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ABSTRACT

In this work undoped, doped and co-doped ZnO thin films are successfully
synthesized on glass substrate by solution based sol-gel process using spin
deposition technique at various substrate rotating speeds. The effect of spin deposition
speed on undoped ZnO thin films absorbance, transmittance, fluorescence, and
vibrational properties were investigated. The doping of elements Ni, Al, Co and Mn
were used for the preparation of ZnO thin films and deposited doped films
were characterized. The influence of spin deposition speed on doped ZnO thin films
was studied using UV-visible, optical, fluorescent and Raman spectroscopy. Co-doped
ZOTFs for the doping elements Al-Ni and Mn-Ni were also successfully fabricated. The
effect of spin deposition speed on Al-Ni co-doped films was investigated, whereas
the effect of annealing temperature on Mn-Ni co-doped ZnO thin films was
investigated. The structural, surface morphology, UV-visible, optical, fluorescent and
vibrational characteristics of co-doped ZnO thin films were investigated. According to
U-V visible spectra, the optical transmittance of doped thin films is roughly 80 % in the
visible spectrum. The optical transparency in the visible region is further enhanced by
the doping of Al and Ni. It has also been observed that when the spin coating speed
rises thin film transparency increases. Using the Vander Pauw four probe technique,
the resistivity of Ni doped, Ni-Al co-doped and Mn-Ni co-doped ZnO thin films were
measured. The transparency and resistivity of doped ZnO thin films make them suitable
for use as a transparent conducting oxide (TCO) or transparent electrode in solar cells.
The direct optical band gap of thin films was determined to be around 3.27 eV.
The refractive index (n), extinction coefficient (k), real part (εr) and imaginary (εi) parts
of dielectric constant were calculated for Ni doped, Ni-Al co-doped and Mn-Ni co-
doped ZnO thin films. The value of the refractive index varies in the range 1.2 to 3 while
the value of the extinction coefficient was found to be less than 0.35. The values of the
real and imaginary part of the dielectric constant were calculated in the energy range
from 1.12 eV to 4 eV. The photoluminescence spectra of all thin films show an emission
peak at about 385nm, originating from the exciton recombination associated to the near
band edge (NBE) transition of ZnO. Besides the NBE emission thin films also show
green emission band which may be due to the oxygen vacancies and antisite oxygen.
The thin films features hexagonal wurtzite structure with (002) preferred orientation
along the c-axis, as revealed by XRD patterns. The crystallinity and grain size of thin
films improve as the annealing temperature increases.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Among the most studied materials, Zinc Oxide (ZnO) is the second most researched

material after silicon. It is a material that we come into contact with every day. Paint

manufacturers and paper makers use zinc white as a pigment. It is used in a variety

of products in the semiconductor, solar cell and photovoltaic industries. Numerous re-

searchers are interested in it because of its exceptional electrical characteristics, which

allow it to be employed in electronic and optoelectronic devices that work in the blue

and UV bands. Zinc oxide (ZnO) is a semiconductor that belongs to the II-VI group

and has a melting temperature of 1975 degrees Celsius. Hexagonal wurtzite and cubic

zincblende are the two major types of zinc oxide crystallization. At ambient tempera-

tures, the wurtzite structure is the most stable and consequently the most prevalent. The

zincblende structure is stable when grown on cubic lattice substrates. Each zinc atom

and each oxide atom have a tetrahedral centre. Along with the wurtzite and zincblende

structures, a rocksalt structure can also be grown only under pressures of about 10 GPa

[1]. Non-inversion symmetry along with other lattice symmetries induces piezoelectric

properties in the hexagonal and zincblende structures while pyroelectric properties in

hexagonal ZnO. The lattice parameters of the wurtzite structure are a = 3.2500 Å and

c = 5.2060 Å and ratio c/a ∼ 1.60 is very close to the ideal value 1.633 of hexagonal

closed packed (hcp) structure [2].

The use of ZnO materials for short-wavelength optoelectronic devices has been ex-

tensively studied in recent years and is thought to be one of the best semiconductor

material. At ambient temperature, it possesses a rather huge direct band gap of 3.37

eV, which may be further modified by extrinsic doping with other elements. Higher

1
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breakdown voltages, the capacity to endure huge electric fields, lower electronic dis-

tortion and high temperature and high-power operation are all advantages of a wide

band gap. ZnO offers several benefits including a large supply of raw materials, non-

toxicity, great thermal and chemical stability, environmental friendliness and biocom-

patibility. The exciton binding energy of ZnO is 60 meV, which is rather high. ZnO

excitons are relatively stable at room temperature and even at higher temperatures be-

cause of its substantial binding energy. ZnO materials are particularly well suited for the

manufacturing of laser diodes and ultraviolet light-emitting diodes due to large exciton

binding energy and wide band gap [3, 4]. ZnO is a promising resource for semicon-

ductor device applications because of its diverse physical, mechanical and electrical

characteristics. Heat-resistant windows are made with a ZnO/Al coating. It is suitable

for use on polycarbonate (PC) in outdoor applications providing protection from UV

rays, reducing oxidation and photo-yellowing. A ZnO thin film or nanowire can be

applied to dye-sensitive solar cells and field emission devices [5–8]. ZnO has several

optoelectronic uses that are comparable to that of GaN which has a similar band gap

of 3.4 eV. However, ZnO has a higher exciton binding energy than GaN resulting in

strong room temperature emission. ZnO nanorods can be used as conducting channels

in field effect transistors [9–11]. ZnO has also emerged as a high-temperature ferro-

magnetic material that can be used as a dilute magnetic semiconductor in spintronics

applications. Standard semiconductors with transition metal doping are used in dilute

magnetic semiconductors. They have one-of-a-kind spintronics characteristics with po-

tential technological uses. Due to its multi-functionality in opticomagnetic applications

doped zinc oxides are among the finest options for DMS. ZnO-based DMS due to fea-

tures like transparency in the visual area and piezoelectricity have piqued the scientific

community’s interest as a promising choice for the manufacturing of spin transistors

and spin-polarized light-emitting diodes [12–14].

Transparent conducting oxides are a type of metal oxide that has two diametrically

opposed properties: high visible optical transparency and high electrical conductivity.

TCOs have been used in a variety of optoelectronic devices, including light emitting

diodes (LEDs), solar cells, flat panels and flexible displays. Because of its high trans-

mittance in the visible region and low resistivity, indium tin oxide (ITO) is the most

commonly used TCO for optoelectronic applications. However, Indium’s high cost and

scarcity limit its use in optoelectronic devices. As a result, researchers are looking for

other materials for TCO applications. ZnO thin films have high transmittance and low

resistance which can be further improved by metal doping. Because of its benign na-
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ture, low cost, good stability and lack of toxicity, ZnO is the most preferred material.

As a result, there is a lot of interest in studying more about the electrical and transport

properties of doped ZnO films, which is important for future TCO enhancement [15–

18].

Even in the absence of purposeful doping, most ZnO has an n-type nature. Its origin

is attributed to native defects such as oxygen vacancies or zinc interstitials. Control-

lable n-type doping can be accomplished by replacing Zn with group-III (such as Al,

Ga, In) elements or oxygen with group-VII (such as chlorine and iodine) elements. It’s

still challenging to get consistent p-type doping in ZnO. This issue arises from the poor

solubility of p-type dopants and their compensation by copious n-type impurities. It

affects not just ZnO but also GaN and ZnSe, which are analogous compounds. The

lack of p-type ZnO limits its electrical and optoelectronic use, which typically needs

n-type and p-type semiconductor junctions [19, 20]. The sol-gel, CVD, PLD, RF sput-

tering, SILAR and spray pyrolysis are some of the synthesis processes that may be used

to make ZnO thin films. Sol-gel technique is the simplest one of these. Further, the

thin films produced by this method show excellent reproducibility and thermal stabil-

ity. In addition to being a simple procedure, this deposition method offers several other

benefits over other deposition processes including room temperature processing, cost-

friendliness, reliability and ease of doping options. Thin films, powders, thick ceramics

and fibres may all be made using the sol-gel process. Dip coating and spin coating are

two methods to deposit thin films using the sol-gel process. In the dip coating method,

the substrate is slowly dipped in the sol and then removed at a consistent pace. The

substrate is uniformly coated on both sides of the dipped area. In the spin coating ap-

proach, the substrate is rotated at a constant speed and the sol is dropped on it by some

means. Due to the effect of centrifugal force, the substrate is thoroughly and uniformly

coated by the solution. The thin films for this study have been deposited using a spin

coating technique.

1.2 CRYSTAL STRUCTURE AND LATTICE PARAMETERS

Zinc oxide can be formed into three different structures: hexagonal wurtzite, zinc

blende and rock salt. Hexagonal wurtzite is the most thermodynamically stable struc-

ture at standard temperature and pressure. Under certain conditions, the other two struc-

tures, zinc blende and rock salt are also reported to emerge. The zinc blende state is

stable only when grown on cubic substrates and the rock salt structure can only be
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produced at extremely high pressures. ZnO’s wurtzite crystal structure is illustrated in

Figure 1.1. The ZnO hexagonal wurtzite structure belongs to the space group known

as P63mc. This structure is made up of two interpenetrating HCP sub-lattices of Zn

Figure 1.1: The hexagonal wurtzite structure of ZnO. Zn atoms are shown as small white
spheres and O atoms as large yellow spheres.

and O atoms. Out of two sub-lattices of Zn and O, one sub-lattice displaces the other

sub-lattice along the c-axis by 0.375 c. This structure surrounds each zinc ion with

tetrahedra of O ions and vice versa.

It is the hexagonal axis of the tetrahedral structure that produces polar symmetry, which

accounts for ZnO’s piezoelectric and spontaneous polarization properties. ZnO hexago-

nal unit cell has lattice parameters as a=3.2499 Å and c=5.2066 Å with c/a value around

1.602. The ratio c/a deviates significantly from the standard value of c/a=1.633 for hcp

structure. The four face terminations of wurtzite ZnO are the polar Zn terminated (0001)

and O terminated (0001̄) faces (c-axis oriented), as well as the non-polar (1120̄) (a-axis)

and (1010̄) faces, which each contain an equal number of Zn and O atoms. The polar

faces have varied chemical and physical properties and the O-terminated face’s elec-

tronic structure is somewhat different from the other three faces. The polar and (1010)

surfaces are more stable in comparison with the (1120̄) face. Table 1.1 outlines the key

physical attributes of ZnO.
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Table 1.1: Key physical attributes of ZnO

Sr. No. Property Value
1 Stable Crystal Structure Hexagonal Wurtzite
2 Exciton Binding Energy 60 meV
3 Energy Band Gap (Eg) 3.37 eV
4 Atomic Mass (M) 81.4 g/mol
5 Debye Temperature (TD) 837 K
6 Density (ρ) 5.6 × 103Kg/m3

7 Effective Mass Electron (m∗
e) 0.24me Kg(me = 9.1×10−31Kg)

8 Effective Mass Hole (m∗
h) 0.59 × me Kg

9 Lattice Constants a=b=0.324982 nm
c=0.520661 nm

10 Static Dielectric Constant (εs) 8.75
11 Optical Dielectric Constant 3.7
12 Thermal Expansion Coefficient (α) 6.5 × 10−6K−1

13 Electron mobility (µe) 200 cm2 V-1 s-1

1.3 ELECTRONIC PROPERTIES

ZnO has a 60 meV excitonic binding energy at ambient temperature [21], good electron

mobility (205 cm2V-1s-1 [22] and a luminescence around 380 nm [23]. Interesting elec-

tronic properties of doped and undoped ZnO make it a contender for a wide range of

technologically relevant applications such as photovoltaics [24], photonics [25], piezo-

electrics [26], sensors [27], varistors [28], spintronics [29], LEDs [30], transparent tran-

sistors [31] and conducting electrodes [32, 33]. No matter how it is doped, ZnO is

n-type, regardless of intentional doping.

1.3.1 Energy Band Gap

Several groups have estimated the band structure of ZnO. The band structure of bulk

wurtzite ZnO is shown in Figure 1.2. The top of the valance band and the bottom of

the conduction band both appear at k=0 indicating that ZnO is a semiconductor with

a direct band gap. Zn 3d levels are represented by the bottom ten bands (which occur

around∼9 eV). O 2p states represent the next six bands which occur from -5 eV to 0

eV.

ZnO is characterized by a large direct band gap of 3.37 eV at ambient temperature. A

large band gap has several advantages including higher breakdown voltages, the ability

to endure large electric fields, lower noise and the potential to operate at high tempera-

tures and high power. ZnO can be intrinsically doped to control its band gap between 3
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Figure 1.2: Band structure of bulk wurtzite ZnO

and 4 eV by external doping [34].

1.3.2 Intrinsic Defects in ZnO

ZnO is an intrinsically n-type material due to the presence of intrinsic defects such as

oxygen vacancies (VO) and zinc interstitials (Zni). In ZnO, there are various inherent

point defects [35, 36]. Zinc and oxygen vacancies (VZn and VO) and interstitials of Zinc

and Oxygen (Zni and Oi) seem to be the most prevalent defects. These defects can be

ionized by small amounts of energy, which in turn create holes and electrons. (VZn and

Oi) act as acceptors and (VO and Zni) as donors. Zinc vacancies cause states to form

within the band gap near the valence band maximum [37]. Shallow acceptors are also

formed by oxygen interstitials [38]. In n-type ZnO, the major compensating defects

have been identified as VZn and Oi [36, 37]. The formation energy of oxygen vacancies

is lowest among the donor defects [37]. Zinc interstitials function as a shallow donor

by occupying the octahedral location in the wurtzite structure. However, since the en-

ergy required to create them in n-type ZnO is so high that they can only be formed in

out-of-equilibrium conditions [37]. In a schematic band structure, Figure 1.3 displays

the energy levels of such defects. The native n-type conductivity of ZnO might be ex-

plained by donor defects. [37]. However, other researchers claim that native defects are

insufficient to explain ZnO’s n-type character and suggest extrinsic doping by hydrogen

(H) residual impurity [39].
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Figure 1.3: Schematic band structure of defect energy levels

1.3.3 Doping in ZnO

Extrinsic doping is required to improve the conductivity of ZnO. Dopants from group

III are the most frequent dopants, whereas doping using group IV atoms has also been

published [38, 40]. The dopant atom serves as a donor in each of these instances by re-

placing the Zn atom in the crystalline structure [37]. The dopant from group III contains

an extra electron than Zn which allows it to easily ionize and generate a conduction elec-

tron in the material. The group IV elements may theoretically provide two electrons by

substitution however it has been discovered that these dopants actually exist in the form

of trivalent ions which provides one electron in the conduction band [40]. However,

an element from Group VII, such as F can be used to replace oxygen [41]. Because F

has one more valence electron than O, it may also donate an electron to the conduction

band [38].

1.4 OPTICAL PROPERTIES

The optical characteristics of any material are determined by its band gap, the energy

levels created by defects and impurities within the bandgap. ZnO has an energy gap

of 3.37 eV, making it transparent in the visible range of radiation. The energy gap,

refractive index, extinction coefficient and geometry all influence the optical properties

of thin films. These parameters are impacted by the material’s structure and chemical
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composition. The thickness of the thin film, its uniformity and its roughness are all part

of the geometry. The optical transparency is determined by the absorption edge as well

as the plasma edge. The absorption edge corresponds to the band gap absorption and

the plasma edge is associated with free electron plasma absorption.

The Fermi level is found in the middle of the band gap in intrinsic semiconductors.

Doping in the semiconductors creates additional energy levels within the forbidden gap

near the conduction band and valance band. The charge carriers are introduced in the

conduction band of semiconductors by these additional energy levels. The increase in

the electron concentration causes the shift in Fermi level EF towards the conduction

band given by equation

EF −EC =
ℏ2

2m∗
e

ℏ2

2m∗
h
(3π

2ne)
2
3 (1.1)

Where EC, m∗
e and ne are the lowest energy of CB, the effective mass of electron and

concentration of electron respectively. The Fermi level shifts into the conduction band

because of the large concentration of electrons caused by native defects and exter-

nal doping and the semiconductor is referred to as a degenerate semiconductor. The

Burstein-Moss effect refers to this phenomenon. The existence of the Fermi level in the

conduction band implies that the bottom states are filled in the conduction band. The

band gap of a semiconductor increases as a result of the Burstein-Moss effect. The shift

in the band gap is given by

△EBM =
ℏ2

2m∗
e
(3π

2ne)
2
3

(
1

m∗
h
− 1

m∗
e

)
(1.2)

The increase in the band gap due to a high electron concentration is beneficial for the

transparent conductive oxide (TCO) properties of the material, as it shifts the absorp-

tion edge to a lower wavelength, expanding the transparent spectral region. Advances

in deposition techniques for the fabrication of nano-dimensional structures have gener-

ated increased interest in nanostructures/nanoparticles [42–46]. The nano-dimensional

thin films have applications in future optoelectronic applications due to their high trans-

mittance in visible & NIR region, low resistivity, high chemical & physical stability

[47]. The optical characteristics of ZnO films like the forbidden band gap, photolumi-

nescence spectrum, optical transmittance and excitonic recombination can be tailored

by changing the doping element and doping concentration.
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1.5 ELECTRICAL PROPERTIES

ZnO is an electronically specialized wide band gap semiconductor. One of the most

important characteristics of ZnO semiconductor material is its ability to be manipulated

to alter its electrical, optical and electronic properties. For the application of ZnO as

TCO and in optoelectronic devices, the electrical resistivity should be of the order of ∼
10-4 Ωcm. The resistivity of pure or undoped ZnO is too high to be employed in any

device. Controllable n-type doping may be achieved by substituting Zn with group-III

elements and oxygen with group-VII elements [48]. The electrical conductivity of most

semiconductors is given by

σ = neµe +peµh (1.3)

The movement of carriers is principally hindered by the scattering of ionized impu-

rities at high concentrations of electrons. The decrease in carrier mobility leads to a

decrease in both conductivity and optical transmission near the infrared edge. Intrin-

sically, ZnO mobility and conductivity are limited by ionized impurities scattering for

carrier levels exceeding 1020 cm-3. Its vital to keep in mind, however, that the mobility

not only depends on ionized impurities scattering but also on electron scattering with

the lattice, neutral impurity, electron and impurity. Its still challenging to get consistent

p-type doping in ZnO. This issue occurs when the p-type dopants are not sufficiently

soluble and are subjected to n-type impurities, resulting in limited solubility of p-type

ZnO. This impairs its ability to be used in electrical, optoelectronic and semiconductor

applications, which typically require the use of p-n junctions. In a sol-gel dip coating

method, Keh-moh Lin et al. reported a thin film of Al doped ZnO with an electrical re-

sistivity of 7.08 × 10-3 Ωcm [49]. Hua Wang et al. [50] used sol-gel method with rapid

thermal annealing to synthesize an Al doped Zinc oxide film and obtained resistivity of

1.2 × 10-3 Ωcm. Ga doped Zinc oxide films were prepared by Chien-Yie Tsay et al. [51]

using sol-gel spin deposition technique on glass and found a lowest average resistivity

of 2.8 × 102 Ωcm. The magnetron sputtering technique was used by Mahdhi et al. [52]

to deposit Ga-doped zinc oxide films. The minimal resistivity obtained was 2.2 × 10-3

Ωcm. Elements from group IV have also been employed as efficient donors to improve

the optoelectronic characteristics of zinc oxide films. The electrical resistivity of zinc

oxide films that were doped with 3% Si, synthesized by spray pyrolysis, was measured

to be 3.7 × 10-3 Ωcm, as reported by Nazanin Rashidi et al [53]. Zhong Yan et al. [54]
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produced Ge-doped zinc oxide thin films using a PLD method, yielding a resistivity of

6.10 × 10-4 Ωcm. Mejda Ajili et al. [55] achieved an electrical resistance of 8.32 × 10-2

Ωcm for Sn-doped Zinc oxide films produced using the spray pyrolysis approach.

