBH, Model: Nanoled-295) at the detection wavelength of 380 nm. The digital image of
the TCSPC instrument used in this work is shown in Fig. 3.14.
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Fig. 3.14: Digital image of the TCSPC instrument.
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3.3.3.4 Raman spectroscopy

Raman spectroscopy is an important tool in the field of vibrational spectroscopy [20].
This means that it analyses a sample chemically by using light to create molecular vibration,
and interpreting the interaction of light with the chemical bonds of the substance. These yields
detailed information about molecular composition, structure, polymorphism, defects in crystal,
crystallinity, and molecular dynamics. The working principle of Raman spectroscopy is based
on the inelastic scattering of light when it falls on a sample. A very small part of scattered lights
changes its wavelength after the interaction of light with the sample. This usually happens in
relation to molecular vibration. This scattered light is then collected and is used to gather
information about the sample. This scattering phenomenon, which was predicted by Adolf
Smekal in 1923 and discovered by C.V. Raman in 1928, is called the Raman effect [21].
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Fig. 3.15: A schematic of Raman spectroscopy.
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As the change of wavelength is very small compared to the wavelength of the irradiating
light, the change of wavelength is most easily observed when monochromatic light is used.
Therefore, in a Raman spectrometer, a laser beam is most suitable to focus on the sample under
investigation. However, that sample must not be showing fluorescence to the laser used for
excitation. If that is the case, the fluorescence will cover most of the Raman effect, since it is
so weak in comparison. After the laser light has irradiated the sample, the scattered light is
passed through a notch filter (to get rid of any light from the excitation laser). Then it is directed
to a grating element, which distributes the inelastic parts like a prism and according to
wavelength. In the end, these rays are directed to a CCD detector which then outputs a spectrum
depending on the intensity. In this thesis work, Raman measurements were carried out using a
Lab RAM HRB800 spectrometer (Horiba Jobin Yvon) with a 458 nm Argon-ion laser as the
excitation source. The schematic and the digital image of the Raman instrument used in this

work is shown in Fig. 3.15 and Fig. 3.16 respectively.

Fig. 3.16: Digital image of the Raman instrument.

3.3.4 Optoelectronic characterization techniques

Optoelectronics is the study and application of those electronic devices which either
detect or source or control light. Optoelectronic property is the combined effect of the optical

and electrical phenomenon based on the quantum mechanical effects of light on the
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semiconducting materials, sometimes in the presence of an electric field. In this work, the

photodetection properties of the samples have been observed thoroughly.
3.3.4.1 Photoconductivity measurements

Photodetectors are sensors of light or other electromagnetic radiation. As discussed in
chapter 1, there is a wide variety of photodetectors that may be classified by the mechanism of
detection. Among them, in this thesis work, photodetection in simple photoconductive mode
has been used. Photoconductivity is nothing but enhancement of electrical conductivity of
material upon incidence of electromagnetic radiation such as visible, UV, and IR light of
sufficient energy. The general discussions on photoconductivity property have been described

in earlier chapters.

In a typical photoconductivity measurement, under the irradiation of suitable light, the
electron-hole pairs are continuously created and recombined simultaneously. The enhancement
of photocurrent occurred due to an excess number of charge carrier generation in the process.
The defects states of the materials serve as recombination center (trap) for electro-hole pairs
which highly affects photoconductivity. The main factors that control this process are:
photocarrier generation, trapping effect, and time constants.
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Fig. 3.17: A schematic of the photoconductivity measurement set-up.
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From semiconductor physics, at any instant (t), the number of photocarriers in an ideal

semiconductor is given by
n(t) =n(s)(1— e~t/7) (3.12)

where n(t) is the photo generated carrier concentration at t, n(s) is the saturated photocarrier

concentration and 7 is the life time of a carrier.

Assuming no trap states or recombination center except the band edge recombination, the rate

equation of for transient photocurrent can be expressed as

dn(®) _ »_ 0 (3.13)
dt T

Where G is the rate of generation of carriers upon illumination

When the light is turned off, current value begins to fall due to recombination of carriers. Then

the rate of decay equation takes form,

) _ _n) (3.14)
dat T
At any instant t during decay, the carrier concentration can be written as
n(t) = n(s)e (3.15)
So,att=r, n(t) = n(s)(1 — /) [during growth]  (3.16)
n(t) = =2 [during decay] (3.17)

From these equations the free carrier life time can be calculated easily.

In general, chemically, or physically developed metal oxide semiconductor thin films contain
various defect states and their effects cannot be ignored. Therefore, in presence of defect states,

the rate equation can be written as;

d

% =G — a1 (N — N ) + came (3.18)
an.
E =01 (Nt — ¢ ) - Sopenc —11Nc (319)

59



Thin film synthesis and characterization technigues

dnp

dt =G - 6ope7’lc - peCZ (320)

where ne & peare excess electrons & holes in CB and VB; c1 & ¢ are capturing cross
sections in recombination centers; nc & Nt are occupied and the total number of traps; o1 & do

are electron & hole capturing rate respectively.

Photoconductivity set-up simply contains a light source and an electrometer for current
and voltage measurements. Sometimes a monochromator is attached for specific light
detection. In this thesis work, a Xe light source with a monochromator (Newport Corp-USA,
Model: 66902) and a source meter (Keithley, Model: 2410 with GPIB card) have been used.
Electrodes or metal contacts (deposited by the thermal evaporator) have been deposited on the
films for measurement purposes. Also, for low current (in the order of nA or lower)
measurements, picoammeter (Keithley, Model: 6485) has been connected in series with the
source meter. Further, the intensity of incident illumination has been modulated using a neutral
density filter and detected by a power meter (Newport, Model: 1930C). The schematic diagram
for photoconductivity measurement and digital images of the power meter and
photoconductivity measurement set-up used in this thesis work are shown in Fig. 3.17 and Fig.
3.18 respectively.

Fig. 3.18: Digital image of the photoconductivity measurement set-up.
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4.1 Introduction

Various works regarding the PL properties of different morphologies of TiO2 have been
studied till date. However, it is worthy to note that the interpretation of experimental PL results
of TiO,, similar to ZnO is still controversial. It is well understood from the previous chapter
that the PL properties of TiO- thin films are strongly dependent on the intrinsic as well as
surface adsorbed defects [1, 2]. Therefore, a controlled processing is necessary to regulate these
defects in order to enhance the emission property [3, 4]. Post-growth treatments can be a simple
and useful way to tune the defects in TiO. films. Keeping these concerns in mind, in this
chapter, a detailed investigation on the RT PL properties of sol-gel derived TiO> thin films
under various post-growth treatments has been presented. It has been shown that rapidly cooled
films after air annealing exhibit higher UV PL where the vacuum annealing and UV curing in

TiO> films leads to higher visible PL due to defect modifications.
4.2 Experimental details

TiOz thin films have been deposited on ultrasonically cleaned soda-lime glass substrates
synthesized via sol-gel technique followed by spin coating. Details of sol preparation and
coating have been mentioned in previous chapter. Each coating has been dried at 120 °C for 10
minutes and then heated at 500 °C for 20 minutes. This process has been repeated for 19 times.
After 20th coating, three sets of samples have been prepared by varying the final treatment as

described below:

(i) Thermal annealing at 500 °C in air ambient for 2 hours followed by very rapid cooling
(sample A)

(i) Thermal annealing at 500 °C in vacuum ambient (1.2 x 10 Torr) for 2 hours followed by

a slow cooling (sample B)

(iii) UV (365nm) curing in air ambient using an irradiance of 1.2 mW power from a UV source
(Spectroline, ENF-280C/FE) for 2 hours at RT (sample C)

The flow chart for film preparation and post-growth annealing procedures is shown in Fig. 4.1
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A
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(b) Annealing in air, 500 °C‘ Sample A
Cooled in liquid N,
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|§|m Annealing in vacuum »| Sample B
500 °C
UV curing o Sample C
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Fig. 4.1: Flow chart of the (a) sol-gel preparation of TiO> films and (b) various post-growth
treatments of TiO> films.

The structural properties of the thin films have been investigated by using the XRD
while the chemical states of the elements and contribution of the surface adsorbed -OH groups,
oxygen molecules in the films have been confirmed and discussed from XPS. The
transmittances of the films have been measured by using a UV-VIS spectrometer. The RT PL
spectra have been measured by using a spectrophotometer where the films have been excited
by a He-Cd LASER. For dark current measurement, two Al (~ 40 nm thick) electrodes have
been deposited by the vacuum thermal evaporator. The details of instruments used in this work
have been illustrated in chapter 3.
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4.3 Results and discussions

The XRD patterns of the films as presented in the Fig. 4.2 depicts the multiple peaks at
20 = 25.3°, 37.8°, 48.0°, and 53.9° which are indexed to the (101), (004), (200), (105)
diffraction planes of anatase TiO2 phase (JCPDS file: PDF#211272). The presence of a very
weak peak 26 = 30.9° has been assigned to (121) peak of brookite according to the JCPDS data
file (PDF#291360). However, the XRD results of all the films indicate that mainly anatase
phase of TiO, film has been formed. This result is in excellent agreement with the study
reported by Paola et al. [5] that anatase TiO: is formed ~ 500 °C and brookite is a meta-stable

phase of TiO> often produced as a by-product with rutile and anatase.

