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Abstract
Recently Zinc oxide has drawn a resurgent attention in semiconductor industry due to its

interestingpropertieswith diverse application potential. These properties includa bxcibn
binding energy, high resistanagainst radiation, high breakdown voltage, insensitivity to visible
light, and easy wet chemical etchifighe highquantumefficiencyfor emission byZnO has seen

it being consideredh strong candidate for solgtate white lighting applications as well as

transparent conductor electrode in solar cells.

In order to realize efficient utilization of the muitinctional properties of ZnO for electronioda
opto-electric applications, ZnO is usually doped with different elements. Such doping is aimed at
enhancing and controlling its electrical, optical and rfultictional properties. Typical dopants
widely used are trivalent atoms categorized as group the periodic table (Al, In, Ga) through
substitution of cations. The -@gown ZnO thin film is usually #iype semiconductor with
structural, electrical and optical properties that can be varied depending on the growth conditions
as well as post deposih treatment such as thermal annealing. The use of RF sputtering for ZnO
deposition has been explored in this work through varying deposition time, RF power and the
partial pressure of oxygen. The films were then subjected-sit@thermal annealing iArgon

filled furnace leading to a significant increase in grain size.

Rare earth (RE) doping of materials has been widely investigated owing to the prominent and
desirable optical and magnetic properties. Typically trivalent rare earths elements such as Sm
Tk and Ed* are investigated in this research project. ZnO doped with RE has exhibited
electroluminescence, thus highlighting its potential for photovoltaic applications-fsretional

layer. A doped ZnQayer is thus simultaneoustyilized as tansparent conducting electrode and

asa spectral conversion layer. The RE doped luminescent materials provide an opportunity to



effectively use the high energy and sadnd gap energy photons from the solar spectrum that
would have otherwise been lost imatt band gap absorbers. In solar cells, they have been applied
with an intentiorto reduce the fundamental thermalization losses arising as a result of the intrinsic
properties of the semiconductor material namely: (ajmaurtwigap photon loss (b) thermzation

of charge carriers resulting from absorption of high energy photons.

From the Xray diffraction (XRD) patterns both pristine and doped ZnO thin films showed growth
along thec-axis ofthewurtzite structureThe peaks were found to matitte reflection phnes of

(100), (002) and (102) withllghe diffraction peakdeingwell indexed to the wurtzite structure

of ZnO of the space group P63mc, which is consistent with the standard values reported in JCPDS,
card no. 00888 The structural pperties of the material were investigated usingcanning
electron microscope (SEM) and Atomic force microscopy (AFMjere the particle size,
roughness, skewness and kurtosis were found to change with growth condition and annealing
temperatureMost mportantly, the results indicated that the photoluminescence (PL) properties
reflect the quality of the pristine and doped Znthe films were then used in the fabrication of

the solar cells as a-functional layer and thus as a proof of concept of gaotsparent conducting
oxides (TCOs) and for spectral conversion. RBS measurements indicateiptne profile
distribution of Zn, O and various rare earths which showed homogenedgpthdistribution

without any external impurity.
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Thesis synopsis
This thesis is partitioned into 8 chapters as follows:
Chapter 1: a survey oftte background studies of rare earth doped ZnO as well as the aims and

objectives of the project.

Chapter 2: an overview of théundamentals of the wide bandgap oxides, the choice of rare earth
ions used and theiadiative properties as well #se stateof-the art research on rare earth doping
effects in wide bandgap oxide materials and &lghlights the visible outcome of the research
carried out, which serves as a gguatform for future perspectives.

Chapter 3: the experimental details used for gr@wth ofthin films by RF sputtering angives
a brief explanation athe principles of theharacterization technique usetth an outline of the

principle of their operation.

Chapter 4: an elaborate study on the effect of-s#tu annealing of ZnO on itstructural,
morphological, optical and photoluminescence properfissa proof of concept, the films were

used to fabricate perovskite solar cells.

Chapter 5: the investigation of theeffects of Aluminium concentrationon the structural,
morphological, ptical and photoluminescence propertiesZaD thin films grown at different
parameters Only doping with low concentrations is generally pursued in order to avoid

luminescence quenching.

Chapter 6: the Structural and optical propertie$ annealed ZnO:TH and Zn:Ed* nano
polycrystalline thin filmsgrown using RF sputterirgnd their application for down conversion in

solar cells.

Chapter 7: the effect of mplantation of Srhions into ZnO matrixon the structural and optical
properties. Thenergyused for implantation ws80kevat di f ferent f | H#ence

10'%jons/cnt andSRIM was used t@alculate the particle distribution

Chapter 8: a summary of our findings and outlook on futwerk.
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Chapter 1: Background and Rationale

1.1Background
The surge in modernity has brought the quest for modern electronics which apoutide and

efficient, combining communication, storage, and multimedia technologies in one pgidkages

led to intensified research into transparent cotidg oxides (TCOs) which have been a subject of
great interest for their potentiapplicationsn devices such as light emitting diodes (LEDs), flat
panel displays, solar cells etc where transparent electrodes and cireniaiyma necesay and
sufficientconditionfor portabilityand enhanced performance at very low volt§8€3. Generally,

the term TCOs refers to wide bandgap semiconduatdes(Eg> 3.1 eV) This could be attained
through doping'sometimes to degeneracy) through the introduction of dapéhése dopants
enable these materials to posgagh carrier concentratigrand high mobility{ 3, 6, 8]. A wide
bandgap ensures transparency througthe visble portion of the @ctromagnetic spectrum (400
nm< / <700 nm). Thes important properties make TG@dely applicable for any device that
requires optical access behind electrical circUity

TCOs discovery can be traced back to 1907 wheBafleke{10] deposited cadmium thin film
before heating it in airThis was resulted in a partiaixidation of the cadmium to nen
stoichiometric cadmium oxide, leaving oxygen vacancies in its strudthige generatesccupied
defect energy levels from which elemtic promotion into the cadmium oxide conduction band
could easily take place. Although this was the first report of-&yp@ transparent conducting
material, the films had a relatively high electrical resistance compared to metaiseead
susceptible taxidation. Current TCOs include toloped indium oxide kDs:Sn (ITO), fluorine
doped tin oxide Sn&F (FTO) and aluminium doped zinc oxide ZnO:Al (AZO). These materials,

instead of relying on intrinsic vacancies within the metal oxide structure, uskefée energy



levels created by the extrinsic dopant species to genettgfee rconduction. ITO was the first
modern TCOs material discovered by Rupperecht in 1954, anda few years later the TCOs
market was floodethy indium tin oxide (ITO) due to its high optical transpare(*¥®0%)and
electrical conductivityand low surface resistivitg{12q / ¥ This saw the consumption of several
tonsof indium which had limited reserves in the world. Owing to the dwindjlogalreserves of
indium andthe degradation of the films at the high temperatures required for certain device
processingteps attention was diverted to Zinc Oxide, a naturatlyme semiconductor, having a
direct band gap of 3.37 eV and low threshold vol{d@e13]. Apart from these essential properties

for a TCO, ZnO offera plethora ofadvantages compared to ITO such as availability, low cost,
chemical inertness and nooxicity [14]. Studies orheavily doped TCOscontinue to stimulate
tremendous interest due to their immense application potential doeetdlike conductive
behavior. In this state, the TCOs are referred to as degesemateonductor inwhich the Femi

level, or average charge carrier energy, is either above the conduction band (in the case of electrons)
or below the valence band (in the case of electron hid&k)An example of such doping is the

use of Aluminium as reported in thwrk.

Another aspect of dopingvolvesthe use of Rare ear{RE) elementdo ensue energy transfer

from the host material (ZnO) to the RE such that the emitted photon from the RE earth can be within
the absorption spectrum of solar cells.

Photovoltaic (PV) technologiescorporated wit solar energy conversiapproachegpresent an

a promisingalternative twvards therealization ofgreen and renewable energy generafisj.
Although the technology is not new, solar cell production remains costly, largely due to their low
power conversion efficienci¢d7-19]. The main challenge to realizing high corsien efficiency

of PV cells is their insensitivity tthe full solar emissionspectrum. The spectral distribution of



sunlight at Air Mass 1.5 global (AM 1.5G) is made of photons of wide wavelengths ranging from
ultraviolet to infrared (282500 nm, 4.40.5¢V), while on the other hand the PVs only utilize a
relatively small fraction of the photowisie to their limited absorptioof a narrow range of solar
photons with energy matching the characteristic bandgap of the mg2€rial

Notably, the theoretical maximum level of efficiency for crystalline siliae8if with a bandgap
energy Eg) of 1.1 eV is approxiately 31% as defined by the Shockl®ueisser limif21]. There

has been intensive research aimed at overcomh@genergy losses mainly attributed to f©ion
absorption ofow energyphotons(E < Eg) and thermalization of above band gap photons. This
was motivated by Trupket al theoretical extension of conversion efficiency to 38.6% through
modification of the solaspectruni22, 23).

In recent years, luminescent matkrigapable of converting a broad spectrum of light into photons
of a particular wavelength have been reporiéis has paved the wégr applicatiorsto minimize

the losses in the solaell-based energy conversion proes$®Rare earth doped TC@sesent
explicit examples of such developmestdue to their capacityo enhane spectral conversion

through upconversion, quantum cutting and dosinifting as illustrated in figure-1.
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Figurel-1: Mechanisms ophoton luminescent conversion processes and simplified view of schemes of
application into solar cells.

In this work, optimized TCOs thin films andspectral conversion layers have been incorporated
into three solar cell device structures namely: organar sells (OSCs), Dy&ensitized Cells

(DSCs) and Perovskitesslar cells and investigated for photoconversion efficiency enhancement.

1.1.1. Organic solar cells

In organic solar cells, the typical thickness of the active layer (P3HT:PCBM) is of the order of few
hundred nanometers and hence the transparent electrode needs to have low surface roughness to
avoid the occurrence of short circuits in the ¢84]. To minimize internal energy losses, the

control of band alignment (work function) becomes a matter of great importatheseadevices

as well. Furthermore, these devices have the peculiarity of being fabricated at room temperature

to be compatible with flexible substrates which remains a formidable challenge.

1.1.2. Dye-Sensitized Solar Cells (DSSCs) and perovskites

In Dye-Sensitized solar Cells (DSSCs), the oxide based layers constitute two main aspects: the



transparent electrode and the electron transport layer/photoanode. The electrode, apart from
conventional high transparency and conductivity, requires a cagp@rgy level matching to

collect photogenerated charges from the dye. The transport layer constituted in this project by ZnO
and RE doped ZnO also requires the fundamental properties of large surface area and mesoscale
porosity for realization of maximunyd infiltration[25]. In the development of oxides for DSSCs,
3-dimensional architectures are of late replacing compact TCOs and commercia] 2&és

which can also be used to perform the takkght scattering. Lately, new DSSdike devices
employing perovskitdased materials as an active layers have been developed with promising

efficiencies, but they are still far from applicati®#8].

1.2.Problem statement
Transparent conducting oxides remain the electrode material of choice for optoelectronic and

photovoltaic applications. The electrical and optical propertigaire optimization either through
modification of film properties by the growth deposition and ion implantation methods. The first
problem that is addressed in this thesis is a control of the growth process of ZnO thin films for the
reproducible formationf a desired morphology amid highly sensitive growth environment as well as
how to control native defects. The control of the ZnO crystallite size and size distribution is essential
for tailoring optical and electrical properties to achieve effective puaration into solar cells as
transparentonducting electrodes (TCOs) for instance as excellent application as the buffer layer.
Secondy, the thesisnvestigats thedoping of wide band gap materials with trivalent rare earth
(RE) ions to obtain opticakéivity. As such theffects ofincorporation of Rare earth ions into the
ZnO matrix in order to obtain REased efficient light emitters in red, green and blue spectral
regionsis explored in detail and also optimized

The thirdproblem is to explore thiact that the tilization of renewable energy sources is one of



the best ecdriendly options to refrain from using fossil fuedled emerging athe most feasible

ways to mitiga¢ the world's energy crisis. This is possible by ensuring enhanced effiofehoy
generation solar cells such asegnsitized solar cell (FCs) and organic solar cell (OS@hich

have received great attention as a promising technology for renewable energy exsratiesult

of theirflexibility, low toxicity to the environment and simple fabrication with low cdstis can

be achieved through spectral conversion ensuring matching solar spectrum to the solar cell photon

absorption window.

1.3.Aim and objectives
1.3.1.Aim

This work seeksto developoptically activematerialsand explore approachésincrease the
photo conversion &tiency ofsolar cells The harnessing of all the parts of the solar emission
spectrum through application of efficient photo converters to match lisergion
characteristic of the solar cells will be explored. To this end we carried out ion doping of the
host semiconductor materials (ZnO) to enhance spectral convere®ZnO samples were

first to be doped with Aluminium to enhance conductivity treteafter with Rare earths ions
(Tb3*, EU’* andSnt) energy transfer in orddp realize active materials for the efficient

absorption and conversion thie solar radiation isolar cell.

1.3.2. Objectives

x To optimizethe growth mechanismsf the host material to accommodate luminescent

centres as well characterization of the grown ZnO thin films.



x To demonstrate the practical possibility to use the developed ZnO as TCOs in perovskite
solar cels.

x To studyboth growth process & doping condits for optimization of rare earth (RE)
doped aide films by RF sputtering and ion implantatiprocesses, aiming primarily to
develop highly luminescent materials @ondstudy their structural and optigaloperties.

x Characterisation of the deposited thin films to establish suitable parameters for efficient
energy transfer process of the excitation energy. Thisrsiegoenable the attainment of
efficient spectralconversion.

x To develop a deeper understanding ondbminant factors in the doping process that
determines luminescence and lossesthe relationship between luminescence properties,
andthe matrix excitation energy transfer characteristics will be established).

x As a proof of concepstudythe applicabn of the developed materials in solar celts
efficient spectral down convertkyers with functional photactivity in organic and dye

sensitized solar cells

1.4.Motivation
The primary motivation is to search for optimizeefmctional layes of ZnO and RE doped ZnO

thin films capable to be incorporated into solar cell devices with the aim of enhancing their
efficiency. The solar cells do suffer losses which can be reduced thronighizing the mismatch
between thactive layermbsorption spectrumnd the solaemissionspectrum

There is a huge potential in utilizing the abundant solar energy resource. Although the research on
photovoltaics is at a mature stage, there are still opportunities to improve the technology to
commensurate with the gladbenergy demand. Higher efficiencies, lower costs, implementation

of nontoxic and abundant materials as replacement of some of the present expensive and toxic
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materials such as Indium are bound to further improve the technology and its implementation.

Theapplication of ZnO layers in solar cells is expected to provide a window of opportunity due to

the following attributes;

1 itis readily available and inexpensive,
1 high electrical conductivity,

1 high excitonic bindingenergy,

1 high electron mobility witrundoped state
1 versatileroutes of fabrication.

Indeed it is regarded asheap replacement of silicon and gallium nitride basdar which give

quite costly deviceslin the recent years, ZnO nanostructures have been fronted as an alternative
to TiO2 when it comes to electron transport layers. Some of the unique combination of electrical
and optical properties of bulk ZnO is the relatively high electron mobility (more than 1 order of
magnitude larger than anatase 7)iQ29, 30]. Furthermore ZnO has a very rich family of
nanostructuref31-34] with diverse applications in optoelectronics and photovoltaics. Currently,
ZnO is emerging as an efficient electron transport material in technologies, such -as Dye
Sensitized Solar Cell©ESCs) and inverted polymer solar c€BS|[36], Quantum dot solar cells

(QDSSCs) 37], biomedical application$38] and light emitting diodeg39, 40].

Therole of various film growth parameters form the motivation of this work as tleegracial in

the control of quantum size effects such as control over the nanopatrticles size and size distribution
which is essential for tailoring the electrical, chemical, optical and magnetic properties for desired
applications of the nanomaterials dm®s. The target was to obtain enhanced physical and optical

properties as well as to utilize the possibility and flexibility of controlling various growth
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conditions in order to obtain more efficient but cheaper semiconducting devices capable of being
produced in relatively larger volume. The ZnO thin films are then doped with different rare earths
and the energy transfer from the host ZnO to the rare earth ions studied for the purpose of potential
application into solar cell since the spectrally conveltgdt energy matches the solar cell
absorption spectrum range. The properties are investigated using a number of different

characterization techniques.
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Chapter 2: Introduction to ZnO, AZnO and Rare earth doped ZnO
thin films

2.1. Introduction to Fundamentals on TCOs.
Transparent conductive oxides (TCOs) have gained extensive interest owing to a combination of

high transparency in the visible range of light as well as their high electrical condydfiviynce
visible light has a wavelength range of 3880 nm (3.261.65 eV), the transparent material need

to have a higher band gap energy of mbent3.26 eV. This transparency can be obtained due to
intrinsic defects as well as extrinslefects.

Transparent conductive oxide (T&@hin film was first reported more than 100 years ago in 1907
by Badekeif2]. This was a thin film of CdO prepared by thermally oxidizing a vacuum sputtered
film of cadmium metal. Even though CdO has been of great theoretical interest because of its high
electron mobility apparently caused by its low effective electron massi iwidely used today

due to toxicity concerns. In the initial stageshediscovery of TCOs, the deposition was carried
out using posbxidation of evaporated metal films to form the metal oxRjeIn 1937 saw the

first deposition of Tin Oxide (TO) using this methadd followed by transparent conductilayer

of indium oxide (I0) made by posixidation of metal thin films in 195f5]. There was little
practical development of TCOs during the first 50 yeaitsviohg CdO discovery until the 1940s
that saw the development of a chemical deposition method (pyrolysis) for TQ, f8n® SnCl

[3, 6]. During the second 50 years following its discovery (i.e., since 1957), TCOs films have
developed significanthand now they arseen virtually in everyday applications ranging from

digital watches to computer screens or other tgbessplays.

For the last 50 yeargp urtil today, Tin doped indium oxide, 40s:Sn typically called indiuntin-

oxide or ITO has remained thmost highly used TCOs with varied applications used as a
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transparent electrode in nearly all flat panel disp(@fDs). During the late 1950s and 1960s,
ITO was mainly deposited using vacuum evaporation of In/Sn metal and via DC diode and RF
sputtering of metal In/Sn alloy targets. The challenge was to contiaegasitiorprocessn order

to attain precise eleatal and optical properties. For RF sputtering the coating thickness was
controlled using fixed deposition time and power while for evaporation thickness estimation was
madeby visual detection of a specific color or color change that gave the ordeerdéiahce in

the coatind7, 8].

In the 1970s interest on TCOs wassed by the successful deposition of undoped ZnO f{ifhs

and Al doped, AZn(J10] with good electcal and optical properties. However, the thermally
evaporated ZnO coatings were quite unstable hence hindering wide spread application at this time.
This led to intensive broad investigations of various dopants in ZnO and deposition methods
beginning in tle 19809 11]. Zinc Oxide, besides being one of mestimportantwide band gap
materialscontinues to be regarded as the most promiBiagsparent Conductive Oxides (TCOSs).
Being abundant in nature it is available at lower costpared tothe Tin and Indiumbased
counterparts Additionally it has the added advantage of being-toxic andthat it can be
deposited at relatively low temperatures. ZnO wiéreforebe more preferred to ITO in making

front electrodes of solar cell§his is because whereas ITO usually undergo reduetioen
exposedo hydrogen leading to additional absorption of ligt#], ZnO is very stable in hydrogen
atmospher¢l3, 14].

With these advantages, the usage of ZnO anrdofpkd ZnO is increasing in the industry day by
day. As a semiconductor, ZnO has range of useful properties that greatly distinguish it from other

semiconductor or oxides such as:
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Direct and wide band gaprhis has been found to be 3.37 eV at room temperature and
3.44 eV at low temperatures. This wide band gap as stated earlier enables ZnO to be used
in optoelectricapplicationsin the blue/UV region such as in light emitting diodes, laser
diodes and phottetector§15-17].

Large exciton binding energynO has a higher freexciton binding energy of 60 meV
[18, 19], even greater than GaN (25 meV). Tal®wsfor efficient excitonic emission at
room temperature hence making ZnO a good candidate for optical devices which are based
on excitonic effects.

Large piezoeletric constantsIn piezoelectric materials, an applied voltage generates a
deformation in the crystal and vice versa. Such materials are useful in making geatsors
detect,e.g., pressure or acceleration or servedrassducers and actuators. The low
symmetry of the wurtzite crystal structure combined with a large electromechanical
coupling in ZnO gives rise to strong piezoelectric and pyroelectric prop2te&s).

Strong luminescencdhe strong luminescence in the grednte spectralegion maksit
suitablefor phosphor applications. THaminescence centres in ZnO are speculated to
originate from oxygen vacancies or zinc interstitjd. This has been extensively studied

in this project in subsequent chapters.

High sensitivity of surface conductivity to the presence of adsorbed sp&a@shas a
sensitiveconductivity when its surfads exposedo various gasssurfaces. This make it
possille to detect freshness of food and drinks when used as a smell sens@n§irise
sensitive to trimethylamine present in the odor from sea fooddnahd fragrance from

wine and coffe¢25].
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9 Large nonlinear optical coefficients According ta_arciprete, M. C.et al. analysis of the
second and third harmonic generation experimeir® crystals and, in particular, thin
films exhibit nonlinear optical behavior, suitable for ntinear optical devices which are
dependent on the crystallinity of the films. Amahg deposition techniques capable of
producing films with strong secoratder nonlinear response ataser deposition, reactive
sputtering and spray pyrolysji&6]. Such nodinear optical response in ZnO thin films
make it attractive for integrated ndinear optical devices.

1 High thermal conductivityThis property makes it useful as an additiveavoid damage
of materials at high temperaturegnOis a major component of the tires along with rubber
which led to many inventions in the rubber industry and ceramic ind{@&fylt removes

heat during device operation with high efficiency. ZnO hasefftcient of expansion and

mdting point close to that of Silica of abo@t16 108 rcand 2000 eC resp
[28]. Usually its vapor pressure reaches 760 mm (normal atmospheric pressure) at around
1700 eC which is almost 300 eC be[k9hthe i t s m
high thermal conductivity is as a result of the difficulty to break th®zyonds along the
c-axis where itpossess directional strengthliba the nondirectional strength of Z0®
bonds in the other directions.

1 Large single crystal availabilityLarge area single crystals ZnO are readily available as
wells as commercial epeady substrates. Bulk crystals can be achieved using various
method such as hydrothermal growWB0], vaporphase transpof81] and melt growth at
high pressurg32]. Thin films on theotherhandcan be grown by moleculdream epitaxy,

chemical vapor deposition (MOCVD), laser ablation or sputtdB88g34].
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1 Amenability to wet chemical etchingnO thin films can be easily etched using acidic,
alkaline as well as mixture solutions. TEssuredlexibility in the process, design and
integraton of ZnO layersnto electronic and optoelectronic devices. Amenability to-low
temperature wet chemicetching greatly helpin device fabricatiof35].

1 Radiation hardnesdHigh radiation hardness is crucial for high altitude applications or in
space.According to Tuomisto, Filip, et al ZnO exhibits exceptionally high radiation
hardnessenabling irradiatioinduced defects to fully recover upon annealing at 600 K
[36]. Accordingto Anderson Janotti and Chris G Van de W&t has digherradiation
hardnesgompared t&GaN[35].

The above attributesf ZnO validatethe intenséocuson ZnOas a promising candidate material

for optoelectronics, transparent electronics and spintappiications

2.2. Properties of ZnO
2.2.1. Structural properties of ZnO

The clemical binding character of ZnO lies between covalent and lbamding Since there exist
a strong ionicity of the bonds between Zn and O atoms (i.e about 0.62 on the Phillips scale), the
two binding partners of ZnO can be denoted & Znd &' ions, respectively[37]. At ambient
temperatures and pressure, ZnO crystallizes in the thermodynamically stableigthaseurtzite

structure, which belongs to the hexagonalesy$88]. The wurtzite structuris based othe space

group Cg\, in the Schoenflies notation andaR& in the HermarirMauguin notation. Figure-2

shows some of its characteristics: (a) It has four atoensinit cell, two of similar element (b)

Everyatom is tetrahedrally coordinated, i.e. the foearesneighbors are of the other atom sort.
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(a) (b)

A c-axis

@ Zinc | [0001]
@ Oxygen

(c) a (d)

Figure 2-1: The wurtzite crystal structure ZnO with: (a) four atopex unit cell, (b) tetrahedral
coordination, (c) hexagonal symmetry and the lattice parameters a and c, (d) top vieW38](c)

Figure 21 illustratesthe wurtzite latticeof ZnO and the coordination of the constituent elements

at various perspective$here are lattice parametexsbandc, and the internal parameter u and
bond angleflandb= 109 . 47 e. The iddefined asnha tatiopfahe ermgtd of the u
bond parallel to the-axis divided to the lattice paramete(i.e a/c). The lattice constants of the

ZnO unit cell area = b =3.25A andc = 5.21A, yielding ac/aratio of 1.60, which is close to the

ideal value of 1.6339-41].

From figure 21 (c) there are two faces of opposite polarity alongctaeis which are azn-
terminated plane of (001) ardO- terminatedabeled(001). There is0 polarity in the planes of

(100) along eaxis and (101) since Zn and O atoms are of equal nufdbemhe interplanar
distance between (100) and (002) and (101) are theoretically 0.2816, 0.2602 and 0.2476 nm,

respectively. Usually the other plane (100) corredpunto the (300) family lieat about 0.1408
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nm away from the other (100)1]. This implies that a single monolayer of ZnO grown as th
plane has a thickness of alt@.14 nm. This value is used for comparison withgrowth rate that

will be reportedn this thesis during RF sputter deposition. Furthermore, ZnO oxide has a specific
mass density of 5.675 g/énthis will become important whesimulating the film thickness using

the X-Ray reflectometry techniquess discussethter in this thesis. Apafrom the intrinsic
material properties, the lattice parameters may vary depending on the extrinsic proketties

free electron concentration (via the deformation potential of the conduction band minimum), the
foreign impurities concentration which snpossess varied ionic radii capable of replacing the host

atom, substratenduced strain and annealing temperafdé®.

2.2.2. Electronic properties

Figure 22 shows crucial surface potentials and energy transitions of a gergme MCOs.
The fundamental band gagd) gives the lowest energy (longavelength) limit of optical

transparency.

: : z Evsc

EA

Figure2-2: Schematics of typical TCOs band structure
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Where lp, WF, EAEq, Evss Ecam, Evem, andEr denote ionization potential, work function,
electron affinity, intrinsic band gap, vacuum level, conduction band minimum, valence band
maximum, and Fermi level, respectively. TWd=is essentially the Fermi levaleasured from
the vacuum levelEEvsd Er). This value is no& materials constant and can be modified using:

1 Carrierdoping. This raises the Fermi levaadd hence lowerinthe work function (for a

fixed ionization potential)
1 Modification of the surface dipole. This can increase the ionizapotential and
therefore the work function (for a fixed Fermi level)

1 A combination of bothmethods above.
In order to attain the much required transparency throughout the visible spectrum for application
of TCOs,Egpmu s t b @3] \Bcordingto Sernelius, Bo E., et §#4], theoptical banl gaps
could be widened in proportion the added dopant ashown in figure 23. In their studythese
authorsused Al doping evaluated from spectrophotometric data which gave a wider band gap due
to the high dispersion of the conduction band. The band gap can be stret@ted\byr greater
as shown in figure-2 as Eri Evem) WhereEr is the Fermi level an&vewmis the valence band
maximum. This phenomenon is the wkHown BursteinMoss shift of the Fermi level with
doping. The Fermi levelHgi Evewm) thereforegivesthe concentratiorof the carrier doping A
similar study of varying the band gap was carried outémberg, I.et al.[45] in their study of
Sndoped semiconducting.0Oz and Berggren, KF., et al [46] who observed ahrinkage
counteracté by the Burste#Moss effect which gives a bandgap widening as a result of the
blocking of the lowest states in the conduction band as shown in fighie Zeneral, the higher

the Fermi level, the more conductive the TCOs whereas excess doping lgvebhose free
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carrier absorptiomndshift the associated plasma frequency into the visible from the infrared

which limitsthe optical transparend¥3].