1.6 MECHANICAL PROPERTIES

Young’s and bulk modulus, piezoelectric constants, stiffness and hardness, are all exam-

ples of mechanical characteristics of a material. External forces cause solids to deform

and the resulting deformation is measured as strain. The internal mechanical restoring

force system that resists deformation and attempts to revert the solid to its original state

is described by stress. Within the elastic limit, stress (σ ) is proportional to strain (ε)

and full recovery from strain is obtained by eliminating stress. According to Hooke’s

law, the components of the stress tensor are the linear functions of the strain tensor and

are given as

σi j =Ci jkl · εkl (1.4)

where Cijkl are the elastic stiffness coefficients. Since both stress and strain are sym-

metric with respect to an interchange of the suffixes and the elastic coefficients form

symmetric fourth-rank tensors, there exist 21 independent elastic coefficients. In hexag-

onal wurtzite crystals, due to symmetry, there remain only five independent stiffness

constants given as C11, C33, C44, C12 and C13. The elastic constants C11 and C33 cor-

respond to longitudinal modes. The bulk modulus in terms of elastic constants can be

expressed as [56]

B =
(C11 +C12)C33 −2C2

13
C11 +C12 +2C33 −4C13

(1.5)

For an isotropic approximation of structure, Young’s modulus (Y), shear modulus (G)

and Poisson’s ratio can be written as

Y = 3B(1−2ν), G =
Y

2(1+ν)
, and ν =

C13

(C11 +C12)
(1.6)

Table 1.2 gives a brief overview of useful and well accepted parameters describing the

mechanical properties of ZnO. As seen from the table, ZnO is a relatively soft material,

with a hardness of ∼5 GPa at a plastic penetration.

ZnO is a somewhat soft substance with a hardness of around 4.5 Mohs [57]. The elastic

constants of ZnO are lower than those of other III-V group compounds, such as GaN.
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Table 1.2: Mechanical properties of c-axis oriented Wurtzite ZnO

Sr. No. Parameter Values Theoretical Value
1 Bulk Young’s modulus, Y (GPa) 111.2±4.7
2 Bulk hardness, H (GPa) 5.0±0.1
5 Bulk modulus, B (GPa) 142.4 156.8

11 C11 (GPa) 209 246
12 C33 (GPa) 216 246
13 C12 (GPa) 120 127
14 C13 (GPa) 104 105
15 C44 (GPa) 44 56
16 e33 (Cm-2) 0.96 1.19
17 e31 (Cm-2) -0.62 -0.55
18 e15 (Cm-2) -0.37 -0.46

Ceramics are well suited to benefit from the properties of Zinc Oxide (ZnO), such as

its high heat capacity, heat conductivity, low thermal expansion and high melting tem-

perature [58]. Because of the orientation of the basal planes, there are several crystal

orientations of ZnO that affect mechanical characteristics [59]. Bulk Zinc oxide with

an a-axis orientation with just a hardness of roughly 2 GPa, is substantially softer than

c-axis material.

1.7 PIEZOELECTRICITY

Piezoelectricity is also a significant mechanical characteristic. Among the tetrahedrally

tied semiconductors, ZnO possesses the greatest piezoelectric characteristics [60]. This

property makes it an important material for many applications that need a high level

of electromechanical resonance. In the presence of stress, electrical polarization (Pi)

is generated in piezoelectric crystals. The piezoelectric strain coefficients eijk and the

piezoelectric stress coefficients dijk are connected to electric polarization as

Pi = ei jkε jk = di jkσ jk (1.7)

Where dijk are known as electromechanical constants. Mechanical strain can also be

produced if an electric field Ek is applied to a crystal, as εij = dijkEk. In ZnO hexagonal

wurtzite structure, due to symmetry piezoelectric tensor has three components denoted

as e31, e33 and e15 [61]. The piezoelectric constants e33 and e31, are the measure of

polarization generated along the c-axis and basal plane respectively by a strain along
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these axes and is given by relation [62]

Ppiezo
z = e33εz + e31ε⊥ (1.8)

where the strains along the c-axis and basal planes are denoted by εz and ε⊥ respectively.

The third piezoelectric constant e15 is generated by shear strain. The wurtzite form

of ZnO has low degree of symmetry and therefore it yields spontaneous polarization

along the c-axis. ZnO has the greatest piezoelectric tensor among tetrahedrally linked

materials, even bigger than GaN and AlN, indicating that it is a good choice for device

applications needing significant electromechanical coupling. This feature makes it a

crucial material for many piezoelectrical systems that need a high electromechanical

correlation. The three piezoelectric stress coefficients, eik for wurtzite ZnO [63, 64],

have been determined via theoretical and experimental research and a selection of these

values, as well as the elastic constants chk, are presented in Table 1.2.

1.8 VIBRATIONAL PROPERTIES

Table 1.3: Phonon mode frequencies of ZnO measured from Raman Spectroscopy and
theoretically calculated value

Sr. No. Phonon Modes Frequency (Cm-1)
Raman Spectroscopy Theoretical Calculation

1 A1(TO) 380 382

2 E1(TO) 409 316

3 A1(LO) 574 548

4 E1(LO) 587 628

5 E low
2 102 98

6 Ehigh
2 438 433

7 Blow
1 261

8 Bhigh
1 552

The vibrational properties of ZnO can be explored by Raman scattering technique.

There are a total of 12 phonon modes in the hexagonal wurtzite structure of ZnO. These

include six TO modes, three LO, two TA and one LA. Group theory predicts that for

hexagonal ZnO there are 8 (2A1, 2B1, 2E1, 2E2) normal phonon modes at Γ point out of

which A1 & E1 are acoustic and 6 (A1, 2B1, E1, 2E2) optical phonon modes. E2 mode

at Γ point is denoted as Ehigh
2 representing the higher frequency branch and E2 mode at
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low frequency is termed as E low
2 . The vibration of the Zn lattice is related with the low-

frequency E low
2 mode, whereas the oxygen atoms are involved in the high-frequency

Ehigh
2 mode. A1 and E1 phonon modes are both Raman and infrared active while E2

phonon modes are only Raman active. B1 modes are inactive modes. Only A1(LO)

and E2 modes are seen for normal incidence of light to the surface in strongly oriented

ZnO thin films, whereas other modes are forbidden. Table 1.3 shows the comparison

of phonon Mode frequencies of ZnO measured from Raman spectroscopy and infrared

spectroscopy with theoretically calculated values.

1.9 PROBLEM STATEMENTS

ZnO is a material that has a lot of potential for its applications in optoelectronic semi-

conductor devices. The fabrication of optoelectronic devices such as LEDs and LASERs

requires both n-type and p-type semiconductors. As we know n-type ZnO can be eas-

ily obtained. Even the Native defects, such as Zn interstitials and Oxygen vacancies,

without any extrinsic n-type doping, can produce n-type ZnO. However, doping ZnO

with p-type to make highly conducting p-type ZnO is very challenging. This might be

owing to the p-type dopants’ limited solubility in ZnO. As a result, the fundamental

constraint to the manufacturing of ZnO-based devices is the lack of acceptable p-type

ZnO. In 1997, the first report on p-type ZnO was published; however, the mobility and

hole concentration were both found to be too low. J. G. Lu et al. [65] achieved p-type

doping of ZnO using a Li-N dual acceptor doping, which was deposited via pulse laser

deposition. They achieved the resistivity of 0.93 Ωcm, Hall mobility of 0.75 cm2/Vs

and a hole concentration of 8.92 × 1018 cm-3. Rajib Sahu et al. [66] prepared the B

and N co-doped Zinc oxide films by PLD method and achieved 3 × 1018 cm-3 of hole

concentration and mobility of 10 cm2/Vs for p-type conductivity. Kong Chun-Yang

et al. [67] fabricated p-type Zinc oxide films by co-doping of In and N using the mag-

netron sputtering method together with direct implantation of nitrogen acceptor dopants

and reported hole mobility and concentration of 2.19 cm2/Vs and 1.22 × 1018 cm-3 re-

spectively. Although p-type ZnO were reported with appreciable hole concentration,

mobility and resistivity, but still the reported resistivity is not up to the desired level.

Stability, reproducibility and durability over long time periods remain challenges to be

addressed in the future.
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1.10 RESEARCH OBJECTIVES:

• To prepare Zinc Oxide (ZnO) thin films by different deposition methods.

• To prepare doped ZnO thin films by various method viz Thermal evaporation

method, Sol-Gel method, Spray pyrolysis method etc.

• To find the best doping elements to have maximum transmittance and lowest re-

sistivity to be used as TCO.

• To optimize doping levels to find maximum transmittance and lowest resistivity.

• To optimize the thickness of ZnO thin films prepared by different methods to have

best TCO properties.

• To determine optical and electrical parameters like dielectric constant, absorption

coefficient, refractive index and resistivity experimentally as well as theoretically

and compare both the results.

• To calculate and study, electronic band structure and density of states (DOS) for

various doped ZnO films.

• By getting all the parameters experimentally and theoretically, efficient & effec-

tive results will be used for future applications in various devices.

In this work undoped, doped and co-doped ZnO thin films are fabricated by sol-gel route

utilizing spin coating method at 1000, 2000, 3000, 4000, 5000 and 6000 rpm rotating

speed. For this we have chosen many elements Al, Mn, Co and Ni for doping in ZnO

host matrix. Ni-Al & Mn-Ni were selected for co-doping in ZnO films synthesized

by sol-gel method using spin coating approach. The effect of doping and co-doping is

studied on optical, micro-structural, surface morphology, vibrational and luminescence

characteristics of ZnO films. The effect of annealing temperature has also been studied

on Mn-Ni co-doped ZnO films.

The thesis is organized in the following manner. The first chapter covers the basics

of undoped and doped Zinc Oxide (ZnO) thin films, as well as their many properties

and applications. The second chapter reviews the literature on the characterization of

undoped and doped zinc oxide thin films deposited using various procedures. The third

chapter focuses into the materials, deposition process and characterization techniques

employed in this study. The proposed experimental work of synthesis, characterization
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and outcome of undoped ZnO thin films is presented in the fourth chapter. The fifth

chapter details the fabrication, characterization and results of Ni, Al, Co and Mn doped

ZnO thin films. The sixth chapter describes the preparation of co-doped thin films using

the pair of dopants Ni-Al and Mn-Ni, as well as their characterization and findings. The

seventh chapter discusses the conclusions of the work as well as the future scope of

work.





CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

Lately, zinc oxide semiconductor materials have become more and more popular, as

seen by an increase in publications. Its potential for optoelectronic applications is at-

tributed to its huge forbidden band gap (Eg ∼ 3.37 eV) which is what drives ZnO’s

interest in optoelectronics. ZnO has the potential to be used as a substitute for GaN

because of the additional advantages of large excitonic binding energy (∼ 60 meV),

abundance and low cost [68]. Moreover, ZnO-based devices are cheaper due to simpler

crystal-growth techniques such as sol-gel. Additionally, ZnO is more radiation stable

and more adaptive for space applications over other large energy gap materials. More-

over, extrinsic doping is able to enhance the electrical properties of zinc oxide while

retaining its optical transparency simultaneously. This makes it suitable for transpar-

ent conducting oxide which has applications in displays and solar cells [69–71]. A

novel material called dilute magnetic semiconductor (DMS) emerges from wide band

gap semiconductors such as ZnO when doped with magnetic atoms. DMS exhibits

high-temperature ferromagnetism and has potential applications in spintronics and op-

ticomagnetics [72–74]. The next dimension in the electronic industry is transparent

electronics which will be the base for the new generation of optoelectronic devices.

Thin film transistor based on Si has some limitation like sensitivity to visible light while

ZnO transistors are transparent to visible light and hence the protective layer required

for the prevention of light can be abolished [31, 75].

Studies of optical properties are concerned with how light interacts with a material.

The intrinsic properties of ZnO directly correlate with the interaction of charge carriers

present in the conduction band, the valence band and the defect states within the band

17
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gap. Extrinsic optical properties directly relate to the position and nature of the discrete

energy levels created in the band gap by intentional doping. The optical properties of

ZnO can be studied by absorption, transmission, reflection and emission spectroscopy.

Photoluminescence is one of the best technique used for the analysis of the optical

behaviour of ZnO. The ultra-violet emission is predominantly observed in the photo-

luminescence (PL) of ZnO thin films and is attributed to a near band edge transition.

Additionally, a green emission band is present, which is attributed to interstitials, anti-

sites, vacancies, and their combinatorial complex defects [76–78].

Dye sensitized solar cells (DSSCs) has been evolved as the alternative to traditional

Si-based solar cells which operates on the principle of photo voltaic effect. The pop-

ularity of dye sensitized solar cells is supported by their low cost, eco-friendly and

simple fabrication process. Dye sensitized solar cells mainly made up of a semicon-

ductor layer with dye, an electrolyte coat and a conducting counter electrode. A large

band gap semiconductor with a porous structure and high mobility is the core element

of DSSC. Till date TiO2 nano-particles layer has been used as the photoanode because

of its large surface area and high efficiency. Other oxides such as ZnO, SnO2, BiVO4,

In2O3, Nb2O5 are also used as photoanode but ZnO has presented its candidature to

replace the TiO2 due to low cost, lower recombination rate and low resistance. The

main hindrance for the ZnO is the low conversion efficiency of DSSC, which can be

enhanced by increasing the light absorption ability of the photoanode and increasing

the recombination time. Understanding the creation and recombination of photoexcited

carriers in DSSCs is required for photoelectric transformation. In ZnO-based DSSCs,

doping, surface morphology and heterostructure play a key role in the performance.

Doping is a powerful method for altering the electrical and optical characteristics of

ZnO nanostructures and thereby increasing their efficiency [79–82].

Conventional solar cells work on p-n junction of silicon and are mostly used due to

their efficiency and reliability but high cost limits their application. Organic and hybrid

solar cells are new generation solar cells which are comprehensively explored because

of their low cost, flexibility and solution based processing. In a hybrid solar cell, or-

ganic p-type semiconductors and inorganic n-type semiconductors are utilized as active

layers. ZnO has been identified as an ideal n-type semiconductor layer for use in hybrid

solar cells, due to its non-toxicity, low cost and ease of fabrication using simple tech-

niques [83]. Moreover, thin film solar cells use CdS as the layer of buffering which is

toxic and not eco-friendly. ZnO can substitute the CdS buffer layer in solar cells as it is

non-toxic and has other suitable properties [84]. It has been established that thin films
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of zinc oxide could be used for making Resistive Random Access Memory (RRAM)

devices, a viable alternative to charge-based flash memory [85]

ZnO is often suggested as a GaN substitute for device applications because of its

cheaper production cost and improved optical characteristics. ZnO may be considered a

promising material for the fabrication of LED in the ultraviolet range owing to its high

excitonic binding energy. Reproducible and stable p-type Zinc oxide is still an obstacle

for ZnO-based semiconductor devices. Therefore many devices which do not require p-

type ZnO were fabricated. ZnO has numerous applications based on electrical, optical

and other properties.

2.2 LIGHT EMITTING DIODES

An LED is a semiconducting diode, which when biased converts electrical energy into

light energy. This is done by the recombination of a hole and an electron. The fre-

quency of light is computed by the forbidden band gap of the semiconductor. ZnO

exhibits similar characteristics to those of the other common semiconductor materials

used for LED emission, such as GaN and ZnS, which are employed for green and UV

emission, respectively [86]. The first Zinc oxide-based heterostructure LED was syn-

thesized in 1968 employing Cu2O as the p-type material [87]. Due to the lack of p-type

Zinc oxide, p-n homojunction LEDs based on ZnO cannot be realized. This problem

can be resolved by using n-type ZnO and other p-type materials like Si, GaN, Cu2O,

NiO, CdTe, SiC to form p-n heterostructure for LEDs fabrication. Ricky W. Chuang

et al. [88] fabricated heterostructure of Zinc oxide on GaN utilizing the vapor cooling

condensation system. They fabricated two heterojunction LEDs of structures p-GaN/n-

ZnO:In (p-n) and p-GaN/i-ZnO/n-ZnO:In (p-i-n). Both heterojunction (p-n and p-i-n)

light emitting diodes show rectifying behaviour. Peak emission of electroluminescence

at 385 nm wavelength was observed due to ZnO layer. Heterojunction light emitting

diode of n-ZnO/p-AlGaN was fabricated by Ya. I. Alivov et al. [89] on n 6H-SiC sub-

strates. p-type AlGaN was grown using hydride vapor phase epitaxy and the n-type

Zinc oxide layer was grown by CVD method. A stable UV emission with a peak at

389 nm was perceived in forward biased with a threshold voltage of 3.2 volts originated

from recombination within the ZnO. Daotong You et al. [90] fabricated n-ZnO/AlN/p-

GaN heterojunctions light-emitting devices and observed ultraviolet emission at 387

nm wavelength. LEDs based on ZnO p-n homojunction were also fabricated by many

researchers. Do-Kyun Kwon et al. [91] successfully fabricated LEDs with n-type ZnO
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nanorods/Ag-doped p-type ZnO NRs by low-temperature solution process. The homo-

junction LED shows rectifying behaviour and has a turn on voltage of 3.5 V. The LED

emitted a broad yellow emission peak at 645 nm at a forward bias of 9 V.

2.3 TRANSPARENT CONDUCTING OXIDES (TCO)

Transparent Conducting Oxides (TCO) are technologically of great importance due to

their high transparency in the visible spectrum and low electrical resistivity. This class

of material has applications in the semiconductor industry in transparent electrodes,

transparent contact for solar cells, liquid crystal devices, optoelectronic devices, dis-

plays, and touchscreens. Indium doped tin oxide (ITO) is widely utilized as TCO in

the industry because of its low electrical resistivity and high transparency in the visible

spectrum. But the high cost, toxicity and scarce resources of Indium are the drawbacks

of Indium doped tin oxide (ITO). ITO cannot fulfil the growing demand for thin film

transparent electrodes; therefore a suitable alternative for TCO material is required.

ZnO based transparent Conducting Oxide (TCO) could be a good alternative to ITO be-

cause of its high transparency and low resistivity in the visible spectrum, low process-

ing temperature, good etch-ability and high reproducibility. The synthesis of zinc oxide

transparent conductive oxide (TCO) films has been achieved with a range of dopants;

however, Al-doped and Ga-doped ZnO films have proven to possess the highest levels

of conductivity and carrier concentration. Hideaki Agura et al. [92] grown the Al-doped

Zinc oxide thin film on glass by PLD technique and obtained the low resistivity value

of 8.54 × 10-5 Ω.cm. Sang-Moo Park et al. [93] synthesized Ga-doped ZnO films by

PLD technique. The films exhibit low resistivity of 8.12 × 10-5 Ω.cm and 1.46 × 1022

cm-3 carrier concentration. Amaresh Das et al. [94] fabricated undoped ZnO films by

sol-gel method. The films have been implanted with Al ions. The films exhibit resis-

tivity of 6.81 × 10-2 Ω.cm, electron concentration of 1.29 × 1019 cm-3 with mobility of

7.08 cm2/Vs.

2.4 THIN FILM TRANSISTOR

Metal oxide semiconductor field effect transistors (MOSFET) are what thin film tran-

sistors (TFTs) are. TFTs are made by the deposition of an active semiconductor layer, a

dielectric layer and metallic contacts on an insulating substrate. There is the widespread

use of thin film transistors in displays, liquid crystal displays and smartphones. ZnO

has been investigated as an active channel layer for transparent thin film transistors.
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Organic TFTs have been shown to deteriorate under atmospheric circumstances, while

amorphous silicon TFTs have been shown to have some optical application constraints,

such as sensitivity to light, light deterioration and opacity [95]. In contrast, ZnO TFTs

have good chemical and thermal stability, as well as strong field effect mobility, de-

creased light sensitivity and excellent transparency within the visible light spectrum.

As a result, thin films based on ZnO show potential to be used for TFTs. Because of

the large band gap, ZnO TFTs do not interact with visible light and their properties do

not deteriorate by exposure of visible light, while amorphous Si TFTs do. Jyh-Liang

Wang et al. [96] synthesized Zinc oxide based TTFT by hydrothermal technique. The

aluminium-doped ZnO seed layer was used to grow the ZnO active channel laterally. By

annealing in an oxygen environment, good field-effect mobility of 9.07 cm2/Vs, 2.25

V of threshold voltage, 106 on/off current ratio and leakage current of less than 1 nA

were obtained. Transparent ZnO-based TFTs were fabricated with optical transparency

of 75% in the visible region of radiation by R L Hoffman et al [97]. Excellent drain

current saturation, 107 on/off current ratio and n-channel enhancement mode TFT were

all indicated by V-I measurements. Young Hwan Hwang et al. [31] created a TFT using

a simple and cost friendly solution method for growing the ZnO channel layer. The

TFT operated in depletion mode, exhibits n-type character, high transparency (>90%),

mobility of 9.4 cm2/Vs and on/off current ratio of 105.