(101) + Anatase
- o Brookite

o(121)

+ (004)

Intensity (a.u.)

20 30 40 50 60 70
20 (Degree)

Fig. 4.2: XRD patterns of (a) Sample A, (b) Sample B, and (c) Sample C

Fig. 4.3 shows the transmission spectra for all the samples as well as for the bare glass substrate.
All films exhibit an average transparency greater than 70% in the region of 500-700 nm of the
spectra and below 400 nm the transmittance value sharply drops for all the films due to band
edge transition. Several fringes have been observed for all films which indicates appreciable
thickness of the films. The thickness of the films has been calculated theoretically by the

famous Swanepoel envelope method [6] using the following calculations:

n= [N+ (N? — s?) 1/2]1/2 (4.1)
_ 2

N =2g M= Tm 741 (4.2)
TmTm 2
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Where Tm and Tr is the transmission maximum and corresponding minimum at a certain

wavelength A. The refractive index of the substrate at each A is calculated by the formula:
s=2+ & -1 (4.3)
Ts r2 )

Where Ts is the transmittance of the substrate. The variation of the refractive indices with A has
been shown in the inset of the Fig. 4.3.
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Fig. 4.3: Transmission spectra of the (a) Sample A, (b) Sample B, (c) Sample C, and (d) bare
substrate. The inset shows the variation of refractive indices with wavelength for all samples.

Then the thickness of the films is estimated with the calculated n values by using the equation:

_ A1y
d= 2 (Aqnq—Aznz) (4.4)

where n1 and n; are the refractive indices of the successive maxima or minima at A1 and A2. The
average thicknesses estimated of the samples A, B, and C are 616, 590, and 645 nm
respectively.
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Fig. 4.4: Representative (a) (ahv)? vs hv and (b) (ahv)*? vs kv plots of Sample A.

The optical band-gaps of the samples are calculated by using very well-known Tauc plot based

on fundamental absorption equation:
(ahv)'/n = A (hv - E,) (4.5)

where a is absorption coefficient, /v is the incident photon energy, Eg is the band-gap of TiOz,
and A is a constant. Fig. 4.4(a) and (b) show the representative plots of (ahv)? vs hv and (ahv)*?
vs hv of sample A which indicate both direct and indirect nature of its band-gap. The band-gap
values estimated for all the samples using similar plots have been summarized in Table 4.1
which shows that the direct band-gap values in general are higher than the indirect ones. The
values and trends of the band-gap are quite consistent with the values reported by Wang et al.
[7] and Hasan et al. [8]

RT PL spectra of all samples in Fig. 4.5 contains a sharp UV peak at ~ 3.25 eV and a broad
visible peak at ~ 2.25 eV. The UV peak is due to band edge emission and the broad visible
peak is generally assigned for the emission from defect related states in TiO2. The UV/VIS PL
intensity ratio has been calculated for all samples and noted in Table 4.1 which shows that
sample A has highest UV/VIS value because of lower intense visible peak. As said earlier, the
broad visible peak is very common feature in TiO2 PL spectra irrespective of its preparation
and morphology [9-12].
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Fig. 4.5: RT PL spectra of (a) Sample A, (b) Sample B, and (c) Sample C. The inset shows
an enlarged view of the UV emission.

Different types of trap states or defects are responsible for the broad visible PL in TiO2. The
possible defects reported for visible PL are Vo, Ti**, Ti interstitials, impurities, and other
defects in the crystal [13-19]. Among these the most accepted source responsible for visible
emission is Vo and Ti%* related states [20-23]. According to literature, reduced TiOz i.e., TiO2
containing Ti%* can absorb visible light [24, 25]. Various methods such as high temperature
annealing [26], UV treatment [27], high vacuum heating [28], heating in reducing ambient (C
[29], H2 [21] environment), plasma curing [30], laser irradiation [31], bombardment of high
energy particle (neutron [32], Ar* [33], electron [34], y- ray [35]) can produce Ti®* surface
defects (TSD). There are two mechanisms reported for Ti** reduction to Ti*. One, upon UV
light electron-hole pairs are generated and these electrons tend to reduce Ti** cations while the
holes are trapped at O2™ or the oxidized Oz [27]. Second process is the loss of oxygen from the
TiOz surface [26]. It has been suggested that Vo causes two valance electrons in TiO2 and these
excess electrons tend to occupy the empty Ti 3d orbital forming Ti®*. Thus, the both defects
are often considered to be produced simultaneously and connectedly. But, according to Liu et
al. [21] and Berger et al. [27], TSD is different from Vo as both can be formed separately
although both Ti®" defects and Vo can be achieved deliberately by high temperature air and
vacuum annealing or UV irradiation. Therefore, though all the samples are supposed to have

Ti** or Vo type defects. Sample B and C are expected to contain more as compared to A. The
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higher UV/VIS value of sample A indicates presence of small amount of trap states in it due to
the well-established fact that H.O molecules usually get adsorbed at ~ 200 °C. When a sample
is cooled down from higher temperature, it may cause OH and O related surface defects in
sample [36]. As the sample A is rapidly cooled in N2 environment, adsorption of OH and/or O

is less probable on it.
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= 2
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1.8 20 22 24 26 28 3.0 1.8 20 22 24 26 28 3.0
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Fig. 4.6: Gaussian multi-peak fitting of the visible photoluminescence spectra of (a) Sample
A, (b) Sample B, and (c) Sample C.
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Table 4.1. Values of direct, indirect band-gap, UV/VIS, and green/orange emission of the
samples.

Direct band- | Indirect band-gap UV/VIS Green/orange
gap (eV) (eV)
Sample A 3.39 3.14 0.71 3.21
Sample B 3.46 3.21 0.26 3.57
Sample C 3.35 3.16 0.19 1.80

For further investigation of the emission properties of the samples due to different post-growth
treatments and for assigning the probable cause, Gaussian multi-peak fitting has been done for
visible PL spectra of all the samples as shown in Fig. 4.6(a)-(c). Each visible peak can be
deconvoluted into two sub-peaks, one located at ~ 2.4 eV (green emission, P1) and other at ~2
eV (orange emission, P2). It has been also observed that the intensities of the sub-bands vary
with the samples that signify different origins of the sub-bands. The ratio of the integrated peak
intensity of the two sub-bands (P1/P2) has been calculated by the area under each peak shown
in Table 4.1. It also depicts that P1/P2 is comparable for sample A and B but the value is lower
for sample C. According to literature, Ti®* and/or Vo defects are usually attributed to green PL
in TiO2 and OH and/or excess Oz are for orange emission [37]. Actually, the samples possess
different amount of both defect concentrations which makes P1/P2 value different for different
samples. Since OH and/or excess O related surface states cause orange emission, the sample
A should have less these defects due to rapid N2 cooling [36, 38], making P1/P2 higher. On the
other hand, since the sample B is vacuum annealed, it should have more Vo and/or Ti** defects
(as supported by XPS data discussed later) which gives high P1/P2 value. That’s why, P1/P2
values are similar for sample A and B. It is well known that UV curing makes TiO surface
hydrophilic [39, 40]. Therefore, for sample C, more OH spices are adsorbed on the surface that
cause more orange emission making lowest P1/P2 value. This result agrees with the work
reported by Jin et al. [41], which shows that red band has a strong correlation with the defects

with under co-ordinated Ti%*.

To support our results, XPS analysis has been carried out for all samples. The XPS full scan of
all samples are shown in Fig. 4.7(a), (c), and (e) which confirms the presence of Ti 2p1, Ti
2p3r2, and O 1s12. The Ti 2pa2 peak of all samples has been deconvoluted well into two peaks
centered at ~ 457eV and other at ~ 458 eV shown in Fig. 4.7(b), (d), and (f). The lower energy
peak is associated
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Fig. 4.7: XPS pattern of (a) Sample A, (c) Sample B, and (e) Sample C. Gaussian peak fitting
of Ti 2pap peak of (b) Sample A, (d) Sample B, and (f) Sample C.
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with Ti®* and the higher energy peak is assigned to Ti** [26]. The estimated ratio of the area
under the fitted curve of Ti%* to Ti** has been shown in Table 4.1 which reveals that this value
is higher for sample B than that of sample A. It specifies more formation of Ti®* defects in
sample B which is at per our PL UV/VIS analyses. The smaller UV/VIS value of sample C
than that of sample A and B indicates lesser amount of Ti®* present in it. This agrees with the
result that for sample C, green emission is comparable with the orange emission which is

caused by the OH and/or excess O adsorption on the TiO; surface.