(a) (b)

Figure2-3: (a) the assumed band structure of TCOs in the vicinity of the top of the valence band and the
bottom of the conduction band. (b) valence band shifted upwards by many body effects while the
conduction band is shifted downwards. Shaded areas demuoigied stated 43] .

ZnO has deviations in stoichiometgused by defects suttat everif a stoichiometric phasis

an insulator at room temperature, with a carrier concentration of the ordet3@fotocm3, it

exists as an-type conductor. The crystdefects arattributed to the differenda the ion radii of
Oxygen (1.4A) and Zinc (0.74Ayhich introducesoids/defectsn the structure. Such deviations

do also lead tothe formation of free charge carriers as a result of the shallow donor levels
associated with oxygen vacancies and interstitial zinc. To make ZnO conducting, the oxide must
be doped to degeneracy by increasing the free carrier density enough to move thevieembo

the conduction ban@7] as shown in figure-2.

Theoretically the electronic barstructuresof ZnO hae been calculated by several research

groups [48-50]. By use of the standardensity functional approach in thecal density
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appoximation(LDA) the band gap have always been underestinigted eV due to théilure

of LDA to model Zn 3d electrons accurately. This can however be corrected lise of atomic
seltinteraction corrected pseudopotentials such that the Zn 3d electan be accurately
accounted fof50Q]. Figure 24 shows an example tifecalculationof the band structure alortige

high symmetry lines in the hexagonal Brilloufione Both the valence band maxima and the

| owest conducti on b an,k=0namndioadonthat Zn®isadirectbaride | ¢
gap semiconductdi51]. The band gap as determined from this calculation is 3.56 eV which is
relatively close tadhat measuredn this work. Since thelattice constants vary with temperature

and pressure, the electronic band structure also changes with temperature and pressure. The
bandgap (at | point) s hrasgivdndy theiemdirical relationghips i n g

[52]:

Eg(M=Ey(T 9) £-6¢c6eé6. -12

whereEg (T=0) is the energy gap which may be dirdgjdf or indirect Eg),Eoi s it s val ue a
and » and p are temperature coefficients which are givenaas 5.5 30% eVK-while
b= 900K for temperature ranging to 300[K3].

The variatios in the band gapan also be attributed to the following changes in the lattice

1 shift in the relative position of the camction and valence bands due to the temperature
dependent dilatation of the lattice
1 shift in the relative position of the conduction and valence bands due to a temperature

dependent electrgphononinteraction[52].
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Figure2-4: The local density approximation band structure of bulk wurtit® [51].

2.2.3. Optical properties

The optical transitions in TCOs can either be intrinsic or extrinsic. Intrinsisiti@ms involves
transitions from conduction to valence band, including excitonic effects due to coulomb
interactions while extrinsic transitions are created in the bandgap by dopants/impurities or point
defects and complexes, which usually influence bptital absorption and emission processes as
they create discrete energy levels inside the band gap. For the sake of ZnO thin films investigated
in this thesighe strong emission peak around 380 nm as a result of-foelnand transition and
greenyellow emission band related tbhe oxygen vacancy are reported.

ZnO is transparent to light in the visible region with a gheutoff in the UV region. The
transparentregion corresponds to wavelengtlegion from 0.322.5 pm [54]. Thus ZnO is

transparent to visible Iig and absorbs ultr@olet light (photoconductive under UV light). The
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typical optical transmittance of 908an e attained for filmsleposited under optimum conditions.

This property together with a refractive index of 2.0 makes it possible to use ZnO as the white
pigment in the paint industf28]. Thiscombination oeexcellent optoelectronigroperties make

doped ZnOsuitablefor applications amextgeneratiomovel devicescapable of replacing their
expensive indium tin oxideased counterparts

Intrinsic optical properties of ZnO nanostructures have been intensively investigated in this thesis
for possible application in photonic devices. ®haminescence (PL) spectra of ZnO
nanostructures hauseen probedvith varied excitation wavelength sources. Excitonic emissions
were observed from the PL spectra of ZnO showing that quantum size confinement can

significantly enhance the exciton bindingeegy.

2.2.4. Thermal properties

ZnO has lattice constaresandc that are dependent on temperature and are quantified by thermal

expansion coefficients, which are denotedp%qand D% for the inplane and oubf-plane cases,
respectively. They depend on the stoichiometry, presence of extended defects, and free carrier
concentration. The typical room temperature values for Zno%z 4.752:10%k 1 and
D%=2.9 3106k 1 [55]. These lattice constants also contribute to kmtice thermal
conductivity x as per equation-2 [56].

kph(T):TLT%Vstré 6éé. 22
WhereT is the temperatures is the velocity of sound (almost independent of temperatGe),

(T) is the lattice specific heat, ahdis the phonon mean free path. Usually, the conductkvty)

is known to first increase with temperature upto a particular maximum Malkg @t certain
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characteristic temperatufien before decreasing. part from the lattice parameters, point defect

also play a significant role in thermal conductiVify].

2.2.5. Lattice Dynamics

For wurtzite ZnO, there are 4 atoper unit celland this leada total of 12 phonon modes, namely,
1 longitudinal acoustic (LA), 2 transverse acoustic (TA), 3 longitudinal optical (LO), and 6
transverse optical (TO) branches, the details of which are discussed in segtimirdred (IR)

reflection and Raman specsampies have been commonly employed to derive zone center and

some zone boundary phonon modes in ZnO. In the hexagonal structure@é\(,viﬁymmetry,

group theory predicts eight sets of phonon normal modes at the G point, nameh2R2A+ 2B:

+ 2BE. Among thes, one set of Aand & modes are acoustic, while the remaining six modes,
namely, A + E1 + 2B, + 2E are optical modef8].

A summary of basic physical properties of ZnO is as shown in table 2

Table2-1: summary of basic physical properties of ZnO

Physical Parameters Values

a= 0.32495 nm, ¢= 0.52069 nm,

Lattice Parameters u=0.345, ¢/a = 1.602

Melting point 1975°C

Energy gap 3.4eV, direct

Electron effective mass 0.24




2.3. Native point defects in ZnO
2.3.1. Introductionto point defects.

Native or intrinsic defects can be described as imperfections in the crystal lattice involving the
constituent elements onlyp9]. They include:
1 Vacancies. These are missing atoms at regular lattice pofstiess
1 Interstitials. These are additional atoms occupying interstices within the lattice
1 Antisites. These are O at@maccupying Zn lattice siteor vice versa.
Native defects within a crystal strongly affectitredectrical anaptical properties and hence have
a bearing on doping, minority carrier lifetime and luminescence efficiencythieiisfore crucial
to understand the incorporation and behavior of ZnO point ddf@cssiccessful application in

semiconductor devicd85, 60, 61].

2.3.2. Defect concentrations and formation energies

The concentratianof point defect are highly determined biye formation energy of the defect
Thus the defect concentrations and their formation energies areonstiant butalso highly
depenént on the growth or annealing conditiomé the materials[62]. In thermodynamic
equilibrium and in the dilute regime not taking into considerations the deééfett interactions,
point defect concentration can be described by the equad®® while formation energy of a

charged point defect iBnO is described by equatiordd 64]:

rrrrrr

whereE' is the formation energsiesthe number of sites the defect can be incorporatekkds,
the Boltzmann constant, afids the temperature.
From equation 3, the defects with high formation energies will occur in low concentrations while

high concentration of defects will result findow formationenergies
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aEf = E(Nzn, No) -Nephlzn - NoHo €kpé é € -2
whereE(Nzn ,No) is the total energy of a system containing Zg,) andoxygen No)atoms uzn
andpo are the external zinc and oxygen chemical potentiatsthe charge of the defect (its sign
included), andr is the Fermi energy which is regarded as the energy of the reservoir (chemical

potential) fom which an electron is takém form a charged defef#4].

2.3.3. Migration barriers and activation energieselated to diffusion.

Point defects are known to migrate within the crystdéumann, G., and E. Kaldssmmarized

the experimental results foel§-diffusion in ZnO up to 1981 where they reported a range of 1.9 to
3.3 eV for the activation energies of zinc sdiffusion and a wider range of 1.5 to 7.5 eV for
oxygen seHdiffusion[65]. The activation energy for saliffusion or impurity diffusion (Q) is the
sum of the formation energy of the defect that aid the process of diffias, well as the

migration energy barrie® as given by equation2[66].

Q=E+EPéééécécééececéééée 3

Where the migration energy barri@ is the energy difference between the equilibrium
configuration and the configuration at the saddle point along the migration path and can be
accurately obtained from densiiynctional calculationg62, 67] while E' is often vaiable
depending on the experimental conditions, such as the position of the Fermi level, and the Zn or

O chemical potentialgign andpo) [35].
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2.3.4. Introduction to various intrinsic point defects in ZnO

2.3.4.1. The oxygen Vacancy V
This is a very commolow energy of formation type afefect in ZnO andt is often considered

the source of 1#type conductivity Howeverthis assertionhas also been challenged by several
research groupBased ordensityfunctional calculationsthat describes this vacancy asleep
donor with high formation energy intygpe ZnO (~ 3.5 eV) and hengecannot contribute to-n
type conductivity[68, 69]. Under ntype ®ndition, the fermi level is near the bottom of the
conduction band and théo is in the neutral charge state locatedDat eV below the CBM.

However its formation energy is much lower wype ZnO, where it assumes the 2+ charge state

making it to be a@urce of compensation intgpe ZnO[68]. Formation of\/c%+ can be avoided

during growth and annealin@his doneby making the chemical potential approach oxygen rich

atmosphere and/dny otherwise keepinthe Fermi level away from the VBNh suchaway that

the V(§+ formation energy increases.

The migration of oxygen vacancy involves jumpifgthe nearesneighbor oxygen atom dhe

oxygen lattice into the original vacant site leaving a vacancy behind. Accordidgntaiiti,
Anderson, and Chris G. Van de W4l&9], the Vo migration is isotropic, i.e. migration barriers
involving oxygen atoms from the basal plane of the vacancy and from planes above or below the

basal plane of the vacancy have the same va@hgse authorseeported a migration barrier of 2.4

eV and 1.7 eVdr Vg and V(§+ respectively. The former is useful irtype materiad whereas
the latter is relevant in sermsulating or ptype materialsThe Vg defectis thus mobile at

temperatures above 900 K WhihEV(%-'- defect is mobilet temperatures above 650 K.
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2.3.4.2. The Zinc Vacancy,V
Zinc vacancies are often formed irtype samples prepared in oxygech conditions They are

found in modetsconcentrations in-type ZnO where they act as compensating centers. They
introduce partly occupied states in the band gap as a rebuttkain bondstd o xygen .nei ghb
However they have high formation energy of 3.7e@Mnin the most favorable @xeme Qrich

limit in p-type materialand therefore they occur low concentrations. Migration &fz, usually

takes place when a nearesighbor Zn atom moves into the vacant site leaving a vacancy behind.

According toAnderson, and Chris G. Van de Wdl&9)], szﬁ has a migration barrier of 1.4 eV,

an indication tha¥znis mobile at 540 K and abovReutralVz, centres have a very high formation
energy (~3.5 eV) even under oxygen rich conditions but slightly loweityper materialg70].
ExperimentallyVznis identified in ZnO by a broad and weak green luminescence centered around

2.4-2.5 eV although there seems tortzesingle source of this luminescelrjcé-74).

2.3.4.3Zinc Interstitial Zn
The Zn; defectshave two occupancias the wurtzitestructureof ZnO, namely

1 Atthe tetrahedral interstitials sil@,]| s 0 d e s fety Ahissite cbntaisonefzinc and
oxygen as neareskeighbor atoms, at a distance ~ 0.833uheredo is the ZrO bond
length along the& axis. Thusthe placement of theinc atom at this site will most likely
suffer severe geometrical constraints and thus in most itasess out to beinstable.

1 At the octahedral interstitial site. The octahedral site is in the interstitial channel along the
¢ axisat anequidistacefrom 3 zinc and 3 oxygen atoms by 1.978ince this distance is
less than that at the tetrahedik would preferably form at this site with a geometrical
constraints of less than severji6g].

Zn interstitial has a thermodynamic transition levelJ¢2+ / + /0) in the vicinity of the CBM,
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where the three charge states have nearly identical formation energies of ~ OHne# itis
usually regarded as a shallow donor with experimental donor energy of 3073e\t has low
formation energy of ~ 0.5 eV infype conditions in @ich limit and is even negagvat the ©
poor limit. This enableZn to compensate for holes intgpe ZnO. Havever, this defechasa
high formation energy dP4 eV under rtype conditions even at the-f@or limit. The migration
barrier ofZniof 0.22 eV[76] or 0.57 eV[68] for the 2+ charge state makéesgasierto diffuseand

to bind with other defects/impuritig37].

2.3.4.4 Oxygen Interstitial ©
This occurs when excess oxygen atoms are accommodated in the ZnO lattice. Just like zinc

interstitial, O; may occupy the tetrahedral interstitial site, octahedral site or form split interstitials.
At the tetrahedral sit€); is unstable and spontaneousiaxes into a splinterstitial configuration

that shares a lattice site with one of the nearegthbor substitutional oxygen atoms with a1®©O
bond length of ~ 1.46 A.

O at the octahedral site introduces states in the lower part of the band gamyhataept 2
electrons. Such states result fraime oxygenp orbitals and give deep acceptor transition levels

U (-0 / a d2d) at0.72 and 1.59 eV above MBM[63]. O can exist either as electrically inactive

qo (split) mainly in seminsulating and gype materials, or as deep acceptors at the octahedral

interstitial siteqz' (oct) in ntype materialsEr > 2.8 eV)[35]. At octahedral and tetrahedral

sites,the O; have high formation energies and may be electrically inactive except under extreme
oxygen rich atmosphere and we do not expect oxygen interstitials to be present in significant
concentrations under equilibrium conditidag). In this thesisthe role of oxygen interstitials on

film properties afterntroducing excess oxygen during thin film growghnvestigated
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The reported migration energy barrier fqP (split) is 0.9 eV, while that oqz' (oct) through the
hexagonal channel along thaxis is 1.1 eVFrom these values it can be derived t@q (split)

will become mobile at 340 K and above Whﬂﬁ' (oct) will become mobile at 440 K and above

[63].

2.3.4.5 ZincAntisite Zrp
The Zno antisite defects formed when a zinc atom substigigg oxygen host atom. They exist

exclusivelyinthe2+chargestatEr%+with the transition | evels

above the conductioband minimum. Their formation energies are higher than that of Zn
However, they have shown a higher thermal stability. Anderson Janotti, Chris G. Van de Walle
suggested thaZno diffusion mechanism can be split infn and Vo constituents. For -type
materid under zinc rich environment reactiothe condition for the endothermic process as
prescribed byquation 26 appliesat an energy of ~ 2.8 eYence itis quite difficult toannihilate

theZnoascompared t&n [68] defect
gtz \Pesessceee. 6 2
According to Sizelovetal. [75] the Zno contributes to ftype conductivity under non equilibrium

conditions especially when created under irradiation amb{@ompared taZn and Vz, they

diffuse at a slower pace and hence may accumulate in the crystal.

2.3.46. Oxygen Antisite £
This defectis prevalent in instanceghere an oxygen atom occupies a site on the zindastite.

It has the highest formation energy among native point defects even under the most favorable
oxygen rich environmenz, are deep acceptors and are quite unstabtbey spontaneously
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relax to oftsite configuration. Just likeZno, they can be created under reguilibrium conditions
for instance irradiation or implantation and since they migrate quite slowly, they may accumulate

in the crysta[68].

2.3.47. Summary of the point defects.
In summary,t has been shown that timative point defects represent one of the controversial

thematic areas inmajority semiconductors, and ZnO is no exception. This is because the
measurement techniques are usually unable to correlate electrical or optical manifestation of
defects to their origin specifically as summarized in figuée Probably it can be noted that the
point defects in ZnO aralsonot well understood. While several assignments of the deftated

luminescence bands can be founthialiterature, only a few of them are reliable.

e
.77 ¢V

—) 526V

Figure2-5: Thermodynand transition levels for native defects in ZnO [78].
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2.4. Luminescence properties of ZnO
2.4.1. Introduction.

Luminescence is defined as the emission of light by bodies usually in the excess of that attributed
to black body radiation antdmay persist for relatively longer time compared to electromagnetic
radiations in the visible range upon the termination of an excitgti@n

In semiconductors, luminescernis¢he direct product dhterbandelectron transitions from higher

to lower energy levels under select Fermi Golden rules. Figetibws the simplified band
structure of a semiconductor near the centre of the first Brillouin zone, where a material with band
gap energ¥gis irradiated by a laser with energys >,lkegding to the following effects;

(a) The excitation of an electron into thggher energy levelsf the conduction band (bbhe
formation of a hole in the valence band. &actronhole pair(excitons)is therefore created.

(c) Thermalization ofelectrons and holethrough the intraband transitionewardsthe lowest
energy state of their respective bands via phonon emission

d) Recombination of the excit@tross the fundamental band gap or the defect levels within the

band gaghrough either @adiative or nofradiative phonon related procdss.
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Figure 2-6: Band diagram illustration of the different processes that make up the photoluminescence
spectra[79].

In a radiative mechanism, one photon with energy equal to or near the bandgap energy of the
semiconductor is emitted due to eleciroole recombination[80] while in nonrradiative
recombination energy is exchanged with the lattice as heat through phonon emissions within defect
states in semiconductor or transferred to other carriers without emission of any photon. This can
take place through physical mechanss Auger recombination, recombination at defects in the
bulk and surface recombination all of which cannot be detected by PL. Photoluminescence can
help in band gap approximation, impurity levels and defect detedtwus,determiningthe
recombination mehanisms as well aeematerial quality.

Luminescence is classified as fluorescence and phosphorescence. Fluoisstereeterized by
emission of relatively short persistence 1102 seconds)concerning the emission of light
whereas phosphores@anpersists for a considerable longer tiopeto seconds. Fluorescence

usually obegthe decay equation?2
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It)=lgexp(at)eéececééeéé. -7 2
Wherel, is the initial intensity) (t) is the intensity at timé¢, andUis a constantelated to the
absorption of the materiaLuminescence occurs by simple excitatiofiofwed by an optical
emission fromthe active centre with excitation energy remaining closely localized within the
centre between excitation and emission.

On the other &ind phosphorescence usually oty decay equation2.

I
|¢):@Eiﬁ@éééééééé 3

Wherel,is the initial intensity] (t) is the intensity at timg andb andn are constant$ depends

on temperature. Here the atoms are ionized during excitation and luminescent radiation is emitted

during recombination of the free electrons and the ionized centres. According to Johnson, R.

P[81], all centres may be ionized during excitation with majooitythe free electrons being

capturedn a state witta muchongerlifetime(~millisecond$ sinceoptical transition to the ground

state is forbidden.

2.4.2. Classification of luminescence

Further classificatiodepend®n the excitation source with a firgs added for instance as shown

in table 22:
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Table2-2: Various forms of luminescence adapted from Ref [79].

Luminescence type

Excitation source

Applications

Photoluminescence

Photons

Fluorescent lamps

PL-LCD, Plasma display
Lasers, Luminescent sola
concentrato(LSCs), paints

Radio luminescence

lonising radiations e.g. Xay
or Gamma rays

X-ray imaging, Saitilators,
dosimetry.

Cathodoluminescence

Electrons

TV set, Monitors, Field

Emission DisplayFED)

Electroluminescence

Electric field

Light emitting diodes (LEDS)
Electroluminescent
(ELDs), Diode lasers

Displal

Sonoluminescence

Ultrasound

Ultrasound diagnosis

Lyoluminescence

Chemcal reaction energy

Detectors, Analytical device

Lyoluminescence dosimetry

Chemiluminescence

Chemical reaction energy

Analytical chemistry

Bioluminescence

Biochemical reaction energy

Analytical chemistry

Triboluminescence

Mechanical energy

Certain
crystals.

types of suga

Among the various luminescence, the phenomena of photoluminescence has found more

application compared to others and aE®been the preferred technique in this thesis. A detailed

andysis of its working is given igsection 35.

2.4.3. Fluorescence quenching

Quenching may defined as the decrease in intensitiglatf in a fluorescent compound at its

maximum wavelength. When one material nsake fluorescence of anothematerial to be

diminished or abolished, then it is saidjieench the fluorescence. There are 5 possible causes of

guenching:
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Inner filter effect. Thigs aninstrumental effectvhich has no influence on the primary
process of emission but simply redstiee observed intensity of luminescence within the
material being testel@2-84].

Energy degradation. This quenching process invdhvesransitiorof singlet excited state
molecule into triplet state by energy or electron transfers such that the fluorophores no
longer emits its energy as fluoresce[8g 86)].

Energy transfer. Since the dorameceptor pairs are such that they satisfy the conditions
required for efficient transfer of energy, the acceptor molecule accepts the ewengy fr
donor by whichthe donorgets deactivatetb its ground state arttieacceptor is raised to
asinglet excited level. The excited acceptoregeite to the ground level either radiatively
or nonradiatively. In a nosfradiative process the fluorescendearacteristics of the
acceptor molecule is exhibited. The systematic variatioth®fcceptor concentration
gradually quenches the fluorescencetw donor by energy transfer with simultaneous

sensitization of acceptor fluoresceri8é-89].

2.4.4. Advantages of Luminescence Techniques

Although all substances thahowphotoluminescence also experience absorption, luminescence
only provides some of the most sensitive apdcificspectroscopitechniques with the possible

exception of radioactive labeling procedures. Advantages of luminescence include:

1 High sensitivity. In highly luminescent materials low concentratibthe luminescence

centergo the level of 1§-10"2 can be detected. This is“ltimes greater than absorption

spectroscopy.
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1 Better selectivity. The technique is more specific due to the fact that only about 10% of all
substances that absorb radiatiomneit it as light and there are two selectatéelengths
(excitation and emission) in luminescence as opposed to only one in absorbance. Therefore,
it is highly unlikely that two substances will share both a similar excitation and emission
spectrum This is because the difference between excitatiinemnission peaks can range
anywhere from several nanometers to hundreds of nanometers.

1 Environmental qualitative information. Since the lifetimes involved in the electronic
transitions of luminescence is longer, it is far more sensitive to the locabemant than
absorbance. This allows luminescence to be an excdbfieat probe vehicle for its
environment.

1 Large linear quantitative range. Compared to spectrophotometers, luminescence
instruments have a greater linear measurement range for quantiaiysis. A typical
spectrophotometer has a usable range of between 0.1 to 3 absorbance units (less than 3
orders of magnitude). Furthermore, the absorbance errors atky aglite highand might
evenextendto 50%whereaguminescence instruments haveager linear ranges of 6 to 7
orders of magnitude with little error at the extremes.

1 Multidimensional information. Photoluminescence is composed of two separate electronic
transitions which give rise to the excitation and emission spectra of a givemseb3tais
represents twice the amount of information contained in absorbance spectra and is quite

useful in substance identification via various fingerprint technif@@s

2.4.5. Photoluminescence spectra of ZnO

At room temperaturethe photoluminescence spectrum of ZnO typically exhibits two

luminescence bandgamely;
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1 Short wavelength band located near the absorption edge of the material, this emission is
also referred tas near band edge (NBE) luminescence.

1 The second band is a broad wavelength band usually in the green spectréd2angs
to 700 nn). This is attributed to the deep level emission band (DL) as a result of the native
defectsasdiscussed above. The DL band has previously been attributedambkdefects
in the crystal structure such s [91-93], Vzn [94-96], O [97, 98], Zn [99] and extrinsic

impurities such as substitutional €100 .

2.5. Evolution of thin films

Polycrystalline films arecomposed ofandomly orientedjrains or crystallites with a particular
size distribution Each grainpossesses given crystallographic orientation relative to a fixed
reference direction which is mostly the surface normahe film. A non-randomorientationof
the grains irthe film leads tacrystallographic texture. During deposition of a polycrystalline film,
several fundamental kinetic processes exist through which the-roicranostructure evolves.

These maye classified iro three stages:

2.5.1. Nucleation and growth of isolated islands.

During deposition, some atoms are adsorbed on arrival at the substrate surface. When stable
clusters of adatoms form, nucleation takes place, which may eventually growlamadsi The
nucleation rate and rate of islands growth depend mainly on several process parame#ss such
the deposition ratéhesubstrate temperatutetal working gas pressuamdtheenergy of particles
impinging on the substrate. For instance,heleation rate generally increases with increase in

deposition rate(coverage)and decreases with increase in temperaf@td]. In the case of
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nanocystalline film deposition used in this thesis, a high nucleation rate is often desirable since it
promotes a fingrained structure.

The nucleation rate can be analyzed using classical methods balsedapillarity approximation

or more appropriatelynithe current context, based an atomistic analysis. Both approaches leads

to nucleation rate given by equatior92

o

,,,,,,,
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¢

wherelo is a temperature and depositifmx-independent constarit,is Boltzmamé s const ant
andT is the temperature of the substratel DG is the energy of formation of a cluster of size

n?, wheren’ is the critical cluster sizevhich is dependent on the dimensionality of the critical

nuclei For physical vaor deposition processeas,has a low integer value, often only102].

2.5.2. Island coalescence.

As the islands continue to growey reach garticular sizeat whichthey eventually begin to
impinge on each othefhe impingement of these islands with varied surface energies produces a
driving force that leads to the formation of a grain boundary. At this point the islands with higher
free surfae energy are annihilated to coalesce to a continuous thinHdma relatively low
diffusivity, the attraction between the islands is usually accompanied by great strain in the
developing film. This is the reason behind the intrinsic tensile strestyraesh during the ely

stages of thin film growth [1Q1In case of sufficient diffusivity, the growth can happen through
grain boundary motion leading to complete elimination of the smaller islands. However, for low
diffusivity, the grain boundary wilfemainintact resulting inrelatively small grain sizes after

coalescence. Since the energy of the individual islands is dependent on size and orientation,
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structure evolution during coalescence can affect both the developing grain size distribution and

the orientation distributiof103.

2.5.3. Film thickening.

Once the polycrystalline film has totally coalesced iat@ontinuous film, anysubsequent
depositios will lead tothe increase ifilm thicknessesDuring ths process of thickening, the film

structure may evolve in various ways, depending on the actual deposition conditions and the
adatommobility in the system, i.e. the ability atom to diffuse on the surface, grain boundaries

as well as the grains interigd02. Atoms arriving at the film surface may either undergo
nucleation of new grais on top of existing grains, or cor
join an already formed grain serving as a template withdoergy sites for further (growth

induced) grain growth. The mode involving nucleation of new grains is usually caysed
impurities or the defects creatddring deposition, which serves as favorable nucleation sites; the
resulting grain shapes are then predominantly equiaxed. However, for pure metals deposited under
conditions with high atomic mobility #fAl ocal (

resulting in columnar grains.