2.5 SENSORS

A gas sensor is an electronic nose that can smell (detect) the various gas or liquid

molecules present in the environment. It is usually used for industrial and environmen-

tal applications due to small size, cost-effectiveness and user friendly operation. The

sensor’s gas detecting method includes ambient oxygen adsorption on the oxide sur-

face, which removes electrons from the semiconducting material, resulting in a change

in carrier density and conductivity. Adsorbed oxygen concentration and hence con-

ductivity change when interacting with oxidizing or reducing gases. A measure of

gas concentration is the change in conductivity. The use of nanostructured materials

is predicted to improve gas sensing properties since the gas sensing process involves

a surface response [98, 99]. The sensor takes use of the increased surface area seen

in all nanoscale materials, including ZnO nanorods. Changes in the characteristics of

nanorods, such as luminescence, conductivity, frequency of vibration and mass, can

be used to identify molecule adsorption. The most basic and widely used approach
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involves passing an electrical current through nanorods and observing how it changes

when exposed to the gas. Kim et al. [100] produced ZnO nanowires with Platinum

and Palladium functionalization’s. The sensors were set to self-heat in order to lower

the operational temperature. At ambient temperature, Pt-functionalized nanowires have

a maximum sensing response of 2.86 for 50 ppm toluene, whereas Pd-functionalized

nanowires have a maximum sensing response of 2.20 for 50 ppm benzene. The de-

velopment of a Schottky barrier, which offers additional adsorption sites on the sensor

surface, might be the sensing process. Chen et al. [101] used a hydrothermal technique

to grow Pd nanoparticles functionalized ZnO nanowires with (0, 1, 2 and 5% Pd) and

used them for NO2 gas sensing. At 100 oC, the sensor had a quick response time for

1 ppm and a high sensing response of 13.5. The combined impact of chemical and

electrical processes resulted in improved sensing.

2.6 DILUTED MAGNETIC SEMICONDUCTORS

Since the 1970s, researchers have been focused on the transition metal doped metal

oxide semiconductor. The addition of the local magnetic moment to the systems by

substituting transition metals on a host element paves the way for spintronics or spin

electronics. As a result, dilute magnetic semiconductors (DMSs) are known to occur

in existing semiconductors with magnetic impurities. The fundamental issues of spin-

tronic materials are that I they should keep their ferromagnetic properties above room

temperature and (ii) they should offer potential improvements over current technolo-

gies. The discovery of giant magnetoresistance (GMR) was the catalyst for spintronic

device research. Because of the extraordinary optical and magnetic characteristics of

transition-metal oxides (TMOs), the design and development of TMO-based spintronic

devices is rapidly rising in contrast to non-oxide semiconductors. ZnO-based DMS ma-

terials have already garnered a lot of attention due to their ease of band gap tailoring

with the right dopants. With the potential to produce and regulate spin-polarized charge

carrier transport, ZnO-based spintronic devices may be effectively realized. Despite

the fact that a significant number of studies are being conducted throughout the world,

obtaining a higher transition temperature remains a difficult challenge. Theoretical ef-

forts, such as first-principles studies, provide some insight into the underlying physics

of these events. Substrate effects, the role of post-annealing on secondary phase de-

velopment and the effect of dopants are among the key aspects to be considered while

analyzing growth parameters. D. Anbuselvan et al. [102] grew Ni-doped ZnO nanopar-
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ticles to better understand the influence of Ni-doped ZnO nanoparticles on the ferro-

magnetic property of ZnO, especially at room temperature. Magnetic properties of 3%

Ni-doped ZnO nanoparticles show an intense ferromagnetic property at room temper-

ature. Dandan Wang et al. [103] synthesized Nd-doped ZnO nanowire arrays with

stable room temperature ferromagnetism and a high coercivity of 780 Oe. R. Elila-

rassi et al. [104] used sol-gel auto-combustion technique to successfully produce DMS

(Zn1-xFexO) nanoparticles with various doping concentrations. At room temperature,

magnetic measurements revealed that all of the samples are ferromagnetic.

2.7 VARISTORS

A varistor is an electrical device which has diode like non-linear current voltage be-

haviour. Varistors can be used to protect sensitive components from electrical surges.

ZnO varistors exploit the resistance and capacitance characteristics of grains and grain

boundaries of polycrystalline pellets. At low voltages, current transport is dominated

by the inter-granular regions, with a breakdown voltage of 2-3 V per grain. At higher

voltages, barrier height narrows and electron tunnelling occurs, accompanied by a large

increase in the current flow. The density of grain boundaries in the varistor and the

inclusion of dopants that migrate to the grain boundary, modify the barrier height may

all be used to regulate the breakdown voltage [105]. A typical grain size and device

thickness of a varistor is ∼10 µm and 1.6 mm respectively. The current may change up

to 11 orders of magnitude with a variation of voltage of around a factor of 3.

2.8 PIEZOELECTRIC DEVICES

ZnO shows excellent piezoelectric properties having piezoelectric strain coefficient, d33

∼ 10×10 CN-1[60]. Piezoelectricity can be employed in several devices like a surface

acoustic wave and piezoelectric devices [106]. SAW devices are used in cell phones and

telecommunication stations. These have applications as torque and pressure sensors in

the automotive industry, chemical sensors in the medical industry. SAW devices have

high sensitivity, low cost and high weariblity. Some sensors can now be integrated with-

out a power source. An electrical contact on insulating ZnO film induces a mechanical

deformation. The insulating wave is detected by a metal finger contact as it travels at

the speed of sound along the ZnO film surface. With a typical wave velocity of 3 km/s,

signals with high frequency (10 MHz - 10 GHz) can be transformed to SAW [107].





CHAPTER 3

MATERIALS, DEPOSITION TECHNIQUE
AND CHARACTERIZATION TOOLS

3.1 INTRODUCTION

This chapter deals with the materials, fabrication technique and characterization tools

used in the experimental study of undoped, doped, and co-doped Zinc Oxide thin films

fabricated by sol-gel technique. A description of the instruments UV-Vis spectropho-

tometer, Raman spectrometer, X-ray diffractometer, spectrofluorometer and scanning

electron microscope is provided in the following sections.

3.2 MATERIALS: SOURCES AND PURITY

Table 3.1 lists the chemicals utilized in the fabrication of undoped ZnO, doped ZnO

(Ni, Al, Mn and Co) and Ni-Al, Mn-Ni co-doped ZnO thin films.

3.3 DEPOSITION TECHNIQUE

3.3.1 Sol-Gel Method

Sol-gel is a solution-based chemical process for fabricating thin films, solid powders,

ceramics and other materials. This technique is mainly used for the formation of metal

oxides. It entails the formation of a colloidal solution (sol) from organic and inorganic

precursors, which evolves into a diphasic system with both liquid and solid phases,

known as a gel. Metal alkoxides and alkoxysilanes are the popular precursors for the

formation of sol in organic or aqueous solvents. Obtained sol gets polymerized with

time to form the gel. During the sol formation, the parameters like pH, temperature,

25
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Table 3.1: Source of procurement and purity of the chemicals used

Sr. No. Chemicals Source Purity(%)
1 Zinc Acetate Dihydrate Molychem 99.5

(Zn(CH3COO)2. 2H2O)
2 Nickel Acetate Tetrahydrate Molychem 98.0

(Ni(CH3COO)2. 4H2O)
3 Aluminium Chloride Hexahydrate Thomas Baker 99.5

(AlCl3.6H2O)
4 Cobalt Acetate Tetrahydrate Thomas Baker 99.0

(CH3COO)2.Co.4H2O
5 Manganese acetate tetrahydrate Molychem 99.5

(CH3COO)2.Mn.4H2O
6 2-methoxy ethanol Molychem 99.5

CH3O.CH2.CH2.OH
7 Monoethanolamine Thomas Baker 99.5

C2H7NO
8 Diethanolamine Thomas Baker 99.5

[CH2(OH)CH2]2NH

concentration, reaction time and ageing time for gel formation can control the struc-

tural, electrical and optical properties of the end material. Many techniques can be

utilized to convert the final gel to desired solid material like aerogel, zerogel, nanopow-

der, or nanostructured thin film. To fabricate the thin film on substrates using sol-gel,

spray pyrolysis, dip and spin coating method can be utilized. For the fabrication of

thin films using the spin coating method, the sol solution is dropped by dropper on the

rotating substrate. In this process the substrate is uniformly coated with the sol. In the

subsequent steps the film is dried to remove the organic solvents from the material and

then annealed at a desired temperature to finally get the required film. Film thickness,

annealing time and temperature decide the crystallinity and properties of the obtained

thin film. Dip-coating, in which the dipped substrate is taken out of the solution at a

steady speed, is the simplest approach for the production of thin films. The solution

spreads on both sides of the substrate homogeneously due to the effect of viscosity and

surface tension. The rest of the steps are the same as those employed in the spin coating

method. Another technique for the fabrication of thin films is spray pyrolysis. In this

method, the sol is uniformly sprayed with the help of a nozzle on the substrate main-

tained at a constant temperature.

Various methods are available for fabricating thin films, including sputtering, pulse laser

deposition, CVD and thermal evaporation. The major advantages of sol-gel technique

of thin film fabrication over other techniques are as
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a. Simple processing technique

b. High purity of precursors

c. Low temperature processing

d. Low temperature sintering

e. Ease of synthesis of homogeneous stoichiometric films

f. Control of chemical composition and microstructure

g. High purity

h. Low cost

i. Ability to coat large and complex substrate

j. No need of expensive equipment’s.

The sol-gel process also has some shortcomings. It is not a very clean process as it

is a wet chemical process. As it involves chemical reaction in solution, contamina-

tion of some undesired atoms and molecules is possible. Cost of precursor chemicals,

shrinkage of wet gel upon drying, precipitation of a particular oxide in multicomponent

glasses during the sol formation and residual porosity are some of the drawbacks of

sol-gel method.

3.3.2 ZnO Thin Films Deposition by Sol-Gel Process

Zinc oxide thin films can be prepared by numerous deposition techniques but sol-gel

method offers simple processing, low cost, low processing temperature and high crys-

tallinity over the other methods. Sol-gel is a chemical method which involves the

following steps: a) Hydrolysis or Alcoholysis b) condensation and polymerization c)

growth of particles d) formation of gel. Thin film deposition by sol-gel method in-

cludes mainly 3 steps: a) formation of sol-gel b) deposition of solution on substrates by

spin coating or dip coating technique c) drying and annealing of deposited film. The

details of sol-gel approach and its components are discussed in the next section.
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3.3.3 Precursors

The mostly used precursors for ZnO fabrication are Nitrate, chloride, alkoxide and ac-

etate dihydrate. Zinc acetate dihydrate is the most frequently used salt for the ZnO

thin film preparation. The synthesis of ZnO from zinc acetate involves two phases of

hydrolysis and condensation. Hydrolysis of zinc acetate occurs as

Zn(OH)(CH3COO)2 +OH− → Zn(OH)2 +(CH3COO)− (3.1)

Two Zn(OH)2 molecule condensation can be given as

HO−Zn−OH+HO−Zn−OH → HO−Zn−O−Zn−OH+H2O (3.2)

Final product HO-(Zn-O-Zn)n-OH is obtained after water evaporation by the condensa-

tion of n molecules. Condensation happens uniformly throughout the substrate’s plane.

Annealing results in the formation of ZnO thin films.

3.3.4 Solvents

We know that the solvents with higher dielectric constant can dissolve the inorganic

salts. Some of the most commonly utilized solvents include 2-methoxyethanol [108],

Methanol [109], 1-butanol [110], ethanol [111], 1-propanol [112] and 2-propanol [113,

114]. The texture of the deposited films is also affected by the solvents. Wang et al.

[115] showed that raising the concentration of ethanol in an aqueous-ethanolic solution

causes the crystal orientation to change from perpendicular to roughly parallel to the

substrate’s surface.

3.3.5 Stabilizers

As stabilizers, chemical species containing at least one functional group can be used.

Alkali metal hydroxide, carboxylic acid, alkanolamines, alkylamines, acetylacetone and

polyalcohols are some of the stabilisers used to deposit ZnO [116]. They are used for

a variety of purposes, including assisting in the dissolution of zinc salt in alcoholic sol-

vents in some situations. Zinc acetate dihydrate is commonly regarded for not entirely

dissolving in alcohols such as ethanol or 2-propanol. This problem can be remedied by

adding stabilisers like monoethanolamine or diethanolamine [109]. Another function

of stabilisers is to stabilize ligands, inhibiting zinc hydroxide precipitation and there-

fore assisting in the production of stable sols [116]. A transparent solution can be pro-
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duced by adding monoethanolamine to zinc acetate solution [c3r10]. The most frequent

stabilisers used in ZnO sol-gel deposition are monoethanolamine or diethanolamine.

These stabilisers decrease contamination of ZnO films while also posing fewer health

and environmental concerns [117].

3.3.6 Substrate Preparation

All the ZnO thin films are fabricated on soda lime glasses slides of thickness 1.3 mm.

Glass substrates are cut in the 2.5 cm × 2.5 cm size. The glass substrate must be cleaned

before depositing the thin films since it may contain dirt, oil, or grease deposits on its

surface. Cleaning a substrate eliminates pre-deposits such as hydrocarbons and other

particles or contaminants before the thin film deposition. The cleaning procedure in-

creases adherence to the substrate, resulting in improved coating performance. Cleaning

also enhances the thin film’s optical or electrical properties, which might be degraded

by contaminants. Inconsistencies in thin film uniformity can be caused by any type of

surface contamination. In the cleaning process, the glass substrates are first cleaned

with detergent by rubbing the cotton pads on the glass manually to remove any dirt,

oil, grease and any hydrocarbon deposits. The glass substrates were then rinsed and

washed many times with deionized water (DI) and acetone. Just before film deposition,

they are ultrasonically cleaned with acetone, methanol and deionized water (DI). The

glass slides were dried in an oven at 150 °C for 30 minutes.

3.3.7 Thin Film Deposition

Spin coating and dip coating are the two most prevalent techniques for the synthesis of

ZnO films. Aged or fresh sol can be utilized at room temperature of around 60 °C. In

this study ZnO thin films have been deposited with the help of the spin deposition tech-

nique. The undoped, doped and co-doped ZnO thin films are deposited at a substrate

rotation speed of 1000rpm, 2000rpm, 3000rpm, 4000rpm, 5000rpm and 6000rpm. Most

of the researchers has reported the ZnO film deposition by spin deposition technique at

3000 rpm substrate rotation speed because the best results regarding physical properties

and microstructure are obtained at this optimized rotation speed. The sol solution is

dropped by dropper on the spinning soda lime substrate to deposit thin layers using the

spin coating technique. The substrate is uniformly coated with the sol in this procedure.

The film is then dried at hot plate at 100 °C to evaporate the organic solvents from the

material. To achieve the necessary thin film thickness, the deposition and drying cycle
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is repeated numerous times. Finally, the films are annealed at various temperatures in a

tube furnace to enhance the microstructure and crystallinity of the films.

3.3.8 Pre and Post Heat Treatment

When it comes to heat treatment, a two-step approach is preferable. The solvent and

organic substances are removed in the first step known as pre-heat treatment, at tem-

peratures ranging from 40 to 500 degrees Celsius. The first step is to deposit thin films

by dropping the sol with the help of a dropper on the spinning substrate. After the

deposition the film is dried at 150 °C on the hot plate to evaporate the solvent organic

substances. This deposition and drying procedure is repeated numerous times to get

the appropriate thickness. Finally the thin film is given post-heat treatment known as

“annealing”. Annealing is necessary to improve the crystallinity of the films while also

decomposing organic by-products. Depending on the substrates utilised, the annealing

temperature might range from 250 to 900 °C. In this work, the annealing of all film

is done at 350 °C except for the case in which the effect of annealing temperature is

studied.

3.4 CHARACTERIZATION TOOLS

In this section characterization tools and techniques used for the analysis of the syn-

thesized ZnO film will be discussed. UV visible analysis of the thin film samples is

carried out by Labman Scientifics, UV visible double beam spectrophotometer (LMSP-

UV 1900S). Raman Spectrophotometer (EnSpectr R532) is used for the analysis of the

vibrational study. The structural study has been done by X-ray diffractometer (Rigaku

Ultima IV). Luminescence spectra are obtained using Spectrofluorometer (FluoroSENS

Camlin Photonics). SEM was used to do topographical analysis on the thin films.

3.4.1 UV-Visible Spectrophotometer

Labman Scientifics, UV visible double beam spectrophotometer (LMSP-UV 1900S)

was used to record the UV-visible spectra of undoped and doped ZnO thin films. The

image of the instrument used is given in Figure 3.1.
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Figure 3.1: Actual photograph of UV visible double beam spectrophotometer (LMSP-UV
1900S, Labman Scientific)

Figure 3.2: Block Diagram of the Spectrophotometer

A light beam is incident on the sample to transmit through it and the wavelength of the

light reaching the detector is measured. The measured wavelength provides important

quantitative and qualitative information about the sample. Information may be obtained

as transmittance, absorbance or reflectance of radiation in wavelength range [118, 119].

The electrons jump to excited states or the anti-bonding orbitals by absorption of inci-

dent light photons when the energy of the light photon matches the energy gap between

the initial and final state. This process is known as absorption and is the basic operating

principle of absorption spectroscopy. The spectrophotometer consists of five parts:
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1) Light source (Halogen or deuterium lamps)

2) Monochromator

3) Sample compartment

4) Detectors

5) Display or Recorder

In spectrophotometer, the light from the lamp is incident on the monochromator’s entry

slit, where the collimating mirror sends the beam onto the grating in a spectrophotome-

ter. The grating disperses the light beam to generate the spectrum, with a collimating

mirror focusing a portion of it on the monochromator’s output slit. The beam is then

transmitted via one of the filters to a sample compartment. The beam is transmitted to

the silicon photodiode detector after exiting the sample chamber, causing the detector

to generate an electrical signal that is shown on the digital display. The block diagram

of a UV visible spectrophotometer is displayed in Figure 3.2.

3.4.2 Raman Spectrophotometer (EnSpectr R532)

Raman spectroscopy has been used to do the vibrational investigation of the deposited

thin films. The Raman spectrum is analyzed by Enspectr Raman spectrometer at a

wavelength of 532 nm. When light photons interact with molecules, the scattered pho-

tons may have a different frequency than the incident photons. Stokes radiation refers

to photons with a lower frequency, whereas anti-stokes radiation refers to photons with

a higher frequency. Because anti-Stokes scattering requires the molecules to be in an

excited state, the intensity of anti-Stokes scattering is often less than that of Stokes ra-

diation. As a result, just the Stokes radiation is typically recorded. Figure 3.3 depicts a

Raman scattering energy level diagram.

A rotation or vibration must change the electric dipole of the molecule in order to be

infrared or microwave active. Raman activity requires a change in the molecular polar-

izability associated with molecular rotation or vibration. Figure 3.4 shows a schematic

illustration of a traditional Raman spectrometer.

EnSpectr is an easy-to-use instrument that can be operated by a user without any special

technical training. The test sample is exposed to 532 nm laser, the light scattered from

the films is investigated simultaneously. In the device, the scattered light is filtered. The

filtered emission gets onto the diffraction grating and then onto the CCD-line. An ac-

tual optical image of Raman Spectrometer (EnSpectr R532) is shown in Figure 3.5. The



33 3. MATERIALS, DEPOSITION TECHNIQUE AND CHARACTERIZATION TOOLS

Figure 3.3: Energy level diagram for Raman Scattering; (a) Stokes scattering (b) Anti Stokes
scattering

Figure 3.4: Schematic diagram for conventional Raman spectrometer

substance subjected to laser emission is identified by analysis of the spectrum using the

computer program. The device consists of a laser source, a Czerny-Turner spectrometer

and an analysis system. A built-in USB controller provides PC connection and access

to the data measured. The diffraction grating spectrometer has no moving parts and is

rigidly fixed to the laser assembly, so it can be used for the control of substances in

workrooms and field conditions. The measured spectral range of the EnSpectr device

covers molecular vibration regions as well as most visible-range electron transitions of

organic and inorganic compounds.
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Figure 3.5: Actual optical image of Raman Spectrometer (EnSpectr R532)

In a matter of seconds the device performs measurement and analysis of the spectrum

of an unknown substance, determines the spectral position and relative intensities of the

Raman and luminescence spectral lines, the ”fingerprints” of the substance in question.

Comparison of the ”fingerprints” to the spectral database of known substances enables

to identify the sample as an individual substance or a mixture of substances.