To analyze the relaxation mechanism of charge carriers through the defect states, TCSPC
measurement has been performed for all samples. The experimental data has been fitted to bi-

exponential decay by the equation [42]:

I(t) =By exp( —t/t1) + Byexp (—t/ 1,) (4.5)

where I(t) is PL intensity, 11 and 12 are decay constants, and B1 and B are their relative
contributions. The excitation and emission wavelengths have been set at 295 and 380 nm as
contrast to PL excitation and emission band. Fig. 4.8(a) shows the representative decay profile
of sample C. The two decay constants (t1 and t2) and their relative contributions (B1 and By) in
decay have shown in Table 4.2. Samples B and C exhibit contributions over 90% by slower
decay constants as compared to sample A which has very fast decay rate and immeasurable as
beyond to instrumental limit. Therefore, this result concludes that vacuum annealing and UV
curing both produce defects that slow down the carrier recombination process which lead to

larger lifetime value of the carriers. This result also supports our PL analysis of the samples.

Table 4.2. Decay parameters of the samples estimated from TCSPC.

11 (pS) B1 12 (pS) B>
Sample A _ _ _ _
Sample B 216 91.66 1443 8.34
Sample C 272 91.71 2597 8.29
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Fig. 4.8: (a) Representative time resolved UV PL decay profile of Sample C (b) Room
temperature dark 1-V curves of (a) Sample A, (b) Sample B, and (c) Sample C.

In Fig. 4.8(b), the dark 1-V characteristics of the samples at bias -10 V to 10 V exhibiting linear
characteristics of the curves show the Ohmic nature of the contacts. Sample A possesses
maximum current due to lowest amount of carrier traps and sample B shows minimum current
value because of large number of traps present due to formation of Ti®* surface defects. This
result is at par with our PL, XPS, and TCSPC studies.

4.4 Conclusions

In summary, PL properties of easy and low cost sol-gel TiO> films under various post-
growth treatments have been demonstrated in this study. It has been found that annealing in air
followed by rapid cooling is a very useful method to achieve higher UV emission and lower
visible emission which is probably due to the reduction of number of surface traps in air
annealing. Also, it has been observed that UV curing and vacuum annealing can create more
Vo and/or Ti®* states. Therefore, the recombination pathway exhibits a clear correlation with
the formation of Ti%* defects on the surface. This study leads to a very efficient and promising

way for the fabrication of highly luminescent oxides.
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5.1 Introduction

Photodetectors based on photoconducting principle employ a single semiconducting
layer indicating a much easier synthesis process over the complicated fabrication procedure of
conventual photodetectors that mainly work in photodiode mode [1]. Also, from the previous
chapter it is established that photoconductivity of TiO: films highly depends on the sub-band-
gap density of states mainly originated from Vo and surface adsorbed species [2-6]. Therefore,
choice of meticulous processing is necessary to engineer these defects for attaining high and
efficient UV photodetection property of TiO». Therefore, having these issues in mind, in this
chapter, UV photodetection properties of sol-gel derived nanocrystal assembled TiO; thin films
in simple photoconductive geometry have been discussed where the defect concentration has

been varied to a different extent by various post-growth treatments.
5.2 Experimental details

TiO2 films have been deposited on properly cleaned soda-lime glass substrates by sol-
gel spin coating method. The details of the sol preparation and film synthesis procedure have
been described in chapter 3. Each coating has been dried at 120 °C for 10 minutes and then
heated at 500 °C for 20 minutes. After 20" coating, different post-growth treatments have been
performed to tune film properties: (i) annealing at 500 °C in air ambient for 2 hours (SA) (ii)
annealing at 500 °C in vacuum for 2 hours (SB) (iii) Irradiance of UV light (365 nm, 1.2 mW)
in air ambient at RT for 2 hours (SC).

The structural, microstructural, and optical properties of the thin films have been
investigated by using the XRD, XPS, FESEM, AFM, and UV-VIS spectroscopy. For the
photoconductivity measurements, two circular Al top electrodes (thickness ~ 40 nm having

diameter 1mm and 2mm distance apart) have been thermally evaporated on the film surface.
5.3 Results and discussions

In Fig. 5.1(a), the XRD patterns of all the samples show the presence of multiple peaks
at 20 = 25.3°, 37.8°, 48.0°, 53.9°, and 62.7° corresponding to the (101), (004), (200), (105),
and (204) diffraction peaks which confirms the tetragonal anatase phase of TiO, according to
JCPDS data
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Fig. 5.1: (@) XRD patterns of all the samples. The inset in the figure shows the enlarged view
of (101) peak. The cross-sectional SEM images of (b) SA, (c) SB, and (d) SC. The inset in
the respective figure shows the magnified view of the columns. AFM images of (e) SA, (f)

SB, and (g) SC.
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(PDF# 211272). From the enlarged view of (101) peak in the inset, full width at half maxima
(FWHM) for all films has been calculated as 0.15, 0.17, and 0.2 for SA, SB, and SC
respectively that indicates no notable change in crystallinity of the samples. The cross-sectional
FESEM images in the Fig. 5.1(b)-(d) depict the vertical and columnar growth of the samples.
Careful scanning of the columns (the insets in the figures) reveals that the columns are
assembled of tiny crystallites which increases the resultant surface-to-volume ratio. The
thicknesses of the samples are estimated from cross-section as 607 nm, 612 nm, and 595 nm
for SA, SB, and SC respectively which matches appreciably with the thickness values
calculated by Swanepoel’s method [7] as stated in chapter 4. The surface topography of the
films has been examined using tapping mode AFM (Fig. 5.1(e)-(g)) which show smooth,
homogeneous surface of densely packed small grains of the films. The root mean square (RMS)
roughness of the samples, deduced from AFM images has values 0.91 nm, 0.88 nm, and 0.67
nm for SA, SB, and SC respectively indicating uniform nature of the film surface. These images

are also too smooth to distinguish any microscopic change in the characteristics.

The optical absorption spectra of all the films, shown in Fig. 5.2(a) exhibit a strong and sharp
rise in the region below 400 nm due to highly absorption of photons near the band-gap of TiO>
as stated earlier chapter. The indirect band-gap values have been estimated from Tauc plot
(inset of Fig. 5.2(a)) as 3.12 eV, 3.23 eV, and 3.24 eV for SA, SB, and SC respectively
identifying no significant change. The dark |-V characteristics (Fig. 5.2(b)) of the samples has
been measured in the bias of -20 V to 20 V which exhibit a linear increase of current with
voltage confirming Ohmic nature of the contacts. It has been observed that dark current value
of SB is higher than that of SA and SC. This may be due to elimination of O.-related carrier
traps during vacuum annealing [8-10]. The schematic of the photoconductivity measurement

has been presented in the inset of Fig. 5.2(b).
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Fig. 5.2: (a) Absorption spectra of the samples. Inset shows the corresponding Tauc plots for
the samples. (b) Dark I-V of samples. Inset shows the schematic diagram of experimental
set-up for photoconductivity measurement, and Photocurrent spectra of the samples at 10 V
for (c) high and (d) low incident power respectively. Inset shows the corresponding value of
UV-to-visible rejection ratio.