3.5.4. Grain growth.

Consider a fully coalesced polycrystalline film with an equiaxed grain structure. Grain coarsening
may take place through movement of grain boundaries leading to shrinking and elimination of
small grains Bnce resulting in increased average size of the rengagrains as shown in figure

2-7. Grain growth has been the subject of several revid®4-10€, and grain growth in
polycrystalline thin films haalsobeen the subject of@mprehensiveeview[107]. Grain growth

in pure defecfree bulk materialss driven by the reduction in the total grain boundary area and in
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the corresponding reduction in the total grain boundary energy that accompanies the area decrease.
At a more microscopic scale thpocessis accomplished when individual boundaries move
toward their centers of curvature in order to reduce boundary curvature and therefore boundary

energy.

Figure2-7: Grain growth in a continuous film with anfitane grain size adapted from Ref. [102]

In addition, thin film structure may also develop during fetosition processing leading to
growth of the grains, recrystallization and defect annihilation. The mode of film structure evolves
during the different processes depending on the exact pmgesmditions such as choice of
materials, deposition rate, deposition and annealing temperatures, ion bombardment etc. Each of
these growth conditions affects the diffusivity and mobility in the evolving thin film.

A summary of the three stages of growg diagammatically shown in figure-8.
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Figure2-8: Overview of possible grain structure evolution during deposition of polycrystalline thin film
adapted from ref [102].

(b)

2.6. Effect of annealing temperture on grain growth.
Annealing induces grain growth whichdriven by the reduction in the total grain boundary area

hence leading to a reduction in total free energy associated with the grain boundaries. Grain
boundary migration is driven by the pressdifference formed by a curved grain boundary, which
is proportional toog/r, whereay is the grain boundary energy and r being the grain curvature
radius (proportional to the grain size). Titesultingdriving force makes the boundaries to shift
towards their center of curvature. Assuming that the velocity of grain boundary migration (or grain
growth rate)dD/dtis proportional to the driving forcd, D/ dt =, thi drainosigebD) at time t
and constant temperature T can be defined by equatié 10§ .

D2-DZ K(Mtéeéeéééééé. -1a

HereDo is the initial mean grain sizandK(T) is a thermally activated rate constant.



The rate constant is equivalent to the grain boundaobility and can be expressed bn

Arrheniustype equation 2.1:

whereKp is a preexponential constaritgi s Bo |l t z ma n n@is thecactimason energy, a n d
for the rate limiting atomic process required for grain boundary migraticain @rowth that
follows the parabolic expression in equatieh®is called normal grain growfh09 and usually
also characterized by a tirrevariant shape of the grain size distribution. bemal grain growth
is quite rare except for high purity bulk metals at high homologous temperatiore@sverthe
most commontemperature dependegtain growth is described by thempirical formula of

equation 212

D"-Df K(Mtééééééééééé. 122
where the growth exponentusually deviates from the normgitain-growth value 0.5. Observed
values forn in nanacrystalline materials are mostly found in the rang® ([11@, but also
linear growth ( = 1) has been report¢di11]. Usuallyn has arend to increasewards the ideal
value 0.5 as annealing temperature increases. The deviation from the ideal normal grain growth
may be attributed to the fact that the velocity of grain boundary motion is not a linear function of
the driving force, i.e. the mobiligateconstant is not a constant but varies with the driving force

(hence withD as well).

Other factors such as the interfacial energies associated with theufifate interface may also
contribute to the graigrowth behavior. For thin films studied in shproject, particles impurity,
pores or defects such as dislocations, vacancies, and stacking faults may also exert a drag or

pinning force hence hindering the migration of grain boundaries. Such pinning forces are not
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factored in equation-20 and 212. According to model proposed by Burke J.[E1Z, grain
growth with due regard to pinning forces may expressed as equati®mvBere a limiting grain

size is introduced.

b +ngs 8:K2tééééééééé. 132

whereDm is the maximm grain size resulting fronto the pinning forces, anklz is again an
Arrheniustype rate constant.

Apart from drag or pinning forces the resistance to grain growth in nanocrystalline materials results
may also be due to insufficient driving force as a result of structural factdraswequiaxed grain
morphology, narrow graigize distribution, relatively flat grain boundary configurations as well

as lowenergy grain boundary structurg€sl3. In these additional scenarios it may not be
energetically favorable for one grain to grow at the expense of anotheingieldnetastable
structure. With thiwvariation of factors affecting grain growth, the activation energy va@ef®(
isothermal grain growth may show a wide dispersion. Abnormal grain growth also termed as
secondary recrystallization may occur due to these varied factors as a result of a combination of
the inhibition of normal grain growth (such as because of iityppinning) and the presence of a
small number of special grains in the film that have a lower free energy which may contribute a

net driving force for their growtfiL05, 114].

2.6.1. Effects of thermal annealing on film stress

In solids atoms interact with each other via repulsive and attractive forces. In a crystalline material
each atom is bound to an equilibrium position by those interatomic farbese forces can be
seen as springs, which allow the atoms to vibrate near their equilibrium position. As the

temperature rises the atoms gain more kinetic energy and their vibration amplitude grows. At
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elevated temperature, excess kinetic energy of thrasatllows them to rearrange in the crystal
lattice. Moreover, there is an increase in the diffusion of atoms in the matbithl enabés the
reduction of fluctuations in concentration. Thermal treatment alscs amd improving the
crystalinity of polycrystalline materiad by reducing defects in the crystal lattice and allowing
grain growth of polycrystalline materipl15.

When films are annealed, theermalmismatch between the film and the substrate must be taken
into consideration. This is because fiim and the substrates may possegferent thermal
expansioncoefficients which induce thermal stressés.typical examples ariseshen the
deposited filmpossesses higher coefficient of thermal expansion than the substuate thathe
deposited fm experiences compressive stresghasannealing temperature increases and vice
versa. Such stress realized during annealing, compressive or tensile, is called thermal stress. Thin
films may form cracks or other defects to relieve excessive stresse@thtr side a thin film is
deposited on a substrate with lower coefficient of thermal expansion than that of the thin film the
assumption is that the thin film is relaxed during the steady state of the annealing hence the thin

film will be in tensile stres after the annealing proc¢$q.
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2.7. Effect of Oxygenconcentration onZnO film quality
Oxygen partial pressure or flow rate plays a pivotal role in determining the deposition rate of ZnO

as well as the structural, optical and electrical characteristics of ZnO. It is therefore necessary and
sufficient to addoxygen during RF sputtering in order to attain a semiconducting ZnO film.
According to Carciat al, [117], theabsence of oxygen or excess of it may make the ZnO film
exhibiting either metallic or insulatingroperties From their investigation on the dependence of
electrical resistivity for sputtered ZnO thin films on oxygeantial pressure heresistivity showed

a transition from semiconducting at low oxygen partial pressure teigsufating at higher partial
pressurg118 119. For ZnO thin films in this project we varied oxygen pressure freh 6ccm

and analyzed the variation in film properties in chapter 4.

2.8. Doping of ZnO
2.8.1. Aluminum doping of ZnO

ZnO as a transparent conductive oxide (TCOs) has been under investigation for potential
application in electronic and optoelectronic devigE20, 121], such as solar cel[d422, liquid

crystal displays [123, and highdefinition displays and touch screefi24], due to itslow
resistivity (like a metal) and high optical transparency in the visible andimfeared spectral
region (like an insulatdf125. Among the TCOsindium tin oxide (ITO) film is the most widely

used TCO materidlLl26]. Therefore dreakthrough in understanding ZnO has a great potential of

replacing the commonly used ITO which are scarce and foxitature. In order to realize

conductivities abové? 10° Scnit as well as high transmission in the nedrared spectral range

with high electron mobility, ZnO films have to be highly doped up to carrier concentrations of

more than5? 1070 cni [127]. For these reasons films doped with trivalent metal cations have

attracted considerable attentigd28131] andAl-doped ZnO (AD) film has emerged as one of
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the most promising candidates since it has many advantages, such as low cost, abundant resource,
nonttoxicity, and good stability ira hydrogen plasm§l32. Doping is the additiof foreign
atoms or impurities to a compound by creating defect for enhanceigatsical and opticglL33.
Importantly, theoptical and electrical behaviors of AZO films can be improved or modified by
controlling their doping leve]134], which is critical to achievéunctionalty and tunability of
TCOsbased devices. Therefore, it is useful to investigate the correlation between the properties
of AZO films and the concentration of Al doping. Various research groaps applied different
routes to preparing AZO films, including atomic layer deposition (ALLB5 136, chemical
vapor deposition (CVD)137, 13§, magnetron sputterid 39 140, and pulsed laser deposition
(PLD) [147]. Comparatively,magnetron sputtering has been widely used since the charged
particles are contained by a closed magnetic field and high density plasma is produced in the
vicinity of the cathode. This results;in

1 a strong decrease of the plasma impedance and a decfethse discharge voltage,

typically upto ~ 500 V
1 astrong increase ihe deposition rate
1 excellent plasma confinement enabling sputtering at lower pressures compared to diode

sputtering systems, typically at €11Pa[142,.

2.8.2. Rare earth doping.

Another aspect of dopingnO is the usef trivalentrare earth elements due to their optical and
high conductivity propertie§143146. Rare earth metals doping for providing wide bandgap
semiconductors continues to be of interest for display applications involving UV, vigitde,
infrared light emission. Wide band gap semiconductors such asa&uCexhibitless thermal
guenching of emissions than narrow band gap semicond{it8ds Rare earths (e.g., La, Th, Er,
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Eu, Dy and Sm) provide many interesting properties of ZnO materials, which includes the efficient

modulation of the emission in the visible range due to their unique optical propgdies

2.8.3. Rare earths, RE
The discovery of light emission from rare earth (RE) ions dates back to the 19tty.cRaie

earths AREO refers to a group of chemically si
shell) metallic elements that occur naturlly8 149.

RareEarthsare isotopically stable with an outer electronic configuration of trivalent ions and are
known to have RE asthedominant oxidation stat®RE earths include both actinium (Z=803)

and lanthanides (Z= 570) and have a general form of [Xe}58°4f" where [Xe] represents the
electronic configuration of the xenon atom amdefers to the number of 4f electrons. These
partially filled 4f orbtals have different energies exhibitingich energy levektructure with a

typical wavelengtltovering from ultraviolet, visible to infreed part of the spectrum making them
perfect fiphoton managerso that can be used to
of any desired wavelengffi50, 151]. The characteristic energy level structure of rare earth ions
calledDieke Diagram 152, 15386] is shown in figure -20. These partially filledif electronc

levels are completely shielded by the filled outet &sd 50 levels. The latter levels havarger

radial extensiosthan the 4f sheland the latteare thus weakly affectedby the ions in the
surrounding medium in the host matrix. As a result of this all the trivalent ions result in very narrow

and sharp optical absorption and emission bands which are relatively independent of the host

matrix[154].

49



From the vector sum of the orbital angular momentum of all 4f electrongyrlibital angular
momentum quantum numbedr,and spin quantum numbeg can be calculated where the total
angular momentum quantum number denoted as &isnadly given by equation-24.

J=L S5ééeééeééeée. -142
WhereL can take the values =0 -(n 1). On the other han8by arrows as below:

—is( 4/2) while®is( 41/2). There are (8+1) degenerate levels in each electronic sttie,

(2St+1) term isalsocalled the spin multiplicity where the states havBrg O are called singlets
while states witl5=1 are known as tripletStates withL= 0, 1, 2, 3, 4, 5 are spectroscopilta
denot@ by lettersS, P, Dé . For instance, the ground state of 35ia denoted byGs/> which
meansS=5/2,L = 5 andJ = 5/2. Table 23 shows the values &, L, Jof some RE' ions in their
ground state.

Table2-3: Electronic configuration of rare earth ions in their ground stage].

lon | Numberofelectrons (n) | 5= g-‘o L= il, S L
- J=L+S(ifn27)

Ce* | 1 12 3 512

ol o | 5 4

Nd* | 111 32 6 92

Pm” | 1111 2 6 4

sm* (11111 502 5 52

=l I O A 3 3 0

G [1111111 12 0 7

™ [1l111111 3 3 6

Dy* |tltittttt 512 5 152

Ho* [T1Tititttt 2 6 <

E* [tltititittt] 3n 6 15/2
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However, wherarare earth atofion is embedded in a chemical environment for instance a crystal
(ordered structure) or a glass (amorphous) their spherical symmetry is disturbed by the crystal field
of the hos(i.e. electrostatic field of the atomic argments)This leads t@ shift and splitting of

the energy of these fraen atomic states into mumerousstatesthat are dependeioi the site
symmetry of the ions inside the host matrix. These induced electronic statebeg&tark levels.

Figure 29 shows a simple schematic representation of the splitting ofdtheelectronic
configuration[155. The electrostatic crystal forces @ orders of magnitude lowdhan the

atomic forces (sphorbit interaction). These smaller forces split the -iceatomic (spirorbit)

levels irto a collection of Stark levels.

2S+1L (Stark levels)
25+ 1L o J

!{ _.<

e

n |

Af {, L
|| e—— e {—
Electrostatic S Spin-orbit Ion-lattice
forces forces forces

Figure2-9: Schematic representation of the splitting of the 4fn state of a free rare earth ion as a result of
atomic and crystal field forcesf [155].

The optical properties dRare earth ions are usually dominated by the radiative transitions within
the 4f manifolds. As a result, various research groups havestigatedRE-related transitions.

Dieke and ceworkers[156 carried out intensive studies on the optical transitions of different
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trivalent lanthanide ions embedded into lanthanum chloride g.&Glk crystals and reportexh
energy eével diagram detailing the energy of the differéatjL, states for various R¥ions. The

relative positions of the losying 4f energy levels of trivalent lanthal@s ions are shown in figure

2-10.
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Figure2-10: An energylevel diagram, called Dieke diagram, for trivalent lanthanide rare earth ions
adaptedfrom Ref [152]. The green framieslicate RE studied in thsgudy.
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2.8.4. Energy transfer in phosphors

2.8.4.1. Backgrond
Energy transfer between and to the rare earth ions ldeywappliedin sensitizing solid state

materials such aglass, infrared quantum countensdinfrared to visible convertors. Although
energy transfer between like and unlike rare earth iom®re understood at the present stage, the
crucial transfer between ions enhancing transitions to the rare earth ions still needs thorough
investigation[157]. The study of the excitation of raearth (RE) ions through energy transfers
from semiconductor nanocrystals suahZnO has received lots of interest lately. However, the
energy transfer mechanism from ZnO to REs is still not well understoodHuang et al[15§

report that the energyansfer from ZnO to RE ions, specifically Eions, is mainly due to the
defects in the ZnO. Luo et 4159 on the other hanflave attributedhe energy transfeio a
combination of the band edge emission from the ZnCGlamdefects in the ZnOt&lies on ZnO

RE energy tnsfer have been based on stesidye photoluminescence (PL) emission from the
nanocrystals to the rare eafft6(.

During an excitation, ions may relax to tgpund statehrough two channels namely; either
radiatively or nonradiatively, the latter process being subdivided into internalradiative
transitions and energy transfer. N@adiative transfer from donors to acceptors depletes the
population of tle excited state of the donor and decreases the intensity and lifgtithe
transition.In order that the transfés significant and measurable, the rateenérgytransfer must

be of the same order of magnitude as the radiative transition in the donor i

In generalSemiconductor nanocrystals such as ZnO may be used as sensitizers to excite rare earth
ions as a result of their intrinsic properties such asdgpendent luminescent propertj@é1],

large absorption cross sectiofi62-164], and broad excitation spectfa65. In this process,

semiconductor nanocrystals apdoexcited to transfer the energy to the RE ions which
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subsequentlyeemit light at a different wavelengfh66]. The transfer mechanisms are discussed

below.

2.8.4.2. Dexter energy transfer
The theory of energy transfer resonaaceording to the Dexter theory assurhes interacting

luminescence centres, a Donor and an Acceptor within a disRarideese interactionscan be
eitherexchange or multipotenultipole interactios. When in resonance an energy transfer from
one (donor) to another (acceptluninescence centaray occuyhowever the nature of the energy
transfer is also determined by the distarR&etween the two iondn the case ofR<20 A, the
energy transfer may occur through the exchange interaddanthe other handmnultipolar
interactiors emerge irdonori accetor separatiordistanceR in exces20 A. Thus here exista
critical distanceRc at which these events can be prevalent in the material amsl usually

approximatd totwice the radius of a spheiieRccanbe obtained using equatiorl®:

ié ,,,,,,,,,,, 2_5

_-a 3V
&—ngeeeeeeeeeee

whereXcis the critical concentration at which the quenching ocMissthe volume of the sphere,

N is the number of lattice sites in the unit cell that can be occupied by activatpt 63¥69 .

For a case where the energy of the dpPband acceptqrA are close to each other such that their
electronic wave functions overlapabeother as shown in figure 2,lthe excitation energy of the

sensitizeD can be transferred to an accepkoria exchange interaction.
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Figure2-11: Resonant energy transfer by the quantum mechanical exchange interaction with overlapping

D and A wave functions (shaded area).

The rate of energy transfer between a donor and an acceptor due to this interactimeddger

Dexterin the form ofequation 216:

Poa(e) =20 a f Hoal a|? i b5 A(B dié ¢ ¢ . 162

Where the integral represeithe donofacceptor absorption spectral overlaE) andfa(E) are

the normalized shape of the donor emission and acceptor absorption spectra respectively.

According to Inokuti, Mitio, and Fumio Hirayand7Q, the exchange interaction hadime
dependent fluorescence decay. In their approaclsiba is surrounded by a set éfions at
distanceR«. During energy transfer, the surrounding of the exditéslaltered with time leading

into a norexponential decagsdescribed by equation27:

| =lgexpbt g3 Cga¢t Jeesceceée. 172
1L C ¢t =

Wh e ra the décay time of the pure donor, C is the acceptor concentexipioessed in the form

c=-3N_s¢geé6éé6é6é6éé6é.218
4pRV°

andCo describs the critical transfer concentration of an acoegind is given by equation1D
as
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Where R and g are constants described by Dexteanqtities given by equation2D.

,,,,,,,,,,,,,,

Ro represents the ¢tical distance which gives sanmadiative and nomadiative transfers
probability. From equation-24 only the initial decay due to donors with closest acceptsrs
predicted while the slower portion of fluorescence decay is dominated by the contributions of the

more distant accept®f17(.

2.8.4.2. Phonoiassisted energy transfer
Phonon assisted energy transfer is a process in which the mismatch of energy between the donor

and acceptor is compensated by simultaneous emissiorbaarption of one or more phonons
[17]]. If the difference in groundate and excited state energyasye, themon-resonant energy

transfer may &lo occur as shown in figurel2.
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For two rare earths ions with different excited states, the overlay ifyfpgE) fao(E) dE in

equation 218 disappears causing the energy trangfebability to reduce to zer&xperimentally,
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it is possible to have energy transfer in the absence of pHooadened electronic overlap @®
long as the overall energy conservation is maintained by production or annihilation of phonons

with energiess approachindkgQg where Qg is the Debye temperature of the host mdttix?].

However, energy transfer assisted by one orgihonons may take place in case of smaller energy
mismatch (~100 cr¥ [173. Usually rare earth ions have high energy mismatchtse ordemf
several thousanglave numbersvhich is much higher than the Debye cut off frequency found in
many host matrix hendie need to consider multiphonon phenomenas was carried out by
Miyakawa and Dextef157, 174. In their theoretical analysis of multiphonon processes,
Miyakawa and Dexter derived a comparative relaxation analogue of the multiphonon gap
dependence. From tmeheoetical findings, the probability of phoneassisted transfer (PAT) is
given by equatin 221:

WhaT(DE) 2What(O)exp( b EJé é 6 6 é & . -22

where DE is the energy gap between the electronic levels of donor and acceptor ioasisiad

parameter depemrdt on the electran(phonon)coupling strength and the nature of the phonon
involved.
Equation 223 is similar to equation 222 that gives multiphonon relaxation dependent on the

enggy band gap also suggedtby Miyakawa and Dexter.
Wvpr(DE MypHO)exp( b Hé e e ééeeéeeé . -222
Another parametddis described by equation23:
_ 1 eN Gal 2 2 2 £ 2 2 £ =
a=-—=—nz>(n &) Shééeeeeeéeée. 22
gy 9 &

whereUandb are related by equation24 and g is described by equationZs.

b= a- ééeeéééeeeééée. 242
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Wheregs andga are the electrdrattice coupling constasfor the sensitizer and activator ions,
respectivelyn is the amount of phonons excited at the system temperdturés the energy of
the phonon contributing mainly to the myhononprocesses whil&l is the numbebpf emitted

phonons described by equatio?@[175.

N:%ééééééééééééé.-ZG

2.8.4.3. Croseelaxation
Cross relaxation also known as cooperative quenching is an energy transfer process between

identical ions in which the neradiative energy isimultaneouslytransferred from a single ion
(donor) to two (or more) ions representing a cooperative acceptahid mechanism, the
excitation energy of the electron that is initially a single localized donor ion is instantaneously
shared between two (or more) acceptor ions, whereby the excitation is multiplicated and
delocalized in space. The concentration whislially depend of the rate of the n@uiative
energy transfer in the kinetic stage shoavparabolic behavior for the twinned cooperative
acceptors and cubic law for the triple cooperative accep{d7€g. The rare earth ions are known

to undergo croseelaxation because of their complicated gydevel structure. Fosimilar rare

earth ions, croseelaxation may experience quenching at higher concentrafibisseffect is also
permissiblebetween identical rare earth iongh two pairs of energy levethat areseparated by

the same amouwtf energy The two bandgap energies may be equal or can be matched by one or
two phonons. This process has been observed in many ions and it is a dominating factor in non
radiative relaxations especially dtigh concentrations. Figure-1IB8 shows diagrammatic

representation of the cresslaxation process.
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Figure2-13: Crosgrelaxation between two identical iof$76].

2.8.4.4. Migration of excitation energy
Relaxation of excitation energy by migration is a multistep process that involves the resonant

energy transfer from one ion to another of the same species in a random walk manner culminating

into a transfer to the acceptor acting as the quenching certterding to Soules, Thomas F., et

al.[177), the energy transfer from one donor to another is more likéhkeoplace at low acceptor
concentration taking into account concentration quenching of fluorescence. When the two ions

have comparable concentratmmde s peci al |l y in the rare earth 1 ol
theS Y $ransfer is likely to benore rapid compared to t!8eY Aransfer because of the resonant
condition. As a result the excitation energy may then migrate among the sensitizer ions prior to
passing to the activator hence decreasing the effeStieAdistance The dffusion of electros
overthedonorenergy levelsnayfurtherincrease the transfer efficiency. The migration of energy

may also be treated as diffusion or a hopping process as reported in depth by Yokota M. and Osamu

T.[179.
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2.9. Applications of nanostructured ZnObasedmaterial.
2.9.1. Energy losses in solar cells

The theoretical maximum efficiency possible for a single junction solar cell consisting of a
semiconducting material with a bandgap Di.1 eV (Si) isD31%. This is called the
Shockl ey1 Quei s s et79.IHowavet practitallythbre exidt a misnateh between
the conventional singiginction solar cell spectral response (SR) and the solar emission spectrum.
This is as a result ohe limited efficiency absorption of the semiconducting material used in

various active layers of the solar cell. Other sources of enesgg bre depicted in figurel2.

electron (¢) @ PYpre <> niype
'_LLLV material maternial

@ Conduction
photon .\ @ Band (CB)
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@ ~L'10 \-o
@ hole (i*) O Valence
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Figure2-14: Energy loss processiesa singlegjunction solar cell180]

Procesq1) and(2) represent the major loss mechanisms in single junction solar cells angountin
to over 70%. These losses imopess(1l) arise from the absorption of high energy (short
wavelength) photons leading to the formation of hot carriers in the |d&tc@hotons with energy
higher than the bandgdjy, thermalisation loss is experienced in smaller band gap material based
solar cdls where photons are lost through non radiative relaxation of the excited electrons towards
the conduction band in the form of heat. Process (2) inditdaeransmission loss, in which the
photons having energy lower than the banddapare not absorbedProcess (3) is the

recombination loss while (4) and (5) corresponds to junction and contact volta186s181].

60



These critical spectral losses limits the theoretical efficiendy1®5% recorded experimentally

with respect to AM 1.5G187.

Therehave been numerous attempts to reducspleetral mismatch accounting for the over 70%

loss in energy. Out of thesétemptstwo basic approaches have been outstanding: (a) adaption of
solar cell to better use the solar spectrum and (b) adapt the solar spectrum to better match the solar cell
[180. The application of the first approach has been successfully carried catiteganultijunction

tandem solar cells for which efficiencies over 40% under concentrated solar light have been realized
[183. This has been possible using a combination of multiple semiconductor materials, each absorbing
different portions of the solar spectrii®4, 185. Even though tandeiftwo junction)solar cells are

costly, they have gradually emerged as-costpetitive for terrestrial concentrated solar applications.

Still underapproach(a) other mae recently proposed options include multiple exciton generation
(MEG), and spacseparated quantum cutting (SSQC)eTtrmer procesimvolvestheabsorption

of a high energphotonby the solar cell followed by a generation of multiple eledthahe pairs

in the cell. MEG has attracted interest in various kinds of semiconcharnocrystalg quantum

dots €.9.CdSe, PbSe, and PbR)36 187 and has reported high efficiency of gl& junction

solar cells to the tune of 449488 189. Another concept is space separated guantutting
(SSQC) which has been investigated in Silioanocrystal$190. Through SSQC, a high energy
photon absorbed is split into two or more eleatrohole pairs through the interaction of two
spatially separated neighboring riinocrystals SSQC has a potential to reduce energy loss
resulting from thermalization in solar cells as well as multiply the number of charge carriers
produced per absorb@thotonin a solar cell. This however still neetigther investigation to

increasehe efficiency of charge carrier generat[@a@Q.
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The second approach (b) to raise the theoretical efficiency beyond the ShQuldesser limit
has been under investigation through an attempt to modify incoming geetrsn through
incorporation of passive luminescence layers optically coupled above (forawarsion and
photoluminescence/downshifting) or below (foregmversion) without altering the existing solar

cellsarchitecturdor better utilizatior{191].

2.9.2. Effect of varying solar aimass using up and dowsconversion

Figure 215 shows the spectral irradiance of the solar spectrum modeled by & @0éick body,

the extraterrestrial solar spectrum ofm@miass zero (AMO0), and also the terrestrial solar spectrum
for various positions of the sun throughout the day as reflected by the soteass192 193.

We see that the totpbwer density showa great reduction in the spectral irradiance at ultraviolet
(UV) and visible wavelengths and an indication that the power contained in the AM10G spectrum
is only onéefifth of that in the AM1G spectrum. Looking at a totally overcast, diagspectrum

appears blushifted due to the higher component of scattered light under cloudy &8s

T Y v Y T

R T
E 20f —— 6000K black body
f —— AMO 1367 W/m?
S 15k —— AM1G 1086 W/m?
x Tt AM1.5G 982 W/m?
g I —— AMID 868 W/m?
g 1or AM3G 696 W/m?
g I —— AM10G 207 W/m?
T 05 Overcast 104 W/m?
go.o'

0.2 0.6 1.0 14 1.8 2.2
Wavelength, A (um)

Figure2-15: Spectral irradiance and power contained within various solar spg@&ig.
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Looking at AM15G spectrum plots in figure-26 the maximum fraction of light that can be
absorbed by a bulk Si device is 468 V¥/®ince silicon possesses an indirect band gap, a value of
1150nm is used as the cudff response, to realize a twoton emission through down
conversion, each incidentgh-energy photon must possess energy of at least twice the Si band
gap, or a wavelength of shorter than 550. This extra fraction of the AM1.5G spectrum that is
available to a down conversion to a maximum value of 149 3¥nshown in figure 216.
Similarly, for the upconversion of two suband gap photons resulting in the emission of a single
aboveband gap photon, the former must exhibit an energy of at least half the Si band gap, or
longer than 221@m [181]. So far the best labcale Si solar cells with a o/8un efficiency of

h=24.7%has been realized. Motivated by the predictedidante of Si PV technologies for the

next decades, several research groups havedoéealy pursuing thapplication of luminescence

up-conversion (UC]194-197 and downrconversion (DC]181, 198200 .
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= available for DC:
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Figure2-16: AM1.5G spectrum showing the fraction thaturrently absorbed by a thick silicon device and
the additional regions of the spectrum that can contribute towardsamgl downconversiorj181].
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2.9.3. Downconversion process.