3.4.3 Fluorescence Spectrometer (Fluorosens Camlin Photonics)

The photoluminescence spectra of the ZnO samples has been analyzed by Fluorescence

Spectrometer (FluoroSENS Camlin Photonics). Fluorescence is a three-phase process

which occurs in the orbits of electron of specific compounds known as fluorophores or

fluorescent dyes. The simplified energy state Jablonski diagram in Figure 3.6 depicts

the process. These three stages are:

i. Excitation: A photon of energy hνex when incident from an external source is

absorbed by the fluorophore. After gaining this energy electron goes from a lower
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state (E0) to a higher state (E1). The process of absorption takes approximately 1

fs = 10-15 s.

ii. Non-radiating transitions: The electron remains in the excited state for a life-

time of typically one to ten nanoseconds. During this time, the fluorophore losses

its energy within the vibrational states known as vibrational relaxation. This re-

sults in the singlet excited state which gives rise to fluorescence emission.

iii. Fluorescence emission: The fluorescence emission from the singlet excited state

to ground state Eo occurs by the emission of photon of energy hνfl and fluo-

rophore returns to its ground state Eo. Due to the dissipation of energy in vi-

brational relaxation in an excited state, the energy of this emitted photon is less

than the incident photon. Therefore emitted photon has a greater wavelength than

the incident photon. The difference in wavelengths between the absorption and

emission maximum defines the Stokes shift given as:

∆λStokes = ∆λMax. emission −∆λMax. absorption (3.3)

Figure 3.6: Jablonski diagram involving optical absorption and subsequent emission of
fluorescence.
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Figure 3.7: Principle of a fluorescence spectrometer

The block diagram of a fluorescence spectrometer is depicted in Figure 3.7. A monochro-

matic excitation light source and a detection channel are the parts of a fluorescence

spectrometer, which may be used to analyze fluorescence spectra. The detection chan-

nel is perpendicular to the excitation to prevent as much detection of the emission light

as possible.

Figure 3.8: Optical image of Spectrofluorometer (FluoroSENS Camlin Photonics)

Actual photograph of fluorescence spectrometer (fluoroSENS Camlin Photonics) is

demonstrated in Figure 3.8. The fluoroSENS instrument is a versatile bench top flu-

orometer with a high resolution performance allowing for fine line structures to be eas-

ily distinguished. The single photon counting sensitivity provides an excellent signal

to noise ratio of greater than 3000:1 for a water Raman peak at 397 nm. The source

light is provided by an internal tunable light source (TLS) consisting of a 150W Xenon

lamp and a 300mm focal length monochromator. Slits are fully adjustable and can be

set to allow through a particular bandwidth of light. The output from the excitation
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monochromator is directed through an adjustable iris and onto a beam splitter where

the majority of light is transmitted and a small percentage is reflected onto a silicon

photo-diode which is used as a reference detector. The excitation signal that is trans-

mitted is then focused on the centre of the sample. Perpendicular to the excitation optics

is the collection optics for the fluorescent signal. This is a standard arrangement as it

reduces stray light and excitation light which may be transmitted through the sample.

Fluorescent light from the sample is then directed through a six position filter wheel

containing 5 different high pass filters and one empty slot for 100% transmission. The

resultant emission data is collected by a 300 mm focal length monochromator with a

photo-multiplier tube (PMT) module attached to the exit slit. This is then processed by

a high speed single photon counting data acquisition board. All control electronics are

internally housed. Correction data files are provided allowing both real-time and post

measurement correction. This reduces the effect of any artefacts or imperfections that

may be caused by the optical performance of the instrument optics or the detector re-

sponse. The fluoroSENS employs a range of single photon counting detectors allowing

it to cover a broad spectral range of effectively 185 to 1100nm.

3.4.4 X-Ray Diffraction

X-ray diffraction (XRD) is a special characterization tool utilized to measure the solid

structure, preferred growth direction, lattice constants, crystallite sizes and quality of

the crystal. In XRD X-rays of a particular wavelength is incident on the sample at a

particular angle θ . The intensity of diffracted X-rays is measured with respect to the

diffraction angle. The crystalline structure of the material is revealed in this way. The

diffraction angle (θ ), interplaner spacing of the crystal lattice (dhkl) and the wavelength

(λ ) are related by Bragg’s law [120].

2dhkl sinθ = nλ (3.4)

where n is diffraction order. Interplaner distance (dhkl) can be calculated if the wave-

length is known.
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Figure 3.9: Bragg-Brentano geometry used in XRD

The Miller indices, denoted by (hkl), represent the orientation of the crystallo-

graphic plane. Various different geometries can be used in XRD, but the Bragg-Brentano

geometry is most popular for θ /2θ scans [121]. Figure 3.9 illustrates this geometry

schematically. The angle of incidence (θ ) between incidence and the sample surface

is varied in this geometry and the detector is moved accordingly to keep the angle 2θ

between detector and incident ray. When scanning a film with θ /2θ scan, only planes

which are parallel to the surface are investigated. In the case of a textured thin film,

only a few peaks will be visible since the planes parallel to the surface belong to the

same family. The parallel beam arrangement, which is less susceptible to misalignment

of sample height than the Bragg-Brentano geometry, can be used instead of Bragg-

Brentano geometry [122].

Several variables determine the breadth of a diffraction peak. Instrumental parame-

ters such as the emission characteristics of the X-ray source or the specifications of

the X-ray optics used provide the first factor of broadening. The second truth is that

microstrains cause widening. Localized crystal lattice distortions, such as dislocations,

are microstrains. Changes in the lattice parameter lead the diffraction peak to expand

as a result of these distortions. The crystallite size constraint is the third component

that leads to peak widening. The peaks are wider when the crystallites are smaller.

Peak broadening analysis is particularly relevant when dealing with nanoparticles, as

the Scherrer equation may be used to quantify particle size D [123].

D =
Kλ

β cosθ
(3.5)

In equation 3.5, β is FWHM and K is a constant having value of approximately 0.9.

Le-Bail and Pawley refinement technique can be utilized for the determination of lattice

parameters of ZnO hexagonal lattice [124]. The lattice parameter of the ZnO hexagonal
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system can be determined by the equations-

α =
λ√

3sinθ
(3.6)

c =
λ

sinθ
(3.7)

3.4.5 Scanning Electron Microscopy

The texture, surface morphology and chemical composition of thin films may all be

studied using a scanning electron microscope (SEM). This technology can capture

highly magnified pictures of the sample surface in the order of nanometers. The tech-

nique can also analyze the local chemical composition of material with an analytical

probe [125, 126].

Figure 3.10: Schematic diagram of SEM

A voltage of the order of kV accelerates an electron beam in a scanning electron mi-

croscope (SEM). The beam is then focused on a tiny area on the sample’s surface and

scanned over it. Secondary electrons, backscattered electrons and X-rays are all pro-

duced when electrons interact with the sample. These signals are captured by electronic
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detectors, which are then utilized to recreate the surface image of the sample. Incident

primary electrons when interact with sample, the atoms ionize and secondary electrons

are generated. Because the energy of secondary electrons is quite low, they are released

from near the surface. As a result, secondary electrons reveal surface morphology [127].

Backscattered electrons have energies of more than 50 eV, whereas secondary electrons

have energies of less than 50 eV. Backscattered electrons are elementary electrons that

collide elastically with the sample’s atoms. As the mass of the scattering atoms in-

creases, backscattering becomes more likely; consequently, larger atoms result in a

higher number of backscattered electrons. As a result, the chemical contrast is repre-

sented by these electrons. The elemental composition of a sample is determined using

the EDX (energy dispersive X-ray spectroscopy) technique. To get EDX spectra, a sam-

ple is exposed to an electron beam within a scanning electron microscope. The electron

beams collide with the orbital electrons of the sample to eject them from their orbits. X-

rays are emitted when higher-energy electrons arrive at these vacant sites. The chemical

composition of the sample is found by analyzing the emitted X-rays. EDX is a critical

instrument for determining the composition of any type of material. The Schematic of

the interaction of the primary electron beam with the sample surface in SEM is depicted

in Figure 3.10.

Elastic scattering is the sole way to get backscattered electrons. The whole system must

be vacuum shielded to avoid electron scattering by air molecules. The incoming elec-

trons are focused on the sample using an electromagnetic lens. These lenses are used

to concentrate beam spots that range in size from a few nanometers to 10 nanometers.

After that, the region of interest is raster scanned, dispersed signals are captured and

an image is created. In morphological research, secondary electrons are commonly

employed. The SEM technique is commonly used for morphological research because

it reveals extremely small objects in the nm range with greater resolution. It is also

essential since it enables you to perceive little objects in three dimensions.



CHAPTER 4

FABRICATION OF UNDOPED ZnO THIN
FILMS AND ITS CHARACTERIZATION

4.1 INTRODUCTION

ZnO is considered as a substance of importance now a day because of its multi dimen-

sional applications in semiconductor industry. It has the potential to be used in a variety

of optoelectronic and future applications. The future of ZnO can be seen in the shape

of planer thin films formed on suitable substrates and in the form of nano-structured

devices. The study of pure or undoped ZnO thin films (UZOTF) is essential in order

to compare the properties of these films to those of doped ZnO films and understand

the extent to which doping impacts the properties of ZnO. In this chapter, deposition,

characterization and results of pure or undoped ZnO films are discussed. Sol gel spin

deposition technique was used to deposit undoped Zinc oxide thin films on a glass sub-

strate using Zinc Acetate inorganic precursors. The optical, vibrational and fluorescence

properties of a ZnO thin film fabricated on glass have been studied using UV-visible,

Raman and fluorescence spectroscopy. Results from the study provide insight into the

properties of the thin film.

4.2 EXPERIMENTAL DETAILS

The solution is processed by using the zinc acetate dihydrate (ZAD), 2-methoxyethanol

(2ME) and monoethenolamine (MEA) as starting chemicals. The solvent used is 2ME

while MEA is used as the stabilizer. The 0.5 M undoped ZnO sol is prepared by dissolv-

ing ZAD in 2ME using magnetic stirrer at 70 °C for 30 minutes. The solution became

hazy, therefore MEA was added drop by drop to stabilize it by fixing the Zn2+/MEA

41
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Figure 4.1: Flow chart for fabricating undoped ZnO thin films

molar ratio to 1:1. This caused the residual mass of ZAD to dissolve and the solution

to become transparent. The solution is further stirred for 2 hours at 70 °C using stirrer

to obtain a clear and uniform solution. In the next step the prepared sol is aged for

48 hours at ambient temperature in air tight bottles. Figure 4.1 represents the process

map for the preparation of undoped ZnO thin films. Soda lime glass substrate (2.5cm

× 2.5cm) is cleaned by the steps as already described in chapter 2. Glass substrates are

ultrasonically cleaned with acetone and DI water before being dried in an oven at 150

°C for 30 minutes before being deposited with thin films. The aged solution is utilized

for fabrication of UZOTF on pre cleaned glass substrates. Spin deposition technique

has been utilized for fabrication of films. The films are fabricated by dropping the sol

with the help of dropper on spinning glass substrate. The substrate is uniformly coated
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with the sol in this procedure. Thin films are deposited at substrate spinning speed of

1000 to 6000 rpm. The film is then dried at hot plate at 100 °C to evaporate the organic

solvents from the material. To achieve the necessary thin film thickness, the deposition

and drying cycle is repeated six times. Finally, the films are annealed for 3 hours in a

tube furnace at 350 °C to enhance the microstructure and crystallinity.

4.3 RESULTS AND DISCUSSION

UV-visible spectra, Raman spectra and fluorescence spectra of undoped ZnO thin films

has been observed. A dual beam UV visible spectrophotometer is used to study the

absorption spectra in the wavelength range of 300-1100 nm. The Raman spectrum is

studied by Enspectr Enhanced Spectrometry at a wavelength of 532 nm. The fluores-

cence spectrum was examined by Fluorescence Spectrometer in the wavelength range

of 350-650nm.

4.3.1 UV Visible Spectra

The film homogeneity as well as the depositing of crack and void free films are depen-

dent on the rotation speed. To investigate the impact of spinning speed, thin films were

synthesized at various rotating speed ranging from 1000-6000 rpm to find out the opti-

mized rotating speed to get the best results. The absorbance spectra of UZOTF grown

at 1000-6000 rpm rotation speed are shown in Figure 4.2. The absorption spectrum of

the films indicates low absorbance in the visible and near-infrared regions, but strong

absorbance in the ultraviolet region. The highest absorption peaks exist in absorption

spectra at around 358nm for all thin films. The absorption begins to increase with a

drop in wavelength at 374 nm, which is known as the adsorption edge and corresponds

to the thin film’s forbidden band gap. The absorbance decreases as the spin coating

speed increases as seen from Figure 4.3 and Table 4.1.

The rotational speed of the substrate has a direct influence on the properties and homo-

geneity of thin films. Table 4.1 shows that there is maximum absorption at the lowest

rotating speed (1000 rpm) and minimum absorption at the highest rotating speed (6000

rpm). At the lowest rotating speed (1000 rpm), discontinuities in the films are likely due

to the lack of sufficient centrifugal force, while at higher speeds, discontinuities may be

caused by excessive centrifugal force which rapidly distributes the liquid and results in

non-uniform films.

Figure 4.4 and 4.5 illustrates the variation of optical transmittance of undoped ZnO thin
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Figure 4.2: Absorption spectra of undoped ZnO thin film synthesized at 1000-6000 rpm

Figure 4.3: Variation of highest absorbance of undoped ZnO thin films with spin coating speed
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Figure 4.4: Transmission spectra of undoped ZnO thin film synthesized at 1000-6000 rpm

Figure 4.5: Variation of lowest transmittance of undoped ZnO thin films with spin coating
speed
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Table 4.1: Variation of peak absorbance of undoped ZnO thin films with spin coating speed

Sr. No. Spin Coating Speed (rpm) Peak Absorbance value (a.u.)
1. 1000 0.884
2. 2000 0.548
3. 3000 0.605
4. 4000 0.615
5. 5000 0.515
6. 6000 0.434

Table 4.2: Variation of lowest transmittance of undoped ZnO thin films with spin coating speed

Sr. No. Spin Coating Speed (rpm) Peak Absorbance value (a.u.)
1. 1000 14.38
2. 2000 28.00
3. 3000 24.57
4. 4000 24.05
5. 5000 30.59
6. 6000 36.73

films synthesized at 1000-6000 rpm obtained using double beam UV spectrophotome-

ter from 300-1100 nm. It has been observed that the transmittance value of the films are

less at short wavelengths (<370 nm) and high at long wavelength (>420 nm). All thin

films have a transmittance of more than 85% in the visible and near-infrared spectra.

This implies that at longer wavelengths, the films act like a transparent material. Figure

4.5 shows that the transmittance of all thin films is lowest at around 358nm. The value

of lowest transmittance is minimum 1000 rpm while its value is highest at 6000 rpm of

substrate rotation speed and it almost increases with the spin coating speed as shown in

Figure 4.5 and Table 4.2.

Figure 4.4 and Figure 4.5 reveal that the value of the lowest transmittance increases

from 3000 rpm to 6000 rpm and its value for all thin films is greater than 85% in the

visible spectrum of radiation which makes the thin films a good candidate for transpar-

ent conducting oxide for optoelectronic devices [128]. But in the case of 1000 rpm,

the transmission value is lowest which can be explained by the interference pattern in

the transmission spectra. As D. A. Ajadi et al. [129] explains, interference through the

film occurs when light reflects from the top at one wavelength and from the bottom at a

different wavelength.
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Figure 4.6: Raman spectra of undoped ZnO thin film synthesized at 1000-6000 rpm

4.3.2 Raman Spectra

Figure 4.6 illustrates the Raman spectra of undoped ZnO thin film at 1000 rpm - 6000

rpm rotation speed, fabricated by the sol-gel technique, is reported herein. The crystal

structure of ZnO is wurtzite, which belongs to the C4
6V (P63 mc) space group [130, 131].

The phonon modes are predicted to correspond to the 2E2, 2E1, 2A1 and 2B1 symme-

tries by group theory. Raman active symmetry modes are 2B1. The theory of group

predicts the occurrence of the following optical modes at the Γ point of brillouin zone:

Γopt =A1+2B1+E1 +E2. The B1 (low) and B1 (high) silent modes have been determined

to have frequencies of 260 cm-1 and 540 cm-1, respectively. Furthermore, since A1 and

E1 are both infrared active, they branched into longitudinal and transverse optical com-

ponents (LO and TO) [132, 133].

The Raman spectra of UZOTH manufactured at the substrate spinning speed of 1000

rpm to 6000 rpm are depicted in Figure 4.6. The Raman peaks are located at the fre-

quencies 161 cm-1, 255 cm-1, 400 cm-1 and 559 cm-1 as shown in Figure [134]. The

Raman peak at 161 cm-1 in the low-frequency domain is attributable to TA phonon

overtones near the M point [135]. 2TA, E1 (TO) and A1 (LO) modes are responsible

for the maxima at 255, 400 and 559 cm-1 [136, 137]. The presence of a peak at about

559 cm-1 (A1 (LO) modes) can be attributed to the presence of lattice defects, such as

oxygen vacancies or zinc interstitials, or a combination of the two.
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4.3.3 Photoluminescence Spectra

Fluorescence spectroscopy is a great intense method for studying a material’s precise

band edge transition levels. A well-defined photoluminescence (PL) spectrum of the

UZOTFs synthesized at spinning speed varying from 1000 to 6000 rpm is depicted in

Figure 4.7.

Figure 4.7: Fluorescence spectra of undoped ZnO thin film synthesized at 1000-6000 RPM

The photoluminescence spectrum in Figure 4.7 spectacles an emission peak in the ul-

traviolet region at about 385 nm for rotational speeds of 2000 to 6000 rpm, while for

a film deposited at 1000 rpm, the peak occurs at 378 nm. The exciton recombination

associated with ZnOs near band edge transition (NBE) produced these UV peaks [138,

139]. In compared to other thin films, the UV peak at 1000 rpm speed is blue shifted,

which corresponds to a change in the thin film’s band gap. The visible emission peak

at about 530 nm corresponds to the green emission. The oxygen vacancies (Vo) and

antisite oxygen (Ozn) are responsible for the green emission peak [140–142]. The weak

yellow emission peaks observed at 587 nm and 620 nm are attributed to the presence of

intrinsic defects in the material, likely arising from Zn vacancy and oxygen interstitials

in the ZnO due to its non-stoichiometry [143–145].

4.3.4 Density of States and Electronic Band Structure

When it comes to transitions between CB and VB, the density of states (DOS) is sig-

nificant. The DOS is not persistent, in the sense that it is not a natural quantity, but it
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may be changed to improve device performance. The density of states (DOS) in solid

state physics refers to the number of energy levels per unit volume that are accessible

for electrons in a small energy range from E to E+dE. In other words, the density of

states is represented by the first derivative of the number of energy states in terms of

energy per unit volume.

(D(E) =
1
V

.
dN(E)

dE
) (4.1)

Figure 4.8: 2×2×2 super cell of ZnO generated using VESTA software

Figure 4.9: Energy band structure of ZnO
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Figure 4.10: Density of states (DOS) for ZnO Calculated from Burai and Quantum Espresso

The electronic structure and density of states of ZnO have been calculated using a

2×2×2 super cell constructed from the ZnO unit cell. The computation based on the

Density Functional Theory was done with the Quantum Espresso tool. Figure 4.8 de-

picts the 2×2×2 super cell created with the VESTA software.

The electronic band structure and density of states are calculated using the Burai soft-

ware application. The band structure is a model that may be used to describe key physi-

cal phenomena of semiconductors and other materials. Figure 4.9 depicts the electronic

structure of ZnO as calculated. The density of states (DOS) for ZnO was calculated

using Burai and Quantum Espresso software as shown in Figure 4.10.



CHAPTER 5

FABRICATION OF Ni, Al, Co AND Mn
DOPED ZnO THIN FILMS AND THEIR

CHARACTERIZATIONS

5.1 FABRICATION OF Ni-DOPED ZnO THIN
FILMS AND ITS CHARACTERIZATION

5.1.1 Introduction

Zinc oxide (ZnO) is astounding semiconducting material due to its properties such as

high excitonic binding energy, high transparency in the visible region, and good con-

ductivity. Additionally, by controlling extrinsic doping with elements such as Mn, Ni,

Co, and Fe, its characteristics can be adapted to the needs of various devices [146]. Fur-

thermore, one of its marvellous property as a dilute magnetic semiconductor (DMS) can

be induced by doping of transition metal elements like Mn, Ni, Co, Fe etc. This can be

accomplished by randomly replacing the host Zn atom with a transition metal element

that induces magnetic behaviour above room temperature, such as paramagnetism, fer-

romagnetism, or antiferromagnetism [102, 147–150]. Due to its multi-functionality in

opticomagnetic applications, doped zinc oxides are among the finest choices for DMS.