For detailed analysis, the spectral photoresponse of all the films at the wavelength in the region
of 300-800 nm under high and low incident power at 10 V fixed bias condition has been
measured and shown in Fig. 5.2(c) and (d) respectively where the insets show the wavelength
dependent power variations. All the photocurrent spectra exhibit a strong and sharp rise in the
current value below 400 nm indicating the high sensitivity towards UV light due to band edge
transition. A broad hump has been observed in the visible region (450-700 nm) due to
relaxations of photocarriers from different trap states. However, the nature of hump is different
for different films due to varied nature and amount of sub-band defect states present in the

films. The UV-to-visible rejection ratio, termed as 1 (the ratio of photocurrent at 350 nm to
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that of 410 nm), defines how blind a UV photodetector towards the visible light (i.e., 410 nm)
w.r.t UV (i.e., 350 nm). n has been calculated for all samples and shown in the inset of Fig.
5.2(c) and (d) showing n is quite higher for SC than SA and SB indicating its better
photodetection towards visible-blindness. Comparing the data recorded for high and low
intense incident light, it has been observed that the detection of low power UV light is higher
than that of high incident power by SC. This result specifies that the UV light absorption by
the surface is more effective in bringing a pronounced change in the photoresposne since
penetration of low power UV light is mainly confined on the surface. An extremely high
rejection ratio (1.7x10%) has been found for low incident UV light (10 uW for 350 nm) for SC
indicates its fantastic performance for low intense UV detection. This value is much higher

with the value reported by Liu et al. [11]

The corresponding spectral responsivity (R) and specific detectivity (D) of the films have been
calculated using the formula as mentioned in chapter 3. The responsivity vs corresponding
wavelength at high and low power density has been shown in the Fig. 5.3(a) and (b)
respectively and the insets show the wavelength dependent power (used for responsivity
calculation) plots of the monochromatic lights. The R values for both SB and SC reach ~ 2-5
A/W at 330 nm for lower power (7.6 uW) implying their efficient low power UV detection.
This results are much higher than that of TiO2-based photodetector as reported by Wang et al.
[12]. Xing et al. [13] also fabricated TiO2-based metal-semiconductor-metal (MSM)
photodetector and they have found R value of 3.63 A/W at 10 V bias under 1.87 mW/cm?
incident UV radiation. The detectivity vs wavelength plots shown in the Fig 5.3(b) and (d)
depict that D values in lower intense incident light are also greater than the higher intense
incident light for SB and SC and the estimated D values for the lower power for the samples
SB and SC are in the range of 6-7x10'% Jones which is very high compared to the value as
reported by Liu et al. [14]
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Fig. 5.3: Spectral responsivity of samples for (a) high and (b) low incident power density
at 10 V bias. The insets show the variation of power of monochromatic light with

wavelength. Specific detectivity of the samples for (a) high and (b) low power density at
10 V bias.

The transient photoresponse under UV illumination (350 nm) with the variation of low to high
intensity (10 to 350 pW) at a fixed bias of 10 V has been carried out for all the films and
presented in Fig. 5.4(a)-(c) for the SA, SB, and SC respectively. The samples are exposed to
UV light for 15 minutes and simultaneously the photocurrent has been measured. The nature
of the curve for SA is completely different from SB and SC. For SA, as soon as the UV light
is shinned on the sample, instantaneously current increases and when light is switched off, the
current value drops very fast attaining almost its dark value. Under steady UV illumination,

there is a photocurrent relaxation
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Fig. 5.4: Transient photoresponse curves at 10 V bias for various incident powers of UV light
for (a) SA, (b) SB, and (c) SC. (d) Transient photoresponse of all the samples at 1 V bias and
350 uW UV irradiance. (e) Transient photoresponse curves of SC at 1 V bias for various

power values. (f) Power dependence of the photocurrent at 10 V and corresponding fitting
of photocurrent for all the samples.
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in SA similar to the state-of-the-art reported previously for ZnO where no such behavior has
been observed for SB and SC [15]. For SB and SC, the rise and decay processes are slow
compared to SA. From Fig. 5.4(b) and (c), it has been seen that SB and SC are highly sensitive
to as low as 10 uW incident UV power. The samples also show very good photoresponse upon
350 uW UV irradiance even at very low (1 V) bias as observed from Fig. 5.4(d). The dark
current (lg), photocurrent (Ipn), and Ipn/lq (photosensitivity) for all samples at three conditions:
low power and high bias, high power and low bias, and high power and high bias have been
summarized in Table 5.1. It has been observed that I values of the samples do not vary so
much but there is wide variation in steady Ipn values depending on the intensity and bias
voltage. The photosensitivity is maximum for SC for all three conditions directs better UV
detection than other two. Low incident power UV light even causes an Ipn/lq ratio of ~10* for
SC (Fig. 5.4(c)). Under 1 V bias condition (Fig. 5.4(d)), the value becomes 9x10* thus which
can be applied in low on-chip power consumption. Dutta et al. [16] had found photo-to-dark
current ratio of 23 for ZnO films at 5 V bias condition although N doping has improved the
value marginally. Bera et al. [17] had reported the highest photo-to-dark current ratio of 9x10*
at 3 V bias for ZnO NRs. Therefore, as compared to the ZnO films and NRs, the photoresponse
of TiO2 film at only 1 V bias condition is much higher. Here, Ti%* defects and surface adsorbed
species play prominent role in photoconductivity of TiO2 [18, 19]. Ti®* defects are formed
when an electron is trapped by an under co-ordinated Ti** sites [20, 21] and these sites behave
as active sites for adsorbing OH groups which make TiO surface hydrophilic [22]. The
photocurrent is managed by a competition between two electron loss processes: electron-hole
recombination and electron scavenging. The surface adsorbed oxygen creates a large number
of electron scavengers, O [23, 24], which shortens the electron life time and hence diminishes
photoconductivity. On the other hand, holes created due to photo excitation are trapped by the
O?* preventing electron-hole recombination and thus increase the lifetime of the electrons.
Therefore, highest photocurrent value is built depending on both processes which wins the race
[25]. Most interestingly, SC exhibits very good UV sensitivity at 1 V bias and under UV light
of 10, 50, 100, and 200 uW intensity as shown in Fig. 5.4(e). The calculated photosensitivity
values are as high as 1.0 X 10% 1.8 X10% 2.9 10* and 3.5 10* at 10, 50, 100 and 200 pW

UV irradiation respectively which signify very efficient UV photodetection at low intensity
and low biased condition. From the Fig. 5.4(a)-(c), it is clearly shown that the photocurrent
obviously depends on the power of the incident UV light, and increases significantly with

increasing incident power of light which can be attributed to the change in photogenerated
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carriers. The dependence of the photocurrent on the incident light intensity can be fitted by a
simple power law [26, 27]: I,n = BP™ where B is a scaling constant at a specific wavelength, P
is the varied power of the incident light, and m is an exponent. The linear fitting of the
logarithmic plots of Ipn vs P in Fig. 5.4(e) with estimated values of m are 0.96, 1.66, and 1.04
for the SA, SB, and SC respectively. The linear power dependence of SC indicates electron-
hole generation, without recombination within the semiconductor [28]. However, superlinear

photocurrent variation in SA and SB is not clear now and will be investigated later.

Table 5.1. The values of dark current (lq), photocurrent (Ipn), and Ipn/lq for all the films.

Low power, high voltage High power, low voltage High power, High voltage

|d(A) Iph(A) Iph/ ld Id(A) |ph (A) |ph/ lg |d(A) Iph(A) Iph/ lg

SA | 2.4x1071° | 1.5x10° 6.0 5.7x101 | 3.63x10° 63 2.4x10%° | 55x10® | 2.3x10?

SB | 4.3x1010 | 1.7x107 | 4.0x102 | 4.0x101! | 3.38x10°% | 8.5x10% | 4.3x1010 | 7.4x10° | 1.7x10°

SC | 1.1x1010 | 1.3x106 | 1.2x10% | 7.9x1012 | 7.39x107 | 9.0x10% | 1.1x10%0 | 4.6x10° | 4.2x10°

To further analyze the chemical states of elements as well as the defect states present
in the films, XPS study has been performed for all samples. The XPS full scan has been
presented in the insets Fig. 5.5(a), (c), and (e) which confirm the presence of Ti 2p, Ti 2s and
O 1s for all the samples. For all samples, Ti 2pz. peak has been deconvoluted into two peaks
using Gaussian multi-peak fitting, one peak centered at ~ 457 eV and other at ~ 458 eV which
have been assigned to Ti®* and Ti** respectively as stated in chapter 4. The ratio between the
area fitted under the curves of Ti%* to Ti*" i.e., Ti**/Ti*" has been calculated for each sample
(shown in the corresponding figures) which indicates lower concentration of Ti** in SC as
compared to SA and SB. Similarly, O 1s core level peak for all the samples has been well fitted
into three peaks centered at ~ 530 eV, 530.6 eV, and 531.7 eV (Fig. 5 (b), (d), and (f)). The

lower energy peak centered at ~ 530 eV has been associated to lattice oxygen (Ti-O-Ti). The
middle and higher energy peaks have been assigned to the surface adsorbed O> and the surface
OH species (Ti-OH) respectively [29].
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Fig. 5.5: Ti 2pap peak fitting for (a) SA, (c) SB, and (e) SC. The Insets show full scan of the
XPS spectrum for the corresponding samples. O 1s peak fitting for (b) SA, (d) SB, and (f)
SC. The contribution of each of the fitted peak is shown in the figures for all samples.
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Therefore, the presence of lower Ti**and higher OH content [22] is certainly related to electron
scavenging as per equation through the reduction reaction as follows: Ti**+ H,O — Ti*—OH
+ 1/2H> [29]. That’s why the highest Ipn/lq value at low incident power UV irradiation (in which
case the contribution of photocurrent mainly comes from the surface due to low penetration

ability) has been obtained (as shown in Table 5.1) for SC and depending on the OH content in
sample, photocurrent value of SA and SB varies.
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Fig. 5.6: Time dependent growth-decay cycles at three fixed bias conditions for (a) SA, (b)
SB, and (c) SC respectively for 350 uW UV illumination. (d) Growth-decay cycle of SC at
low bias (1 V) and low incident power (10 pW).