The theoretical feasibility of dowoonversion was first proposed by Dextin 1957[207]].
Currently, this process is also known as quantum cutting, quantum splittingphmtibn emission

(MPE) or photon cascade emission (PCE)]].

Down-conversion mechanism involves the simultaneous energy transfer from a donor to two acceptors,
each accepting half the energy of the excited donor. Despite its discovery in 1957, the experimental
evidence for quanturyields above 100% was first realized in 1974 fosPE* through a different
mechanism to that of Dexter. It involved two sequential emission steps from the high'Snlengs

of PP* (1Y 1) followed by a relaxation to théP level anda subsequergmission of a second
emission fom®P, to the °P. [202 203. Later, Wegh, Rene T., et al. reported quantum
cuttingusing two sequential energy transfer steps in th&&ir* couple[204.

Figure 217 showsthe different kinds of dowwonversion mechanisnfer a pair of lanthanide

ions. Figure 217(b) indicates the emission of twphotondrom ion pairghroughcrossrelaxation
between ionsl] to (), this ismarkedin the figureas process (Myhich subsequentifpllowed byan

energy transfer from ion$) (o (1) denoted by (2). Botbf theseenergy transfer steps are followed by
radiativeemission from ionl(). Alternatively a single energy transfer mechanism between ions (l) and

(I1) accompanied by photoemission by both ions can be prevalent as addeicenlar217 (c,d).
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Figure2-17: Overview of different resonant dovaonversion mechanisms demonstrated using iovis, |
and Il, with hypothetical energy level scherf2a3].

The solid vertical arrows indicate the transitions between energy levels while the dashed vertical
arrows and solid curved arrows connecting different ions indibatenergy transfer. Horizadal

lines are real energy levels. In the case of visible quantum cutting, the higher energy transitions
are in the ultravioletvhile the lower energy transitions are in the visigpectrun{203.

One aspect of dowoonversion is the use of bafikde downconverters where absorption occurs
through excitation of the hestaterial.For incoming energy in excess of twice the energy of the
band gap, Auger processes may be realized leading to creation of a second electron hole pair using
the excess energy of the first excited electi®d5. This is also known as interband Auger
transition (figure 218). Neglecting nofradiative relaxations, the quantum efficiency of the
interband Auger process is the integartf the ratio of excitation energy to band gap energy

although just a few materials show a quantum efficiency greater than 1 pra¢fiéd]ly
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(a) (b) ()

Figure2-18: The interband Auger process. (a) A high energy photon creates an etbolopair and
excites the electron deep into the conduction band. (b) This is followed byradiative relaxation tahe

band edge of the conduction band, the excess energgeis to create a second electghole pair. (¢) The
radiative recombination of both electrghole pairs via energy levels of the active ion leads to the emission
of two low energy photonsf wavelength, /em. [197] .

For application in solar cells, a large number of ideal materials are available for luminescent down
converters layesfor all existingtypes ofsolar cells but preference should be given to those that
possess the following characteristjt91, 198 204 :
1 A wide band absorptioUV- blue region), particularly to cover the region where the
spectral response (IQE) is low
1 High absorption coefficient
1 High transmittance and narrow band emission where the IQE is high
1 Large Sokes shift,i.e.the energy difference between the absorptind emission should
be large enough to avoid-adsorption
Figure 219 showsa schematic representation of photovoltaic dasenversionsshifting based

device[207]:
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Figure2-19: Schematieenergy diagram of a solar cell in combination with active luminescence-down
converter/downshifter layerthat precede the TCO layer in the device [207]

A9Y¥3N3

2.9.4. Downshifting process.

Downshifting is similar to dowstonversion except for the fact that its external quantum efficiency
cannot exceed unity. It involves the conversibra (one) higher energyhotoninto a (one) lower
energyphotonsuch that when applied &solar cell, it can enhands efficiency by ensuring emission

of phaonsthat can befficiently absorbed by the céll97], although it could not be used to surpass the
Shockleyi Queisser efficiency limit. Various means can be used to realize downshifting such as the
use ofguantum dotf208 209, lanthanide ionf210, 211], and other types of inorgariz12 213 and

organicmateriald214.
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2.9.5. Upconversion process

The concept of wponversion was first discovered by Auzel in the 1960s and has been particularly well
investicated for lanthanide and transition metal ions doped into 4@ids 21§. It is based on the
emission of at least one highly energetic photon by the absorptiao afr more incoming photons

by anup-converter layerThis can be obtained through variows-conversion mechasins as

summarized in figure-20.

H B
H '1/:’\+‘ & 4 T H H
i 1i A i 41s
n n I I n n I n n 1 1
(a) (b) (c) (d) (e) (N
APTE effect 2-steps cooperative cooperative S.H.G. 2-photon
absorption sensitization luminescence absorption
excitation
=107 5=10"  p=10"° n=10"% p=10"8 p=10"1

Figure 2-20: Energylevel schemes for various twghoton upconversion processes with quantu
efficiency normalized to the incident power (1 WPcrfiransitions between energy levels are indicated by
vertical arrows, an@urvedarrows connectinglifferent ions indicate energyansfer. Horizontal lines are

real energy levelR15.

From figure 220, the efficiency of theip conversioprocesses appears to decrease from left to right as
indicated by the efficiencyh) approximation The APTE (addition de photon par transferts

d 6 e n)eor EIU energy transfer ugonversion) proceds mostefficient mechanism followed

by a twastep absorptionyhich isalso referred to as ground state absorption (GSA) then excited
state absorption (ESA). APTE is a GSA followed by an energy transfen, wfitten GSA/ETU.

The APTE process, twstepabsorption and cooperative sensitization take place through real,
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existing energetic levels and hence gives higher efficiencies comparetthetocompeting
processes occurring through virtual levels such hes gecond harmonic generation (SHG),
cooperative luminescence and tpiooton absorption (TPA) or mujtihotonexcitation (MPE)
since thelatter equire high excitation energies. For instance SHG occurs only at excitation
intensities in the range of ¥ovm2[217.
For application to silicon solar cells, a large number of ideal materials are avadalenescent
up-converter layes; howeverthey should possess the following characteristics:

1 Absorption range higher than 1100 nBx{.12eV).

1 Emission that is lower than 1100 nm

f High up-conversion efficiency>103)

1 High transmittance of the ugonverted light.
For crystalline silicond-Si), Egis 1.12 eV (1110 nn{}19]] while amorphous forms of silicon have
wider bandgap energies, typically up to 1.7 eV . Other semiconductor materiaselar cells
have their Eg falling in this range, for instance®&(l.2 eV; 1033 nm), GaAs (1.4 eV; 886 nm),
and CdTe (1.5 eV; 826 nmi218 219. Organic solar cells may possess a diverse range of values
for Eg and typically have an absorption edge not lower than 1.5 eV. The Gra“tzel cell is based on
the use of TiIQ (Eg = 3.003.2 eV; 413387 nm); with a strategic choice of dye sensitizer, the

photocurrent onset can be reduced in energy to be as low as 1.35 eV (92Q@@&m)

2.9.6.State of art on the recent progress on doping on rare earth ions in the oxide
nanomaterials

Down-conversion presents the capability of cutting high energy photon into multiple lower energy
photons witlconversion efficiency reported being higher than 1Q0%6]. This enablsthe excess
energy ofthe high-energy photons to be reclaimed and absorbed into the solar cells thus
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minimizing the energy loss leading to improvement of solar cell efficiency. On the other hand, the
up-conversion process provides a potential to minimize transmission loss by converting two low
energy photons into one high energy photon falling withimmgeavherea photovoltaic cell has

high light responsivity. The doweconversion process is meant to enhance the solar cell efficiency
by improving its shortvavelength spectral response. These approaches eamabbereactthe
Shockl eyl Qu e i dimitofa singlejunti#zomsolartced D31% for norconcentrated
sunlight irradiation on a semiconductor material with an optimized band d2p 36 eV)[221].
According to Trupke et al.heirtheoretical model for uponversion of the solar spectrum showed

an elevated theoretical efficiency limit of a singl@ction silicon solar cell to as high as 40.2%
under non concentrated sunligBP?. This surpassébeShoc k|l ey T Que iDB8@er | i mi
Recently, lots of research have been published eanghdownconversion nanoparticles applied

in crystalline silicon, dye sensitized solar cells (DSSCs), organic solar cells (OSGls¢ anadre
nascenperovskite solar cells (PSO21, 223-225.

Wu et al. investigated the fabrication of a ZnG*Hhifunctional layer for use in the organic solar
cells[22§. The bifunctional layer is used as a spectral conversion layer agsvail electron
transport layer. To study the Ewoping influence on performance of the photoactivity, Zn®:Eu

was used as an electron buffer layer in layered organic solar cells with layer configuration
ITO/ZNO:EFY/P3HT:PG:1BM/MoO3/Al, and they showedn increase in the short circuit current
density (3c0) from 8.94 to 9.11 mA/cikwhen using ZnO and ZnO:Euas a buffer layers
respectively which was attributed aalown-conversion proce4227).

Yao et al. reported the use of rare earth doped ZnO in DSSCs famaiplowrconversion giving

an efficiency increment db5.13%[228. This enhancement was attributed to the increment in

light harvesting through conversion of the UV and NIR into visible emission. The champion
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DSSCs fabricated using «gonversion showed enhancement®aP.5% when sensitization was

done using black/N748ye andD5.5% with N719221].

Lidia et al.[229 also studied the correlation between the structure and the luminescencagwope

in Eu doped ZnO nanpowders prepared by sgel method. In their report there was simultaneous
green and red luminescence at an excitation wavelength of 394atording to this authorst

is possible to synergistically exploit the lemergy trasfer efficiency from the ZnO host to the

Eu’* centres for single or muitioloured emissiah using the correct choice of excitation
wavelength.

Accordingto study bySubramaniaet al[23( of the doping effects on the structural, optical and
electronic properties of Nd doped ZnO films prepared by spray pyrolysis technique, there was a
strong evidence for hybridization of Nd ions with O ianghe ZnO lattice. This wasbtained
usingNear Edge Xray Absorption Fluorescence SpectroscdgigXAFS).

Ungureanuet al[231]] repored on the electrical and magnetic properties of Nd doped ZnO thin
films which indicated a reduction on Nd doped ZnO resistiwiityr increasingfilm thickness
Shahmoradiet al. [232 fabricated neodymium doped ZnO hybrid nanoparticles under mild
hydrothermal conditionat1 50 eC wusing two surface modifiers
modifiers altered the morphology and size of the nanoparticles as well as the surface charges
increasing the nanoparticles stability. They reported a reduction in the band gap energy upon
doping with N&* increasing the feasibility of photodegradation in trsgble light.

Achammaet al, [233 reported on the luminescence properties in Ce embedded into ZnO
nanocrystals prepared by simple refluxing technique. The decrease in emission inmteéhsgg
materials wasttributed tathe formation of additional surface defects (surface bound sthts)

mediatechonradiative relaxatios
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Chaoet al, [234 reported on the effect of annealing on the properties of Nd containing ZnO
prepared by sol gel route. In their studies Naissionintensityat 899 nnwas observed teeach
a maximum upon annealing@t0 0 e C. Hi gher annealing temperat

phase segregation of Mok in the ZnO matrix

2.9.7. Rare earth metals used for doping of ZnO

2.9.71. Terbium
Terbium was discovered in 1843 by Carl Mosander and is named after Ytextiage in

Sweden, the place where this element was mined and harvested. It has an atomic number of 65 and
an atomic mass of 158.93 AMU with electronic configuration of [Xe&p<f

The trivalent TB"ion has been under investigation by numerous resgaocips[152, 235 as a

result of its potentias adopant for many solidtate devices such as light emitting diodes (LEDs),
fluorescent lamps and televisionresens and solar cells. When excited using wliodet
wavelength(244 nm) in this studythe TI8* ions in ZnO produced showed narrow emission lines

in both green spectral regiofhese lines have beetttributedpotentially to theD 4 YF; (J = 6,

5, 4, 3) transitionsvhile theblue spectral regiowas assigned to th® 3 YF; (J =6, 5, 4,3, 2)

transitions. Figure-21 shows a typical absorption and emissitmgramof Th** ions.
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Figure2-21: (a) Terbium ore (b) Schematic energy level diagram %iar236].

Previous studies on Tb doped oxides include: éfiial [23§ synthesized terbiurdoped zinc

oxide nanocrystals and reported on their structural and optical propertiesrshowed green
luminescence due to 4#f absorption transitiond.iu et al.[237] also looked at TiWloped ZnO

NPs synthesized through wet chemical route and reported on their PL properties. They attributed
relaxation of carriers from excited states of ZnO hosts to rare earth dagentsmission intensity

of Tb* centersvas observetb increase with incre@sy Tb content at the expense of the emission
from surface defect states in the ZnO matrix. €iaal. [23§ report on photoluminescence
properties of Tb doped ZnO showed strong UV emission. ddaked-shiftedUV emissionwas
attributedto defects and thpresence ofhallow energy levehduced byTb dopng.

Wu et al [239 alsoinvestigated the ferromagneficoperties of Thdoped ZnO nanocrystalline

films at room temperature. They suggest that the observed ferromagnetism was induced by Tb

incorporation into the ZnO lattice. They reportethagnetization saturation of about 0.B8sla
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perTbion. Zianiet al [24( reportedthe effect of annealing on the photoluminescence properties
of Th-doped ZnO films synthesizday radio frequency magnetron sputtering at low temperature
Their findings corroborateour observationghat annaling favors optinal distribution of the ions

in the matrix

2.9.7.2. Europium
Europium was discovered by Eugefietole Demarcay, a French chemist, in 1896. He ma@s

able to produce reasonably pure europium in X90de itusually exist as ores monazite sand
Trivalent europium ion (EY) is well known for reeemission as a result ife®Do Y ‘F» transition
[24]]. It has been widely used as a source of red light in preparing phosphors used in many light
emitting devices. Its potential dpgation as the source of red light in Eu doped GaN laser was
reported by Parket al[242. Shahroosvand, H.and Ghorbaniasl, M. [243 ascribed the
correlation betwen the red emission and the synthesis medbedo the efficient energy transfer
from the intrinsic defects in ZnO host to tB&*"ions Ther study also established that ttneee
peaksn the region ofDo-’F;emerged from the occupancy®i®* on thesurface lattice sites ZnO.
They proposed an energy transfeechanism shown in FigureZ2. The spectroscopic properties

of the Ed* ionsin this study were attributed the transitions between its it electron energy
levels. The righhand side gies the partial energy level of Etions, where the commadi¥L,
notion is used for the energy lev8l,LandJ referring to spin, orbital and total angular momentum,
respectively while the lefthand side shows ZnO host with basdiye emission and therface

defects emission.
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Figure2-22: lllustration of proposed emission mechanism i#f Boped Zn@243].

Other previous studies on Eu doped ZnO include: Peatas. [244], who reported green
luminescence of #81ZnO nanowiressingEu diffusion procesand theyobserved peakat about

515 nmwhich wasattributed to Eu. The thermal annealing of diffusion process caused a red shift
of the NBE emission from the nanowires. Najeffial, [245 study of the photoluminescence
properties of CVDXabricated Eedoped ZnO demonstratelde correlation between defect states
and energy transfer from t@@O host to the Eliions This interactiorwas posited ttead tothe
strong red emissiothereby collaborating the results A§sadiet al. [246 in the study on the

electronic, structural, and magnetic properties ctilBped ZnO NPs.

2.9.73. Samarium
The discovery of Samarium began with thecdigery of cerium in 1803. This was suspected of

harbouring other metals, and in 1839 Carl Mosander claimed to have obtained lanthanum and

didymium from it. Although he was right about lanthanum, didymium was not true. It was until
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1879, that PadEmile Lemq de Boisbaudran extracted didymium from the mineral samarskite. He
then made a solution of didymium nitrate and added ammonium hydroxide. Samarium itself was
eventually to yield other rarearths: gadolinium in 1886 and europium in 1901. It has an@hectr
configuration[Xe] 4f%6s® [247]. Previous stud&on Sm doped ZnO includkin et al, [24§
repated the PL behavior of Sthdoped ZnO (ZnO:S#i) synthesized by the hydrothermal
method.They reported that thglight substitution of SAi into the Zn site enhanced the lattice
distortion and increased the amount of defects, which suppressed the excitonic emissi&n. Piao
al. [249 also investigated th&erromagnetigroperties of Sadoped ZnO nanorods produced via
hydrothermal method. Thegbservedferromagnetic coupling in all the samples and for high
doping concentratian The segregation or formation of small clustefSmwasassaiated with

the observed ferromagnetic signal excyait Sm substitution induced ferromagnetic ordering.
Tsuiji et al.[25(Q also investigated the photoluminescence properties edi&mad ZnO using the

CVD technique. Inheir PL measurements of annealed ZnO:Sm, sharp emission lines from intra
4f transitions in SAT ions were observed at room temperature under the excitation energy above

the band gap energy of ZnO.

2.9.8 Applications of 210 and rare earth doped ZnO isolar cells.

2.98.1. Organic solar cells
A typical OSC is made of an active layer, charge transporting layers and electrodes. The active

layeris composed o& p typeandan n-type material blengvhich servesa dual purpose in the
device namelwsalight harvester andimultaneously aa preferential charggeparatg/transport

layer. Figure4-23 shows a representation of the working principle of organic solar cells.
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Figure2-23: Band diagram andhain processes in Organic Solar Cells: 1 Absorption of photon followed by
exciton formation; 2 Exciton diffusion; 3 Charge separation; 4 Charge extrg@8ign

Upon light absorption by the active layer, an electron is excited from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) similar to the
process of promotion @nelectron from the valence band to the conduction band experienced in
inorganic €miconductors. This results in tfeemation of a tightly band electrorhole pair called
exciton with a relatively large binding energy (Ql3V)[251]. This exciton then diffuses to the

D/A interface where the potential difference enabie overcome itshinding energy andt

dissociatsinto free electrons and holes which then collected at respective ele¢268&54).

2.98.2. Perovskites solar cells
Perovskite is a name derived from the Russian mineralogist L.A. Perovski. It has a particular

crystal structure with the ABXformula (X = oxygen, halogen).The larger A cation occupies a

cubooctahedral site which shares with 12 X anions while the smaller B cation is stabilized in an
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octahedral site shared with 6 X anions. The intensive interest into perovskites is motivated by the
dramatic improvement in its performance that stunned the entire photovoltaic ciynfram

~3% to ~2294255-258 (certified 21.02%4257]), merely in a short span of less than 10 years.

The highly investigated perovskites are oxides as a result of their electrical properties of
ferroelectricity or superconductivity. Halide perovskites on the dthedreceived little attention

until the report on the layered organometal halide perovskites was found to exhibit a
semiconducteto-metal transition with increasing dimensionaligs9. In addition to changes in
electrical properties, the band gap decreased with increased dimensionali@Cfrtor8D. A

narrow band gap is beneficial for solar cell applications. Bagk [26( havereporteda PCE of

6.5% using CH3NH3PbI3 applied as an inorganic sensitizer in dye sensitized solar cells
applications. Using Ti®@film thickness of aboet 3.6 mm aghe transparent conducting layer,
CHsMH3Pbk perovskite reported absorption coefficient which was 10 times greater than that of
the conventional rutheniwimased molecular dye. Figure28 shows the working principle of a
perovskites solar cells.

Contrary to OSCs, the absorption of photons in perovskite materials within PSCs does not lead to

the formation of a large lifetime exciton.
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Figure2-24: Band diagram and main processes and Perovskites solar cells: 1 Absorption of photon and
free charges generation; 2 Charge transport; 3 Charge extra@idr.

The most common active layer material is the methylammonium lead iodide perovskite |BYIAPb
put between electron transporting layer (ETL), usually mesoporous, but also planamt@ole
transporting layer (HTL). In the standard device configuration, the front transparent electrode is
FTO-coated glass and the back electrodetieermallyevaporated gold lay¢R61]. In our studies

the fabrication involves the use oFRputtered ZnO thin films as a proof of concept.

2.98.3. Dye sensitized solar cells
The name implies that its working mechanism is based on the phot@etherhical processes.

Figure 225 depicts an energy diagram of a dynsitizedsolar cell. The working principle of dye
sensitized solar cells (DSSC) basedon the photo generation of an electron by a ayd its

injection to the semiconductor. This principle of operation is ttkphotosynthesig220.
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Figure2-25: Energy diagram of the working principle of a dye sensitized sol§226|l

Upon photo absorption, the dye moleculesidergoexcitation from their ground statéS) to a
higher energy staté&(). The increased internal eggrofthe excited dye molecutmmensurate
to the conduction band of the dye adsorbed semiconductor enables the electron to be efficiently
injected into the semiconductdr262). Photoabsorption can also be representetiédgxpression
of equation 427.
s Secscccs. 22
The process of photexcitation of thedye molecule $) analogous to the oxidation of the dye

molecule and it is presented in the form:

* rrrrrrrr
S% S+eéécécééé. 28
The injection of Ectronsinto the semiconductor enhances their mobdityhis energy levellhe

subsequent chargeansporto the anodés mediated byliffusion processe® produce a potential
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difference or photocurrent in the presence of a |ddd oxidized dye motaile &) is again

regenerated bglectron donation from the iodirin theelectrolyte as per equatior24.

s++%|'-s% 6éé6b66666. 20

2.9.9. Parameters used in the various solar cells

The main parameters used in characterization of solar cell performance include; peaR-pewer
short circuit current densitysc, open circuit voltageVoc, fill factor FF and thePower conversion
efficiency. These parameters are obtained from the illuminated as well as\daharacterisc

as defined by equations34 to 4-34 given below

Figure2-26: TheJV characteristics of solar cell in the dark and under illumination the equivalent circuit
diagram.
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Assuming that the solar cell behaves as an ideal dioddethee characteristics shown on figure

2-26 can be expressed as follows:

qVv
Short circuit Current density= Jg. -Jo(e/‘EsT Heéeée. 312
WhereJois a constant, q is electron charge while V is voltage across the terminals

KgT

Open circuit current density,. = In(% 1) ééee -32

(o]

. J N . . ..,
Fill factor, FF =—"mx &8 6 6 ¢ ¢ ¢ ¢ é é € é 2-33
SC " oC
) . P J__V J F, , .., ..
Power conversion efficiencyy = T2 —max max ¢ ggegeeeée. -32
Rn JSCVOC Fi)n

The efficiency of the solar cell is also affected by resistive effects that usually leads the dissipation
of power in the resistanceBhe most common parasitic resistances are series resistance and shunt
resistance. The value of series resistance depends on the resistivity of the metallic contacts and the
surface layer while the shunt resistance value depends on the junction constAurcteeal solar

cell has an infinite shunt resistance while the series resistance is zero.

Thecurrent densifiyvoltage (i V) characteristics were obtained using HP 4144 measure
unit (SMU) under 10 mW/cnt illumination (AM 1.5G). All the measurements were carried out

at room temperature under standard conditions
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Chapter 3: Film Growth Methods and Materials Characterization

In this chapter, a brief description of the different techniques used in the growth and
characterization of thin films will be presented. The thin films growth techniques discussed include
RF magnetron technique, thermal evaporation. Particle morpholegyeetal composition, and
structure of the pristine and Al and Rare earth doped ZnO were studied using scanning electron
microscopy (SEM), Rutherford Backscattering spectroscopy (RBS), energy dispersive
spectrometer (EDS), and-Ray diffraction (XRD). Theoptical properties were studied were
studied using th&JV-Vis spectroscopy while optical reflectance to attduitkness, refractive
index, colorwere analyzed using FRasicVIS/NIR fitted with FRMonitor softwaréor fittings.
Luminescent properties weseudied using a fluorescence spectroscopy and the data was collected
both at room temperature. The current densitifage characteristics of all the devices were
measured by a computer interfaced HP 4141B Source Measure Unit (SMU) under 100°mW/cm

illumination (AM 1.5G).

3.1. Thin films deposition methods
Thin films of rare earth ion doped semiconducting metal oxides can be prepared by a wide range

of preparation techniques, mainly classified into (i) Physical Vapour Deposition (PVD) methods
and (ii) Chenical Vapour Deposition (CVD). PVD methods include DC (Direct Current) and RF
(Radio Frequency) Sputtering, Pulsed Laser Deposition (PLD), Electron Beam Evaporation,
Thermal Evaporation, Molecular Beam Epitaxy (MBE) etc. Thin film preparation by chemical
route includes Chemical vapour deposition (CVD) and their derivatives like metal organic
chemical vapour deposition (MOCVD) and halide vapour phase epitaxy (HVPE), low pressure

CVD (LPCVD), atmospheric pressure CVD (APCVD), $el, electro deposition etdmong all
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the PVD techniques, the RF magnetron sputtering, (industrial viable technique) is superior to the

other techniques and was subsequently used in the deposition of films discussed in this thesis.

3.2. Thin Film deposition techniques used in thisneject.
3.2.1. RF magnetron sputtering

Sputtering is a type of Physical Vapor Deposition that is based on the principle of momentum
transfer to remove neutral atoms from a target. Magnetron sputtering of transparent conductive
oxides (zinc oxide) is a prasing technique which allows the deposition of films at low
temperatures with good optical and electronic properties. A special advantage is its scalability to
large areafl]. The planar magnetron sputtering source was invented at the beginning of the 70s.
Only some years later magnetron sputtering was aesédblished commercial technique for the
deposition of metals and optical films. Much later the urge for high qualitycenducting thin

films saw the use for the deposition of semiconductors (transparent conductive oxides (TCOSs).
The fundamental difference between magnetron sputtering as a plasma process and thermally
excited thinfilm preparation methods (evaporatiaiemical deposition methods) is the much

higher energy input into the growing film, that can be achieved by magnetron spyzefihg

3.2.2. Basic Principles of RF sputtering

Figure 31 shows a pictorial view of the RF sputteringgptused for film deposition while figure

3-2 gives the schematic representation.
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Chiller forcooling the
magetron

Figure3-1: Photograph 6vacuum system used in the present study and view of inside the deposition
chamber.