Due to properties like as transparency in the visual region and piezoelectricity, ZnO-

based DMS have caught the scientific community’s attention as a possible candidate

for the fabrication of spin transistors and spin-polarized light-emitting diodes. In ZnO,

Ni is a key dopant for inducing magnetic characteristics. Ni++ and Zn++ have the same

valance as well as the radius of Ni++ ∼0.69 Å is comparable with the radius of Zn++

∼0.74 Å, so Ni++ is likely to substitute Zn++ in Zinc oxide structure making it easily

51



5.1 FABRICATION OF Ni-DOPED ZnO THIN FILMS AND ITS CHARACTERIZATION 52

adaptable. To prepare DMS, Sol Gel is a superior technique than other methods [151–

153].

The inorganic precursor Zinc Acetate Dihydrate is used in this work to develop Ni-

doped ZOTFs on a glass substrate using a sol gel spin coating technique. UV-visible

spectroscopy, Raman spectroscopy and fluorescence spectroscopy were used to inves-

tigate the ZnO thin film formed on glass substrate. The thin film’s optical, vibrational,

electrical and fluorescence characteristics are scrutinized.

5.1.2 Experimental Details

Zinc acetate dihydrate (ZAD), Nickel acetate tetrahydrate (NATH), 2-methoxyethanol

(2ME) and monoethenolamine (MEA) are utilized as initial chemicals for the formation

of 0.5M 1 at% Ni-doped sol. As a solvent and a stabilizer, 2ME and MEA are utilized.

The sol is prepared by dissolving ZAD and NATH in 2ME using magnetic stirrer at 70
oC for 30 minutes. After 30 minutes, MEA was added drop by drop to stabilize the

solution, with the Zn2+/MEA molar ratio set at 1:1. Upon adding the MEA, the un-

dissolved residual mass of ZAD is dissolved and the solution becomes transparent. The

solution is further stirred for 2 hours at 70 oC using a stirrer to obtain a clear and uniform

solution. In the next step the prepared sol is aged for 48 hrs at ambient temperature in

air tight bottles. The flow chart for the deposition of UZOTFs is shown in Figure 5.1.

Soda lime glass substrates (2.5cm × 2.5cm) are cleaned by the steps as already described

in chapter 2. Glass substrates are ultrasonically cleaned with acetone and DI water

before being dried in an oven at 150 °C for 30 minutes before being deposited with thin

films. The aged solution has been utilized for fabrication of UZOTFs on pre cleaned

glass substrates. Spin deposition technique has been utilized for fabrication of films.

The films are fabricated by dropping the sol with the help of dropper on spinning glass

substrate. The substrate is uniformly coated with the sol in this procedure. Thin films

are deposited at substrate spinning speed of 1000 to 6000 rpm. The film is then dried at

hot plate at 100 °C to evaporate the organic solvents from the material. To achieve the

necessary thin film thickness, the deposition and drying cycle is performed six times.

Finally, the films are annealed for 3 hours in a tube furnace at 350 °C to enhance the

microstructure and crystallinity.
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Figure 5.1: Flow chart for fabricating Ni-ZnO thin films
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5.1.3 Results and Discussion

The double beam UV visible spectrophotometer is used to determine the absorption

and transmission spectrum of the sample, while Enspectr enhancement spectrometry is

used to obtain the Raman spectrum of the sample at 532 nm. Photoluminescence spec-

Figure 5.2: Variation of thickness of Ni-doped ZnO thin film with spin

tra were measured between 350 and 650 nm with a Spectrofluorometer (FluoroSENS

Camlin Photonics). The resistivity of the samples is evaluated using the Vander-pauw

four point probe method. SEM micrographs were used to inspect the cross section view

of thin films to extract information about their thickness. Figure 5.2 depicts the varia-

tion in thickness of Ni-doped ZnO thin films. The thickness of the thin film decreases

with increase in spin coating speed. Thickness of thin film is highest at 1000 rpm be-

cause the centrifugal force is lowest. The centrifugal force rises as the spin coating

speed increases and hence the thickness reduces.

5.1.3.1 UV Visible Spectra

The absorbance spectra of the synthesized Ni-doped ZOTFs at different rotating speed

from 1000-6000 rpm were investigated in the wavelength range from 300-1100 nm as

shown in 5.3. It is observed that the rotating speed affects the quality as well as the uni-

formity of the thin films. The value of highest absorbance occurs at about 339 nm for
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Figure 5.3: Absorption spectra of Ni doped ZnO thin film at synthesized at 1000-6000 rpm

Table 5.1: Variation of peak absorbance of Ni doped ZnO thin films with spin coating speed

Sr. No. Spin Coating Speed (rpm) Highest Absorbance
1. 1000 0.512
2. 2000 0.502
3. 3000 0.346
4. 4000 0.302
5. 5000 0.215
6. 6000 0.323

all thin films. Absorbance starts increasing with decrease in wavelength below 387 nm

(absorption edge) for all thin films which corresponds to the band gap. The maximum

and minimum absorptions are observed at rotating speed of 1000 rpm and 5000 rpm

respectively as demonstrated by Figure 5.4 and Table 5.1. At the lowest rotating speed

(1000 rpm) there is a discontinuity in the films due to the lack of enough centrifugal

force while at higher speed the discontinuity is possibly due to the excessive centrifugal

force which spreads out liquid instantly and causes non uniform films. The absorbance

of Ni-doped ZOTFs decreases as the spin deposition speed increases as shown in Figure

5.4 and Table 5.1.

The optical transmittance spectra of Ni-doped ZOTFs manufactured at various rota-

tional speeds from 1000 to 6000 rpm were studied in the wavelength range of 300-1100

nm, as shown in Figure 5.5. The transmittance spectra and the variation of lowest trans-
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Figure 5.4: Variation of highest absorbance of Ni-doped ZnO thin films with spin coating
speed

Figure 5.5: Transmission spectra of Ni doped ZnO thin film at synthesized at 1000-6000 rpm
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Figure 5.6: Variation of lowest transmittance of Ni-doped ZnO thin films with spin coating
speed

Table 5.2: Variation of lowest transmittance of Ni doped ZnO thin films with spin coating
speed

Sr. No. Spin Coating Speed (rpm) Lowest Transmittance value (%)
1. 1000 30.67
2. 2000 31.21
3. 3000 44.88
4. 4000 49.39
5. 5000 61.33
6. 6000 47.53
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Figure 5.7: Tauc’s plot for Ni-doped ZnO thin films

mittance of the deposited thin films are depicted in Figure 5.5 and Figure 5.6. The

value of lowest transmittance increases as the rotation speed of deposition increases

from 1000 rpm to 5000 rpm and then it declines for the film deposited at 6000 rpm.

Figure 5.5 shows that all thin films are indeed highly transparent in the visible and NIR

region of the spectrum, indicating that they may be employed as transparent conduct-

ing oxide in optoelectronic devices [16, 154]. The lowest transmittance is observed at

339 nm for all thin films and it almost increases with the spin coating speed as shown

in Figure 5.6 and Table 5.2. The optical Band gap of Ni-doped ZOTFs fabricated at

the substrate rotation speed of 1000-6000 rpm has been measured using Tauc’s plot be-

tween (αhν)2 and energy hν making use of equation αhν = A(hν −Eg)
1/2. The band

gap of a direct band gap semiconductor may be calculated using this equation [155,

156]. In this equation α , hν and Eg are the absorption coefficient, photon energy and

energy gap of semiconductor respectively. The intercept on the energy axis of extrap-

olation of the linear part of the the (αhν)2 versus energy (hν) yields the band gap.

Figure 5.7 portrays the Tauc’s plot for the Ni-doped ZOTFs. The variation of the opti-

cal band gap with spinning speed is shown in Figure 5.8. It is observed that the band

gap decreased when the rotation speed was increased from 1000 rpm to 5000 rpm, and

then increased again at 6000 rpm. This shift in the absorption edge in the absorption

spectra was consistent with the change in the optical band gap.
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Figure 5.8: Variation of band gap with substrate rotation speed

5.1.3.2 Refractive Index and Dielectric constant

The refractive index (RI) is an essential optical constant for the materials to be used in

the designing of an optical device. It provides information about local fields, polariza-

tion and phase velocity of light in propagating material. Therefore, it is significant to

determine the RI of the Zinc oxide films. When light traverses through a film, some part

is absorbed, some is reflected and the rest is transmitted. The absorbed part is taken into

account by the complex refractive index (n*) given by

n∗ = n + i k (5.1)

here n is the refractive index and k is the extinction coefficient.

The refractive index of Zinc oxide thin films has been computed using the expression

[157, 158]

n =

(
1+R
1−R

)
+

√√√√( 4R

(1−R)2 − k2

)
(5.2)
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Figure 5.9: Variation of refractive index of Ni-doped thin films with energy

Figure 5.10: Variation of extinction coefficient of Ni-doped thin films with energy

The extinction coefficient (k) is a measurement of the proportion of light lost per unit

distance of the participating material owing to scattering and absorption. The extinction
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Figure 5.11: Variation of real part (εr) of dielectric constant with energy

coefficient k is calculated as follows:

k =
αλ

4π
(5.3)

where α = (1/d)ln(1/T ) is the absorption coefficient [159, 160]. In Figure 5.9 and

Figure 5.10, the extinction coefficient and refractive index spectral distributions are

illustrated respectively. Figure 5.9 shows that a peak of refractive index (RI) is present

for all films studied. It was found that the highest refractive index (2.92) was observed

for the film deposited at 1000 rpm, while the minimum refractive index (1.70) was

observed for the films deposited at 5000 and 6000 rpm. Moreover, the peak refractive

index (3.39 eV) was observed for the films deposited at 1000 and 2000 rpm, whereas the

peak refractive index (3.46 eV) was observed for the other films. The refractive index of

Ni-doped ZnO thin films varied in the range from 1.12 to 2.92 between energy 1.1 eV to

4 eV. These findings regarding RI are consistent with the reported values by Fahrettin

Yakuphanoglu et al [161]. There is a modest change in the value of the extinction

coefficient from 1.1 eV to 3.15 eV, after this its value increases sharply from 3.15 eV

and gains a maximum at 3.50 eV. The value of extinction coefficient then decreases

from 3.50 eV to 4.0 eV. With decreasing energy, the refractive index and extinction

coefficient rise. The usual dispersion behavior of the material is shown by the rise in

the value of the RI with energy. The extinction coefficient increases as energy declines,
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Figure 5.12: Variation of imaginary part (εi) of dielectric constant with energy

indicating that the percentage of light lost owing to scattering and absorption decreases.

Using the relationship, εr = n2 − k2 and εi = 2nk, the real part (εr) and imaginary (εi)

components of the dielectric constant (DC) were computed. Dielectric constant’s real

part (εr) gives the reduction in the velocity of light in the material and the imaginary

part (εi) gives the energy absorption by electric field due to dipole motion [158].

Variation of real part (εr) and imaginary (εi) parts of DC for Ni-doped ZOTFs deposited

at substrate rotation speed 1000-6000 rpm, with energy is shown in Figure 5.11 and 5.12

respectively. The values of the real component are greater than those of the imaginary

part, as seen in the figure. The value of real part (εr) of DC is found to be highest at

3.39 eV, which decreasing with decrease in energy. The imaginary (εi) part of DC also

decreases with decrease in the energy. No appreciable variation was noticed in real and

imaginary part of DC before 3 eV.
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5.1.3.3 Raman Spectra

Figure 5.13: Raman spectra of 1 at% Ni doped ZnO thin film at synthesized at 1000-6000 rpm

The Raman spectra of Ni-doped ZOTFs deposited at 1000 rpm to 6000 rpm speed of

rotation of substrate is obtained using Raman Spectrophotometer (EnSpectr R532) and

is revealed in Figure 5.13. The Raman peaks are observed at the frequencies of 163

cm-1, 254 cm-1, 402 cm-1, 509 cm-1 and 558 cm-1. Overtones of TA phonons around

the M point are responsible for the Raman peak seen at frequency 163 cm-1 [135]. The

254 cm-1 Raman peaks is attributed to B1(low) mode disorder caused scattering [162].

The peaks perceived at 402 cm-1 and 558 cm-1 may be attributed to E1 (TO) and A1

with LO overtone [163]. The peak at 558 cm-1 (A1 (LO) modes) could be due to lattice

defects, such as oxygen vacancies, zinc interstitials, or a combination of the two.

5.1.3.4 Photoluminescence Spectra

Spectrofluorometer (FluoroSENS Camlin Photonics) was utilized to examine the pho-

toluminescence spectra of Ni-doped ZOTFs fabricated at spin coating speeds ranging

from 1000 to 6000 rpm. In Figure 5.14, the photoluminescence spectrum has been ex-

hibited. The photoluminescence spectrum showed an emission peak at about 385nm,

originated from the recombination transition from CB to VB known as the NBE transi-

tion of ZnO [138, 139]. The visible emission band witnessed between 490nm to 550nm
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Figure 5.14: Fluorescence spectra of 1 at% Ni doped ZnO thin film at synthesized at
1000-6000 rpm

corresponds to the green emission and has a peak maximum at 527 nm. The oxygen

vacancies (Vo) and antisite oxygen (Ozn) are responsible for the green emission band

[140–142]. The emission peak at 527 nm is assumed to be caused by oxygen vacancies

in ZnO. At 585 nm, the emission corresponds to oxygen interstitials (Oi). The tran-

sition from complicated VoZni defects to zinc vacancies defects is responsible for the

emission at 620 nm. [143–145].

5.1.3.5 Resistivity

Transparent conductor is one of the most common applications of ZnO thin films. The

electrical property of thin films is also an vital factor for its performance in devices.

So, resistivity of thin films is accessed by using Vander Pauw measurements. The sheet

resistance is calculated using the formula

Rs =
πR
ln 2

(5.4)

The electrical resistivity of thin films is computed by using the following formula

ρ = Rs.t (5.5)
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Figure 5.15: Variation of resistivity of Ni-doped ZnO thin films with spin coating speed

Vander Pauw technique was employed to evaluate the resistivity of Ni-doped ZOTFs

deposited at spin revolution speed of 1000 rpm to 6000 rpm. The resistivity of thin films

was observed to rise from 113 to 177 Ωcm. as the spin rotation speed was increased

from 1000 rpm to 6000 rpm. Shuqun Chen et al. [164, 165] also observed a drop in

resistivity as layer thickness increased. The resistivity of Ni-doped ZOTFs deposited at

different spin rotation speeds is demonstrated in Figure 5.15.

5.2 FABRICATION OF Al-DOPED ZnO THIN
FILMS AND ITS CHARACTERIZATION

5.2.1 Introduction

Photovoltaic devices, flat panel displays and many other applications have requirement

of TCO coatings, which have been the focus of numerous studies for decades [166]. The

most frequently utilized TCO in industry are indium tin oxides (ITOs). High cost and

limiting resources of Indium promoted the development of TCOs alternatives. Doped

ZnO has emerged as the most suitable alternatives for ITO. Al-doped ZnO is a potential

material for use as a TCO because of its low resistivity and great transparency in the

visible range [167]. Zinc oxide is a semiconductor with a direct and huge band gap that
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has a wide range of uses in the semiconductor industry [168, 169]. Moreover doped

ZnO can be deposited by low temperature simple chemical sol-gel route [170, 171]. Al-

doped ZOTFs grown on glass substrate through acetate dihydrate, aluminium chloride

hexahydrate inorganic precursors using the sol-gel spin coating process are described

in this section. The UV-visible, Raman and fluorescence spectroscopy were utilized to

characterize the deposited films and optical, vibration and fluorescence properties of the

thin film are critically discussed.

5.2.2 Experimental Details

The 0.5M 1% Al doped ZnO solution was prepared by dissolving zinc acetate dihydrate

and aluminum chloride hexahydrate in 2-methoxy ethanol and stirring for 30 minutes at

70 °C. When the solution became cloudy, monoethanolamine (MEA) was added drop

by drop to stabilize it by keeping the Zn2+/MEA molar ratio to unity. After preparing

the sol solution, it is kept for aging in airtight bottles at room temperature for 48 hours.

The glass substrate (2.5cm × 2.5cm) was cleaned and dried in an oven at 150 °C for

30 minutes before fabricating the thin films, as described in earlier chapters. The aged

solution has been used for fabrication of Al-doped ZOTFs on pre cleaned glass. Spin

deposition technique has been utilized for fabrication of films. The films are fabricated

by dropping the sol with the help of dropper on spinning glass substrate. Thin films are

deposited at substrate revolution speed of 1000 rpm to 6000 rpm. The film is then dried

at hot plate at 100 °C to eradicate the organic solvents from the material. To achieve

the necessary thin film thickness, the deposition and drying cycle is repeated six times.

Finally, the films are annealed for 3 hours in a tube furnace at 350°C to enhance their

microstructure and crystallinity. Figure 5.16 depicts the flow chart for the synthesis of

Al-doped ZOTF.

5.2.3 Results and Discussion

5.2.3.1 UV Visible Spectra

Films of 1 at% Al-doped ZnO have been synthesized on glass substrate using spin de-

position sol-gel technique at the speed of substrate rotation varying from 1000 rpm to

6000 rpm. Figure 5.17 shows the absorbance spectra of synthesized films in the range

of wavelength of 300-1100 nm. Figure 5.17 illustrates that the absorbance is lowest

between 400 nm and 1100 nm and then it increases with a decrease in wavelength and
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Figure 5.16: Flow Chart for fabricating 1 at% Al doped ZnO thin films
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Figure 5.17: Absorption spectra of 1 at% Al doped ZnO thin film synthesized at 1000-6000
rpm

Table 5.3: Variation of peak absorbance of Al doped ZnO thin films with spin coating speed

Sr. No. Spin Coating Speed (rpm) Peak Absorbance value (a.u.)
1. 1000 0.313
2. 2000 0.397
3. 3000 0.352
4. 4000 0.308
5. 5000 0.452
6. 6000 0.445

touches its maximum value at 336 nm. Absorbance starts increasing with a decrease

in the wavelength at the absorption edge about 385nm, which is related to the band

gap of thin films [172–174]. The films show low absorbance in the visible and near-

infrared regions, but strong absorbance in the ultra violet domain, as per the absorption

spectrum. Figure 5.18 shows the variation in highest absorbance as a function of spin

coating speed from 1000 to 6000 rpm.

Figure 5.19 displays the variation of optical transmittance of Al-doped ZOTFs syn-

thesized by spin deposition process at 1000 rpm to 6000 rpm using double beam UV-

spectrophotometer in the wavelength range 300 nm to 1100 nm. It has been perceived

from the figure that the transmittance is greater than 90% in the long wavelength larger

than 400 nm [175–177]. High transmittance in the visible spectrum of radiation is the
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Figure 5.18: Variation of highest absorbance with spin coating speed from 1000-6000 rpm

Figure 5.19: Transmission spectra of 1 at% Al doped ZnO thin film synthesized at 1000-6000
rpm



5.2 FABRICATION OF Al-DOPED ZnO THIN FILMS AND ITS CHARACTERIZATION 70

Figure 5.20: Variation of lowest transmittance with spin coating speed from 1000-6000 rpm

Table 5.4: Variation of lowest transmittance of Al doped ZnO thin films with spin coating
speed

Sr. No. Spin Coating Speed (rpm) Lowest Transmittance value (%)
1. 1000 47.48
2. 2000 40.01
3. 3000 44.28
4. 4000 49.13
5. 5000 35.33
6. 6000 35.87
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key property for the application of the films in TCOs. Figure 5.20 reveals the variation

of the lowest transmittance of the films synthesized at the glass spinning speed of 1000

rpm to 6000 rpm. The lowest transmittance values were observed to be highest for 4000

rpm and minimum for spinning speeds of 5000 rpm and 6000 rpm. This unveils that the

films behave as transparent material in visible and NIR regions of the spectrum.

5.2.3.2 Raman Spectra

The Raman spectra of Al-doped ZnO thin film fabricated on glass substrate at the revo-

lution speed of 1000 - 6000 rpm by spin coating route using sol-gel is reported herein.

The vibrational Raman spectra of the thin films are illustrated in Figure 5.21.