The photocurrent growth and decay cycles of SA, SB, and SC under periodic (1 min) UV
illumination (350 nm, 350 pW) at three fixed bias conditions (4V, 6V, 10V) have been also
measured and shown in the Fig. 5.6(a)-(c) respectively. Photocurrent relaxation has been
observed in SA for the first cycle while the maximum photocurrent value remains the same
after several cycles for all bias conditions indicating good stability of photodetection. From the

Fig. 5.6(d), it is clear that the photoresponse cyclibility of SC at very low bias and low incident
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power is interestingly good. The stability of the detector after prolonged UV exposure in Fig.
5.7 shows that the photocurrent slightly increases which may be due to a slow photoresponse

of the sample but average response of the detector remains almost same.
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Fig. 5.7: Stability of the detector after prolonged exposure to UV light at 10 V bias and 350
UW UV irradiation.

5.4 Conclusions

In summary, a comprehensive study on UV photodetection properties of nanocrystal
assembled sol-gel TiO> films followed by various post-growth treatments have been carried
out. The UV cured TiO film shows very high UV-to-visible rejection ratio of 1.7x10° for only
10 uW incident power at 10 V bias condition. Very high photo-to-dark current ratio (~10%) of
the film under as low as 1 V bias and only 10 uW incident power without any device fabrication
is extraordinarily notable. This work shows that the post-growth treatments control the surface
defect states meaningfully that lead to a strong effect on UV photoresponse properties of the
samples. Our study also reveals that simple sol-gel derived and post-growth treated nanocrystal
assembled TiO> films can be promising candidate for efficient UV photodetection.
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6.1 Introduction

As discussed in earlier chapters, among all the attempts taken to make visible light
active TiOz, noble metals (Au, Ag, Pt, Pd) modified TiO2 has earned considerable interest due
to its unique optical properties and potential applications in optical devices, chemical and
biological sensors, and many more [1-8]. These noble metals exhibit anomalous optical
properties due to localized surface plasmon resonance (LSPR) as mentioned in previous
chapters. The optical properties of these plasmonic noble metal NPs are tunable across the
entire visible spectrum by varying their size and shape [5, 9-11]. Moreover, the noble metal
NPs show electron storage properties which can improve the electron-hole separation in a
metal-semiconductor composite system. Among all the noble metals, Ag is abundant, low
expensive, and easy to process [12]. There are several works published on the visible
photocatalysis regarding Ag-TiO2 composites [6, 13-15] but the systematic study on the
evolution of spectral photosensitivity of Ag NPs-TiO. composite films has not been reported
yet which is very essential to exploit this hybrid nanocomposite for broad-band photodetector
application. Here, in this chapter, Ag NPs-TiO. composite films have been fabricated where
UV to visible broad-band photodetection properties have been measured in simple lateral

photoconductive geometry.
6.2  Experimental details

TiO. thin films have been deposited on ultrasonically cleaned soda-lime glass
substrates by sol-gel spin coating technique. The TiO sol preparation and film deposition
method has been mentioned in details in chapter 3. After 20" coating, TiO2 films have been
cured with UV light (365 nm, 1.2 mW) for 2 hours at RT and the sample is named as S1. For
Ag NPs-TiO2 nanocomposite film, desired thicknesses (1, 3, and 6 nm) of Ag NPs have been
deposited on to TiO, films by evaporating metallic Ag in a vacuum coating system and the

samples have been named as S2, S3, and S4.

The structural, morphological, and optical properties of the samples have been
investigated using respectively XRD, XPS, FESEM, UV-VIS spectroscopy. For
photoconductivity measurement, two top contacts of Al (thickness ~ 40 nm) have been
thermally evaporated on the films in lateral geometry. The details of the photoconductivity set-

up used in this work has been described in chapter 3.
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Fig. 6.1: Schematic diagram of sample preparation.

6.3 Results and discussions

XRD patterns for pristine TiO2 and Ag NPs-TiO> films as presented in Fig. 6.2 show
multiple peaks at 20 = 25.3", 37.8", 48.0°, and 53.9" which correspond to (101), (004), (200),
and (105) planes due to for anatase phase tetragonal structure of TiO2. A very weak peak at 260
=30.9" is observed for Ag NPs-TiO: films which is assigned to (121) plane of brookite phase
of TiO2. Any change in peak position or any extra peak due to Ag loading has not been found
in XRD pattern. This is due to fact that Ag NPs on the top of the well crystallized TiO> films
have not any influence on the crystallographic structure of TiO.. The inset shows the XRD
pattern of 8 nm thick Ag NPs’ film deposited under same deposition conditions which indicates

that the deposited Ag NPs on TiO; film is expected to be phase pure.
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Fig. 6.2: XRD patterns of all the samples. The inset shows XRD pattern of pristine Ag NPs’
film.

The FESEM images of all the samples shown in the Fig. 6.3(a), (b), (c), and (d) illustrate that
the pristine sample S1 comprises of a very smooth, continuous surface of TiO, grains where
for the nanocomposite films, Ag NPs have been deposited on the TiO- grains in the form of Ag
islands. As the thickness of Ag increases, the sizes of the Ag islands increase with non-uniform
shapes. For S2 and S3, the average sizes of the Ag NPs are 13 and 33 nm respectively but for
S4 sample, the coalescence occurs between the Ag NPs giving more irregular shaped islands
with larger dimensions. The elemental analyses have been performed by the EDX which
confirms the presence of the peaks of Ti and O for the pristine TiO2 and additional Ag peaks
for the nanocomposite films as shown in Fig. 6.4(a), (b), (c), and (d). From the insets of the
figures, it has been observed that the amount of Ag content is increased from 0.12 at. % to 0.55

at. % with the increase in the Ag thickness from 1 to 6 nm.
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Fig. 6.3: FESEM images of the samples (a) S1, (b) S2, (c) S3, and (d) S4.

The optical transmission spectra for all the samples in Fig. 6.5(a) show that the pristine TiO-
film is highly transparent in the 1100-500 nm region with an average transparency of ~ 80%
where the transparency of the Ag NPs-TiO2 nanocomposite films decrease in the visible region
with the increase in Ag thickness. As seen from the absorbance spectra in Fig. 6.5(b), the
samples exhibit a strong and sharp rise in the absorption value below 400 nm due to typical
band-to-band absorption as stated in earlier chapters. The Ag NPs-TiO> nanocomposite films
show broad and enhanced absorption in the visible wavelength region which is attributed to
LSPR [16]. As observed in Fig. 6.5(b), the visible absorbance of the nanocomposite films
increases with the increase in Ag thickness and the absorption hump shifts to the longer
wavelength, which is similar to the results reported by Lee et al. [17] and Wang et al. [18] With
the increase in Ag thickness, the particle size increases and the absorption peak undergoes a
red shift since distance between the Ag NPs is decreased, resulting in collective coupled
oscillation of the surface plasmons at longer wavelength. For further confirmation, the
absorbance of the pristine Ag NPs films having thicknesses 1, 3, and 6 nm are deposited on

glass substrates under similar evaporation condition and their absorbance spectra (Fig. 6.5(c))
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have been recorded. It shows a gradual shift in absorbance maxima towards the higher
wavelength region with increasing Ag thickness that clearly approves the presence of broad

hump in the visible spectra in nanocomposite films is due to plasmonic Ag NPs.
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Fig. 6.4: EDX spectra of the samples (a) S1, (b) S2, (c) S3, and (d) S4. The inset shows the
atomic percentage of the elemental components of the samples.
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nm. (c) Absorbance spectra of pristine Ag NPs films of different thickness on glass substrate.

For the further investigations, XPS has been carried out for a representative sample, S2. Fig.
6.6(a) shows the presence of Ti 2ps;2 peak which is deconvoluted and fitted into two peaks
located at 457.5 eV and 458.2 eV. The lower binding energy peak is assigned to the existence
of Ti* and the higher is for Ti*" as discussed previous chapters. The presence of very low
amount of Ti%* in the sample indicates better stoichiometry of TiO-. Similarly, O 1s peak (Fig.
6.6(b)) is deconvoluted into two peaks where the peak located at a binding energy of 530.1 eV
belongs to the lattice oxygen i.e., Ti-O-Ti bonds and another peak at 531.1 eV is assigned to
weakly adsorbed oxygen species, subsurface low-coordinated oxygen ions, surface hydroxyl
groups [19]. Fig. 6.6(c) confirms the presence of metallic Ag in the sample having binding
energy peaks at 368.1 eV and 374.1 eV which correspond to the 3ds2 and 3ds/2 peaks [20]. As
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shown in this figure, there are two small humps at about 4 eV energy difference corresponding

to the photoelectron peaks which is a characteristic property of plasmonic Ag metal [21, 22].
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Fig. 6.6: XPS spectra of (a) Ti 2pa2 (b) O 1s (c) Ag 3d peaks of S2.