The material to be deposited (target) acts as the cathode and is connected to a negative voltage
supply which could be either direct current (DC) or radio frequency (Ri€) substrate is placed

on a substrate holder and it can be grounded, floating, biased, heated, cooled, or could be a
combination of these. The substrates are placed directly facing the target at a distance of 6 mm.
This setup is placed inside a vacuunsteyn which is pumped down and maintained at high
vacuum. An inert gas Argon is introduced into the system as the medium for glow discharge. This
is because an inert gas like Argon has its metastable energy greater than its first ionization potential
which helps in producing a sufficient supply of ions for sgifittering. When this glow discharge

is initiated, ions with high kinetic energy strike the cathode and the subsequent collisions knock
loose the neutral atoms from the material by momentum tranBfieise neutral atoms then
condense on the substrate to form thin films. The principle of momentum transfer used to deposit
materials has made the sputtering technique very attractive. Figireh8ws the schematic

illustration of the sputtering process.
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Figure3-2: Schematic representation of a RF magnetron sputtering syjgdiem

When ionized gas species {Ahit the target, an atom is ejected from the surface as a result of
momentum transfer from Arions to the target atoms through a collision cascade in the near
surface region of the target usually about 10 A. The average number of sputtered neutral atoms for
every Ar ion is described as the sputter yi&€ldVith an assumption that the kinetic eneogyhe

incident Ar ions isEions< 1 keV, the sputter yield is expressed by Sigmdidh equation 31 for

amorphous and pycrystalline targets.

— 3a 4Miotharget E|on
S=, g 6e666. 13
p ('\/Iion-i-lvI )

sub
target

H . Ml t
whereUsu is the heat of sublimation of the target material, ar%M—g usually have values
oM,

on

ranging between 0.2 and 1.4 depending on the tamgeh mass ratio.
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From equation 4, the sputter yield is proportional to the ion energy, but inversely proportional

to the sublimation energy of the target material, some sputter yields of various materials are
reported in Ref5]. Generally compounds such as nitrides and oxides (such as ZnO) have lower
sputter yields than pure metals. This is because the compounds materials possess higher

sublimation or binding enerd¥].
The energy distribution of the sputtered neutral atoms is described by equafidh 3

4 E E ,,,,,,,,,,,,,
f(Esput) —= M _¢éééééééééééée 2
(ESB+E5put)

whereEsputis the energy of the sputtered partided Esg is the surface binding energy of the

target atoms. FoEsput larger than thdesg f(Espu) decreases a%z . From equation 2, the

sput
energy distribution is independent of the energy of the incident ions. The maximum in this
distribution occurs wheBsput= 1/2Esg, which is about 0182 eV for most metals. Thus, if the mean

free path of the sputtered atoms is sightly large to avoid collisions, the majority of sputtered
atoms reach the substrate with kinetic energies in the rang@@&Y. However, due to the high
energy tail of the energy distribution, target atoms with even higher energy also impinge on the

substrate.

Apart from the sputtered target atoms, the film being grown is also hit by backscattered neutral
working-gas atoms, which are vital as a result of their relatively high kinetic energy. On striking
the target, part of the gas ions are neutrdliaed reflected because of the binary collision with
target atoms. The energy of these backscatter

equation 33[g].
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2
_ a G
Eneutral = Eionar} - cééééeeeéé. -33

ion 7 V) targer
whereMion, Eion andMiarget are the mass and energy of the incidentigagsind mass of the target

atom, respectively.

The proportion of the neutrals that arrive at the growing film have an energy corrected for losses
during collisions with the working gas. However, due to the broad energy distribution of the
impinging Ar ions, the energy distribution of backscattered neutrals will also be rather broad and
the average energy is typicallyidD eV[9]. Therefore, the calculated values using equati@n 3
should be considered as extreme values. Winterg @0htalculated the ratio of the energy carried
away from the target by reflected neutrals to that carried away by sputtered particles versus the
incident ion kinetic energy.

From this discussion, the sputtered atoms and reflected neutrals are far moeticetieag for
example evaporated atoni3@.1 eV) during thermal evaporation. Therefore, the atoms impinging

on the substrate using sputter deposition system are relatively more energetic with higher adatom

mobility.

3.2.3. Advantages of magnetron sputteng

When compared to other thflm deposition methods such as thermal evaporation, chemical
vapour deposition (CVD) or spray pyrolysis, magnetron sputtering has the following advantages:
1 low substrate temperatures (down to room temperature)

1 good adhasn of films on substrates

=a

high deposition rates (up to 12 um f11].

=

Very good thickness uniformity and high mass density of the films.
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1 Good controllability and longerm stability of the process.

1 Alloys and compounds of materials with very different vapour pressures can be sputtered
easily without preferential sputtering oparticular component.

1 By reactive sputtering in rare/reactive gas mixtures many compounds can be deposited
from elemental (metallic) targets.

1 Relatively cheap deposition method

1 Scalability to large ared42].

3.3. lon implantation of Rare earth ions
lon implantation is a common technique used to ipo@te foreign ions into a host materi@hen

an energetic ion impinges upon the surface of condensed matter, it experiences a series of inelastic
and elastic collisions with atoms along its path. This results in the loss of kinetic energy of the
projectie and excitation of the solid material as well as momentum transfer between the interacting
bodies[13]. Implantation has a number of advantade$:

1 Speed, homogeneity and reproducibilifytlee doping process.

9 Exact control of the implantation fluence by integration of the beam current.

1 Isotopically selectively ion beams due to mass separation.

1 Possibility to exceed the solubility limit by operating far from thermal equilibrium.

1 Simple making methods to make lateral patterns for devices.
The energy |l ost by the projectile as it travel
defined as the energy transfer per unit path length of a particle along its trajectory and denoted by

equation 34.

s(B= 9Eceeeeees. 43
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Where the negative sign indicates an energy loss change along the path length.
Consider maximum possible energy transfer during collision fbnbeand target atoms per unit
volume to beNions, thenthe stopping power is given by equatich.3

_% = Nionsfimaxde € € € € € é¢é 3
whered the differential implanted cross section by the trajectgys is also called the implant
density. Expressing equatiorbdn terms of the atomic density, thEigns can be approximated as

a Gaussian range distribution as predicted by Lindhart, Scharff and $tBjajiven by equation

3-6.
N(X)— -/ expg RS 8
- eeeeeeee -
RV g

wherej i s t he i Bpisthk standard deviations®r the mean projected range (projected

range straggle) defining the posit Rdemeah t he
perpendicular penetration depth also known as the projected range taedion depth of

penetratior{16].

3.3.1. lon range

As the incident ion travels into the solid target matrix, it encounters multiple collisions with the
Ssubstratebdés atoms hence does not travel |inea
R(E), therefore defines the total integrated distanceoth&avels through the solid before coming

to rest[17, 18] and is defined by equation?3

whereS,(E) andS(E) are the nuclear and electronic stopping powers respectively.
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The projected range defines the net perpendicular peakpositoas ur ed from t he t a
or in other words, the mean penetration depth relative to the surface. However, due to the statistics

of the process, not all the ions reach the same depth and the ion distribution obtained after
implantation can be apptonated by a Gaussian distribution being characterized by mean
projected rang&, and t he Rp(E)defngd im eqgatioeeB [17, 19, 20]. The depth

distribution of implanted ions is as shown in figur&.3

Substrate
lon Beam o&—»
Zi.my Z;m
A A
(a) miam2 (b) my-ma
7 .
Z z
5 :
R(E
- (€) 2 (€)
- ~
c 4 ©
E ARy §
3 S
<> > < > >
Re Implant Depth (x) Re Implant Depth (x)

Figure3-3: Depth distribution of implanted ions in a target for; (a) the ion mass mMass m of the
substrate [19]. The mean depth Rp depends onlyamnohEg K SNB | & kwlLlk wlL) R8mISy Ra 2y

3.3.2. Implantation procedure

During ion implantation, ions of desired species (Sm, Eu and Tb in our case) are formed by
stripping electrons from source atoms (83 ZnO (97%): Eu (3%) and ZnO (97%): T8%)

sputter target respectively), in the plasma. They are subsequently extracted and mass selected by
an analyzing magnet before being accelerated towards the target via a potaditaitgolumn.

The ion beam iscanned over an area and the samplestariplanted is positioned in the end
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station withn the scanned area of the beahhe ions are usually injected at the cost of some
structural damage to the crystal lattice of the target as discussed in the beginning, forming
vacancies and interstitials the target. This structural disorder can be removed by a subsequent
thermal annealing process in an inert atmosphere at high temperature, which also helps to segregate
the implanted species and the host material phases. Accurate tailoring of the depitreand
distribution and the concentration of implanted ions can be achieved by controlling implantation
parameters (ion energy and flux and beam current) and annealing parameters (temperature, time
and atmosphere condition®1]. A schematic representation of the generation and control of the

ion beam isshown in figure 24 [22].

Variable Slit for Beam Control

Analyzer Mapec\\ Vertical Scanner
2
\ J

| == N
Horizontal Scanner

Acceleration Tube

Wafer (Target )

Figure3-4: General schematic of an ion implantation equipment
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3.4. Substrate Cleaning
Substrate cleaning is a crucial step in the preparation of high quality thin films as well as for high

adherence to the substrate. In the present study, we have used silicon (100), ITO coated glass and
guartz substrates for all the analysis. Firstly all the samples were cleaned by normaihenater

the silicon substrates were separately immersed and nirsseg deionized water. They were
subsequentlgleaned by an ultrasonic cleaner in an ethanol alcohol bath for 15 minutes and then
washed thoroughly with deionized water and allowed to dry with nitrogen flush. These quartz and
ITO substrates were first tin small pieces measuring 125 for ITO each piece had a portion

wet etched through a reaction between the HCI and Zn paste embossed on the film. The etched
ITO and cut quartz were then uksanicated in a soap solution then rinsed thoroughly imdasd

water bath. After rinsing they were cleaned in acetone bath for 15 minutes, rinsed in deionized
water followed cleaning in ethanol solution for 15 minutes. Finally they were rinsed in deionized
water bath for 15 minutes and then allowed to dry wittogen flush. The main aim of cleaning

the substrates by acetone is to remove the inorganic/organic impurities respectively and finally
acetone is removed by ethanol cleaning. Ultrasonic cleaning in deionized water bath was done to

remove any other forefgparticles that stays on the surface of the substrates.

3.5. Thermal Annealing of the films
After the RF thin film deposition, the annealing treatment was an efficient approach to improve

the crystalline quality and optical property ofdeposited filng[23, 24]. A commerciabnnealing
furnace (Carbolite Gero model) was used for fiasitment of the deposited films under various
gass atambient pressure. It is most often utilized in laboratories as a compact means of creating
suitable postreatmentigh temperature atmosptes. The furnace can be fipea-turned to hold

and stable temperaturesthe rang&00-1 0 0 Oat ageSolutionot5 e C. These wer e
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temperature range used in this wofke films were placed in a quartz glass boat before inserted

into a ceranic tube of dimensions, 10 cm in diameter and length 75 cm. The samples were placed

at the centre of the zone furnace for homogenous temperature distribution. The Alumina tube was
subsequently sealed using vacuum sealing flanges prior to the bleedirigpgémigas in the
furnace during annealing. Annealing was carr.i
point temperaturt the desired set point temperaturbe fluctuations at the set point temperature

were marginal for high annealing tematerres (= 5¢C) due to the high sensitivity of the PID
programme parameters at these temperature ranges. The annealing process is summarized in figure

3-5 while table 31 shows a summary of the conditions used in this work.

Q
O A
i) Safety temperature
Overshoot 4_%_ _______ I ..........................................................
© Set annealin
Undershoot ‘\_::__7 ______________ :_ _______________________________________ temperature g
‘ Ramping at Cooling at

MA e/ KYAY Mn e/ KYAY

¢ SYLISNI

v

(a) (b) ()

Time (hours)

Figure3-5: Summary of furnace annealing process where (a), (b) and (c) depicts the ramping, dwelling and
cooling time respectively.

113



Table3-1: Posttreatment parameters of furnace aealing used in this study
Quartz glass,

Substrate pt ype silicon

ITOB060 q/ sq),

Gas flow rate N2 at about 100 sccm
Temperature 3001000 eC
Annealing time 0.52 hours

3.6. Thin film Characterization
3.6.1. Film Thicknessvleasurement

The film thickness measurement was carried out using Filmetrics F20 shown in figure 3

Figure3-6: The Filmetrics F20 instrument used for thickness measurements
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Principle behind Filmetric20

Considering a thin film of ZnO on Si substrate as shown in figufetBe monochromatic light
incident to the filmsubstrate system of optical constamisandk; for the film andn, andk for

the substratendergoes reflection and transmissiothair interfaces and in the media. The light
that is simultaneously reflected and transmitted through the thin film and then again transmitted
and back reflected at the Zr®) interface experiences a phase shift that is determined by the
difference in thepath length of the two reflections at the-ZnO interfaces. The quantitative

aspects of these reflections can be combined as shown in equ8tion 3

Wheren is the refractive index andlis the thickness

Incident Light Reflected Light

n Air

Figure3-7: Representation of light reflectance from two layers

Reflected light from ZnO and Si thin film will interfere with one another and form a new wave

that is sent back to the spectrometer withinrmi on about the fil mdés t
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i ndex. The filmés thickness, opti cal constant
periodicity of the measured reflectance spect
reflectancevesus t he wavelength of | ight, where 1 i s
properties are approximated using mathematical models defined irf2Befwvhich shows

refractive indexn) and extinction coefficienk) change in a material over a range of wavelengths.

The mathematical model uses theoretical values for thickmessnd k used to calculate a
theoretical reftctance spectrum and adjusts the calculated spectrum until it matches the measured

reflectance spectrum for instance as shown in figeBe 3

JE==——————"1 FILMETRICS
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Figure3-8: An example of reflectance spectrum showing both rad/fitted (calculated) spectrum.

3.6.2. XRay Diffraction Studies (XRD)

In Grazing incidence Xay diffraction (XRD) and Xray reflectivity (XRR) measurements the thin
films are subjected to-Xay radiation. Xray radiation used in these measurementsisisnsf X-

ray photons from the i:line of copper with wavelength 1.5405[46].

The concept of the Xay diffraction in crystals is derived from elastic scattering processes where
the scattered Xays have the same wavelength as the incident beam but have momentum
transferred in the scattering process. These scatteragisxcarry inbrmation about the electron
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distribution in materials and are produced by elastic scattering only when certain geometrical
conditions are fulfilled27]. By measuring the angle and intensity of the output radiation with
respect to the incident, the structural properties of a sample can be determined whaxentiuen

intensity can be described by equatie8.3

QR_Jrke ¥, . .

20 a eéeéeeéeéeéeé. 93

Where Q is the vector of momentum transfer also called scattering veQteiS(-$, SandS
describes direction of incident and outgoing beam respectivedy)can be expressed as in

equation 310.
—4psin ¢, .
|Q|— / qeeeeeeeeeeee..-103

The wavelength of the incomingray @), the scattering angled) and the ¢ystal properties

(represented by the Miller indices) are related using equatidn 3

- a S . s s s s s
/—msmleeeeeeeeee. -113

But since the distance between two adjacent pldag®r a cubic lattice is given by equation 3

12, equation A1 can beexpressed as equatioril3.

/////////

2 Singg= 16 6 6é6é6é6é6éééé. -133
This is the Bragg relation, whede is the Bragg angle which is the position of maximum reflected

x-ray intensity. For an-xay plane wee scattered from an atom plane in a crystal with a spacing

of dnu between the planes, the phase shift of the wavedssx® for any angled. However
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constructive interference can only be realized when the phase shift is equal to a multiple, n, of the

wawelength as expressed in equatieb43

A So

Figure3-9: The geometrically descriptiaf the direction of the diffraction beam due to the constructive
interference between atoms located on the planes with interplanar spacing d(hkl).

The setup for & / Zcdn is shown in figure-BO. Because the scattered intensity depends on the
distancebetween the sample and detector, the detector is moved on a constant radius hemisphere
around the sample. Any intensity variations are thus mainly due to-feaple interactions.

During the scan, the angle of the incoming beam and detector angle wébtriesfhe sample is

varied, but kept equal to each other, Hgeoming = detector With maximum intensity occurring

when equation -34 is satisfied. The width of a Bragg reflection peak also provide information
regarding the crystallite size and disimn of the crystal structure such as micro strain and

dislocations.
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Figure3-10: A sketch bthe instrumental setup for d/2d scan

In the case of thin films, the penetration depth aB){s mostlyexceeds the thickness of the film.
This causes a large fraction of the intensity to reflect from the substrate. The path travelled by X
ray in the samp@ can be significantly decreaség utilizing small angles of incident. This
technique is known as theaging incidence Xay diffraction (GIXRD), and it makes it possible

to obtain depthresolved structural informatmoby probing the sample under shallawgles of

incidence.

3.6.3. Raman Spectroscopy

Consider a monochromatic light incident onto a samntbie light may be absorbed, transmitted,
reflected or scattered. The scattering maynb&stic (Raman) or/and elastic (Rayleigis)shown

in figure 311. Raman spectroscopy is a riomasive scattering technique used for chemical
analysis or in solidtate Physic$28-3Q]. It is based on the Raman Effect where frequency of a
small fraction of scattered radiation is different from frequency of monochromatic incident

radiation. Raman spectroscopy was named in the honor of its inventor, C.V. Raman, who, along
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with K.S. Krishran, published the first paper on this technique in 1928 who observed that a minute
fraction of the incident light was shifted from its initial wavelength upon interacting with a liquid
under observatiof31]. In this project the elementary excitations are vibrations, particularly
Raman active lattice vibrations (phonons). Raman spectroscopy then provetestadbe lattice
dynamics of a sample and therewith delivers information on structural properties. In a typical
Raman spectrum, the intensity (proportional to the number of photons of a certain frequency
reaching the detector) is plotted against Raméh (ffequency difference between the scattered

light and the monochromatic excitation source).

,_g A excited clectronic state
Y ¥ R N virtual clectronic states
hoy hos, hay he,”
' excited phonon state 0,
hﬂ" Y phonon ground state 2 ~ 0
Anti-Stokes Rayleigh Stokes Resonant Stokes
Raman scattering: scattering: Ramuan scattering:  Raman scattering
Encrgy of bt A hos, e, o
scattered light: o+ he, - v oy =hid,
Raman shifi =N, 0 A, A,

Figure3-11: Energy diagram for inelastic (Raman) and elastic (Rayleigh) scattering.

In this study Jobif¥von T64000 spectrometer was used with a triple monochromatic dispersive
system as shown in figure12. Laser light is first incident to the spectrometer using an Olympus
BX40 microscope attached to the spectrograph. Scattered light from the film retoughtkite
microscope into the spectrometer where it is processed. The processing involves the single
spectrograph mode where light is directed to a holographic notch filter. This filter suppresses the
elastic scattered light but allows the Raman scattégbtito pass through. The transmitted light

then passes through an entrance slit and falls on the grating where it is digggfsdde
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dispersed light falls on the Charge Coupled Device (CCD) detedich detects the scattered

light thus producing a spectrum. The CCD is made of ABBpixels where each pixel is a silicon
photosensor. Scattered radiation falling on the pixels produces photoelectrons in numbers
proportional to the radiation intensitiyn order to achieve optimal spectrometer performance, the
CCD is cooled to 140 K33]. The output from the detector is analyzed on a computer using

Labspec scientific software supplied by Jelvon.

Ar'/Kr' LASER

Lateral entrance

Stage 2

/
Pre-monochromator S, , @:@
\
Stage 1 (-:.1

Figure3-12: Optical diagram of JY T64000 monochromator in a tripkditid and subtractive mode
(adapted from the Instruction Manual for the Jobmon T64000 Raman Spectrograph).

3.6.4. Chemical Compositional Analysis

The elemental composition of the thin films in this research study was first determined using EDS
spectroscopy. (EDS/EDX) is a chemical microanalysis technique used in conjunction with

scanning electron microscopy (SEM) (see sectiér63or SEM description).
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As elaborated in the SEM discussion, when a sample is bombarded by electron beam from the
SEM, the i1incident beam of el ectrons interact
transferring sufficient energy to it, thereby ejecting electrons from the surface creating electron
vacancies which are filled by electrons from a higher state. In eodéalance the energy
difference between the electron states, aRay is emitted as illustrated in figurel3. Such an

x-ray usually possess an energy which is a characteristic of the element from which it was emitted
[34]. Since various atomic energy levels have wlefined nature, the energies and related
wavelengths of the set ofrays emitted will have characteristic values each of the atomic

species present in a sampsg] as shown in figure-33 (a) and (b).

(a) (b)
Electrons
X-ray spectrometer

K, X-ray

K a X-ray
—> &

Electron Dislodged from
K-shell
~ iZone of primary electrons Zone of fluorescent Excitation|
Incoming electrons

Figure3-13: (a) and (b) Characteristieray radiation

Once xrays are emitted they are directed to an EB@yxdetector used to measure the relative
abundance of emittedrays versus their energ$6].

The spectrum normally plots the intensity of the peaks corresponding to the energy levels for which
the most Xrays are collected. Each of these peaks corresponds to a particular atom, and therefore
characteristic of a specific element. The intensity of a peak in the spectrum corresponds to the

elemental concentration in the filf@5]. Spectroscopy has the following limitations:
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1 Energy peak overlaps among different elements, particularly those corresponding to
x-rays generated by emission from different endeygl shells (K, L and M) in
different elements. This prohibiteithe separate detection of various rare earths
elements which were all detected as RE as shown in figlide 3

1 EDS cannot detect the lightest elements, typically below the atomic number of Na
for detectors equipped with a Be window.

1 Low peakto-backgroundatio.

1 Due to surface sensitivity, bulk analysis is complicated.

Smions in ZnO

LN LI B B D L I B S S e L S S L B A B B

1 2 3 4 ) 5} 7 8 9
Full Scale 479 cts Cursor: 0.740 (43 cts) key

Figure3-14: Example of an EDS spectrum of ZnO implanted with Sm rare earth.

As a result of the above limitations, the films were charamdrusing Rutherford backscattering
spectroscopy (RBS) technique discussed in the subsequent section which was able to report the

elemental composition at different depths below the film surface.
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3.6.5. Rutherford backscattering spectroscopy (RBS)

Rutheford Backscattering Spectroscopy is a +{u@structive technique that involves the
irradiation of the sample being investigated using a monoenergetic MeV ion beams which are
usually eithetH* or “He" beams Upon hitting the target (sample), the ions peadtra particular

depth where they are backscattered to the surface. The ions are then collected by a detector analysis
system where their energies are measured. The yield and energy of the backscattered ions allow
for quantitative analysis of atomic coogition and deptprofiling. The total energy loss of the
scattered ions can be categorized into three parts corresponding to the energy loss prior, during
and after the scattering event. Theoretically RBS develops from the elastic scattering of the
incident ions as a result of the Coulomb repulsion between the ions and the target atoms. An ion
with initial energyEo and mas$/; is backscattered with an energyby the target atom of mass

Mk (initially at rest). The expression for this interaction is given by Equatibh &d summarized

to equation 316 [35].

. 2,
_ = M cosf+M? M’ sif £ C
E; = Epee M deééeé 35
Q i t -

wheref is the scattering angle arKiM‘ (7) is the kinematic scattering fact@, andE1 represent

incident and backscattered alpha particle energies respectively as elaborated inIguidn&
energyE: may be used to relate the depth atohtthe particle scattering took place as shown in
section 3.6.5.1.

The Rutherford Backscattering Spectroscopy (RBS) measurements were carried out at the

University of Pretorid South Africa.
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» Recoil Target Atoms

Figure3-15: A schematic illustration of RBS experimentalugetised in this work

3.6.5.1. Depth profiling
After scattering at a dep#y the particle loses energy as it traverses the sample, hence Energy

E as shown in figure-36.

N
x
Lo

%

m

- -

Figure3-16: Schematic illustration of backscattered alpha particles and energy loss at a depth x.

From figure 316, the energ¥ immediately before scattering is related to the incident path length

%Osql of the incident path by equationld.

125



E
oy AUE/(dEd) 6 eecée. 13

According Chu, W. K.et al.[37], the total energy loss of a particle scattered at a depth with
assumption that the energy IoédE/ dX) stays constant along both the inward path (surface
approximation) is given by equationl3.

DE KBy B [§r6é6¢é¢eéé. -183
Where[S] is the energy loss backscattering factor defined by equatién 3

_ K _dE; K dE/id & & & & & )
[S]_—cosq ax (N *oospaxoneéeée. -193

This energy loss factor has information relating the energy to the depth at which the scattering
took place. It can be applied in converting the energy measured directly into a depth profile using
numerically aibulated values of stopping powgss, 39].

The energy difference equationl9 can be ravritten in terms of the stopping cresection as

shown in equatin 3-20.
DE 4y|Nyéééé6é6é6éééé. . 6203
WhereN is the density of the atoms arﬁ,d] is the stopping crossection factor defined by

equation 321.

_e K R
[y]—@y;n sy bt eéeeée 2l

Wherey i, andy gt are calculated & andKEo
In this study we usefHe" ions of energy 1.6 MeV as projectiles for studying the elemental

composition and penetration depth of rare earth doped ZnO. These charged particles were

produced from an ion source then accelerated across the accelerator tube. The current was kept
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low at15 nA while the target chamber was kept at a pressuté B 4 Pa. The backscattered
particles in the target chamber were detected using silicon surface barrier detector where the output
voltage from the detector is proportional to treckscattered projectiles energy. The amplified
output voltage was then converted into a digital signal in the-chdinnel analyzer (MCA) which

reports an output of Yield (count) against channel number. The channel number and yield are
proportional to he amount of backscattered energy and particles of the particles respectively. A
typical RBS spectrum for the sample analyzed in this work is presented in Figure 3.17 below.

Energy (MeV)

0.4 0.6 0.8 1.0 1.2 1.4
60

—

50

40

Normalized Yield
=

lll.llI.III.III.II.IIIII.III.IJI.III.I
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(} L] T L] ] I T T 'Ig I L1 L] H L1 L] ] L]
100 200 300 400 500

Channel

Figure3-17: Typical RBS specinufor ZnO thin film
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# Thickness
1 70.00 nm
2 33.00 nm
3 9.00 nm
4 2000.00nm

Sublayers  Composition . ..

auto Zn 0.602 O 0.398

auto Zn 0.632 O 0.418

auto Zn 0532 O 0.493 Si 0.413
auto Si

3.6.6. Morphological Studies using Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a higkolution imaging pradure of surfaces where
electrons are used to provide information on the sample morphology and structure at much higher

magnification (>100,000X) and greater depth of field up to 100 times compared to the light

microscopy .

Auger Electrons (AE)
SUMICH SIMIC COMEOSTION

Characteristic X-ray (EDX)
PHCRNGSS BLOMIC COMPOatilion

ICathodoluminescence (CL)
electionic siales information

Secondary Electrons (SE)
1opographical mformaton (SEM)

/ Backscattored Electrons (SE)

Momic number and phase ditterences

/

Continuum X-ray

gf (Bromsstrahlung)

SAMPLE

Inelastic Scattering
composon and bond states (EELS)

Incoherent Elastic
Scattering

Elastic Scattering

Transmitted Electrons
morphological sdoemation (TEM)

Figure3-18: Schematic illustration of the phenomena resulting from the interaction of highly energetic

electrons with matter.
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It consists of an electron gun equipped with either a tungsten filament (requires heating) or a field
emission cathode. The electrons beam upon emission is guided into the aperture using a series of
electromagnetic lenses onto the sample surface stimgikatnission of further electrons as a result
of elastic and irelastic scattering on the surface and rseaface[34] as shown in figure-38.
Electrons(typically in the range 20 keV) are ejected via an elastic collision of an incident
electron with the nucleus of the sample are called backscattered electrons. Their energies are
usually comparable to that of the inert electrons. On the other side, electrons emitted with lower
energy (typically 50 eV or less) produced by inelastic scattering are called secondary electrons.
Usually they are formed by collisions with the nucleus accompanied by substantial energy loss o
may result from the ejection of loosely bound electrons from the sample atoms. The secondary
electrons are usually used to study surface topography. The impinging electrons may also be used
to generate xays used to study chemical composition of thepdaras discussed in section 3.6.4
[34].
Scanning electron microscopes vary in the resolution limit. This limit of resoluticefireed as
the minimum distance by which two structures can be separated but still appear as two distinct
objects. According to Ernst Abljé(], the limit of resolution depends on the illumination source
wavel ength and it can be described mathematic
equation 2. At particular wavelength, the resolution exceeds thé&, lthe magnified image
appear blurry.

d=0.612//nsincé é 6 6 6 ¢ ééé -22
Whered is the resolution/ is the wavelength of thelectrons (for an EM n is the refractive
index of medium(which is 1 for the vacuum in EMyetween point source and lens relative to free

space,a is half aperture angle in radians, whida is often called the numerical apert(4d].
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The current SEM#&ave the illumination source and condenser lens replaced with electron beam

and electromagnetic coils.