Figure 5.21: Raman spectra of 1 at% Al doped ZnO thin film synthesized at 1000-6000 rpm

The Figure 5.21 demonstrates the appearance of Raman peaks at frequencies 162 cm-1,

258 cm-1, 406 cm-1 and 558 cm-1. Overtones of TA phonons around the M point may be

responsible for the peak appearing at 162 cm-1 [135]. The presence of peak at 258 cm-1

is attributed to 2TA mode [162]. The occurrence of Raman peak at 406 cm-1 and 558

cm-1 is due E1 (TO) and A1 (LO) modes. The peak at the frequency of 561 cm-1 (A1

(LO) modes) is caused by lattice defects, such as oxygen vacancies and zinc interstitials

or a combination of these [163].
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5.2.3.3 Photoluminescence Spectra

Fluorescence spectroscopy is a good in-depth method for determining a material’s spe-

cific band edge transition levels. A well-defined fluorescence spectrum of the synthe-

sized ZnO thin films ranging from 1000 to 6000 rpm is depicted in Figure 5.22.

Figure 5.22: Fluorescence spectra of 1 at% Al doped ZnO thin film synthesized at 1000-6000
rpm

The photoluminescence of Al-doped ZOTFs prepared on glass at substrate spinning

speed of 1000 rpm to 6000 rpm using sol-gel chemical route, has been measured by

Spectrofluorometer (FluoroSENS Camlin Photonics). The UV emission peak at about

397 nm corresponds to the near band emission transition from lower edge of CB to

upper edge of VB [138, 139]. The UV peak is characterized by the band gap of the

thin films. The green emission peak in visible region at about 527 nm is credited to

the O2 vacancies (Vo) and antisite oxygen (Ozn) [140–142]. At 585 nm, the emission

corresponds to oxygen interstitials (Oi). The transition from complicated VoZni defects

to zinc vacancies defects is responsible for the emission at 620 nm. [143–145].
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5.3 FABRICATION OF Co-DOPED ZnO THIN
FILMS AND ITS CHARACTERIZATION

5.3.1 Introduction

ZnO is recognized as astounding semiconductor material as for use in various opto-

electronic, SAW and spintronics devices. Doping of extrinsic impurity elements is an

effective approach to modify its various properties for multi-functional applications

[178–182]. ZnO has the potential to replace all wide band gap semiconductors like

GaN which are widely used in UV, blue, green emission, photo-detector, solar cells

and LEDs [183–187]. Doping of transition metal elements like Co, Mn, Fe induces

magnetic properties in ZnO thin films which have enormous applications in spintronics

devices [188–190]. Co is among the important metallic element doped in ZnO lattice

since it can modify the structure, luminescence, optical and magnetic characteristics of

ZnO [191–193]. Several techniques have been utilized for the deposition of Co-doped

ZOTFs e.g. electrochemical deposition [194], sputtering [195], PLD [196], spray py-

rolysis [197] and sol-gel [198, 199]. Among these techniques sol-gel method for thin

film fabrication is ingenious, low cost, low temperature and ease of adding dopants.

In this section of work, the synthesis of Co-doped ZOTFs on glass using an ingenious

economical wet chemical based sol-gel spin deposition technique is discussed. The

thin films have been deposited at the substrate spinning speed of 1000 rpm to 6000

rpm. Optical, Vibrational and luminescence properties of the synthesized films have

been discussed by making use of UV visible spectroscopy, Raman spectroscopy and

fluorescence spectroscopy.

5.3.2 Experimental Details

Zinc acetate dihydrate (ZAD), cobalt acetate tetrahydrate (CATH) and 2-methoxy ethanol

(2ME) are used as starting material for the preparation of 0.5M 1 at% Co-doped solu-

tion by simple chemical based sol-gel technique. In the first step, ZAD and CATH are

dissolved in 2ME at 70 °C for 30 minutes using a stirrer. After 30 minutes the solution

becomes murky and then drop by drop, monoethanolamine (MEA) has been added to

stabilize it by keeping the molar ratio of Zn2+/MEA to unity. The solution turns trans-

parent and homogeneous. The formed solution is further stirred for 2 hours at 70 °C

using a magnetic stirrer. The obtained solution is filled in air-tight glass bottles to age

it for 48 hours at ambient temperature. The flow chart for the preparation of Co-doped
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Figure 5.23: Flow Chart for fabricating 1 at% Co-doped ZnO thin films



75 5. FABRICATION OF Ni, Al, Co AND Mn DOPED ZnO THIN FILMS AND THEIR
CHARACTERIZATIONS

ZOTF is shown in Figure 5.23. Before being coated with thin films, glass substrates are

ultrasonically cleaned with acetone and DI water and then dried for 30 minutes at 150

°C. On pre-cleaned glass substrates, the aged solution was utilized to fabricate undoped

ZnO thin films. The spin deposition process was used to fabricate the films. The films

are fabricated by dropping the solution onto a rotating glass substrate with the use of a

dropper. In this technique, the substrate is consistently coated with the sol. Thin films

are deposited at speeds ranging from 1000 to 6000 revolutions per minute over a rotat-

ing substrate. The films are then dried on a hot plate at 100 degrees Celsius to eliminate

the organic solvents. To achieve the necessary thin film thickness, the deposition and

drying step is repeated six times. Finally, the films are annealed for 3 hours in a tube

furnace at 350°C to enhance their microstructure and crystallinity.

The absorption and transmission spectrum of Co-doped ZOTFs fabricated by spin coat-

ing using sol-gel technique are examined by double beam UV visible spectrophotometer

in the wavelength range from 300 nm to 1100 nm. The vibrational study is carried out

by Enspectr Enhanced Raman Spectrometry at a wavelength of 532 nm. The Photo-

luminescence emission analysis is done with Spectrofluorometer (FluoroSENS Camlin

Photonics) in 300-750 nm range of wavelength.

5.3.2.1 UV Visible Spectra

The absorbance spectra of the synthesized 1 at% Co doped ZOTFs at rotating speed

from 1000-6000 rpm were investigated in 300 nm to 1100 nm range of wavelength as

depicted in Figure 5.24. The absorbance is observed to increase for all thin films from

300 nm and reaches the maximum value at 355 nm and then it decreases sharply up to

420 nm. The films exhibit low absorbance in the visible and near-infrared regions, but

strong absorbance in the ultraviolet domain, according to the absorption spectrum. The

highest absorbance is found to decrease with spin revolution speed as shown by Figure

5.25 and Table 5.5.

The optical transmittance spectra of 1 at% Co-doped ZOTFs fabricated at rotating speed

from 1000-6000 rpm were investigated in 300 nm to1100 nm range of wavelength and

presented in Figure 5.26. Short wavelengths (<370 nm) have a low transmission value,

whereas long wavelengths (>420 nm) have a high transmission value. The figure shows

that the thin films optical transmittance is higher than 85% in the visible and NIR re-

gion of the spectrum, this means that the films behave as a transparent material at longer

wavelengths. High transmittance in the visible region is a requirement for TCOs. It is

also observed from Figure 5.27 and Table 5.6 that the lowest transmittance increases
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Figure 5.24: Absorption spectra of 1 at% Co-doped ZnO thin film at synthesized at 1000-6000
rpm

Figure 5.25: Variation of highest absorbance with spin coating speed of Co doped ZnO thin
films
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Figure 5.26: Transmittance spectra of 1 at% Co doped ZnO thin film at synthesized at
1000-6000 rpm

Figure 5.27: Variation of Transmittance versus spin coating speed of Co doped ZnO films
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Table 5.5: Variation of peak absorbance of Co doped ZnO thin films with spin coating speed

Sr. No. Spin Coating Speed (rpm) Peak Absorbance value (a.u.)
1. 1000 1.10
2. 2000 0.76
3. 3000 0.537
4. 4000 0.518
5. 5000 0.493
6. 6000 0.493

Table 5.6: Variation of lowest transmittance of Co doped ZnO thin films with spin coating
speed

Sr. No. Spin Coating Speed (rpm) Lowest Transmittance value (%)
1. 1000 07.91
2. 2000 17.35
3. 3000 28.81
4. 4000 30.07
5. 5000 32.21
6. 6000 32.84

with as the spin coating speed is increased.

5.3.2.2 Raman Spectra

Figure 5.28 depicts the Raman spectra of Co-doped ZOTFs fabricated at 1000 rpm -

6000 rpm rotation speed by the sol-gel spin coating process. The wurtzite structure

of ZnO belongs to theC4
6V (P63 mc) space group. The phonon modes are predicted

to belong to the 2E2, 2E1, 2A1 and 2B1 symmetries by group theory. Raman active

symmetry modes are 2B1 [200, 201].
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Figure 5.28: Raman spectra of 1 at% Co-doped ZnO thin film at synthesized at 1000 rpm to
6000 rpm

The Raman spectra of Co-doped ZOTFs deposited at 1000 rpm to 6000 rpm speed of

rotation of substrate are obtained using Raman Spectrophotometer (EnSpectr R532) and

are depicted in Figure 5.28. The Raman peaks are observed at the frequencies of 161

cm-1, 255 cm-1, 410 cm-1 and 557 cm-1 [134]. Overtones of TA phonons around the

M point are responsible for the Raman peak at frequency 163 cm-1 [135]. The peaks

at 255, 410 and 557 cm-1 may be ascribed to 2TA, E1 (TO) and A1 (LO) modes [136,

137]. The presence of a peak at roughly 559 cm-1 attributed to A1 (LO) modes might

be due to oxygen vacancies or zinc interstitials, or their combination of defects.

5.3.2.3 Photoluminescence Spectra

The Photoluminescence spectrum of Co-doped ZOTFs deposited at spin revolution

speed from 1000 to 6000 rpm is depicted in Figure 5.29. The figure reveals the emis-

sions at 385 nm, 429 nm, 521 nm, 586 nm and 620 nm. The exciton recombination

related to the near band edge transition (NBE) of ZnO generated the emission peak at

about 385nm [202]. The 429 nm emission may be allocated to electron transition from

VZn to VB. The strong green emission peak is related to on-stoichiometric intrinsic de-

fects [203] is ascribed to the O2 vacancies (Vo) and antisite oxygen (Ozn) according

to Jinzhong Wang et al [204]. The feeble yellow emission peaks witnessed at 586 nm
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and 620 nm which is attributed to the non-stoichiometry, producing intrinsic defects in

the material that may originate from Zn vacancy and oxygen interstitials in the ZnO

[143–145].

Figure 5.29: Fluorescence spectra of 1 at% Co doped ZnO thin film at synthesized at
1000-6000 rpm

5.4 FABRICATION OF Mn-DOPED ZnO THIN
FILMS AND ITS CHARACTERIZATION

5.4.1 Experimental Details

In the first step to prepare 0.5M, 1 at% Mn-doped ZnO solution, zinc acetate dihydrate

(ZAD) and manganese acetate tetrahydrate (MATH) are dissolved in 2-methoxy ethanol

(2ME) using a stirrer at 70 °C for 30 minutes. Manganese acetate tetrahydrate is used

for Mn doping in ZnO. The solution becomes turbid after dissolution because of some

un-dissolved residual mass. The next step is to add MEA drops to the solution with the

help of a dropper in such a way as to keep the molar ratio of Zn2+ and MEA equal to

1:1. The solution becomes translucent and clear. To get a clear and uniform solution,

the solution is stirred for another 2 hours at 70 °C. The obtained solution is aged for

48 hours at ambient temperature in air-tight glass bottles. The aged solution is used

to deposit the Mn-doped ZOTFs on glass substrates with the help of spin deposition
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Figure 5.30: Flow chart for fabrication of 1 at% Mn-doped ZnO thin films
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method. The cleaning process of glass substrates is already discussed in chapter 3.

Glass substrates are cleaned ultrasonically in acetone and DI water and then dried for

30 minutes at 150 °C. The thin films are synthesized by dropping the solution on rotating

substrates at the speeds of 1000 rpm to 6000 rpm and then drying at 100 °C to vaporize

the organic solvents from the films. The process of depositing and drying is repeated

six times in order to achieve the desired thickness of films. In the last step, the thin films

are given heat treatment in a tube furnace at 350 °C for three hrs. The block diagram

of the process for the deposition of Mn-doped ZnO thin films are represented in Figure

5.30.

5.4.2 Results and Discussion

The absorption and transmission spectrum of Mn-doped ZOTFs is examined by a double-

beam UV visible spectrophotometer in 300-1100 nm range of wavelength. The Raman

spectrum is studied by Enspectr Enhanced Spectrometry at a wavelength of 532 nm.

The photoluminescence spectrum was examined by Fluorescence Spectrometer in the

wavelength range of 350-650 nm.

5.4.2.1 UV Visible Spectra

The absorbance spectra of the 1 at% Mn-doped ZOTFs synthesized at rotating speed

from 1000 rpm to 6000 rpm were investigated in 300 nm to 1100 nm range of wave-

length as shown in Figure 5.31. The film homogeneity as well as the deposition of crack

and void free films are dependent on the rotation speed.

It is mentioned that rotation speed affects the quality, uniformity and surface morphol-

ogy of the thin films which in turn affects the absorption of the thin films. Figure 5.31

shows that the maximum absorbance is noticed at 1000 rpm whereas minimum ab-

sorbance is observed at 6000 rpm speed. It is seen from Figure 5.32 and Table 5.7 that

the absorption decreases almost linearly from 1000 to 6000 rpm with rotating speed.

At the low rotating speed there is a discontinuity in the films due to the lack of enough

centrifugal force while at higher speed the discontinuity is possibly due to the excessive

centrifugal force which spreads out liquid instantly and causes non-uniform films. As

the centrifugal force increases with the rotating speed, so the film thickness decreases

with the rotating speed. This is the cause of decreasing absorption with rising rotating

speed from 1000 - 6000 rpm. The highest absorbance in visible and NIR region is ob-

served to be for the thin films deposited at the rotation speed of 5000 rpm and 6000

rpm.
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Figure 5.31: Absorption spectra of 1 at% Mn-doped ZnO thin film synthesized at the speed of
1000 rpm to 6000 rpm

Figure 5.32: Variation of absorbance with spin coating speed from 1000 rpm to 6000 rpm



5.4 FABRICATION OF Mn-DOPED ZnO THIN FILMS AND ITS CHARACTERIZATION 84

Figure 5.33: Transmittance spectra of 1 at% Mn-doped ZnO thin film synthesized at speed of
1000 rpm to 6000 rpm

Figure 5.34: Variation of transmittance (%) with spin coating speed from 1000-6000 rpm



85 5. FABRICATION OF Ni, Al, Co AND Mn DOPED ZnO THIN FILMS AND THEIR
CHARACTERIZATIONS

Table 5.7: Variation of highest absorbance of Mn-doped ZnO thin films with spin coating
speed

Sr. No. Spin Coating Speed (rpm) Highest Absorbance value (a.u.)
1. 1000 1.51
2. 2000 1.42
3. 3000 1.24
4. 4000 1.18
5. 5000 1.12
6. 6000 1.07

Table 5.8: Variation of lowest transmittance of Mn-doped ZnO thin films

Sr. No. Spin Coating Speed (rpm) Lowest Transmittance value (%)
1. 1000 2.99
2. 2000 3.76
3. 3000 5.66
4. 4000 6.48
5. 5000 7.51
6. 6000 8.33

Figure 5.33 and 5.34 show the transmittance spectrum and variation of lowest transmit-

tance with rotation speed. It is observed from figure 5.33 and 5.34 that the transmittance

of 1 at% Mn doped ZnO thin film increases as the spin speed rises from 1000 to 6000

rpm. The thin films synthesized at 5000 and 6000 rpm speeds have a transmission coef-

ficient greater than 80% in the range of 450 nm to 1100 nm, indicating their potential to

be used as transparent conducting oxides for optoelectronic devices [205–207]. In con-

trast, the transmission value is significantly lower for thin films synthesized at 1000 and

2000 rpm speeds, likely due to the thicker films created by the lower centrifugal forces

generated by these slower spin coating speeds. The value of the lowest transmittance

increases almost linearly with an increase in the spin coating speed as concluded from

Figure 5.34 and Table 5.8.

5.4.2.2 Raman Spectra

Figure 5.35 displays the Raman spectrum of Mn-doped ZOTFs prepared by the sol-

gel spin coating process at the spin coating speed of 1000 rpm to 6000 rpm. Raman

spectroscopy is a sensitive and effective tool for investigating changes in local structure,
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Figure 5.35: Raman spectra of of 1 at% Mn doped ZnO thin film at synthesized at 1000-6000
rpm

defect state and disorder in ZnO. Besides, this technique is used for the study of the

crystalline quality of nanostructure. The wurtzite form, which belongs to the C4
6V (P63

mc) space group, crystallizes in ZnO. The phonon modes are predicted to correspond

to the 2E2, 2E1, 2A1 and 2B1 symmetries by group theory. Normal temperature Raman

spectrum of 1 at% Mn-doped ZOTFs synthesized at 1000 rpm to 6000 rpm spin coating

speed shown in Figure 5.35 reveals the peaks at frequencies of 163 cm–1, 258 cm–1, 407

cm–1, 464 cm–1 and 559 cm–1. The peaks at 161 and 464 cm–1 in the low-frequency

range are ascribed to the E2 (low) and E2 (high) modes, respectively [208–210]. The

low-frequency E2 mode, involves mainly Zn motion and E2 (high) mode represents

characteristics of ZnO crystallinity. The peaks near 258 and 407 cm-1 may indeed be

referred to 2TA and E1 (TO) modes respectively [163, 211]. The development of a

peak at a frequency of roughly 559 cm-1 indicates A1 (LO) mode, which is associated

with lattice defects like oxygen vacancies, zinc interstitials, or a combination of the two

[212].

5.4.2.3 Fluorescence Spectra

Fluorescence spectroscopy is an efficient in-depth method for determining a material’s

specific band edge transition levels. A well-defined fluorescence spectrum of the syn-
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Figure 5.36: Fluorescence spectra of 1 at% Mn-doped ZnO thin film synthesized at 1000-6000
rpm

thesized ZnO thin films ranging from 1000 to 6000 rpm is depicted from Figure 5.36.

The fluorescence spectrum exhibited an emission peak at about 395nm, instigated due

to the excitonic recombination analogous to the NBE transition of ZnO [138, 213]. The

NBE emission is attributed to the radiative annihilation of a hole in the VB with an

electron in the CB. This transition is corresponding to the band gap and can be used to

calculate it. The emission peaks at 430 nm and 463 nm are allocated to transition from

VZn and Zni to VB respectively [35, 214]. The green emission at 533 nm is ascribed to

the O2 vacancies (Vo) and antisite oxygen (Ozn) [215]. The 587 nm and 622 nm illu-

mination peaks in ZnO are caused by oxygen interstitial (Oi) or donor defect states, or

even the transition from complicated VoZni defects to zinc vacancy defects [216–218].





CHAPTER 6

FABRICATION OF Ni-Al AND Mn-Ni
CO-DOPED ZnO THIN FILMS AND THEIR

CHARACTERIZATION

6.1 FABRICATION OF Ni-Al CO-DOPED ZnO THIN
FILMS AND ITS CHARACTERIZATION

6.1.1 Introduction

Impurities can dramatically change the properties of a semiconductor like ZnO when

added to it [219]. It is necessary to dope ZnO with various elements in order to manip-

ulate and optimize its various properties. It has been reported that ZnO has been doped

with elements of groups IA, IIIA, VA and VIII such as Li, Al, N and Ni, Co, etc [220,

221]. Doping of Al in the lattice of ZnO has been reported to enhance the electrical

property as well as the transparency in the visible range making it a suitable candidate

for TCO. Furthermore, ZnO can be improved in terms of its magnetic behaviour by

doping it with magnetic ions such as Ni. This process results in the formation of di-

lute magnetic semiconductors (DMS), which are vital for spintronic applications. The

development of zinc oxide-based diluted magnetic semiconductors (DMS) is of consid-

erable importance due to the high Curie temperature requirement of spintronic devices

[222]. The incorporation of multiple atoms into ZnO can induce and amplify various

properties of the material. As an illustration, the doping of Al in ZnO enhances the

electrical property whereas the doping of transition metal such as Ni can induce high-

temperature ferromagnetism in it. So with the help of co-doping of Al and Ni both in

ZnO can enrich the material with suitable electrical and ferromagnetic properties which

89
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Figure 6.1: Flow Chart for fabricating 1 at% Ni and 1 at% Al co-doped ZnO thin films

in turn opens the way for the generation of new devices. The doping of ZnO with tran-

sition metals and Al has recently been studied for both practical and scientific purposes.