The dark 1-V curves of all the samples in Fig. 6.7(a) show linear behaviour which specifies
Ohmic nature of the contacts. At 10 V bias, the dark current (Iq) values are 3.3x10™12A, 4.7x10~
12p 5,5x10 12A, and 8.3x1 0 *2A for S1, S2, S3, and S4 respectively which indicates I4 values

slightly increase with the increase in the Ag thickness. Formation of metal-semiconductor

junctions leads to an electron transfer from TiO2 to Ag which causes an increase in the Iq values

of Ag NPs-TiO2 nanocomposite films as compared to the pristine TiO2 films [23]. The

photocurrent spectra in the range of 300-800 nm under 10 V bias condition for S1, S2, S3, and

S4 have been shown in the Fig. 6.7(b). All the samples exhibit a strong peak below 400 nm due

to band-to-band photocarrier generation in TiOz. Also, a broad hump in wavelength region of

450-750 nm has been observed though the nature of the hump is different for S1 as compared
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to S2, S3, and S4. The low photoresponse of S1 in the visible wavelength region is due to de-
trapping of the carriers from the sub-band-gap defects to the CB of TiO2[24]. As soon as Ag
NPs are loaded on TiO; film, a significant enhancement in Ipn value has been observed in the
visible region for S2 and then decreases for S3 and S4. Decrease in the Ipn in S3 and S4 can be
explained by considering Ag NPs size as the size of Ag NPs play a crucial role in dominating
the light extinction behaviour (e.g., the sum of light absorption and scattering). For a particle
size < 30 nm, absorption is more dominant than scattering and as the particle size increases,
scattering becomes more prevalent [9]. For S3 and S4, Ag particle size is greater than 30 nm,
so scattering in the visible radiation instead of absorption prevails. Therefore, less surface

plasmon effect has been found which leads to generation of few numbers of hot carriers [25].
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Fig. 6.7: (a) Dark 1-V and (b) Photocurrent spectra at 10 V bias for all the samples.

The wavelength-dependent responsivity (R) and specific detectivity (D) have been calculated
using the standard formulas as stated in chapter 2 and plotted in Fig. 6.8(a) and (b) for all
samples. It has been seen that for S2 and S3, the R values in the visible region are quite higher
than that of S1 and decreases for the sample S4. The maximum value of R obtained for the
sample S2 is 0.1 A/W at 680 nm and 7x10™ 2 A/W at 550 nm which gives the values of D as
1.3x10% Jones and 9.7x10* Jones at 680 nm and 550 nm respectively which are quite high for

a simple lateral geometry photoconductor.
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Fig. 6.8: (a) Spectral responsivity and (b) specific detectivity of all the samples.

For the detailed investigations, transient photoresponse properties of the samples under the
illumination of four reference wavelengths: 350, 450, 550, and 680 nm for a duration of 12
minutes at 10 V bias have been performed and shown in Fig. 6.9(a), (b), (c), and (d)
respectively. The values of lg, Ipn, and Ipn/ lIa (photosensitivity) of all the samples under all
wavelengths have been extracted from the curves and noted in Table 6.1. Very high value of
lon has been observed for pristine TiO- film which gives very high lpn/lg value of ~107 under
UV (350 nm) illumination. This is due to generation of carriers because of band-gap absorption
as stated in chapter 5. For sample S2, the Ion value slightly increases but the overall Ipn/lq
decreases as the I4 of S2 is slightly higher as compared to the S1. For S3 and S4, the Ipn also
decreases which leads to a lower UV photosensitivity. This may be due to some UV light
shielding by the large amount of Ag NPs on the TiO. surface. Under 680 nm irradiation, S1
shows a photoresponse with a photosensitivity value of only ~10? while for S2, a very high
photosensitivity value of 8.1x10* has been observed. However, since the Ipn decreases for S3
and S4, they show sensitivity values of 3.1x10* and 373 respectively. Under 550 nm
illumination, the photosensitivity for S1 is the order of ~102 while for S2, the value is 9.6x10%.
Again, the photosensitivity value decreases for S3 and S4. All the samples S1, S2, and S3 show
almost similar photosensitivity (~10) under 450 nm irradiation while for S4 it is 63.
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Fig. 6.9: Transient photoresponse of all the samples under (a) 350 nm, (b) 680 nm, (c) 550
nm, and (d) 450 nm light illumination at 10 V bias.

As mentioned in earlier chapter, Ti®* defect states of TiO, have direct impact on its
photoresponse property [26, 27] which is situated below the CB minima causing visible
photoresponse for the pristine TiO> due to an efficient electron transfer through the defect sites
[24]. The junction formation between Ag and TiO2 can explain clearly the reason behind the
enhanced visible photoresponse in Ag NPs-TiO2 nanocomposite films. When Ag metal is
attached with n-type TiO, electrons start moving from TiO- to the metal as the work function
of Ag (~ 6 eV) is higher than that of TiO2 (~ 4.3 eV) which results in Schottky potential barrier
(pss) at metal-semiconductor junction [28]. Upon illumination of visible light on the Ag NPs-
TiO> surface, it absorbs the visible photon which follows LSPR. The photoexcited plasmons
transfer the accumulated energy to electrons in Ag which produce highly energetic hot-
electrons [29-31]. These hot-electrons can easily escape from Ag surface and therefore, large
number of hot-electrons are gathered in the CB of TiO- film from Ag NPs. These electrons can

flow through the circuit under some applied bias voltage resulting an enhanced value of visible
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Ipn Oof nanocomposite films. This result is at par with the report on Ag-TiO- by Paul et al. [32]

Fig. 6.10(a) and (b) show the schematic of band alignment between Ag and TiO; and the

transfer of the hot-electrons from Ag to TiO respectively.

Table 6.1: Dark current, photo current, and photo-to-dark current ratio under 350, 680,
550 and 450 nm illuminations for all samples.

Sample Wavelength la (A) loh (A) lon/ld

(nm)

S1 350 3.3x10712 5.7x10°° 1.7x10’
680 2x107° 606
550 1.1x107° 3.3x10?
450 0.8x10710 2.97x103

S2 350 4.7x10712 6.8x10°° 1.4x107
680 3.8x10°7 8.1x10*
550 45x10°8 9.6x103
450 4.22x107° 8.98x10?

S3 350 5.5x10712 1.8x107° 3.2x10°
680 1.7x10°8 3.1x10*
550 1.4x107° 2.5x102
450 5.7x1071° 103.6

S4 350 8.3x10712 8.2x10°° 9.8x10°
680 3.1x10°° 373
550 7.2x10710 8.67
450 5.2x10 10 62.6
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For stability checking, the photocurrent growth and decay cycles (Fig. 6.11(a), (b), and (c)) of
all the samples under periodic (2 minutes) illumination of three reference wavelengths (350,
680, and 550 nm) at a fixed bias condition have been carried out which show that the highest
Ioh value remains almost similar with the value measured from the transient photoresponse over

the cycles.
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Fig. 6.11: Periodic growth-decay cycles of all the samples under (a) 350 nm, (b) 680 nm,
and (c) 550 nm wavelength light irradiation.

6.4 Conclusions

In summary, UV to visible broad-band photodetection property of sol-gel grown Ag
NPs-TiO2 nanocomposite films with various thicknesses of Ag NPs have been demonstrated.
Ag NPs on TiO; film for a layer thickness of 1 nm shows almost 7, 5, and 4 orders of
photosensitivity towards 350 nm, 680 nm, and 550 nm light illuminations in a simple planar
geometry which is quite interesting. The plasmonic hot-electrons contribute a vital role in the
highly enhanced visible photodetection property of Ag NPs-TiO2 nanocomposite film that
greatly depends on the Ag NPs size. This study shows that Ag NPs-TiO2 nanocomposite film
in simple photconducting mode can be a promising candidate for a UV to visible broad-band

photodetection.
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7.1 Introduction

Among the various strategies adopted to tune the defects in TiO2, doping in TiOz is
very useful [1,2]. Both metals (Cu, Co, Ni, V, Fe, Ru, Li, Ag) and non-metals (N, S, C, B, P,
I, F) can be introduced as dopant in TiO> to study the defects which play an important role on
tailoring the photophysical properties as stated in earlier chapters [1-4]. Li is one of the most
promising dopants which can improve the optical and electrical properties when introduced in
TiO; [5-7]. Being a group-1 element, the Li ion (Li*) has the smallest ionic radius (0.60 A),
which is very near to that of the Ti ion (0.68 A) [8] and therefore, Li can easily occupy the

Ti** site or interstitial position in TiO2 matrix [9].