To create a SEM image, the incident electron beam is scanned in a raster pattern across the surface
of the sample. The emitted electrons are detecteeédon position in the scanned area by an
electron detector. The emitted electron signal intensity is given as brightness on a cathode ray tube
(CRT). When the CRT scan synchronized with the scan of the incident electron beam, then the
CRT display will repesents the morphology of the sample surface area scanned by the beam.
Magnification of the CRT image is the ratio of the image display size to the sample area scanned
by the electron bea84]. Figure 318 shows a schematic illustration of thEl Nova Nanolab

600 FEGSEM/FIB set up found at Microscopy and Microanalysis Unit in Wits University.

Electron gun -

- Electron beam

First condensor lens -{

Second condensor lens |

=t X.ray detector

Deflection coils

Objective lens

|/
Backscatter |
electron detector

Secondary
Vacuum pump electron detector

Figure3-19: Schematic illustration of Scanning Electron Microscope.
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3.6.7. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a form of scanning probe microscopy (SPM) based on the
interaction between the surface atoms and theftgm elastic cantilever where a small probe is
scanned across the sample to obtain informat:.
over the sample surface, the forces between the tip and the surface lead to the cantilever bending.
The deflectims are then recorded by focusing a laser on the cantilever, which reflects the beam

on to a positiorsensitive photo detector. Any movement of the cantilever in either the rammal

lateral directions will be picked up by the detector, and an accuratepdies of the surface

topography can be recorded. The distance between the photo diodes and the cantilever is about
three orders of magnitude larger than the size of the cantilever, which magnifies the tip

movements and hence gives extremely high seitgiti

Faadback Loop Mainlains Constant
O=clliation Amplitude or Frequency

Controller
Electronice

. Scanner |
XY
Detector
Electronica
Mcaoursa
Ampitude or
fregquency
-
sSpint R — i
phot pe -~ ‘\&!—T 3 cmh'cve’ & TiD
Dotootor e

4

Elndiian -

Figure3-20: Schematic operation principle of atomic force microscopy.

131



To acquire the image resolution, AFMs can generally measure the vertical and lateral deflections
of the cantilever by using thaptical lever. The optical lever operates by reflecting a laser beam
off the cantilever. The reflected laser beam strikes a posigositive photaletector consisting

of four-segment photaletector. The differences between the segments of joletéctoiof signals
indicate the position of the laser spot on the detector and thus the angular deflections of the
cantilever as illustrated in figure2D.

Atomic force microscope has two operational modes, namely static and dynamic mode. In the
dynamic mode, the cantilever oscillates at a fixed frequency maintaining a particular amplitude
during the scan. Dynamic mode also has different modes such as ,cootaxintact and tapping

mode. Among these, the tapping mode (seomtact mode) is the most widely used. In this mode,

the cantilever is oscillated at its resonant frequency with the tip lightly touching the surface during
the lower part of the oscillath. During measurements the change in phase and amplitude is
recorded. Normally the cantilever is maintained at a particular frequency and has less room to
oscillate when the tip is scanned over an elevated surface hence reducing the amplitude while the
reverse case is true when the tip is scanned over a depression. The phase change of the cantilever
oscillations is quite sensitive to material composition (van der Waals interaction) and independent
of large height differences making tapping mode the mogtogpate for grain boundaries
imaging. This is because it can be obscured by rough topography. Another merit of the use of
tapping mode is that the tip is quite gentle on interacting with the surface hence preventing
scratches and damage to the surface.

The accuracy of AFM topography measurements depends on the spatial resolution in both the
vertical ) and lateral XY) directions. In th& direction, the resolution is limited mainly by the

instrument noise. Factors such as mechanical vibrations anshnagldctrical fluctuations create
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variations in the height signal. Height features smaller than these variations cannot be
meaningfully resolve{4?2].

The AFM image provides complex 3D information on the height correlations or fluctuations using
roughness parameters. This surface roughness is most commonly described bydemplit
parameters including the average deviatiyn the root mean squatkwvs, and the standard
deviationR; where R and Rruvs describe the dispersion or spread in height variations. Other
roughness parameters describing the spatial distribution of heightions is the dimensionless
Skewness and kurtosis.

Skewness characterizes the symmetry of the height variation about its mean lii&y withfor
surfaces with high peaks or spikes d&d< O for those with deep valleys or pits. Kurtosis is a
description of the uniformity of height variations, wi, > O for surfaces with many peaks and
valleys andR < O for those with fewer excursions. These parameters are described by equation

3-23 t03-28.

Root mean square roughness

N

/////////

RrRMS =

N -
Re=+a|Z -4éééééééééé 24
i=1
Skewness

rrrrrrrrrrrr

Kurtosis
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Wherez is the height at a given pixglN is the total number of pixels in the image, ahdis

the average height of the entire image.

3.6.8. Optical properties using UWis-NIR Spectrophotometry

The UV-Vis spectrometer is used to identify the number of absorbing species in a sample for
instance in analyzing compousdmolecules, ions and complexes) of organic, inorganic and
biochemical in the ultraviolet (UV) and visible regions of the electromagnetic spdetinV-
vis spectroscopy is widely used owing to its simplicity, versatility, speed, accuracy and cost
effectiveness. The nasured UWVis spectrum can be obtained as absorption, transmission and
reflection spectrunid4].
It applies the conceptf light interaction with matter that may lead to reflection, scattering,
absorbance, fluorescence/phosphorescence and photochemical rééStioGenerally light
absorption depends ohne electronic structure of the species (molecules, ions and complexes). An
interaction between a photon of particular energy with a species may cause a transition in the
electronic energy level provided the relation in equati@7 3 satisfied.

Ephoton= B -E2 hheééeééeeeée. -28
WhereE; andE; are the groundnd excited state tfiespecies respectiveli,is Planck's constant

ands is the photon frequency.
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Figure3-21: Illustration of absorptiomnd transmitted light.

From figure 321 the amount of light absorbed by the sample may be described as the difference
in the incident radiationld) and the transmitted radiatioh).(The amount of light absorbed is
expressed as either transmittance ¢dbed by equation -28) or absorbance (described by

equation 329).

/////////

T:I'—Oeeeeeeeee. -28

A= JogTéeééeéeéeé. -293
The UV-Vis measurements were carried out in the range82@0nm using a Cary 500 UWVisible
spectrophotometer inside it are two light sources, a tungsten lamp responsible for giving the visible
light and a deuterium lamp emitting the ultraviolet light arset of mirrors. Mirror 1 directs light
from the right light source through an entrance slit into a monochromator containing a diffraction
grating meant for splitting the light into its constituent wavelengths. A monochromatic light passes
through the fter in order to limit noise signal going into the modulator that contains a beam splitter
(half-mirror) responsible for dividing the light into two beams. One beam is passed through the

film (sample beam) to be measured while the other is passed thheugifiegrence cell. Both beams

are then focused into the detectors by a set of lenses. These detectors then convey the signal to the
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computer where their intensities are compared through the double beam method to calculate the
ratio of their intensities. Télogarithm of this ratio is referred to as absorbance, and it provides a
measure of the amount of light is absorbed by the film at that particular wavelength. The schematic

illustration of the U\Vis spectrometer is as shown in figur23[46].

Light Source UV (Deuterium
lamp)
. o I o Mirror 1
St 2 ==
Light Source Vis (Tungsten
Filter lamp)
Reference
Mirror 4 Cuvette Detector 2
é Reference ﬂ 1 1
B ni| ]
N - l{l.exxs 1
[Half Mirror l'_‘_-\:_ |
/”“ \.\
,"/ & Mirror 2 Sample
Cuvette Detector 1
A ¥ Sample i A1
Marror 3 Beam Vems2 °

Figure3-22: Schemat representation of a duddeam UWis spectrophotometer

From the absorption spectrum, the energy band gap can be estimated using Tauc lay4rglation

given by equation-30.

WhereUis the absorption coefficientiy is the incident photon energ@; is constantFg is the
optical gap energy, and the exponens a parameter that vary depending on the type of electronic
transition enabling absorption based on the Fermi Golden Rdeslirect band gap, m takes the

form
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m = 1/2 for allowed transition,

m = 1/3 for forbidden transition,

On the other hand the indirect band gap materials provide for m values in the form;
m = 2 allowed transition

m = 3 for forbidden transition.

3.6.9.Photoluminescence Spectroscopy

Photoluminescence spectroscopy is a contactless, versatileestvactive, powerful optical
method of studying the electronic structure of materials. Light is directed onto a sample, where it
is absorbed and imparts exses ener gy i nto the materi al I n a
Excess energy may be dissipated emitting light, process called luminescence. Photoluminescence
is defined as the spontaneous emission of light from a material under optical excitatioight his |

may be collected and analyzed spectrally, spatially as well as temporally. The intensity and spectral
content of this photoluminescence is a direct measure of various important material properties.
The emission and excitation spectroscopy are perfbrimeone setup thus imposing the
requirement for a broadband excitation source. During a PL spectroscopy experiment, excitation
is provided by laser light with energy much greater than the optical band gap of the material. The
photo excited carriers consisf electrons and holes, which relax toward their respective band
edges and recombine by emitting light at the energy of the band gap. Radiative transitions in
semiconductors may also involve localized defects or impurity levels in the band gap hence the
analysis of the PL spectrum may enhance identification of specific defects or impurities, and the

magnitude of the PL signal gives their concentrat#d).
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The difference between a PL and an absorption spectrum is that the absorption spectrum measures
transitions from the ground state to excited state, while photoluminescence analyses transitions

from the excitedstate to the ground state as depicted in fige28.3

excited
states
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nonradiative
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conduction
——%—— band
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g luminescence
5 photon
V
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band
electrons

Figure3-23: Principle of photoluminescence spectroscopy (PL).

During photoluminescence, the emission monochromator is set at a wavelength corrgspondin

a strong emission line and the excitation (the specific range of electromagnetic radiation where the
emitters have a good absorption) light is scanned. On the other hand in emission spectroscopy, the
excitation source is kept fixed while the emittéght is being scanned. Figure23 gives a
schematic illustration of a PL spectrophotometer with general basic equipment. In this instrument
different excitation sources may be used such as lasers, photodiodes, and lamps. It is also fitted
with two monochomators to enable selection of both the excitation and emission. The two

monochromators are motorized to allow the automatic scanning of the wavelength. The output is
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normally presented on a wavelength scale in graphical form which is recorded and gtotbd w

computer.
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Figure3-24: Schematic diagram of a fluorescence spectrometer

For ideal measurements, the spectrophotometer must have the following components:

(a) a light source with a constant photariput at all wavelengths.

(b) a monochromator to diffract photons of all wavelengths with equal efficiency.

(c) The efficiency of the monochromator must be independent of polarization.

(d) The detector must detect photons of all wavelengths with etficaéncy.
In this study, the PL measurements were carried out using a Horiba LabRAM HR spectrometer
with a 150 lines/mm grating and an excitation wavelength of 244 nm from a frequency doubled

Lexel argon ion laser.
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Chapter 4: Structural and Optical characterization of ZnO thin
films.

4.1. Introduction

Zinc oxide (ZnO) is grouplli VI semiconductor material whose ionicity resides at the borderline
betweena covalent and ionic semiconductor. The crystal structures shgr&hmO are wurtzite

B4, zinc blende B3, and rocksalt Bl It believed to have a lot of promising device application.
Initially ZnO was considered as a substrate for GaN and other related[2ll@ys At ambient
conditions, ZnO possesses thermodynamically stable phase of a Wurtzite structure similar to GaN
[1, 4], a factor that makes it widely applicable in hjggrformance optdectronic devices. The
increased research on zinc oxide as a semiconductor material is majorly driven by its prospective
use as a wide band gap semiconductor for light emitting devices and for transparent or high
temperature electroni¢s]. It has a direct and wide band gap of 3.37 eV (atKPin the near

UV spectral region, a large frasxciton binding energy (60 meV) such that excitonic emission
processes can persist at or even above room tempég@iirea stong cohesive energy of 1.89

eV [9], with a high optical gain (300 ch) [7], exhibits high mechanical strength, thermal stability,
chemical stability, ambient insensibility, and negative electron affiffif] as well as high
radiation hardned4.1]. These characteristics of ZnO as well as unique combination of its physical
propertie® optical, electrical, magnetic, piezoelectric, and ferroelectric properties make it a
promising candidate material for advanced devicdiegmns. Different commercial applications

have also been reported such as integrated optics, antireflection coatings, liquid crysta[ Hisplays
light emitting, laser diodefl12, 13], U-V range detecting devicg$4, 15|, chemical sensors , solar

cells [16-18], photodegradation and photocatalygl®], superhydrophobic and salfeaning

surfaces. According to Chantt al.[20] ZnO films possess sugg/drophobic properties over a
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wide pH range with excellent stability under high temperature and ambientelongstorage
conditions making it a strong candidate for high temperature electronic devices that can reliably

be operated in spa@nd other hahsenvironments.

4.2. Growth conditions

ZnO films were deposited by R.F. magnetron sputtering system using a cylindrical metallic ZnO
disc 76 mm diameter and @ mm thick as the cathode (99.95% pur®emiconductor Wafgr

The substrats usedwerea ptype silicon with (100) orientation and quartz. The substrates were
thoroughly cleaned with organic solvents and dried before loading watheim chamber of the

sputter system. The vacuum chamber was evacuated using a rotary roughing pump to a base

pressure of 23 10 2 mbar before a further pumping usiagurbomolecular pump 08 10°

mbar. The plasma generation chamber is surrounded bgrd magnetof 0.3T. Magnetron
sputtering was carried out in an argon gasasphere supplied into the chamber through a
precision leak valve at a flow rate of 13.0 sccm. The RF power supplied was varied from 100 W
to 260 W.The ime of deposition was also varied frori2D minutego obtain films ofdifferent
thicknesseand intrnsic stress The target to substrate distance 8@sm and was kept fixed for
each deposition run. Prior to each deposition, the target wapptiered for 30 minutes to remove
any contaminatioadsorbedn its surface to make the system stable and reach optimum condition.
The films were deposited @]100] 380mm thicksilicon substrateThe substrate temperature was
kept at room temperature. After deposition, the film were subjected to thermal treainaent
programmabldurnacein air or Argon ambient to monitor the effect of temperatanel heating
environmenton the morphological, optical and electrical properties of ZnO filmke films

subsequently useasan electron transport layer to fabricateesovskites solar cell
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4.3. Characterization techniques
Rutherford backscattering spectrometiBS) and EDS measurements were performed to

determine the composition arttistribution profiles of TB' ions in the ZnO matrix at room
temperature usintHe' particles of energy 1.6 MeV at a backscattering angle of. T88°EDS

used waditted on FEI Nova Nanolab 600 SEMIhe surface morphology and the rootan

square (rms) surface roughness of the films were characterized using a Di100 model atomic force
microscope (AFM)n tapping mode and FEI Nova Nanolab 600 SHMorder to investigate the
crystallographic properties of the ZnO films, we caroet- high resolutiorGXRD usingBruker

D8 Discover,set at40kV, 40 mA to emit aC u KXJray radiation ofwavelength 1.541 A. The
scanning range of °20d80 ataaslowvseanning date dfr2hmutel O
Photoluminescence measurements were carried out using a Horiba LabRAM HR spectrometer
with a 150 lines/mm grating arah excitation wavelength &4 nm from a frequency doubled

Lexel argon ion laserThe Raman bands and the structural order of all the films were examined
using a Horiba LabRAM HR Raman spectrometer equipped with an Ar ion laser (514.5 nm) and
a laser power of <1 mW at the sam@gtical transmittance measurements were carried out in the
wavelength range from 200 to 900 nm by using a CARY-\iBible spectrophotometemlhe
reflectance measurements obtained frorBeRicVis/NIR spectroscopy over a wavelength range

of 450900 nm
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4.4. Results and discussion
4.4.1. EDS and RBS measurements

The elemental composition of the films shows that there was no external impurity during the
growth as well as at characterization stage as observed in the EDS in fijtedow. This was

alsoconfirmed by the Rutherford Backscattering spectroscopy shown in figtire 4

Spectrum 3

0 1 2 3 4 5 5] 7 3 9 10 11
Full Scale 2343 cts Cursor: 0.000 kel

Figure4-1: EDS analysis of the ZnO thin film grown using RF sputtering on Si wafer substrate.
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Figured-2: RBS image spectrum of ZnO layer on Si showing experimental curve (black) and simulated curve
(red) using XRump code.

Table4-1: XRump Simulation parameters of thickness faactionalelemental compositions

# Thickness Subl ayer|s
1 70. 0. 602N m O aDu t3D 8
2 33.00 nm aut o

3 9.00 nm aut o
4 2000. 00 nm aut o

Analysis of the RBSdatawas carried outising XRump computer simulatiolo provide as

described in chapter the elemental composition at different layers of the film was as shown in
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Table 41 which gives the depth profile distribution of Zn and O, a proof that the composition is

homogeneous in depth. The composii®given inatomicfraction.

4.4.2. Atomic Foce Microscopy & Scanning Electron Microscopy.

The influences of annealing temperature and deposition time osutfece topography and
morphologyof RF sputtered ZnO thin filmaere studied using Veeco DiA@nodel ofatomic
force microscopy (AFMin the tapping modé&.he annealing was carried ontanAr filled furnace
setto ramp at@e C/ mi n atdveell time af 2 hours before cowlg to room temperatureln
order to estimate the AFM data specifically, the surface roughness of the samplesated g
the average roughness Ra and root mean square YRahg. The sudgce morphologies of the

films were investigated over scanned area of 5 b um andtheresults tabulated.

Reference s

v
- a ’.‘

Figure4-3: AFMimages of ZnO thin film grown at 100 W, 1 minute and annealed at different temperatures
600cbnn e/ 0P
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Figure 43 shows the effect of annealing at temperature range e®60® e C i n Ar f i |
Table 42 shows a summary of the AFM analysi$e statistical analysis of AFM data was carried

out using the height distribution histograms from the AFM analysis software WSxM 4.0.

The average rodmess Ra) is the mean height is usualtglculated over the entire measured
length/area. It is usefubf detecting general variations in overall profile height characteristics and
for monitoring an established manufacturing proaglsde on the other side Root mean square
(rms) roughnessRms) is described as theguare root of the distribution of surfdoeight and is
usuallyconsidered to be more sensitive than the average roughness for large deviations from the
mean line/planeThe rms may also hesed in computing the skewssand kurtosis parameters

[21].

The height asymmetry is described by the statistical parameters: the surface skewness and kurtosis.

The surface skewness isreeasure of heights distribution asymmetry. When it is a positive value
then the measure shows above average height while a negative value is an indication of below
average height. Kurtosis on the other side indgtite ‘peakedness' of height value disition.

When the distribution hashigh kurtosis value then this implies that thare small numbersf

extreme heights as opposed to many moderate height fedtorespiky surfaces > 3; for

bumpy surface < 3; perfectly random surfaces hdugtosisof 3.

150

[



Table4-2: Summary of tapping mode AFM analysis after annealing aifp@0n

6/

i SYLISNI G dzNB

Annealing
Temperature Ra Rims Skewness Kurtosis Grain height
(<C) (nm) (nm) (Rsk) (Rxku) (nm)
Reference 14.3 18.9 1.489 6.159 51.5
600 18.4 22.7 0.227 3.950 57.6
700 19.3 24.8 0.325 4.654 62.5
800 22.0 26.8 0.452 5.231 65.3
900 23.2 27.3 0.924 5.957 70.4

From table 42, the surface roughnessfdins was 18.9 nm while the averagmighness was 11.3
nm. Upon annealingtahigh temperature6009 0 O raag€,the atoms acquirenough diffuse
activation energy tenable thenoccupy the corredatticesitesin the crystal latticenabling grains

possessing lowurface energgluring growth tdoecome largel22]. When given sufficient energy

the grain sizesam| s o

coalescencef the grainsatelevatedemperature During the coalescence processne voids are
created as a result tife grain boundgrmovement. As the surface roughnesgeases, it is more
likely that negatively charged oxygeelated species are adsorbed on the surface of the crystallites
which in turn act as electron traf#3]. This consequently leads tioe gradual increase in surface
roughness withncreasingemperature. Thetatistical analysis of AFM data was done using the
height distribution histogramithin the WSxM 4.0 software. The film surface were found to
possess positivekewness (larger than 0.2) and high kurtosis (larger than 3.0) vethigsimply
thatthe sur&ce height distribution does riotlow a Gaussian distribution and there are relatively
sharp surfaceshich some authors have found to make Za¥orablefor tribological applicatioa

(e.g. low friction bearings)lhe smaller value of skewnedzs) for the film is attributed to more

observed
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symmetric surface. The results of Skewamasd kurtosis show that therfacs aregenerally spiky

with dominant peaks

The increasing grain size can be well illustrated using the scanning electroscope images as shown

in Figure 44.

Reference

Figured4-4: SEM images of ZnO thin film grown at 100 W, 1 minute and annealed at different temperatures
(600-cb n N usging lweam energy of 30000 in each case, working distance of 4.8mm, 55.2nmm, 4.8

mm and beam energymay A FAOlF GA2y 2F oc nnAn3X WA NAANX HA NNnZ
FYR dnn e/ NBALISOGAGSted

Figure4-4: showsthe SEM images of the films with different film annealing temperature. As the
annealing tempetaur e i ncreases from 600 eC to 900 eC
gradually decreasedhile the surface continuity of the film decreases due to the emergence of

poredike structures on the surfac&heincreased size of thgrain heighis observedo be loosely

formed on the surface.
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Figure4-5: AFM images of ZnO thin film grown at 100 W at different deposition time ranging f&iin 1
minutes.

Figure 4-5 shows the AFM images under the tapping modefifors deposited under varied
deposition time$1-20 mins) usingan RFpower of 100 W. The summary of statistical data is as

shown in table 4.
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Table4-3: Summary of tapping mode AFM analysis for films grown at different deposition time ranging

from 1-20 minutes.

Deposition Ra Rrms Skewness Kurtosis Grain height
Time (nm) (nm) (Rsk) (Rku) (nm)
(minuteg 0.2 0.2 +0.01 +0.01 0.1
1 14.3 18.9 1.489 6.159 515
5 13.0 17.8 1.005 6.079 56.7
10 12.2 16.1 1.174 5.687 64.2
20 11.7 13.2 1.314 7.041 715

Fromtabled-3t he f il msd roughness decreases with

minute deposition time to 13.2 nm at 20 minute deposition #inoen the table 2 we can deduce

thatthe film growth conditions such as deposition time play a vital rolenduthe evolution of the

film surface topographyFor small thickness obtained using short deposition tthmee AFM

images present small nucleation sites as a result of theisbobationtime. However, as we

increase the deposition time, tpeins coalescence and this leads to flimkness increasd@he

increase irgrain sizan the film under these conditioteads to dilm morphologywith uniformly

large grains. According to Raoufi, D., & Hosseinpanahi, F. (2012), this l@ntdeen loserved

and attributedo three processes, namely;

1 the reflecting nucleation,

1 coalescencand ultimately to

1 continuous film growth processes,

This is the typical/olmer-Weber type initial growti24]. From the fundamental structure forming

phenomena of VolmeWeber type, thin film growth evolvelrough islandhucleationto islands
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coalescence and ultimately the growth of the continuous film. This leads to the formation of

large grains due to the coalescence phenomena between[g&hins

This is further supprted by the SEM images obtained from films with different deposition time

as show in figurd-6.

1 minute 5 minutes

10 minutes 20 minutes

Figured-6: SEM images of ZnO thin film grown at 100 W at different depositiors f{fiz20 minute$.

FromFigure4-6, the ZnO films present distinct separated particles due to its amorphousgshase,
was later confirmed bthe GIXRD measurementdAs the deposition time increas@screasing

film thicknes$, the pores between the grains decreased and densigdpanO films were
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formed. The deposition timef 20 minutesformed denserfilms, whereas the film shows non
homogeneous surface morphologye above results have shown that deposition times a

critical parameter that affects the physical propedieZnO and the surface topography of the
formed layers. Thus the deposition rate is essential in the determination of the arrival rate of the
adatoms and the formation of the islands which subsequently determine the morphology of the
films. It is importahto note that the native oxide of the substrate was not removed and thus the
formation of epitaxial layers is ruled out from surface energy considerafibesefore the nature

of the filmthicknessdepositedby RF sputtering methad a significant paraater in determining

the surface morphologifoweverad atom mobilityplays a crucial role on the surface morphology
duringdepositionand this effect was further studied for ZnO thin films by varying the RF power.
The variation in the RF power leads to theanges in the Ar accelerating voltage to the target and
thus the ad atom energy and their subsequent thermalization energies on the substrates. This effect

is presented in the AFM images of Figur&.4
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Figured-7: AFM images of ZnO thin film grown at a deposition time of 5 minutes at different RF sputtering
power.

From theAFM imagesin Figure 4-7, the variation inthe RF sputter poweleads to an increase in
the sputter rate anddaatom energieghus resulting inchangs in the grain size and surface
roughness. Therefore, it seems that by choosing a suitable deppsivan the grain size and
roughness cabe controlled this is particularly essential especially in graioundary limited
electron transportA summaryof the morphological resultsbtainedat varied RF poweris

presented in table-4.
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Table4-4: Summary of tapping mode AFM analysis for films deposited attifieninutes at different RF
sputtering power.

RF sputtering Ra Rrms Skewness Kurtosis Grain height
Power( W) (nm) (nm) (Rsk) (Rxku) (nm)
100 13.0 17.8 1.005 6.079 56.7
140 15.7 19.9 0.470 4.019 62.9
180 23.9 28.3 0.558 2.463 66.4
220 20.6 25.1 0.512 2.623 68.2
260 21.0 26.2 0.724 3.318 70.1

From table 44, thevalues of theoughness of the films are seterincrease with RF poweThis
increasan surface roughness with increasing depositionmatg be due to the increasing energy
of condensing particles amiimbered atom fluleavingthe target during the sputtering process
[26]. The rms roughness and the grain size are increased as RF power intreasksreased
beyond 180WThe increase in the grain size from 56.7 nm at 100 W tor¥@.dt 260 W could
be as a result ahe increased ad atom fluence and the subsegoatgscence of neighboring
grainsat a much faster rate for higher RF powers. This is the source dafidiease in the
graingparticle size According to Bordo, K. and Rubahn, H.G., 20[2] this trend can be
explained by considering tlsmultaneous contribution of three independantessesnamely

1 surfacediffusion of adatoms

1 nucleation of ad atom clusters and

1 subsequent coalescence of the islands during deposition.
The atoms arriving onto the silicon substrate surface can diffuse along the surface and form clusters

which can in turn contribute to therimation of crystallites (grains). At low RF sputter power the
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surface diffusion of the atoms and formation of ZnO clusters is less prominent. Consequently,
there is small density of clusters (nuclei) capable of coalescing to form grains, resultingalh a sm
grain size. At higher RF power, the number of atoms arriving onto the surface per unit time is
higher, therefore the number of nuclei formed on the surface is bigger resulting into to bigger
grains formation.