Increasing Ni content resulted in enhanced ferromagnetic behaviour for the Ni and Al

co-doped thin film [223–225]. In this section, Ni-Al co-doped ZOTFs have been fab-

ricated using sol-gel on glass substrates by spin deposition process at spin revolution

speed of 1000 rpm to 6000 rpm. The optical, vibrational and fluorescence properties

of a ZnO thin film deposited on a glass substrate, which was co-doped with Ni-Al,

were studied using UV-visible, Raman and fluorescence spectroscopy. The effects of

the co-doping on these properties were closely examined.
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6.1.2 Experimental Details

The 0.5M, Ni-Al co-doped ZnO solution was made by dissolving ZAD, nickel ac-

etate tetrahydrate and aluminum chloride hexahydrate in 2-methoxy ethanol by us-

ing magnetic stirrer at 70 °C for 30 minutes. After 30 minutes the solution becomes

turbid and some un-dissolved residual mass is left in the solution. Drop by drop, mo-

noethanolamine (MEA) has been added to the resultant solution, keeping the Zn2+/MEA

molar ratio at unity. This results in the dissolution of un-dissolved residual mass and

solution becomes transparent. The solution is further stirred using magnetic stirrer for

2 hours at 70 °C to make a homogeneous solution. The prepared solution is filled in air

tight glass bottles and kept for ageing for 48 hours at room temperature. Spin coating

was utilized to deposit thin films on pre-cleaned glass surfaces using an aged solution.

Ni-Al co-doped ZOTFs were synthesized at spin revolution speed of 1000 rpm to 6000

rpm, then dried for 10 minutes on a hot plate at 100 °C. To get the appropriate thickness

of the films, the depositing and drying procedure was repeated six times. Finally, in

a tube furnace, the samples are annealed for 3 hours at 350°C. The flow chart for the

deposition of Ni-Al co-doped thin films is shown in Figure 6.1.

6.1.3 Results and Discussion

Figure 6.2: Variation of thickness of Ni-Al co-doped ZnO thin film with spin coating speed
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Double beam UV visible spectrophotometer is used to analyze the absorption and trans-

mission spectrum in 300 nm to 1100 nm range of wavelength. The Raman spectrum

is studied by Enspectr Enhanced Spectrometry using a laser of wavelength 532 nm.

The fluorescence spectrum was examined by Fluorescence Spectrometer in 350-700

nm range of wavelength. Figure 6.2 illustrates the variation of the thin film thickness of

Ni-Al co-doped ZnO. A cross-sectional view of SEM images was used to measure the

thickness of the films. As the rotation speed of the spin coater is increased, the thick-

ness of the resulting film decreases. This is caused by the increased centrifugal force

generated by the higher spin speed, which causes the liquid to spread more quickly,

resulting in a thinner film.

6.1.3.1 UV Visible Spectra

The absorbance and transmission spectra of the 1 at% Ni and 1 at% Al co-doped ZOTFs

synthesized at rotating speed from 1000-6000 rpm were investigated in 300 nm to 1100

nm range of wavelength as shown in Figure 6.3 and Figure 6.5 respectively.

Figure 6.3: Absorption spectra of of 1 at% Ni and 1 at% Al co-doped ZnO thin film at
1000-6000 rpm

The value of absorbance is highest at 340 nm for all thin films. The absorbance starts

decreasing sharply at 340 nm and stabilizes almost after 580 nm. The value of ab-

sorbance is low in visible and NIR region. Figure 6.4 and Table 6.1 shows the variation
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Figure 6.4: Variation of absorbance wrt spin coating speed from 1000-6000 rpm

Figure 6.5: Transmittance spectra of 1 at% Ni and 1 at% Al co-doped ZnO thin film at
1000-6000 rpm
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Figure 6.6: Variation of transmittance (%) with spin coating speed from 1000-6000 rpm

Table 6.1: Variation of peak absorbance of Ni-Al co-doped ZnO thin films with spin coating
speed

Sr. No. Spin Coating Speed (rpm) Peak Absorbance value (a.u.)
1. 1000 0.211
2. 2000 0.148
3. 3000 0.136
4. 4000 0.280
5. 5000 0.221
6. 6000 0.209

of highest absorbance with spin coating speed. The maximum and minimum absorp-

tion are observed at 4000 rpm speed and 3000 rpm speed respectively. It is seen that

the absorption upsurges almost linearly from 2000 rpm to 4000 rpm and then decreases

from 4000 rpm to 6000 rpm. At the low rotating speed, there is a discontinuity in the

films due to the lack of enough centrifugal force while at higher speed the discontinuity

is possibly due to the excessive centrifugal force which spreads out liquid instantly and

causes non-uniform films. So it can be stated that the optimized rotating speed for the

deposition of uniform films by spin coating technique is 3000-4000 rpm.

Figure 6.5 displays the transmission spectrum of Ni-Al co-doped ZOTFs deposited at

the spinning speed of 1000 to 6000 rpm. In the visible and near-infrared regions, the

transmission coefficient of all thin films is higher than 85%, indicating that the thin
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Table 6.2: Variation of lowest transmittance of Ni-Al co-doped ZnO thin films with spin
coating speed

Sr. No. Spin Coating Speed (rpm) Lowest Transmittance value (%)
1. 1000 60.58
2. 2000 70.42
3. 3000 73.17
4. 4000 52.35
5. 5000 60.01
6. 6000 61.34

films may be employed as TCO for optoelectronic devices [226–228]. It is observed

from Figure 6.6 and Table 6.2, that the transmittance of 1 at% Ni and 1 at% Al co-

doped ZOTFs falls from 1000 to 4000 rpm and then rises from 4000 to 6000 rpm.

6.1.3.2 Refractive Index and Dielectric Constant

Figure 6.7 shows how the refractive index and extinction coefficient varies with energy.

The refractive index of thin films shows an increasing trend with increasing energy.

The refractive index increases rapidly from 3 eV, reaching its highest value at 3.57 eV.

The extinction coefficient slowly decreases from 1.12 eV to 3 eV and then it increases

sharply and becomes maximum at 3.5 eV [229–231]. The value of the extinction coef-

ficient rises as the spin revolution speed rises from 1000 to 6000 rpm.

Figure 6.7: Variation of refractive index and extinction coefficient of Ni-Al co-doped ZnO thin
films with energy

Spectral response of real part (εr) and imaginary (εi) parts of dielectric constant for Ni-

Al co-doped ZOTFs synthesized at different substrate rotation speed 1000-6000 rpm

with energy is illustrated in Figure 6.8 6.8. The values of the real part (εr) of the dielec-

tric constant increases slowly from 1.12 eV to 3 eV and after that it increases rapidly.
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Figure 6.8: Variation of real part (ε r) and imaginary (ε i) parts of dielectric constant of Ni-Al
co-doped ZnO thin films with energy

The real part (εr) of the dielectric constant has a peak value approximately at 3.6 eV.

The value of imaginary (εi) parts of the dielectric constant decreases very slowly in the

1.12 eV to 3.1 eV range of energy, afterwards rises sharply until attains a peak value

approximately at 3.55 eV and then falls up to 4 eV [153, 232, 233]. It is also observed

from Figure 6.8 that the imaginary (εi) parts of the dielectric constant increases with

an increase in spin coating speed from 1000 - 6000 rpm in the visible region of the

spectrum.
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6.1.3.3 Raman Spectra

Figure 6.9: Raman spectra of 1 at% Ni and 1 at% Al co-doped ZnO thin film at 1000-6000 rpm

Figure 6.9 shows the Raman spectra of Ni-Al co-doped ZnO thin film deposited at 1000

rpm to 6000 rpm rotation speed by the sol-gel spin coating process. Wurtzite is a kind

of ZnO structure that belongs to theC4
6V (P63 mc) space group.

Raman spectroscopy is a powerful technique for examining the local structure, de-

fect state, and disorder in ZnO. It is also used to evaluate the crystalline quality of

nanostructures. Room temperature Raman spectra of Ni-Al co-doped ZOTFs synthe-

sized at 1000-6000 rpm have revealed Raman peaks at frequencies of 160 cm-1, 256

cm-1, 404 cm-1, 462 cm-1 and 565 cm-1. Overtones of TA phonons near the M point are

responsible for the peak at 161 cm-1 [135]. E2 (high) mode may be assigned to peak

observed at frequency 462 cm–1 and represents the characteristic of ZnO crystallinity.

The peaks at 256, 404 and 565 cm-1 may be ascribed to 2TA, E1 (TO) and A1 (LO)

modes [136, 137]. The peak at 559 cm-1 (A1 (LO) modes) might be attributed to lattice

defects, such as oxygen vacancies, zinc interstitials, or a combination of the two.
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6.1.3.4 Fluorescence Spectra

The photoluminescence spectrum of the synthesized Ni-Al co-doped ZOTFs ranging

from 1000 to 6000 rpm is depicted in Figure 6.10. Spectrofluorometer (FluoroSENS

Figure 6.10: Fluorescence spectra of 1 at% Ni and 1 at% Al co-doped ZnO thin film at
1000-6000 rpm

Camlin Photonics) has been used to investigate the photoluminescence spectrum of

Ni-Al co-doped ZOTFs deposited by spin deposition technique at spinning speed of

1000 rpm to 6000 rpm. The spectrum reveals a UV emission peak at 385 nm, a green

emission peak at around 521 nm and feeble yellow and orange peaks at about 576

nm and 611 nm respectively. The UV emission at 385 nm is credited to the excitonic

emission corresponding to the NBE transition from the conduction band to the valance

band [234–236]. The visible emission peak at about 521 nm corresponds to the green

emission, which is ascribed to the oxygen vacancies (Vo) and radiative emission from

the conduction band to antisite oxygen (Ozn) [237, 238]. The orange emission peak at

about 576 nm is accredited to the non-stoichiometry and complex defects (VoZni) of

oxygen vacancies and Zn interstitials [239, 240]. Ni-Al co-doped ZOTFs also exhibit

yellow emission at about 611 nm which may be assigned to oxygen vacancies [240,

241].
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6.2 FABRICATION OF Mn-Ni CO-DOPED ZnO
THIN FILMS AND ITS CHARACTERIZATION

6.2.1 Introduction

ZnO oxide is a multifunctional material for the application in the semiconductor in-

dustry since multidimensional properties can be induced and tailored by the doping of

various atoms. The doping of multiple atoms can induce multiple properties in ZnO.

Transition metal element doping in ZnO induces the normal temperature ferromag-

netism in films which have the application in spintronic devices. In this work, Mn-Ni

co-doped ZOTFs were synthesized using the spin sol-gel route and the effect of an-

nealing temperature was studied on the structural, vibrational, optical, and fluorescent

possessions of the films. The Mn and Ni element concentrations in all samples were

fixed at 1%.

6.2.2 Experimental Details

The 0.6M, 1 at% Mn and 1 at% Ni co-doped ZnO solution was prepared by dissolv-

ing ZAD, manganese acetate tetrahydrate and nickel acetate tetrahydrate in 2-methoxy

ethanol by using a magnetic stirrer at 65 °C for 2 hours. The solution became turbid,

therefore monoethanolamine (MEA) was added drop by drop to stabilize it by setting

the Zn2+/MEA molar ratio to unity. The solution is then stirred for another two hours

to produce a clear yellowish homogenous solution. The glass substrate (2.5 cm × 2.5

cm) was rinsed and washed with deionized water(DI), acetone, and then ultrasonically

cleaned with acetone, methanol and deionized water(DI) to remove any oil, dirt, or

grease before fabricating the thin layers. The glass slides were dried for 30 minutes in

a 150°C oven. The prepared sol is aged in airtight bottles at room temperature for 48

hours. Spin coating was used to deposit aged solutions on pre-cleaned glass surfaces.

Mn-Ni co-doped ZOTFs were synthesized at 3000 rpm speed, and then drying for 10

minutes on hot plate at 100 °C. This depositing and drying procedure was done nu-

merous times to get the appropriate film thickness. The samples were then annealed at

temperatures 200 °C, 300 °C, 400 °C and 500 °C for 4 hours. The flow chart for the

fabrication of Mn-Ni co-doped ZOTFs is revealed in Figure 6.11. The thickness of thin

films measured by SEM cross section is 336 nm for all samples. There is no change in

thickness of films by annealing temperature.
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Figure 6.11: Flow chart for the fabrication of Mn-Ni co-doped ZnO thin films
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6.2.3 Results and Discussion

6.2.3.1 X-ray Diffraction

The X-ray Diffraction of the Mn and Ni co-doped ZOTFs annealed at 200 °C, 300

°C, 400 °C and 500 °C were shown in Figure 6.12. The XRD revealed that all the

films are constituted by hexagonal wurtzite Structure with (002) preferred direction

along the c-axis. No Extra diffraction peak from Mn or Ni related second phases were

observed. This is due to the fact that Mn2+ replaced Zn2+ in the ZnO host without

affecting the wurtzite structure. It is observed that intensity of (002) peak increases as

the annealing temperature increases. With a rise in annealing temperature, the peak’s

intensity sharply increases. As the annealing temperature rises, the strength of the (002)

peak increases, indicating that the crystallinity of the films improves.

Figure 6.12: XRD of Mn-Ni co-doped ZnO thin films annealed at different temperature

The size of crystallite ‘D’ is computed using Scherrer’s formula

D =
0.9λ

(β cosθ)
(6.1)

where D is the crystallite size, 2θ is the Bragg’s diffraction angle, β is FWHM. It is seen

from Figure 6.13 and Table 6.3 that the size of crystallite of Mn-Ni co-doped ZOTFs

increases linearly with variation of annealing temperature from 200 °C - 500 °C. This
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indicates that the crystallinity of ZnO thin films enhanced with rise in annealing tem-

perature which is consistent with increase in the intensity of (002) peak [242]. The dis-

location density (δ ) and lattice strain (η), due to mismatching between glass substrate

and Mn-Ni co-doped ZOTFs, is given by δ = 1/D2 and η = β/(4 tanθ) respectively

[243]. The value of dislocation density decreased from 5.62×10-3 nm-2 to 2.53×10-3

nm-2 with rising in annealing temperature from 200°C to 500°C. The increase in crys-

tallite size is responsible for the decrease in dislocation density. This demonstrates that

when the annealing temperature is raised, the quality of crystalline thin films improves.

The inter-planer spacing dhkl for (002) plane was calculated employing XRD data using

the expression

1
d2

hkl
=

4
3

(
h2 +hk+ k2

a2

)
+

l2

c2 (6.2)

Where the lattice parameters a and c are computed using the expression [244]

a = b =
λ√

3sinθ
(6.3)

c =
λ

sinθ
(6.4)

The variation of the residual stress (σ ) for Mn-Ni co-doped ZOTFs having hexagonal

structure were obtained using the following expression

σ =
2C2

13 −C33 (C11 −C12)

2C13
× C−Co

Co
(6.5)

where C11, C12, C13, C33 are the elastic stiffness constant of ZnO thin films in various

directions with values 208.8, 119.7, 104.2 and 213.8 GPa respectively [245] and C and

Co are the calculated and standard values of the lattice constant. The various measured

parameters of Mn-Ni co-doped ZOTFs annealed at successively increasing temperatures

from 200°C to 500°C are shown in Table 6.3.
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Table 6.3: List of several measured parameters of Mn-Ni co-doped ZnO thin films annealed at
various temperatures

Annea-
ling
tem-
pera-
ture
(°C)

2θ of
(002)
peak
(°)

FWHM
of
(002)
peak
(°)

Crysta-
llite
size
(nm)

Lattice
constants (Å)

Dislo-
cation
den-
sity
(δ )
(×10−3

Lattice
micro
strain
(η)
(×10−3)

Compre-
ssive
resid-
ual
stress
(GPa)

a=b c nm−2)
200 34.315 0.6237 13.329 3.0151 5.222 5.6282 8.815 -0.6822
300 34.336 0.4862 17.101 3.0133 5.219 3.4193 6.866 -0.5406
400 34.357 0.4514 18.418 3.0115 5.216 2.9477 6.372 -0.4049
500 34.368 0.4186 19.864 3.0105 5.214 2.5343 5.906 -0.3289

Figure 6.13: Variation of crystallite size and dislocation density (δ ) with annealing
temperature
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Figure 6.14: Variation of micro strain and compressive residual stress with annealing
temperature

Perusal of data presented in Table 6.3, decrease in lattice parameter c has been observed

with increasing annealing temperature. This might be due to residual stress produced

by defects and mismatch between glass substrate and thin films. The density of disloca-

tion of thin films reduces from 5.6282×10-3 nm-2 to 2.5343×10-3 nm-2 with rise in the

annealing temperature. The annealing process results in the formation of larger grains

by merging the defects and lattice imperfections thereby decreases the dislocation den-

sity and stress in the thin films [246]. The change of crystallite size and dislocation

density with annealing temperature is seen in Figure 6.13. Also, lattice micro-strain

shows similar trends as that of dislocation density. From Table 6.3, it can be observed

that the calculated values of residual stress are negative, representing the compressive

stress in prepared thin films. The thin films annealed at various temperature exhibit

compressive stress because of the substitution of Zn2+ (∼0.74Å) ions by doping ele-

ments Mn2+ (∼0.66Å) and Ni2+ (∼0.69Å), with smaller radius ions. The compressive

stress of thin films reduces from 0.68216 GPa to 0.32891 GPa as the annealing temper-

ature was raised from 200°C to 500°C. This reduction in the compressive stress may be

because of the transfer of dopant/impurity atom from an unstable position to a stable

position, thereby relaxing the compressive stress [247]. Figure 6.14 shows the variation

of micro-strain (η) and compressive residual stress (σ ) with annealing temperature.
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6.2.3.2 Surface Morphology

SEM micrographs of Mn-Ni co-doped ZOTFs annealed at temperatures 200°C, 300°C,

400°C and 500°C for 4 hours are depicted in Figure 6.15. All the annealed films appear

to be polycrystalline, crackless and have uniformly distributed grains throughout the

films. The morphology of the surface of the thin films shows that grains become denser

and larger with the rise in the annealing temperature. Films surface annealed at 200°C

seems flatter, whereas the surface roughness increases as the annealing temperature

rises owing to grain growth. Some micro-pores appeared in the films that are annealed

at 400°C and 500°C the temperature which may be ascribed to the release of stress by

growing the grain size and creating micro-pores [248, 249].

Figure 6.15: SEM micrographs of Mn-Ni co-doped ZnO thin films annealed at temperature
(a) 200°C (b) 300°C (c) 400°C (d) 500°C

The morphology of surface of Mn-Ni co-doped ZOTFs was analyzed by AFM. 2-

dimensional and 3-dimensional AFM micrographs of films that are annealed at 200°C,

300°C, 400°C and 500°C for 4 hours are shown in Figure 6.16. Perusal of data pre-

sented in Figure 6.16 it is understood that the surface of all films displays hill like struc-

ture uniformly distributed over the scanned area. With the exception of the thin film

that is annealed at 400°C, the number of hills per unit area increases as the annealing

temperature rises, as observed in AFM images. Hills’ maximum peak height rises from
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Figure 6.16: AFM images of Mn-Ni co-doped ZnO thin films annealed at, 2D images: (a)
200°C (c) 300°C (e) 400°C (g) 500°C; 3D images: (b) 200°C (d) 300°C (f) 400°C (h) 500°C.

60 nm to 300 nm and RMS roughness increases from 5.39 nm to 26.22 nm, with the

rise in temperature i.e, from 200°C to 500°C. The relationship graph between anneal-

ing temperature and RMS roughness is presented in Figure 6.17. Similar findings have
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Figure 6.17: Relationship graph between annealing temperature and RMS surface roughness

been widely documented in the literature [250]. The annealing temperature causes the

creation of a hill-like structure as a function of the annealing temperature, resulting in

grain growth as the annealing temperature rises. This assertion is consistent with XRD

and SEM results. AFM image of thin film annealed at 500°C has multiple straight

and parallel micro-channels with an average depth of 100 nm and an average width

of 1.9 m. There are structural hills of height 180-300 nm, average base area 7.0 m2

and average hill volume 1.94 m3 within these micro-channels. The formation of these

micro-channels and hills are complementary. Atoms had adequate diffusion activation

energy to migrate to a favourable position in the crystal lattice at 500°C temperatures,

thus lower surface energy grains grew in size [251]. This caused the formation of hills

by the coalescence of the mass of channels.

6.2.3.3 Raman Analysis

Raman spectroscopy is an excellent tool known to be used for the study of crystalline

quality, crystal defects and lattice disorders in doped semiconductor crystal [252]. Group

theory suggests that ZnO have 9 optical and 3 acoustic phonon modes. The optical

phonons at Brillouin zone-center (Γ point) can be given by following irreducible repre-

sentation: Γopt = E1 + 2E2 + A1 + 2B1 [253].