In conventional synthesis techniques such as hydrothermal, aqueous chemical growth,
sol-gel, it has been observed that the doping impurities tend to accumulate on the surface of
the TiO due to excess surface energy [10]. This leads to decrease in the crystallinity of the
doped TiO2 in some cases [11, 12]. In this situation, post-growth doping viaion
implantation method can be a very fruitful solution for successful doping in TiO, [13-15]. In
the process of ion implantation, the collisions between the energetic dopant ion beam and the
host lattice produce several point defects inside the host or target material which may strongly
influence its structural and optoelectronic properties. Therefore, keeping these issues in mind,
Li ion has been implanted in sol-gel TiO. film and evolution of various defects due to ion
implantation and their correlation with the photophysical properties of TiO2 film has been

presented in this chapter.
7.2  Experimental details

TiO: films have been deposited on properly cleaned glass substrates by sol-gel spin
coating technique. The details of sol preparation and film coating process have already been
described in chapter 3. After each coating of TiO2 sol on glass substrates was dried at 120 °C
for 10 minutes and then heated at 350 °C for 20 minutes to obtain crystalline films. After 20™
coating, the films were finally annealed at 500 °C for 1 hour. The ion implantation experiment
was then performed on the samples with 100 keV Li ions having three doses ranging from
1x10% to 1x10% jons/cm? in a radiation chamber. The implantation process was executed in
vacuum at pressure of ~ 5x107' Torr at RT. During implantation, the ion beam was scanned
over 1 cm? area on the sample and the beam current was fixed at 80 nA. After Li implantation,
the implanted TiO> films were annealed in Argon ambient at 450 °C for 1 hour. The
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unimplanted TiO2 was also annealed in same condition and have been considered as the pristine

sample in this work. The nomenclature of all the samples is given in Table 7.1.

Table 7.1. Nomenclature of the samples.

Fluence (ions/cm?) Sample Name
0 Pristine
1x10M TLil14
5 x 10 TLi514
1 x 101 TLi115

7.3 Results and discussions

Fig. 7.1 depicts the XRD patterns of all the samples which correspond to the diffractions
from the (101), (004), (200), and (105) planes of tetragonal anatase TiO> (JCPDS file:
PDF#211272). Any extra diffraction peak due to Li-related impurities or any secondary phase
is not observed in the XRD patterns of the implanted samples which indicates that the anatase
structure is stable after Li doping. An enlarged view of the peak (101) of all the samples in Fig.
7.1(b) shows that peak shifts towards higher 26 value under Li doping which is also reported

(100) — Pristine (b) . Pristine
— TLill4 i . —— TLi114
—TLi514 :
—TLi115 — T 514
—— TLi115

Intensity (a.u.)
Intensity (a.u.)

20 30 40 50 60 70 80 245 250 255 260 265 27.0 275
20 (degree) 20 (degree)

Fig. 7.1: (a) XRD patterns of all the samples and (b) Enlarged view of (101) peak of all the
samples.
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by Ghicov et al. [15]. The crystallite size (D) of all samples has been calculated for the most
intense peak (20 ~ 25.6) using the Debye-Scherrer’s formula which is already stated in chapter
3. The estimated values of D are 27.91, 25.88, 26.04, and 26.77 nm for Pristine, TLi114,
TLi514, and TLi115 respectively which shows no significant change in crystallite size.

The XPS scans have been carried out after sputtering the samples for ~100 s to remove the
undesired particles from the sample’s surface. Fig. 7.2(a) shows the XPS full scans of pristine
and a representative implanted sample TLi115. A broad peak in the region 50-63 eV centered
at ~56 eV confirms the presence Li 1s [16] as seen from Fig. 7.2(b). Fig. 7.2(c) and (d)
correspond to broad Ti 2p peak for pristine and TLi115 respectively. Ti 2p is doublet with the
lower energy peak (~ 455-460 eV) which is assigned to Ti 2ps;2 and the higher energy peak (~
460-472 eV) is for Ti 2p 1. Using Gaussian multi-peak fitting, both the energy regions are fitted
to suitable number of peaks. Both for pristine and TLi115 sample, Ti 2ps/2 peak is deconvoluted
into three peaks centered at ~ 454 eV, 456 eV, and 458 eV which are associated to Ti%*, Ti%*,
and Ti*" respectively [17]. Similarly, Ti 2py. peak is also fitted into three peaks showing Ti%*,
Ti**, and Ti* at ~ 460, 461, and 463 eV for pristine sample and for TLi115, this peak is fitted
into two peaks showing contribution of Ti** and Ti**. From the area under fitted curve, it has
been calculated that the presence of Ti%* is slightly higher in TLi115 than pristine which may
be due to incorporation of Li in TiO lattice [18]. It has observed from the Fig. 7.2(e)-(f) that
O 1s peak for both the pristine and TLi115 are asymmetric in nature and can be deconvoluted
into three Gaussian peaks centered at ~530 eV (Oa), ~531 eV (Op) and ~532 eV (Oc). As said
earlier, the lower energy peak is related to O% ions of TiO2 lattice and surface adsorbed
hydroxyl groups and oxygen molecules generally correspond to the higher energy peak. The
middle one is generally assigned to Vo related defects present in the sample. From the peak
area calculations, the contribution of Vo related states in TLi115 (17%) is more than that of the
pristine (12%), suggesting an increase in the formation of Vo defects due to Li ion implantation
[19].
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Fig. 7.2: (a) XPS full scan of pristine and TLi115, (b) Li 1s peak of TLi115, (c), (d) Ti 2p,
and (e), (f) O 1s peak fitting of pristine and TLi115 respectively.
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UV-VIS absorption spectra in Fig. 7.3 shows that all the samples exhibit maximum absorbance
below 350 nm due to band edge absorption of TiO2 and no significant change has been observed
for Li implanted samples. From the Tauc plot, it has been estimated that pristine and implanted

samples exhibit almost similar band gap values in the range of ~ 3.4-3.45 eV.

_ —— Pristi
(a) = Pristine (b) rietine
— TLi114 T
’T — TLi514 m—— -f-"w_l I'l 1 'l 1 1 I'l 1 'l ']
c:;' —TLill5 | 5 —TLit14
o =
o =-‘ 'l 'l 'l 'l 'l i Il i i b
C =
®© w —TLi514
0 =
o) x
0 E ' 'l 3 ' ' T et bt Mt i i ! —

400 500 600 700 800 900 1000 1.6 1.8 20 22 24 26 28 3.0 3.2 3.4 3.6
Wavelength (nm) Energy (eV)

Fig. 7.3: (a) Optical absorbance spectra and (b) PL spectra of the samples.

In order to further investigate the effect of Li doping on the creation of defects, the RT PL
spectra has been taken and presented in Fig. 7.3(b). In the pristine TiO, the two emission bands
centred at ~ 3.24 eV and ~ 2.97 eV are distinctively observed. The first one is assigned for
band edge emission which falls in the UV region commonly observed in TiO2 [20]. Similar
band-to-band emission is also reported by Choudhury et al. [21] for undoped TiO.. Tripathi et
al. have observed a peak around 402 nm (~3.1eV) in anatase TiO2 phase and they have
assigned this peak due to emission from shallow trap near band edge [22]. PL peak at 3.2 eV
due to band-gap absorption in TiO: is also reported by Chen et al. [23] The peak at 2.97 eV
(violet emission) is due to recombination of carriers in the shallow acceptor levels near VB of
TiO,. Pallotti et al. [24] have also found near band edge emission centered at ~2.9-3.0 eV in
as-grown TiO2. A detailed analysis of emission property of anatase TiO2 has been carried out
by Abazovic et al. [25] A broad band PL with the direct band edge transitions along with several
indirect transitions at 3.19, 3.05, and 2.91 eV have been reported. A new peak has been
appeared for the initial fluence Li implanted TiO2 (TLi114) at 2.82 eV in addition to the peak
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at ~3 eV. This indicates implantation causes more and more acceptor levels. Additionally, a
broad defect emission in the visible region centered at ~2.15 eV (yellow-green emission) is
also observed for this sample. Lopez et al. [26] have illustrated that the green PL band mainly
originates from the recombination of electrons in the CB or shallow traps with holes trapped in
deep defect states like Vo and this defect increases with the Li incorporation into TiO2 which
results more intense green emission in Li doped TiO2 sample. As soon as the sample is
implanted with the Li fluence of 5x10'* ions/cm?, the UV and the violet emissions disappear
probably due to creation of nonradiative recombination pathways. As the Li implantation
fluence increases, the density of the point defects increases, which are not completely restored
upon annealing at higher fluences. The large concentration of the point defects acts as
nonradiative recombination centres reducing the intensity of the UV and violet emissions. For
TLi514, the visible yellow-green band has also been observed but this band shifts to ~2.2 eV
as the implantation fluence increases to 1x10'° ions/cm?. Green PL has a direct correlation with
Vo and/or Ti®* type of states on (101) oriented anatase crystal surface as discussed in chapter
4. Here, the results indicate more formation of Vo and/or Ti* states due to Li implantation. As
calculated by Valentien et al. [27], these Vo-Ti®" states locate at 0.7 eV below the CB minima.
In addition to various visible bands, the as-grown TiO2 may exhibit green band in its PL spectra
as reported in the previous studies. But in our case, the pristine TiO. film does not show green