At 100 W, smoother films are achieved. Aatiog to Guanghua, Wan@t al, the basic mechanism

for the formation of large islands is the reduction of the surface energy, and the minimum surface
energy is attained when all the islands are joined in one, single j2@néor the case of the 100

W films, the combined effects of increased ripening and low surface mobility of the species on the
surface resulted in the formation of comparatively smaller islands as well as incrdased i
boundaries. Therefore, the coalescence of these smaller islands is energetically favorable even at
a comparatively earlier stage. However, low surface mobility and ripening at a low deposition rate
also essentially limits the areal density and hemfhthese larger islands, both of which are
comparatively lowerThe growth rate is delayed by the extensive ripening as well as low surface
mobility.

At an RF power of 220 W, the surface becomes completely covered by the film with significant
amount of sland boundaries. At this critical thickness for this regime, any further deposition leads
to the formation of larger islands through coalescence. The complete covering of the surface leads
to a decrease in suriacoughness as seen in tablé which thenbegin to rise as seen with the

260 W RF powerThis can also be seen with visual inspection of the SEM image shown in Figure

4-8.
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Figure4-8: SEM image of ZnO thin film grown at a deposition timerofriutes at different RF sputtering
power.

160



4.4.3.X-Ray Diffraction analysis

Figure 4-9 shows the XRD patterns of ZnO films deposited at a fixed deposition time and RF

powerof 1 minute and 100 Wespectively. The films were then annealed at a temperednge
of 600V00 CeC i n ArRepresdnthtigedXRD pattenna af thenealed filmsare

shownin the 2d8@ange of 20e¢

| | ! | ! |
——— Reference
—— 600 °C
——700°C
——800°C
—— 900 °C

110

103

Intensity (arb. units)

20 30 40 50 60 70 80
2 Theta (°)

Figured-9: XRD patterns of ZnO thin film grown at 100 W, 1 minugnnealecand annealed at different
temperatures (60@phnn e/ 0 @

From figure4-9, the characteristic peaks of thegagswn and annealed filmss shown. The as

grown films peaks isobservedt 2d = 31. 2e, 34.6e and 47.

of (100), (002) and (102), respectively. All the diffraction peaks can be well indexediortiage

structure of ZnQof the space group P63mc, which is consistent with the standaebsuaborted
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in JCPDS, card no. 633888. With an increase in annealing temperature, the diffraction peaks
become more intense and sharleis is an indicatiorof grain growth and theimprovement of

crystalinity in the film. The increase in crystallite size with the annealérgperature alsonplies

that the surfacéo-volume ratio is decreased with the annealing temperg2dteAt one minute

deposition time, althoug(®02)is the preferred film orientation, the (100) and (148 also be

seen due to the formation of polycrystalline grain®w temperaturegrom table 45, the FWHM

of the (002) reduces with annealing temperature while the relative intensity of the €02) p
decreases with increag temperature.

The | atticad aodsffobarnttsheil Zn @btdinkdusi hgl meewd8r agag:
equatiord-1.:

n/ =2dsin (¢ éééééééééeée. -1 4

All the peaks are indexed to the JCP2 card nur@®80888 with hexagonalurtzite structuref

space group d?63mcandlattice constantsa = 3.24A andc=5.21A.

Wheret is the order of diffraction, is the Xray wavelength anis the spacing between planes

of given Miller indices Q@ k, andl. The plane spacing was thereafter derived from the lattice

constaanawdf@amd the Miller i ndinegeasion®y t he foll o
h?+hk 4 2
L () ccsseccsee.a
d a c

(hkl)

The average crystalline size in ZnO films was then estimated8sing er r er 3. equati o

,,,,,,,,,,,,,,

D=-K_¢¢¢eeé6é6é666666é66éé.43
bcos ¢

WhereD is crystal sizeb the full width at half maxima FWHM (radians) aathe wavelength

of X-ray used (5409 A) andckis a constant = 0.9.

162



From the crystallite size the diskteon density value which represents the amount of defects in
the filmwas calculated by thexpression

0’=§Iine/mzééééééééééé 4
The tensile straiewas calculated using the formula:

_bCcosSC. . . . .4 os s s s oa s

e 2 ‘eeéeeééeeeéeee 5

Table4-5: Summary of statistical values of ZnO thin film grown at 100 W, 1 minute and annealed at

different temperatures (60cbnn 6/ 0 @

Annealing
Temperature Crystallite sizePsv/(A)
()
(002) FWHM d-spacing Crystallite
peak peak al(A) sizeD () 60" U103
Reference 38.6 5.71 2.33 14.8 4.60 23.5
600 37.8 3.56 2.38 23.6 1.79 14.7
700 35.4 2.88 2.54 28.9 1.19 12.0
800 35.1 2.81 2.56 29.6 1.14 11.7
900 35.1 2.70 3.57 30.7 1.06 11.2

From table4-5, the strairon films decreased fro@3.5x 10° to 11t2 x 103 while the dislocation
density decreased from 4.8010'" to 1.06x 10'. As annealing temperature increased fré00

to 900 €C, the atoms gained sufficient kinetic energy and surface mobility to occupy stable
positions inside ZnO crystals. This helped in enhancement of crystalline property of ZnO thin

films.
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At 5 minute deposition time, the annealed films showed a clear preferrathtide ofdeveloped
c-axis(002) with high intensities compared to the 1 minute deposition time. FiglOesAows the
XRD patterns of films grown at RF power of 100 W before subjecting the films to annealing at a

temperature range @009 0 0 e C) .

Reference
—— 600 °C

—700°C L
—— 800 °C
900 °C

1
- )0 ]

1
101

100

[}
o
—

102

110

201

Intensity (arb. units)

20 30 40 50 60 70 80
2 Theta (°)

Figure4-10: XRD patterns of ZnO thin film grown at 100 W, 5 minutesnnealedand annealed at
different temperatures (60¢bnn 6/ 0 @

164



Table4-6: Summary of statistical values ghO thin film grown at 100 W, 5 minutes and annealed at
different temperatures (60N n ¢/ 0 @

Annealing
Temperature Crystallite size Dsv/(A)
()
(002) FWHM d-spacing Crystallite
peak peak al(A) sizeD(A) 0(10) U109
Reference 36.9 3.31 2.43 25.4 1.56 13.7
600 35.1 2.96 2.56 28.1 2.27 12.3
700 34.8 1.85 2.57 40.9 4.96 7.72
800 34.7 1.73 2.58 44.9 5.97 6.47
900 34.7 2.74 2.58 47.9 4.35 7.23

Forthe5 minute deposition time, it was found that ZnO film annealed ag80tad a minimum

val ue o fthe full widheat HalormaximumRWHM). The results also showed that ZnO
crystallite size steadily increased with annealing temperature from a minialuenof 25.4A for
theasdeposited film to a maximum value of 47.%fteratananneal i ng temper at ur
As observed, stress on films decreased from 13.73xdl6.47 x 1@ for anannealing temperature
increased from 600 to 800 °C ahdtherincreased to 7.23 x flasthe annealing temperature

rose t o D@anneal@g, suNdcetatoms hdess energy hence low surface mobility of

atoms, resulting in generation of defects in ZnO films. On annealing 8@ ®0 e C t he at
gained suffieent kinetic energy and surface mobility to occupy stable positions inside ZnO
crystals. This helped in enhancement of crystalline property of ZnO thin[fghss observed

from the FWHM values. Further increase in ann

of partially coordinated Z© bonds on the surfacather than enabling the atoms to move freely
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to their corresponding stable sites, producingasfand stress in ZnO film hence the increase in

strain and dislocation density.
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Figure4-11: XRD patterns of ZnO thin film grown at 100 W, 20 minutennealedand annealed at
different temperatures (60bnn 6/ 0 @
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Table4-7: Summary of statistical values of ZnO thin film grown at 100 W, 20 minutes and annealed at

different temperatures (60cbnn 6/ 0 @
Annealing
Temperature  Crystallite sizeDsi/(A)
()
(002) FWHM d-spacing Crystallite
peak peak al(A) sizeD (A) 0(10% U109
Reference 35.5 2.94 2.53 28.3 12.5 12.2
600 35.7 2.63 2.52 31.7 9.96 10.9
700 35.7 2.26 2.51 37.0 7.29 9.37
900 35.9 2.18 2.50 38.3 6.82 9.05
1000 35.5 241 3.52 38.9 8.35 10.01
At 20 minutes deposition ti me a si mi

was observedlThe decrease in the compressive stress with the annealing temperaturavamay

led to thedecrease in the tensile strain in the Zii@ as shown in table-4. From the annealing

ar

tren

trends for different thickness annealed at different temperatures it worth noting that annealing, in

general, is able tmduce ductility, soften material, relieve internal stresses, refine the structure by

making it homogeneous, and improve cold working properties. However, the relief of internal

stresses in a material is a thermodynamically spontaneous process which is a very slow process at

room temperatures. The annealing at high temperatures serves layadecine above process

thereby improving the crystalline quality of the ZnO film as observed from the XRD arj@$jsis

The datashows that increasing of annealing tempamtesults in larger crystalainains and

reduceghe amount of pores in the filnas witnessed by the general reductiothia dislocation

density in the films

167



A comparison of XRD analysis of films deposited with varied deposition time is shown in Figure

4-12, while table 48 presers astatistical analysis of XRD results.
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Figure4-12: XRD patterns of ZnO thin film grown at 100 W with varied deposition time.

Table4-8: Summary ostatistical values of ZnO thin film grown at 100 W with varied deposition time.

Deposition
Time Crystallite size, Y(A)
(minutey
(002) FWHM d-spacing Crystallite
peak peak al(R) sizegDA) o 1 U @1
1 38.6 5.71 2.33 14.8 4.60 23.5
5 36.9 3.31 2.43 25.4 1.56 13.7
20 35.5 2.94 2.53 28.3 1.25 12.2
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From figure 412 and table @8 analysis, the (002) peak centre is shifted to lower angle with
increasing deposition time from 38.6e¢e at 1 mi
also observed to increase from 14.8A to 2818/ seen fromhe figure that as the film thickness
increasesthe intensity of the (002) peak increases and the width of the peak narrows. The peak
intensity and crystallite size amgsually associated with the crystallinity of the films. Poor
crystallinity in thinner A0 film could be due tohe formation of nanocrystalline grains in an

amorphous matri30].

Intensity (arb. units)

20 30 40 50 60 70 80
Wavelength (nm)

Figure4-13: XRD patterns of ZnO thin film grown at deposition time of 5 minutes with varied RF power in
the (100260 W) range.

From figure 413, the RF power of 100 W, produces polycrystalline films with (002)tlees

preferred orientationThe peak intengis are seen to increaséth increasing RF poweiThis
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could be attributed to an increasetlie crystallinityasthe grainsizes increases witRF power

This similar to the trend obtained by R8&t].

At 260 W, the (@D2) peak intensitis reducedconsiderably while th€L00) intensityincreases thus
suggesting the prevalence of fibre texture in these filthss could be attributed to the fact that
anincrease of RF power inducéater reaction rate that caused insufficient time for the formation
of the initially preferred film orientatiofi32]. As the RF power increases, the crystallite sizes
became largeand it isattributed to the fact that increasing energy of the atoms arriving at the
surface promotes grain growfB3]. The reduction in th@eak intensity islso anindication of
reduced film quality. Statistical analysis of the films grown using wiffe RF power is shown

below in table 409.

Table4-9: Summary of statistical values of ZnO thin film grown at deposition time of 5 minutes with varied
RF power in the (16B60 W) range.

Crystallite size, BW(A)

RF Power (002) FWHM d-spacing Crystallite
(W) peak peak al(A) sizeD ()  6(10%) 0103
100 34.4 3.27 2.57 25.4 15.5 13.6
140 34.5 3.06 2.57 27.2 13.5 12.8
180 35.2 2.91 2.55 28.6 12.2 12.1
220 35.7 2.57 2.51 29.2 9.49 10.7
260 35.1 2.85 3.56 32.5 11.8 11.9

The (M2) peak was used to estimate the crystallite size, since it is the most intense, and it appeared
in all the samples. Tabk9 shows the change in FWHM of(R) peaks and the crystallite size

with the changing RF powers.
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All deposited films exhibited significant tensile strain which tends to ease with an increase RF
power. Increasing RF power also led to general shifting of (082)Xliffraction peaks to slightly

larger 2angles which indicated a relief of intrinsic stresthin the films.Stress in filmgs usually
attributedto two reasons; one is the intrinsic stress due to impurities and defects in crystal and
other is extrinsic stress due to lattice mismatch, growth conditions and mismatch in the thermal
expansion coétient of the film and substrate. It is worth noting that the nature of the stress in
ZnO films is initially compressive, which becomes tensile with an increase in the film thickness

as a reglt of increasing power.

The XRD peaks presented here algo be widened by internal stress and defects, so the mean
grain size estimated here appears smaller than the actual value, and this discrepancy can be seen

in scanning electron microspy SEM/AFM Images in section#42[34].

4.4.4.Raman spectroscopy

Raman scatteringg the inelastic scattering of photons by phondits UV-Visible photonsthe
direct photorphonon coupling is wedkence their interaction igidedby electrons vian electron
radiation.Finally the electrorhole pairrecombinegadiativelyto emit scatteredphoton with a
higheror lower energy but leavethe electronic state of theaterial unchangel®5, 36].

The wurtzitetype lattice structure of Zn(@pace groups;mc) implies a base unit of four atoms in

the primitive unit cell: two Zn@nolecular unitsThis means 12 (3N) vibration eigenmoddsing

group theory, the eigenmodes are categorized followihg irreducible representation:
U=2A 2B +32[37. Three modes amtributed toacoustic phonon§.e OneA:1 mode and

one & mode this are only two hejeWhile the nine other modese opticabranchesepresented

bytoptical = A +12 B + E These modes have counterpart in the centre of the ZB Brillouin zone.
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The Ay E1, and E are firg-order Ramasactive modd38]. The A and E polar modesplitinto
the ion displacememnectors paralleto the propagation wave vectocglledlongitudinaloptical
(LO) anddisplacements ang-vector perpendicular to each otlealledtransverseptical (TO)
componentsyhile the B2 nonpolar modes (lovandhigh) areRamaractive.Due to the frequency
splitting of polar modes into LO and TO eigéequencymoreeigenfrequency valuemayoccur
compared to thé2 modegpredicedby group theory. The LOIO splittingof both theA: and B
modeshavethar displacements directed along tb@xis. They ee distincti.e: The A mode
pattern arises from thesaillation of the rigidsublattices, Zn vs OOn thecontrary theB; modes
haveoneof thesub lattices essentially at rest, while the otlparssessaseighboringatoms moving
oppasite to each otheB1 (low) displacements usually occur in theavierZn sublattice (Zn)-
while the B1 (high) excitationsoccur in thelighter O sublattice Sincethe displacementsf the
ions within eaclsub latticesum up to zerothere is naet polarization induced by the B modes
hence the three modesth displacement along theaxis are categorizeds one polar phonon
mode A andtwo nonpolar modes B The same scheme applies for the E modes with theii@tom
displacement directioniseingperpendicular to the-axis. The k£ mode is an oscillatioof rigid
sub latticehence inducingn oscillating polarizatiooontrary to the two £Zmodes which are nen
polar due tahemutual compensation tie displacement vectors within each-gafttice[39]. The

eigenvectors (displacement patterns) efdptical phonon modes are shown in Figufel4
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B1 (Low) B1 (High) E2 (Low) E2 (High)

Figure4-14: Eigenvectors of the ZnO optiphlonon modes. For every mode, the red arrows represent the
dominating displacement vectors. The B (high), & and E(high) modes are oxyggominated while B
(low) and E(low) modes are Zdisplacement dominatefB9].

Figure 415 shows thé&kaman speatim of bulk ZnOwith 6 first-order peakshowing the active

modes.
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Figure 4-15: Unpolarized Raman spectrum of bulk ZnO showing Raman active modes with the
corresponding vibrations of the ions. The red as@pecify the dominant ions displacements adopted
from [40].
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Figure4-16: Raman spectra of ZnO thin film grown at 100 W for 1 minute before andaafteraling at

temperature 600@n 1 6/ @

Figure 4-16 showsthe ZnO thin film grownon Si(100)after depositiorfor 1 minute at 100 W
usinganAr flow rate kept at 13 sccrithe films were then annealedanArgon filled furnace for
two hours. The peak at abo#4.5cm' ! for the referenceorrespondso the ron-polar optical
phononsE: (high) modes of the Z@ film. The peaks at 522 and 3687 ! are attributed to the
optical phonon modes of the silicon substratej the broad peak at about 568 * is attributed
to the k& (LO) mode of ZnOUpon annealinde> phononfrequencyis blueshifted from 434.5 to
437 cm' L. This shift of2.5cm' t corresponds to tha@ecrease in the tensile stregsn annealing

The intensity of the peaks did not chamsignificantly. The broad modes at 630 and 680 @are

attributed to A (LO) and multiphonon processe®diated by intrinsic defects respectively.
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Figure4-17: Raman spectra of ZnO thin film grown at 100 W for 5 mbé&dore and aftelannealing at
temperature 600N 1 6/ @

When filmsdepositedat 5 minutes are subjected to heat treatptbet resuling excitatiors are
observed ashown in Figure 4.7. The E(high) peak is observed at@ver wavenumber of 432

cm' ! compared to the film grown for 1 minute. Thisangendicakesthe presence dénsile stress

in the deposited thin films. Probably the stress is due to the lattice mismatch or the mismatch of
the thermal expansion coefficients of the films and the substiBitées is also experienced for

films grown at 20 minute@=igure 418). A comparison of variation with deposition time is shown

in Figure 419. The E(high) peak gradually increases in intensity for both film grown for 5 and

20 minutes.
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Figure4-18 Raman spec# of ZnO thin film grown at 100 W for 20 minute before and afterealing at
temperature 600@n 1 6/ @

During this systematic annealing of films with different thicknesses, there isp@arance oh
peak near 275 chattributedto the B1 silent inactive mod&his mode is observed at 2@

for films grown for 5 and 20 minute$his peak gradually vanishes with increasing annealing
temperature. According t®errano, Jet al[41] DFT calculationthe B1mode possiblyriginates
from the Wweakdown of the translational crystal symmetry indulsgdlefects andmpurities or
local electric field at grain boundariglgl0, 42, 43]. The increase in thannealing temperature
improves therystallinity of thefilms the consequence of which is the annihilation of the B1 (high)

excitation. This condibn can however not be extrapolated to thi¢ker (20 minutes)ince much
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higher thermal energies are required txtinguishthis modeas compared to thinner films (1
minute).

The additionamode observeih the vicinity of580 cmt is attributedto the E1 (LO) branchand

this confirms the deposition of wurtzite ZnO phases using RF magnetron spufiéismgnode

has been a subject of discussion to many researchers. Some sugyestponds to silent modes

[44], Nitrogenrelated mode®f vibration [45] andzinc interstitials, oxygen vacancies or their
combinationrelated defectp46] In our case, thpeakmay be as a result of two reasons:

(1) Dueto thenative defects of th&lms and the increase iparticle sizeduring annealingthe
surface to volume ratidecreases resulting in decreasehaf defect related statd3ue to these
charges, the scattering intensity of the regpe phonon peak decreagds3].

(2) Oxygenvacancy and its enhancement at growth before any annealingiygerrdeficient
condition Upon annealinghemodegr adual |l y vani shes at 700 eC,
minute, 5 minutes and 20 minutes deposition time respectively. This reduction in peak intensity
could be attributed tthe recombination with oxygen interstitials or migration into sif4g}.
According toAl Asmar, R. et al, the B0 cm' ! peak results fromombination of the enhancement

of electric field induced (EFI) via chardgeapping at grain boundaries as well @gsence of
localized interface and/or surface phonon mqdd&s On annealingthegrain boundary densiig
gradually reducedvith crystal growth As a consequence, the charge trappeftect at grain
boundaries vanishes as the annealing temperature incréae&d-I varies with deposition time

and requires different temperature for different film thickness. This explains the reason behind the
vani shing of the peak fathecatr8spon®ng depo8itbil®times®f an d
minute, 5 minutes andd2minutesrespectively.

On the contrary the peak intensity is enhanced with deposition time as shown is Fi§ure 4
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Figure4-19: Raman spectra of ZnO thin film grown at 100 W for different time varigli@® minutes).

Upon increasing the deposition time the peak at 275 andrB8both increases in intensity similar

to an increase in RF sputtering power shown in Fige28.4
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Figure4-20: Raman spectraf ZnO thin film grown for 5 minutes at different RF power 280 W).

Figure 420 exhibits thedistinct Ramanpeaks at 278mt, 522cmtand 565cm®. Thesharp522

cmt peakcorresponds to thehonon of SiThe 275cm peakattributed to the Bsilent inactive

mode slightly shifts to 277cm™ and has increasing peak intensity as well with increasing
deposition time. The shift of the peak position could be attributed to decrease in tensile strain
Howeverthe increase in defect level wishminuestime and RF power leads to increase in peak
intensity.A similar trendis observedor thepeak at 565 crhwhich is graduallyblue shift to 569

cmt for the film deposied for20 minutesThis effect is also collaborated in the films fabricated

at varyingRF powes.
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4.4 5.Photoluminescence studies

Photoluminescence studies were conducted at room temperature ushgda(2e nm) laser as
an excitatiorsource on ZnO films depositedrabm temperaturand subsequentBnnealed in Ar
filled furnaceat different temperaturesn order to realize theptimum potential applications of
the ZnO films, it is necessary tabricated thinfilms with highoptical qualityfor strong UV
luminescence. However, most of thegaewn films, irrespective of the gnah conditions usually
contain some type of native defeatswell as structural defeci®hesedefectsmaylower the UV
emission efficiency and create luminescent centers in the visinlge thus limiting the
applications of ZnO in optical devidechnologieg49]. In an effort to achieve an effective route
towards enhancement of UV photoluminescence (PL), aimdfigrther understanding of the defect
dynamics involved in the process, this research focus#ueagffect ofannealing on a wide range
of the film's propertieskilms of different thickness as determined by the deposition time were

annealed between 60® 0 0 e C.
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Figure4-21: Room temperature photoluminescence study of ZnO films deposited on silicon substrate for 1
minute then annealed at 66 n n

s/ @

Typically, ZnO exhibitemissions irthreeopticalranges:

| nearUV (3501450 nm), associated mainly to the near badde (NBE),

1 a broad deglevel (DL) visible emission (48050 nm) associated to crystalline defects

like vacancies and interstitial sites

| a near infrared (NIR) peak (7800 nm). The NIR pek is usually as a result of the second

order grating diffraction of the UV emission baid, 51].

At 1 minute deposition time, the NBE peak waserved a#l2 nm while the deep levéDL)

defectgavea

with the NBE pealappearingat 377 nmandthe yellow DL pealemergingat 521 nmas agreen

vyell ow e

mi

SSsion

peak

g lioth peék3 arenbioe shieal

anne

emission. The blueshift is attributed taqquantum size effects associated with the increase in the

particle size asorroborated byhe AFM and SEMesults This observation is in agreement with
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the assertions due tA. van Dijken et al[52], who established the dependenceahefconduction

band(CBbdge) and of the valence baif¥Byjge) edgeson the particle siz&ssentially thebsolute

shifts of the band edgeseaexpressed asfanction of the particle radiuR in theform:

_E W09
Chedge™Bg 4ir Zppmecececeec. 6 4

""""""

-_K 0.9%¢ ;
VBadge 8m R 4pgeulaeeeeeeeeeee. . €7 4

WhereEgis the bandgaghi s Pl anc kné is theceffetts/d n@asstof, electron which is

0.28me, m; is the effective mass of hole which is 0r&for ZnO.Thedifference in eféctive

masses of the charge carriegsults in variation isizedependent shitfor both band edges.

The intensity of the DL peak increasesiile the peak narrows in widtlwith increasing
temperatureThis is plausibl@asannealingn argonambientfor whichmore oxygen vacanciese

formed. The NBE intensity also increasesith an increase of annealing temperatures at
temperature range of between @® 0 e C. Accor di n g[53 tbe intessityeoh |, P.
this NBE emission peak ialso dependent on thgrain and crystal orientation. As annealing
temperature increases, there is a reduction in the grain boundaries and the number of particles on
the surface of ZnO nanoparticles. Consequently, the number gbdwtive transitions and deep

level defects mabe bothsuppressedeading to an increase in the NBE emission interjSi.

At 900 eC, there was a sudden drop in the int
NBE are due to the existence of interstitfal” ions and the drop could be attributed to less
existence ofheinterstitial Zr ions[55]. Table 410 shows the peak position for thin films grown

at different deposition tingsand annealeddetweer6009 0 0 ¢ C.
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Table4-10: Peak positions of the NBE and DL emission peaks.