Figure 6.18 depicts Raman spectra of Mn-Ni co-doped ZOTFs annealed at successively
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Figure 6.18: Room temperature Raman spectra of Mn-Ni co-doped ZnO thin films annealed at
200°C, 300°C, 400°C and 500°C

increasing temperature from 200°C to 500°C measured in spectral range 80 cm-1 to

1200 cm-1 at room temperature. Major Raman peaks were observed at 99 cm-1, 119

cm-1, 160 cm-1, 195 cm-1, 439 cm-1, 560 cm-1 and 1098 cm-1, for all thin films. The

intense peaks at ∼ 99 cm-1 and ∼ 439 cm-1 correspond to E2 nonpolar optical phonon

mode and assigned to ELow
2 and EHigh

2 . The presence of ELow
2 and EHigh

2 optical phonon

modes confirms hexagonal wurtzite structure of ZnO [254, 255]. The improvement in

crystalline quality and grain size is indicated by an increase in the intensity of the EHigh
2

peak as the annealing temperature increases, which is also supported by the XRD and

SEM data. The peak at 119 cm-1 might have arisen due to Raman scattering from glass

substrate while overtones of TA phonons near the M point were attributed peaks at 160

cm-1 [134, 256]. J. Serrano et al. calculated phonon dispersion of ZnO and expressed

that EHigh
2 mode decay into 2 acoustic modes at 190 cm-1 and 250 cm-1 [257]. A1(LO)

mode or B1(high) mode might be responsible for the broad peak detected at 560 cm-1.

This Raman peak was caused by oxygen vacancies, zinc interstitials, or a complicated

combination of these two [258]. But A. El Manouni explained that these Raman active

phonon modes are induced by increase in the electric field around the grain that polar-

izes the field of excitonic states [259, 260]. At the H and K Brillouin zone points, the

Raman peaks at 1098 cm-1 may be attributed to A1(2LO). In Raman scattering, there
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were no additional peaks due to Mn, Ni, or any other contaminants.

6.2.3.4 Optical Properties

Photoluminescence spectra of Mn-Ni co-doped ZOTFs annealed at various tempera-

tures of 200°C, 300°C, 400°C and 500°C, obtained at ambient temperature with a 330

nm wavelength of excitation is shown in Figure 6.19. The photoluminescence spectra

Figure 6.19: The Pl spectra of Mn-Ni co-doped ZnO thin films annealed at various
temperatures; inset shows the enlarged view of UV peaks from 388 nm to 396 nm.

for all thin films were found to be almost identical except the change in the intensity

of thin films. A UV emission about 387 nm, violet emission around 420 nm and a

prominent green emission band from 475 nm to 540 nm has been observed as seen

from Figure 6.19. In addition, two more emission peaks one around 574 nm and other

near 607 nm were noticed. The UV illumination around 387 nm represents the NBE

emission correlated to excitonic radiative recombination, which is consistent with the

energy gap of thin films. The intensity of UV emission increases as annealing tempera-

ture of the thin films increased from 200°C to 500°C. This clearly shows that raising the

annealing temperature improves crystallinity. As the annealing temperature was raised,

the UV peaks blue-shifted from 396 to 388 nm. The blue-shift of UV peaks may be at-

tributed to relaxation of compressive stress upon increasing the annealing temperature.

In the visible region (400 nm to 620 nm), violet, a wide green, yellow, and orange emis-
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sion peaks may be seen, followed by a UV peak. The origin of these visible emissions is

controversial because of complicated defects in ZOTFs. It is well reported that ZOTFs

have different types of intrinsic defects and impurities which includes, vacancy of zinc

(VZn), vacancy of oxygen (VO), interstitial of zinc (Zni), interstitial of oxygen (Oi),

antisite oxygen (OZn) and donor-acceptor pairs (DAP), out of which VZn, OZn and Oi

are acceptors, while Zni and VO are donors. Radiative defects Zni and VZn associated

to interfacial traps and dislocations at grain boundaries may indeed be responsible for

the violet emission peaks detected around 418 nm [261]. The green emission peak at

around 523 nm can be attributed to the transition from the conduction band to anti-site

oxygen (OZn) defect, or interstitial zinc (Zni) and O2 vacancies (VO) to the valence

band. Furthermore, the green emission peak at 574 nm was attributed to oxygen inter-

stitial (Oi) or the transition from donor defect levels produced by Mn-Ni doping to the

valence band, whereas the yellow emission peak at 608 nm was attributed to the tran-

sition from complex VoZni defects to zinc vacancies defects [256]. It could be further

noted from Figure 6.19 that there is no appreciable change in the intensity of photolu-

minescence peaks due to increasing annealing temperature, which elucidates the slow

rate of development of defects with temperature. This is because of low annealing tem-

perature (up to 500°C) being unable to provide required energy. At higher temperature

(>500°C) more defects like VZn, VO, Zni, Oi, OZn, might be created resulting in in-

creased PL emission intensity of peaks (due to the transition from increased defects).

Optical properties of the annealed ZOTFs were analyzed from transmittance and ab-

sorption spectra recorded using UV-visible spectrophotometer. Figure 6.20 shows the

transmittance spectra of ZOTFs annealed at various temperatures. The absorption spec-

tra of thin films, which are analogous to the transmittance spectra, are shown in the

inset. Perusal of data presented in Figure 6.20 revealed more than 80% transmittance in

the visible region, which is one important parameter for the application of thin films in

TCOs. The films displayed a pronounced absorption edge in the UV area at wavelength

378 nm, which corresponds to the fundamental energy band gap of ZnO, according to

transmittance spectra. Except for thin films annealed at 500°C, the absorption edge

shifted towards longer wavelengths as the annealing temperature increased. This result

may be correlated with the formation of micro-channels and hills as shown by AFM

micrographs [262, 263]. Increasing the annealing temperature may cause the absorp-

tion edge to shift towards longer wavelengths, as a result of an increase in grain size, a

decrease in the band gap, and a decrease in residual stress [173, 264]. As the annealing

temperature increases from 200°C to 500°C, the transmittance in the visible spectrum
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Figure 6.20: Transmittance spectra of Mn-Ni co-doped ZnO thin films annealed at 200°C,
300°C, 400°C and 500°C (Inset shows absorption spectra of thin films)

decreases. The roughness of the surface of thin films increases with an increase in

temperature as revealed by SEM and AFM images. The reduction in transmittance as

the annealing temperature rises might be attributed to scattering from thin film surfaces

[265, 266].

The Tauc’s relation was used to compute the optical direct band gap of Mn-Ni co-doped

ZnO thin films annealed at different temperatures given by [112]:

αhv = B(hv−Eg)
n (6.6)

where α is the absorption coefficient, B is a characteristic parameter, h is Planck’s

constant, ν is frequency of light and Eg is the optical band gap. The value of n is 1/2

and 3/2 for direct and forbidden transition in semiconductors respectively. The value of

n is taken 1/2 which was found most suitable for ZnO thin films [267]. The absorption

coefficient (α) was computed using the equation:

α = 2.303
log10(1/T )

d
(6.7)

where T is transmittance and d is the thickness of thin film.

Figure 6.21 shows plot of (αhν)2 versus energy hν in the absorption edge region.



6.2 FABRICATION OF Mn-Ni CO-DOPED ZnO THIN FILMS AND ITS CHARACTERIZATION 112

Figure 6.21: (αhν)2 versus energy hν curve for Mn-Ni Co-doped ZnO thin films annealed at
different temperatures; inset shows the variation of optical band gap with annealing

temperature)

Table 6.4: Variation of lowest transmittance of Ni doped ZnO thin films with spin coating
speed

Annealing RMS Average Energy band
temperature (°C) Roughness (nm) Transmittance % gap (eV) (%)

200 05.39 91.5 3.275
300 13.10 90.5 3.270
400 16.57 89.5 3.263
500 26.22 88.0 3.255

The optical energy gaps were found by extrapolating the linear absorption edge part

of Tauc’s plot to intercept the energy axis [268] and achieved values are shown in Table

6.4. With an rise in annealing temperature from 200°C to 500°C, the optical band gap

of the films fell from 3.275 eV to 3.255 eV. The inset shows how the energy band gap

change as the annealing temperature rises. The decline in the energy band gap with

increased annealing temperature may be due to the grain size increase. The results of

the SEM and AFM analyses corroborate these conclusions. Similar results are well

reported in literature [248, 269]. The average value of the band gap calculated from

the Tauc’s plot was approximately ˜3.265 eV, which is less than the bulk ZnO material’s

value of 3.37 eV. The values of RMS roughness, average transmittance and energy band

gap of Mn-Ni co-doped ZOTFs which are annealed at various temperatures are listed in
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Table 6.4.

6.2.3.5 Refractive Index and Dielectric Constant

Figure 6.22 shows the refractive index and extinction coefficient spectrum variation of

Mn-Ni co-doped ZOTFs annealed at 200 to 500 °C. The highest value of the refractive

index for all thin films is 2.94 located at 373nm, whereas the minimum value of the

refractive index occurs at 525nm. The maximum contrast in refractive index is observed

Figure 6.22: Variation of refractive index and extinction coefficient of Mn-Ni co-doped ZnO
thin films with energy

at 525nm. In the visible spectrum, increasing the annealing temperature from 200 to

500 °C raises the refractive index value.

Variation of real part (ε r) and imaginary (ε i) parts of DC for Mn-Ni co-doped ZOTFs

annealed at 200 to 500 oC temperature with energy is depicted in Figure 6.23. The

value of the real part (ε r) of DC is observed to be highest at 3.32 eV and lowest at about

Figure 6.23: Variation of real part (ε r) and imaginary (ε i) parts of dielectric constant with
energy
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2.38 eV. The highest value of the real part (ε r) of the dielectric constant is observed to

be the same for all samples but the lowest value of the real part (ε r) of DC increases

with annealing temperature rise from 200 to 500 oC. The value of imaginary (ε i) parts

of the dielectric constant increases from energy 1.12 eV to about 2.40 eV after which

it increases to the peak value at about 3.42 eV. The Figure 6.22 also revealed that ε i

upsurges in the visible region with an annealing temperature increase indicating the

increase in the absorbance with increasing annealing temperature.

6.2.3.6 Resistivity

The Vander Pauw technique was used to measure the resistivity of Mn-Ni co-doped

ZOTFs grown at a spin rotation speed of 3000 rpm and annealed at temperatures rang-

ing from 200 to 500 degrees Celsius. As the annealing temperature is raised, the re-

Figure 6.24: Variation of resistivity of Mn-Ni co-doped ZnO films with annealing temperature

sistivity of thin films drops from 134 cm to 73 cm. The drop in resistivity might be

attributable to the increased crystallinity of thin films annealed at higher temperatures

[270]. Figure 6.24 shows the change of resistivity of ZOTFs deposited at various spin

revolution speeds.



CHAPTER 7

CONCLUSIONS AND SCOPE FOR FUTURE
WORK

7.1 CONCLUSIONS

Undoped ZnO thin films were successfully fabricated on glass substrates through a

solution-based sol-gel process with a spin deposition technique. The rotating speed

of the technique was varied from 1000 rpm to 6000 rpm. The deposited films were

studied by various characterization techniques such as UV-visible, optical, fluorescent

and Raman spectroscopy. The effect of spin deposition speed on the optical and vibra-

tional properties of undoped zinc oxide thin films (ZOTFs) was studied. In addition,

doping elements Ni, Al, Co, and Mn were also used to prepare ZnO thin films, and

these doped films were subsequently evaluated and characterized. A variety of spec-

troscopic techniques such as UV-visible, optical, fluorescent and Raman spectroscopy

were used to investigate the influence of spin deposition speed on the properties of

doped zinc oxide thin films (ZOTFs). Co-doped Zinc Oxide Thin Films (ZOTFs) were

also successfully synthesized for the pair of doping elements Al-Ni and Mn-Ni. The

effect of spin deposition speed was investigated for Al-Ni co-doped films, while the

influence of annealing temperature was examined for Mn-Ni co-doped ZOTFs. The

structural, surface morphology, UV-visible, optical, fluorescent and vibrational proper-

ties of the co-doped ZOTFs were investigated in order to gain insight into the effects of

the dopants on the properties of the films. The results of this study provide a better un-

derstanding of the influence of doping elements on the properties of ZOTFs, which may

be useful for the development of new applications for these materials. The thickness

of Ni-doped, Ni-Al co-doped and Mn-Ni co-doped zinc oxide thin films (ZOTFs) were

examined by employing a cross-section view of Scanning Electron Microscopy (SEM)

115
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images. It was found that the thickness of the thin films decreased as the spin deposition

speed increased. This indicates that the spin deposition speed has a significant effect

on the thickness of these ZOTFs. The optical transmittance of doped thin films has

been estimated to be higher than 80% in the visible spectrum, according to U-V visible

spectra. Al and Ni doping further improve the optical transparency in the visible region.

Furthermore, research has revealed that an increase in spin coating speed increases the

transparency of the thin films. Owing to these characteristics, doped ZnO thin films

have the potential to be used as a transparent conducting oxide (TCO) or transparent

electrode in solar cells. An analysis of the thin films has revealed a direct optical band

gap of approximately 3.27 eV.

The refractive index (n), extinction coefficient (k) and real part (εr) & imaginary (εi)

parts of dielectric constant were determined for Ni-doped, Ni-Al co-doped and Mn-Ni

co-doped ZOTFs. The effect of spin coating speed on the refractive index and extinction

coefficient of Ni-doped and Ni-Al co-doped ZOTFs was studied, whereas the influence

of annealing temperature on the refractive index, extinction coefficient, and dielectric

coefficient of Mn-Ni co-doped ZOTF was investigated. All thin films exhibited refrac-

tive indices within the range of 1.2 to 3 and extinction coefficients less than 0.35. The

refractive index and extinction coefficient varied significantly with the energy. In the

energy range from 1.12 eV to 4 eV, the values of the real and imaginary parts of the

dielectric constant (DC) were calculated. The highest values of the real and imaginary

parts of DC were observed in the vicinity of the band edge, and the values of the real

and imaginary parts of the dielectric coefficient generally increased with increasing en-

ergy until reaching their highest values near the band gap.

The resistivity of Nickel-doped, Nickel-Aluminium co-doped and Manganese-Nickel

co-doped Zinc Oxide Thin Film (ZOTF) was determined using the Vander Pauw four-

probe technique. In Ni-doped and Ni-Al co-doped ZOTFs, substrate rotation speed

influenced resistivity, while Mn-Ni co-doped thin films were examined for the effect of

annealing temperature. The results showed that, for Nickel-doped and Nickel-Aluminium

co-doped ZOTFs, resistivity increases as substrate rotation speed increases. The resis-

tivity rise was slow up to 3000 rpm, but after this point, it increases rapidly. Therefore,

to achieve maximum transmittance and lowest resistivity for application in transparent

conducting oxides (TCOs), 3000 rpm spin coating speed was found to be optimal. The

resistivity of Mn-Ni co-doped samples decreases with an increase in annealing tempera-

ture from 200oC to 500oC. This decrease in resistivity may be attributed to the increased

crystallinity of ZOTFs with higher annealing temperatures.
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The photoluminescence spectrum of ZnO thin films typically shows an emission peak

at around 385 nm, which is associated with the exciton recombination associated with

the near band edge (NBE) transition. Additionally, a green emission peak is observed

at around 520 nm, which is attributed to oxygen vacancies and antisite oxygen. Fur-

thermore, a broad illumination peak is found to be present between 565 to 620 nm,

which arises from the non-stoichiometry of the material, Zn vacancy and antisite de-

fects in the ZnO. Raman spectroscopy further reveals peaks at 161 and 464 cm–1 which

are related to E2 (low) and E2 (high) modes respectively. The low-frequency E2 mode

involves mainly Zn motion, while the E2 (high) mode indicates characteristics of ZnO

crystallinity. The peaks at 255, 400 and 557 cm-1 are attributed to 2TA, E1 (TO) and A1

(LO) modes respectively. The A1 (LO) mode peak at 559 cm-1 is thought to be caused

by lattice defects such as oxygen vacancies, zinc interstitials, or a combination of the

two.

The X-ray Diffraction (XRD) patterns of Mn and Ni co-doped Zinc Oxide Thin Films

(ZOTFs) annealed at 200, 300, 400 and 500 °C temperatures revealed that they possess a

hexagonal wurtzite structure with (002) preferred orientation along the c-axis and with-

out any extra diffraction peaks from Mn or Ni related second phases. This indicates

that Mn2+ has replaced Zn2+ of the ZnO host without altering the wurtzite structure.

Additionally, the intensity of the (002) peak was observed to increase with the rise in

the annealing temperature, signifying an improvement in grain size and crystallinity.

Scanning Electron Microscopy (SEM) images of Mn and Ni co-doped Zinc Oxide Thin

Films (ZOTFs) annealed at temperatures of 200, 300, 400, and 500 °C showed that all

the films were crack-free and had a uniformly distributed grain structure. Furthermore,

it was observed that the crystallinity and grain size improved with increasing annealing

temperature.

7.2 FUTURE SCOPE OF WORK

1. Doped ZnO thin films could be grown by using the precursor other than zinc

acetate dihydrate and 2-methoxy ethanol to study the effect of precursors.

2. Other fabrication techniques like sputtering, spray pyrolysis etc. could be utilized

to analyze the effect of deposition techniques.

3. Growth of p-type ZnO semiconductor remains problematic due limited solubility

of p-type dopants and their compensation by plentiful n-type impurities. The



7.2 FUTURE SCOPE OF WORK 118

lack of p-type ZnO limits its electronic and optoelectronic applications, which

typically need n-type and p-type material junctions.

4. Further work could be carried out to produce a stable and reproducible p-type

ZnO semiconductor.
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[47] Ümit Özgür et al. “A comprehensive review of ZnO materials and devices”. In:
Journal of applied physics 98.4 (2005), p. 11.
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[205] Mehmet Yilmaz and Şakir Aydoğan. “The effect of Mn incorporation on the
structural, morphological, optical, and electrical features of nanocrystalline ZnO
thin films prepared by chemical spray pyrolysis technique”. In: Metallurgical

and Materials Transactions A 46.6 (2015), pp. 2726–2735.

[206] Kamal Rudra and YK Prajapati. “Effect of Mn doping on defect-related photo-
luminescence and nanostructure of dense 3-D nano-root network of ZnO”. In:
Ceramics International 46.8 (2020), pp. 10135–10141.

[207] Fouaz Lekoui et al. “Investigation of the effects of thermal annealing on the
structural, morphological and optical properties of nanostructured Mn doped
ZnO thin films”. In: Optical Materials 118 (2021), p. 111236.

[208] Arun Aravind et al. “Structural, optical and magnetic properties of Mn doped
ZnO thin films prepared by pulsed laser deposition”. In: Materials Science and

Engineering: B 177.13 (2012), pp. 1017–1022.

[209] JB Wang et al. “Raman scattering and high temperature ferromagnetism of Mn-
doped ZnO nanoparticles”. In: Applied Physics Letters 88.25 (2006), p. 252502.

[210] Shiv Kumar et al. “Sol–gel-derived ZnO: Mn nanocrystals: study of structural,
Raman, and optical properties”. In: The Journal of Physical Chemistry C 116.31
(2012), pp. 16700–16708.



7.2 REFERENCES 136

[211] R Vinodkumar et al. “Structural, spectroscopic and electrical studies of nanos-
tructured porous ZnO thin films prepared by pulsed laser deposition”. In: Spec-

trochimica Acta Part A: Molecular and Biomolecular Spectroscopy 118 (2014),
pp. 724–732.

[212] Fatemeh Bakhtiargonbadi et al. “Fabrication of novel electrospun Al and Cu
doped ZnO thin films and evaluation of photoelectrical and sunlight-driven pho-
toelectrochemical properties”. In: Materials Chemistry and Physics 252 (2020),
p. 123270.

[213] FK Shan et al. “Blueshift of near band edge emission in Mg doped ZnO thin
films and aging”. In: Journal of Applied Physics 95.9 (2004), pp. 4772–4776.

[214] AiLing Yang et al. “Photoluminescence and defect evolution of nano-ZnO thin
films at low temperature annealing”. In: Science China Technological Sciences

56.1 (2013), pp. 25–31.

[215] Hong Seong Kang et al. “Annealing effect on the property of ultraviolet and
green emissions of ZnO thin films”. In: Journal of Applied Physics 95.3 (2004),
pp. 1246–1250.

[216] PM Ratheesh Kumar et al. “On the properties of indium doped ZnO thin films”.
In: Semiconductor science and technology 20.2 (2004), p. 120.
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