PL This may be due to final annealing of the pristine sample in Argon environment.
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Fig. 7.4: (a) Raman spectra and (b) Enlarged view of 1Eq mode of all the samples.
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The appearance of the visible emission at higher fluences indicates the formation of more

Ti**/Votype defects, which is at par with the XPS results.

The anatase phase of TiO2 shows overall six characteristics active Raman modes, which are
represented as 1A1q, 2B1g, and 3Eg symmetries. The RT Raman scattering spectra (100-1000
cm™) of the pristine and implanted samples are presented in Fig. 7.4(a), where the Raman
vibrational modes have been appeared at ~145, 199, 399, 516, and 640 cm™. The modes are
very distinctive and can be assigned to the anatase phase of TiO2 [28], which support the XRD
results. The peaks at 145cm™, 199 cm™, and 640 cm™ correspond to the Eq - symmetric
stretching vibration of O-Ti-O in anatase TiO,. The other peaks at 399 cm * is associated with
the Big - symmetric bending vibration of O-Ti-O where the peak at 516 cm™ to the Aigq -
antisymmetric bending vibration of O-Ti-O. The most dominant mode at 145 cm™ has been
seen (Fig. 7.4(b)) to be shifted towards lower wavenumber with Li doping, which may be due
to the inclusion of Li into Ti sublattice [29, 30]. This shift is also observed by Lopez et al. [26]
for Li doped TiO2 nanoparticles. The intensity of the same mode has also been decreased as
the fluence increases. This indicates an increase in the defects in the samples due to Li
implantation. This study agrees with the PL results. However, the intensity and the peak

position of the other modes has been remained unaltered even after implantation.

To investigate the effect of Li incorporation on the conductivity of TiO> film, dark current (lq)
has been measured applying a fixed bias of 10 V of all the samples and noted in Table 7.2. The
pristine sample exhibits highest I4 and the values decrease with the increase of Li ion fluence
indicating an increase in the resistivity due to Li ion implantation. Formation of various
implantation-induced defects in the Li implanted films may be the probable cause. Fig. 7.5(a)
shows the spectral photocurrent response in the region of 300 - 800 nm for all films measured
at 10 V bias which depicts a sharp increase in photocurrent value at ~ 340 nm for both pristine
and implanted samples which is due to band-to-band absorption and photocarrier generation
by TiO2. A hump in the visible region of the photocurrent spectra has been observed due to the
presence of in-gap defect states where the nature of the hump is different from implanted

samples to pristine as seen from the inset of Fig. 7.5(a).

The photocurrent transient curves under UV (340 nm) and visible (500 nm) irradiation for all
the samples for a duration of 10 minutes at 10 V bias condition have been shown in Fig. 7.5(b,
c). It has been observed that all the samples are highly responsive to UV radiation. As soon as
UV light shine on the samples, photocurrent values increase sharply and then photocurrent
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relaxation process occurs as stated in chapter 5 previously. Photo-to-dark current ratio
(photosensitivity) has been calculated for all the samples and shown in Table 7.2. The pristine
sample exhibits highest photosensitivity value of 5x10° and with an increasing Li ion fluence,
this value decreases. The 80% photocurrent growth time and decay time for UV transient cycle
have been calculated for all samples and summarized in Table 7.2. The values are comparable
showing no notable change. When the samples are irradiated with visible light (500 nm)
photocurrent increases slightly showing photosensitivity of 1 order as shown in Fig. 7.5(c).

This value remains almost same for both pristine and implanted samples.
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Fig. 7.5: (a) Photocurrent spectra of all samples. Transient photoresponse of all samples under (b)
UV (340 nm) and (c) visible (500 nm) illumination. (d) Periodic growth-decay cycles of sample
TLi115.

The photocurrent periodic growth and decay cycles for highest dose sample, TLi115 under

periodic (2 minutes) UV illumination at 10 V bias condition has been measured and presented
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in Fig. 7.5(d). The highest photocurrent value remains almost similar with the value of the

transient cycle indicating stable photosensitivity of the samples.

Table 7.2: The values dark current (l4), photocurrent (Ipn), lon/la (for UV and visible (500
nm) illuminations), rise time, and decay time for UV illumination for all samples.

Sample | 14 (A) luv (A) I500 (A) luv/ lg Isoo/ Ia | Rise Decay
time time
S O)
Pristine | 8x10™! 4x107 | 1.66x10° | 5x10° 20 0.57 1.2
TLil14 3x101 8.7x10% | 4.5x10%° | 2.9x10° 15 0.75 3.2
TLi514 | 2.1x10™ | 2.9x10® | 5.1x10%° | 1.4x10° 24 0.37 1.8
TLi115 | 1.2x101! | 1.4x10® | 4.1x10%° | 1.2x10° 19.5 0.6 3

7.4 Conclusions

In summary, photodetection and PL property of Li doped sol-gel grown TiO; via ion
implantation method has been illustrated in this chapter. It has been observed that PL property
of Li doped TiO. films significanly changes with the Li ion fluence due to evolution of various
types defects due to doping where photodetection property does not vary so much. Li ion
doping in TiO, causes the Ti%*/Vo type defects increases which is also supported by XPS and

Raman spectroscopy studies along with PL analyses.
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% Summary

A comprehensive study on sol-gel TiO2-based thin films modified via various post-growth
treatments, anchoring with metal nanoparticles and doping have been illustrated in this thesis
with the aim to study its photophysical properties namely PL and photodetection through
monitoring the defects. The noteworthy outcomes of the studies are summarized below:

various post-growth treatments such as thermal annealing in air and vacuum, UV curing
at room temperature have been found to control the defects in pristine TiO2 thin films. Besides
a sharp UV band edge emission, the existence of adsorbed Oz molecules, OH species, and Ti%*
related defect states on the surface result in an enhanced visible emission in all the post-growth
treated TiO: films. The air annealed sample followed by rapid cooling offers a stronger UV
emission and reduced visible emissions due to reduction in the number of surface traps.
Therefore, sol-gel TiOg, if subjected to air annealing at 500 °C and cooled rapidly is quite

promising as highly luminescent oxide material.

UV cured TiOz film shows high UV-to-visible rejection ratio of 1.7x10% under 10 pW
incident light at 10 V bias. Very high photo-to-dark current ratio (~10 %) of the film under as
low as 1 V bias and only 10 uW incident UV light has been found without typical device
fabrication. UV curing makes TiOz surface hydrophilic resulting higher adsorbed OH related

trap states responsible for enhanced UV photosensitivity.

To extend the photoactivity of TiOz in the visible region, TiO> film has been modified
with plasmonic Ag nanoparticles wherein Ag-TiO2 nanocomposite film with 1 nm Ag layer
thickness exhibits the highest photo-to-dark current ratio of 107, 10°, and 10* under 350 nm,
680 nm, and 550 nm incident lights respectively in a simple planar MSM photoconducting

geometry implying high efficiency for designing broad-band photodetector.

Li doped TiO- films synthesized via post-growth ion implantation shows significant
changes in the PL emission property with the Li ion fluence where the UV photosensitivity
deteriorate while Li doping. For lower Li ion fluence, formation of more numbers of acceptor
levels and for higher fluence, enhanced visible emission indicate creation of more defects like
Voand Ti%* related states. UV This study gives an idea that PL properties of TiO2 may be tuned
efficiently by Li doping.
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s Future Scope
From the summary of this thesis work, few scopes are outlined as follows:

» Modifying the functional properties via controlling the defects of other oxide thin films
by various post-growth treatments

> Developing UV to visible broad-band photodetector of various TiO2-based
nanocomposites /heterostructures

> Doping with other dopants in TiO. to investigate the above said photophysical

properties
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