NBE (nm) DL (nm)
Deposition Temperature Peak centre Peak centre
time
as deposited 412 563
600 eC 377 521
1 minute 700 ¢eC 377 521
800 eC 377 523
900 eC 378 528
as deposited 457
600 eC 383 430
5 minutes 700 eC 380 437
800 eC 377 466
900 eC 380 507
as deposited 488
600 eC 381 544, 690
20 minutes 700 eC 381 526, 664
800 eC 381 426, 525,680
900 eC 422 514, 556,614
1 minute 378 521
Deposition 5 minutes 378 437
Time 10 minutes 376 449, 575
variation
20 minutes 381 415, 518, 662

The las#4 columns indicated the PL characteristics for thin films deposited over different duration

without any annealing.
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Figure4-22: Room temperature photoluminescence study of ZnO films deposited ongilistrate for 5
minutes then annealed at6é@pnn ¢/ @

For a5 minute deposition time, the NBE emissionte asdeposiedfilm was found to be at 457

nm with DL emissior(expected at30nm)wasb ar el vy vi si bl e. On anneal |
peak is blueshifted to 383 nm and further to 380 nm and B@Yupon annealing at 700 C a n d

800 eC r espe ¢ the peaktlaxes bask t889 rim0Sinee €he builin strain in ZnO

is tensileit is expected thaat 900e Ghere is sufficient thermaictivation tarelax the tensile stin

in theZnO film. This caugsadecrease in the band gap evident from the shift in the near band

edge emission peakloreover, the decreaseinbamch p ener gy at bepbsBiblye C c ou
attributed to the remal of oxygen vacancies. s holds true as the reductioncarrier density

is removed by the annihilation of thexygen vacancieis a manner related to tiBrsteini Moss

shift[56]. The peak intensity also shows a general increasing trend with temperature, an indication
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of increasednterstitial Zri. Compared to the film deposited atriinute, no drop in interstitial
Zn'i' s o0bser v &hkeceattoid & th&@reem Emission peak is gradually red shifteth
the annealing temperature range of intef@30-900e L This isindicated using an arrow in figure
4-13. This redshift can le partially explained byhe shrinkage of the energy band gap with an
increase in particle size as suggested by van Dijken et al. and by Wib2t®d]. The shift to
lower energies as the particle sizereases as a result of quantum size effetated to the

confinement othe charge carriersThe gradual increase in the green emission peak is consistent

with literature reports showing that higher temperature results in a rapid increégfezind O

ion centerg34, 57].
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Figure4-23: Room temperature photoluminescerstedy of ZnO films deposited on silicon substrate for
20 minutes then annealed at6@pnn ¢/ @
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At 20 minute deposition tim®&L spectra of the ZnO filmshown in figure 423 generallyexhibited
four peaksnamely;

1 UV (NBE) emission peak arourt88nm,

1 Greenyellow luminescence,

1 Orange band luminescence and

1 Red luminescence.
The as deposited ZnG@iIms exhibit a low intensityNBE centered at 488 nm withwroad DL
emissionpeaks The NBE emissions blue shifed from488 nmto 381 nm and 378 nnafter
annealing at GCGpeCtawve!l OO A¢C900 eC, the
614 nm is observed. This may be attributeckitber the presence of excess local oxygen or
structural imperfectios|[58]. Thesdattice imperfectiosarise from thdarge lattice mismatch and
compressive forcketweerthe film andthe substrateThis isseerfrom the large variations their
thermal expansion coefficientThere are additional regimissionband centered at 690 nm, 664
nm, and 680 nmfterannealing he f i | ms ar e anneal e,despedtivelg.0 O
The sputtered ZnO films exhibittype conductivityand hence theed and IR emission banfis,
60]. According toXu, Linhua,et al, this band has been associatgth oxygen interstitial defects
[61] while Koyano, M.,et al, suggest that is due to thelonor to the acceptecenter transition
(DA mechanisma process ratheaimilar toself-activatedemission Its broad bandwidth suggest
that its related energy levels arkthe nature ofleep donerand/or accepter centtbatexhibits

strongerelectronphonon interactior{60Q]. Its intensityincreased with the deposition temperature
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Figure4-24: Room temperaturg@hotoluminescence study of ZnO films deposited on silicon substrate at
RAFFSNEY (G RSLRaAAGARZ2Y GAYS GKSYy FtyySItSR 4G Ttpn e/

Figure 424 shows the room temperature PL of films with varied deposition time then annealed in
Arambientat 750 e C. o&ition time the NBE baad isdccenfeat at 378 nm while the

DL is at 521 nm. For 5 minute depositjehe NBE remain unshifted while the DL is blue shifted

to 437 nm, an indication of particle size growth. At 10 minutes deposition time there are two DL
peals centered at 449 nm and yellow peak at 575 nm while 20 minutes deposition time produced
films with 4 PL peaks centered at 381 nm, shoulder at 415 nm, 518 nm and red band at 662 nm.
The emergence of additional peaks may be attributed to lattice imperfacti@s a result of the

large lattice mismatch and compressive force on the film from the substrate differiog

thermal expansion coefficietvhich tend to increase with film thickness as deposition time

increases.
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4.5. The Effect of the Oxygen Corentration on the Zinc Oxide Films
In order to obtain stoichiometric ZnO film, it is necessary to optirtiizeconcentration of O in

the film through the introduction @ixygengasat optimized flow rates in thergonplasma during
sputteringTheZnO thinfilms were later deposited in an oxygamd argormmbientto compensate

for theoxygenvacancieghat annihilatéhole concentrations.This was performed by varying the
Oxygen partial pressui constant Ar flow rate during deposition. The dépmsrate have been
observed tovary with the Q flow ratefor ZnO. It has beereported thathe addition of Oxygen

during RF sputtering process @ssentialfor obtainingn-type semiconducting ZnO filmThe
absence obxygen orexcess thereafan make the ZnO film either metallic or insulat[6g]. An
increase of the oxygen flow rate in the working gas reduces the number of incident Ar atoms which
can transfer their high energy to the target. Therefore, the growth rate for ZnO films decreases
with increasing oxygen concentratidn.this work, instead of oxygen partial pressure, the oxygen
flow rates are varied directly and their influence on photoluminescence promérde® are

discussed.
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Figure4-25: Room temperature photoluméscence study of ZnO films deposited on silicon substrate at
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concent

constant Argon flow rate of 13 sccm but varied Oxygen flow ratef0 &8 OOY U0 G KSy
Arambient
YangBing-chu et al.[63] summarizeste dependence of the
intrinsic defects on theariation of oxygen partial pressure in Tabld Bbelow.
Table4-11: Intrinsic defects concentration against oxygen concentration variation.

n(e |n(Y n( Z)n n( Zopn n( ¥y n( @ n( oy

Wher e

n

denot

e¢s

denotemnasr attt‘xodalsﬁhgs wheteeds

The films deposited in the presence of Argon only showed a NBE band at 381 nm and DL band at

522 nm. On introduction ddxygen at 4 sccm into the chamber, the NBE band was blue shifted to

378 nm while the DL band was rstlifted to 548 nm. The NBE band gradually increases
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intensity with an increase inxggen concentration to a maximum limit at 12 sccm. This is
consistentith the findings of Abdallah, Bet al [64] who consideredhe UV intensityemission

as an indicator tthe nature of crystallinity aZnO film, and hence the higher the crystallinity, the
higher the UV(NBE) emission intensityf34, 65. The green emission (DL) is observed to
gradually increase in intensity with increasing Oxygmncentration. From table ML, It is
noticeable that only the concentrations of zinc waga interstitial oxygen and antisite oxygen
increase with increasing oxygen partial pressure and therefarethasingOL intensitymay be

attributed tancreasingzinc vacancy, interstitial oxygen and antisite oxyfgs3).

Several oscillations/band were also observed at 598 nm, 623 hmp6%H80 nm, 707 nm artlde
most intensat 752 nm. These bands/oscillations were also observedusy, R. B 58] for films
grown in oxygen rich environment aradtributedthem toeither the presence of excess local
oxygen or structural imperfectienOn the other handlvi, N. H., et al., suggest thathe red
emission in the range of 620 nm (.8V) to 690 nm (1.79 eV) may bétributed to Owhile that

in the range of 69@m (1.79 eV) to 750 nm (1.65 eV) can be attributed4{64].

Xu, Linhua, et al classifyOxygen vacancies iathree different charge states: the neutral oxygen
vacancy (\&Y), the singly ionized oxygen vacancydY, and the doubly ionized oxygen vacancy
(Vo™) and thathe red emissioria the 690750 nm wavelength range angghly intenseas a result

of the transition of electrons frothe conduction band to & *. The suggested schematic diagram

for red emission mechanism is showririgure 426.
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Figure4-26: The schematic diagraof the suggested emission mechanisms of green and red light in ZnO
thin films adapted from ref. [61].

The density ofthe Vo' is affected by many factois the film. Sichfactors includeZnO grain
size, thicknessf thethin film layer, grain boundaryemsity and other defects around*VWith
the coeexistence of numerous types afipt defects irnthe ZnO thin films, the visible emissions
originating from these diffrent point defects may becomempetitive.As a result of the above
factors the \§"" maynot necessarilpea lightemitting center or a dominant ligemitting center
and this explains whyhe extrared emissionseen here inxygen rich environmenis rarely

observed in ZnO material61].
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4.5.1 Ramanstudies on oxygervariation.

Figure 427 showsRaman measurementsthe backscattering geomethat wereused to identify
the Raman active modesith variation in oxygen concentrati@at a constanfr flow rate of13
sccm.ZnO grown by RF sputtering exhibd wurtzite structure witfour atoms per unit cell giving
rise tol2 phonons9 optical and 3 acoustimmely:longitudinal acoustic (LA), transverseoustic
(TA), longitudinatoptical (LO), andtransverseoptical (LO) branch.The Al anda doubly
degeneateE1l branch are Raman and infrared active, while theltwable degenerate2 branches
(nonpolar) are Raman actiealy [67]. The E low mode is associated with the vibrations of the
Zn sublattice, while the E2 high mode is associated phlbnon vibrations corsponding to the

sublattice with oxygen atoms onl{68]. The Bbranches are always inactive.
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Figure4-27: Raman spectroscopy of unannealed ZnO thin films grown at diffeper@r©entration.
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At 0 sccmO; flow, theRaman peaks wembserved at 272 ch303 cmt, 435cmt, 522 cmt, 581

cm?, and abroad peak stretching from 94092 cmi.

The peak near 272 chrould beattributedto the B1 silent inactive mode whilthatnearto 435

cmt is theRaman active phonon mode E2 (TOhe additionamodeobserved around 58im?
corresponds possibly to thd (LO) branch47]. Theseoptical phonon maes confirm that the RF
magnetron sputteregolycrystallinethin films have the wurtzite hexagonal pha€air results
conform to the work offzolov, M., et al [42] in which the bandsnear 272 and 58&m* are
commonascribed taZnO thin films andnot single crystabndsinteredpolycrystallineZnO The
absence of these modes in the latter materials is associated with the electfarrield in the
depletion regiorwhich acts as @aharge tragor free carriers These traps can assume several
formats such adefect interface states asionized aderbates at the grain boundarteat leads

to the enhancement of the intensity tok LO band and the silent modé&dditionally the
enhancement of the peatitensityis further observed during the compensations of oxygéects
through increasin@xygen flowrates[69, 70].

From the Raman spectra, the intensity of the 272 ana®8IRaman bands are seen to increase
with increase in Oxygen concentration, an indication of enhanced charge trapping which is in
agreement with equation9! The increase in intensity is even more enhanced when the films are
subjected t@nnealing iMr ambientat 700 eC f or infwwe4Bbour s as sho
The Ramarmpeaks at about 435 ¢éfris assigned to the nepolar optical phononsAhigh) modes

of the ZnO thin films. This peak intensity reduces as Oxygen concentration increases and red
shifted with anndai n g a &s sHoWNOnifar€4-28. The vanishingf this peak at 435 ¢

at 8 sccmis an indication that the oxygeith environment plays a great role in reducing the defect

states. Onthe otherhandh e red shi fting with annealing at
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the films. As temperature increases the compressive stress decreases while tensile stress increases
causing oxygen otdiffusion and reduction in zinc interstitials by desorp{idt.

The peaks at about 303, 522 and 960 ame attributed to the optical phonon modes of the silicon

substrateSilicon passesses the diamond structt@% (Fd3m) and therefore has only one first

order Rama-active phonon of symmetr@25 which islocated at the Brillouirzone centerThe

first order Raman (stokes) speotr consists of one strong peak522 cmi® arising from the
creation of the triply degenerate, long wavelength transverse optical phondim2r.Ohe second
order Raman2TO mod¢ is observed around 941092 cm' andin our thin film material it is
attributedto the convolution of the second order Raman bands of the thOfilms with the
silicon substrateThis peaks not presentvith an increas in Oxygen concentration, an indication
of the improvement in the film quality in comparison with that oigd under 100% Argon. The

same is observed for the peak at 303'cm
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Figure4-28. Ramanspectroscopy of ZnO thin films grown at differeptc@ncentration then annealed in
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Figure 428 showsthe Raman spectra ofnO thin films grown under different Oxygen
concentration (0-15 sccm and subsequentlgnnealedunder Argon ambienta t 700 eC. Ur
annealing of the fil ms atlald®€992c6! re-amergeTiRa man p
annealingusuallyleads to an increase of the resistaotée thin flmsandthe decreasef the

free carrier absorption due to the redubadd bending within the crystallite§he effect othe

built-in field will subsequently reducthe Raman scatteringit high temperatureve may find

combinations oacoustic and opticddranche$42].
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4.5.2 VIS/NIR Analysisstudies on oxygen variation

Figure4-29 shows reflectance measurements obtained fromB&$cVis/NIR spectroscopy over
a wavelength range of 48ID0 nmWhenever electromagnetic wave crosses the interface between
two differert materials, fraction of light is reflected by the inner surface while some amount is

refracted through the inner surface and finally transmj@&p
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Figure4-29 Optical reflectance spectrum of ZnO thin film deposited using different oxygen flow rates into
the RF chamber.

Figure4-29 shows the optical reflectance spectra of ZnO films grown with different oxygen flow
rate into the RF chamber over spectral rangei 480 nm. The weltleveloped interference
patterns are an indication that the films are specular to a great. drterference fringes with
minima and maxima as a result of interference fringes brought about by multiple reflections of

light occurring between the lower surface in contact with the substrate and the free surface of the
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layer are reported. The shiftiefithese minima and maxima is indication of varying film thickness
as reported by thpeak fitting shown in figure-30. The fitting was carried out using FR tool

software with high accuracy (<0.2% error).
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Figure4-30: Spectrum fitting to derive thickness of the film and refractive index.

From thegraph fitting shown in figure-&0, the film thickness variation, an indication of varying

deposition rate at different Oxygen flow rate into the chamber weslaaldand results depicted

in figure 431
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Figure4-31: Film thickness variation with oxygen flow rate.
Thickness of the films deposited without Oxygen into the chamber was 193.8 nm. Upon
introductionof oxygen at a rate of 4 sccm, the thickness first increased to 223.5 nm. This indication
of increased deposition rate could be as a result of rapid oxidation of the target and since the oxides
targets have a higher secondary electron yield compared todted targets, this could have
resulted into more ionization of the sputtering gas hence an increase in the deposifiof] .rate
The oxidation reactiofikely to take placet the substrate surfaes described by equatiodZn
+ O, = 2Zn0O[75]. At this oxygen flow rate we observe highest peak intensitynaimdnum
FWHM in the XRD analysismplying highest film crystallinity, this is because at this point the
species deposited on the substrate are fully oxidieede ZnO ratio may bestoichiometric At
8, 12 and 15 sccm there was a general decrease ithfdkmess to 217.9 nm, 207.8, and 194.4
nm respectively, an indication of declining rate of deposition. This reduction in the deposition rate

can be explained in two aspects. The first scenario is that the further increase in the oxygen
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concentration forma surface layer of adsorbed oxygen, which prevents the sputtering of the atoms
of the target useand thus reduces the deposition rate. The second as repofRedita; M. (2013)

[76], as the oxygen concentration increases in the chamber, the concentration of the heavier Ar
atoms decreases which could negatively affect the deposition rate. According to Tominaga, Kikuo,
et al,[77] oxygen in the RF plasma exssisnegative ion, which contributés a neutralization of
theplasma on the way to the anddé]. This eleaton-negative species natuséoxygen may also

lead to higher electretemperature plasm@8]. The increase in the plasma tralization with

oxygen concentration results in decrease in the amount of Arimhsencea decrease in the

deposition rate.

4.6.Application of ZnO thin films into perovskites solar cells

As a proof of concept, ZnO thin filmsere used as an electron transport layer to fabricate a

perovskites solar cell whose workingriple is described in section 2.9.8.2

4.6.1.Preparation procedure

CHsNHasl wasfirst prepared using equimolar GNH2 and HI. The HI was added dregse to a
round bottom flask in an ice bath while stirring (orange solution); the sides of the flask were
washed down with deionised water. The reaction was allowed 2 houg€aOhcecompletea

rotary evaporator was uskd to supersaturate and crystallise thetgoiycontrolled from 60 to

8 0C, khour). Ther yst al | i t e sCforé hoar, whshedevith diathyl eBher (2@ml x
3) then dri edC.é&o the depogitiort of thet GNH:Pb@ thig film, a precursor
solution was prepared by dissolving 368.8 mg otPI#17.1 mg of CkENHal overnight in 1 ml of

o-butyrolactone while stirring at 44T . For each sample 80 onto of
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clean ITO glassvith RF sputtered Zn@At room tenperature using RF power of 100\ a two

stage process, 1000 rpm for 10 s then 5000 rpm for 40 s. During spinning 30 s into the second
stage 80 €l of toluene was added as ané&anti sol
for 10 minbefore spn coating hole transport layer (P3HThe resulting film was then placed

into a thermal evaporator for metallization with 200 nm Au film which was evaporated as the top
electrode for device istcture described in figure-32 as adapted from R¢79]. The device was

then annealedt 3 0 u@deér Ar to improve the contact properties before characterization. The

results & the device electrical characteristics are reported in the subsequent sections.
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Figure4-32: Energy level diagram and device structure of perovskite solar cells. (a) Energy diagram of
individual layers ugkin perovskite devices. (b) Perovskite device structure. (c) Surface groups on the ZnO
film and the crystalline structure of perovskite stglline structure of perovskite crystals.
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Figure4-33: JV characteristics of perovskites solar cell composed of ZnO as electron transport layer.

The perovskite solar cell devieath ZnO as electron transport laygieldedlow performances
shown in figure 433. TheJsc= 289 PA cm' 2, Voc = 5.28 mV andFF = 23.3%). Thesevalues are
relatively low and could be as a result of exposure of the materials ihh@sein some cases have
been attributed téow conductivity and high resistana# the perovskites as well as its rapid

degradation when exposed to the ai

4.7. Conclusion
In the preset work, ZnO thin with variethicknesses and anneaksdlifferent temperatures were

prepared by RF magnetron sputtering techniquasiiicon substrate. The pressure in the vacuum
chamber during deposition was lower tHafm0 ° Pa. The surface structure and morphology were
investigated as a function of deposition rate and-gepbsition annealing temperatuieger a
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wide range of temperature from 60600 0 e C. SEM | iprepgredhfigns mevealstah e as
grainy structure with the grain size and overall roughness being strongly dependent on the
deposition rate and annealing temperatures. Quantitative AFM characterization reveals a strong
dependence of the surface roughness of the deposited films on the deposition astecatidg
temperature as well. The dependence of the grain size and surface roughness on the deposition rate
and annealing temperature were attributed to three main factors: (1) the characteristic features of
the island growth mode (surface diffusion datoms, nucleation and coalescence of Zn clusters);

(2) influence of the residual gases (in particular oxygen), which can be incorporated into the film
during deposition, on the grain growth; (3) the surface morphology of the corresponding bare
substratesSmallervalues of skewnessRsy) for the flmwas observed and wasiributed to more
symmetric surfacavhile from bothSkewness and kurtosithe surfaces are generally spiky with
dominant peaks.

Homoepitaxial growth of ZnO was achieved within individaaxis oriented columnar grains

using sputterdeposition. Lower deposition tfpower and low annealing temperatures gave
higher crystal quality within the grains, but the crystallite sizes increased with increasing
deposition time/power and annealing fmratures. XRD revealed a low magnitude of strains and
stresses with high crystal qualit#ll the diffraction peaks can be well indexed to the wurtzite
structure of ZnO of the space group P63mc, which is consistent with the standard values reported
in JCADS, card no003-0888.The PL resultgenerallyrevealed a lower concentration of defects
contributing to nofradiative recombinations in the ndzand edge region, while an emerging peak
related to deep level emissions pointed toward higher incorpomaitidoeep level defects which

varied with deposition time/power and annealing temperatures.
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The residual stress in the-goown ZnO film was evaluated from the position of thgligh)
Raman active mode. This stragas found to disappeapon annealingvhich was in agreement

with the XRD findings On the one hand the increase of grain size and the reduction of O vacancy
and Zn interstitial lead the vanishing of the §r ' as seen in figure-48.

The structural and optical properties ofdeposited ZnOilims were also found to depend on the
strongly dependent on the A@atio. The ZnO films had a hexagonal wurtzite structure and the
crystallinity improved whereas theaxis crystalline size increases with the increase of oxygen
ratio. From optical analysis, the film thickness first increased as a result of the ZnO oxidization
then assumes a decreasing trend. We have also shown that the @mogitionshas a strongly
influence on the emission characteristics of ZnO films grown by mneton sputtering.
Perovskite solar cell incorporating ZnO thin film was fabricated and tested in air, however it was
a great challenge to obtain a working device and they showed a mere ohmic behavior. This could

be attributed to exposure of the perowskimolecules to moisture making them readily oxidize.
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Chapter 5: Structural and spectroscopic analysis of ex -situ
annealed RF sputtered Al doped ZnO thin film.

5.1 Introduction

Environmental friendly ZnO has received much attention over the past decades as a result of its
wide and direct band gap (3.27 eV) as well as large exciton binding energy (6JIheW)is

band gap can be engineered by alloying with MgO or CdO. ThissZak&apromisingcandidate

for various applications such as gas sensors, transgareictors for thin films transistgisolar

cell, light emitting diodes (LEDs) and laser diodes (LDs). Other important characteristics of ZnO
include: strong luminescence in the gredmte region of the spectrum making it a suitable
material for phosphoapplication[2]; availability of large area single crystals and-egady
substrateghat can beeasily fabricated by a versatile of CVD and P\dites[3-5]. ZnO
crystallizesn the wurtzite strature (Fig 57) almost always as-type, the cause of which has been
asubjectof intense debate. The low symmetry of the wurtzite crystal structure combined with the
large electromechanical coupling in ZnO also gives rise to strong piezoelectric aniégiyime
propertied6]. Various research groups have reportedttietlectrical and opticgdropertiescan

be significantly changed using relatively small concentratioh native point defects and
impurities [7, 8].

Recently Aluminiumdoped ZnCthin films have shown high potential as a low cost alternative to
indium tin oxide (ITO)especiallyasa transparerglectrode in solar cell3he drive force for Al:

ZnO applications as alternative electrodesadirgbuted tathe abundancendnon-toxicity of the
constituent elements thefilms. Additionally the have been found &dso exhibithigh electrical
conductivity, high optical transparency in the visible wavelength region&§@00m) as well as

good chemical, mechanical and therstability [9].
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Among the various growth techniques for Al doped ZnO, RF sputtering has its advantages such as
ability to produce good quality films with high surface area and low electrical resistivity. This
deposition can be carried out at romperature yet still remain stable even at high temperature
[1].

In this chapterwe studied the effect of deposition time and fpsivth annealing of RF sputtered

Al doped ZnO thin film at a temperature rangeo6f600-1000 €C in air. High temperature
annealing appears to enhance optical properties such as photoluminescence, ionpstalédity

as well provide mechanisfior the substitution of zinc doping in the presence of Al impasit
Aluminum doped zinc oxide (AZO) thin filsm have beerprepared by Radio Frequency (RF)
sputtering system in pure argon atmosphere with a powHI®IV. The structural results reveal

a good adhesive nature of the thin film on quartz(@fd)silicon substrate$100). The thin films

were then subjected to heat treatment in a furnace under ambient air. The structural, morphological
and optical properties of the thin films as a function of deposition time and annealing temperatures
have been investigated usingRay Difraction (XRD), Atomic Force Microscopy (AFM) and
Scanning Electronic Microscopy (SEM). Photoluminescence (PL) properties of annealed films
showed significant changes in the optical properties providing proof of defect formation.
Annealing leads to an ingase in the crystallite size as well as the roughness of the film. The

crystallinity of the films also improved as evident from the Raman and XRD studies.
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5.2. Experimental details
Aluminium doped ZnO thin films have been deposited using RF magnetrtierapg onto rype

(001) Silicon substratesf 1 cm squarat room temperature. The substrates were initially cleaned
with acetone and ethanol in an ultrasonic bath for 20 minutes and rinsed in deionized water before
drying using a stream of nitrogen gd$ie substrates were then mounted on a rotating substrate
holder at a distance of 6 cm from the ZnO target. The target used was ZnO (98%): Al (2%) disk
(99.99% purity) with a diameter of 76 mm and thickness 6 mm. This was bonded onto a circuit
magnetrorcathode in a vertical configuration. The sputtering chamber was evacuated to a base

pressure of about 2 x Pmbar while sputtering was performed under Argon with a working gas
pressure of 2.3 x ¥mbar. The growth was undertaken undestdm Ar flow,100 W RF power

with deposition time varied betweer6d minutes. Pogjrowth annealing was carried out in air

for films deposited for 40 minutes in a furnace at a temperature ra6g828f0 00 e C f or 2 |

5.3.Characterization of the films.

Themorphologies and structural analyses of the samples were characterized using V&H® Di

atomic force microscopy (AFM) in tapping mode and FEI Nova Nanolab 600 SEM. The elemental
composition of the films were analysed through an gndigpersive Xray spectroscopyEDX)

attached to the SEM. The Raman bands and the structural order of all the films were examined
using a Horiba LabRAM HR Raman spectrometer equipped with an Ar ion laser (514 Bem)

laser powepn the all the sample was $ek1 mW. The effect of deposition time and post growth
annealing temperature on the crystallinity and phase were studied using AXS Bruker D8 Discover,
40kV, 40 mA using SEamiBohinge o mé¢ i oy. i ihe hecannin
was varied from 1o 80 at a low scanning rate of P/tinute. The Xray reflectivity (XRR) and

diffraction spectrum of the sample were recorded before XRR curve fitting using Biffdos
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software. Phdoluminescence measurements a&agried out using a Horiba LabRAM HR
spectraneter with a 150 lines/mm grating and an excitation wavelength of 229 nm from a

frequency doubled Lexel argon ion laser.

5.4. Results and discussion
5.4.1.Morphology studies by AFM and SEM
The surface morphology of the films was characterized 0sgegoDi3100 AFM under tapping

mode and the resslareshown in figures-1.

100.00 nm

0.00 nm 0.00 nm 0.00 nm

Figure5-1: AFM images of the Al doped ZnO before and after annealing at temperature range d@D0
e/ AYy | AN

According to ref6], the surface reconstruction as a result of formation of native defects can vary
over a wide range (given by the formation enthalpy of ZnO, i.e. 3.@le®Yo the variationsf

thar chemical potentials.

213



From table5-1, the average roughness of the film surface increases with annealing temperature
showing that the degree of uniformity of the surface decreasespsrature increaseé&'e further
tabulated the skewnesss(Rand the kuosis (Ru) parameters to provide information ome
asymmetry and the sharpne$she surface topograpmgspectively. The skewnesss(Rvas used

to establish the profile symmetry about the mean line. The positive values attained indicate that
the heidnt distribution is asymmetrical with more peaks than val[@ysAnnealing enhanceabe

surface diffusion of particles leading to shape and size reconstrastgitown by thencreasehe
skewnessKurtosis (Rku) on the other hand gives tineeasure of surface sharpness of the films

surface. Since the kurtosisijRis higher than 3, this indicate spikyrface

Table5-1: Summary of tapping mode AFM analysis.

Annealing
Temperature Ra Rrms Skewness Kurtosis Grain height

(T (nm) (nm) (Rsk) (Rxku) (nm)

Reference 3.43 4.317 0.002 3.162 16.64
600 4 567 5.747 0.016 3.076 22.56
700 4.310 5.414 0.087 3.045 22.683
800 4.608 5.775 0.042 3.035 21.065
900 5.777 7.428 0.654 4.222 27.244
1000 28.563 35.883 0.653 4.132 94.149

The grain height is observed to increase with temperduggocoalescence. This is consistent
with the XRD resulthowever the values are seemingly larger than those obtained from XRD
analysis due to the fact that AFM gives the particle size while XRD derives the graiwhize.

annealed at high temperature, the atoms acquire enough activation ergogsilbbyoccipy the
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correct site in the crystal lattice and grains with the lower surface energy will becomégl@iger

At 1000€Cthere is sharpnicrease in both roughness and grain height due to major grain growth.
On the account of vacancies reduction, larger grains are formed in a process similar to sintering.
Zinc has greater volume diffusion than oxydéa]. Zn seltdiffusion may be mediated by Zn
vacancies which have a higher migration barrier of 1.40 eV, but with much lower formation energy
in n-type ZnO[12]. Tomlinset alreported an activation energy of Zn in ZnO of 3.86 eV for self
diffusion compared to Oxygen in ZnO, and appropriately suggested that Zaiffeedion is
controlled by a vacancy mechani§j.

Figure5-2 showghe AFM image of films deposited at an RF power of 100tWaaied deposition

time. At low deposition timemesoflat islands, often with highly dendritic shapes are formed
following VolmerWeber growth mode. An increase in deposition time leads to formation of
fis p h er i th&Kerdilms. This és confirmed bghe increase in grain height with time as well

as film thickness increase measured using thickness profilometer. Frorb-Baltlee roughness

first increases with deposition time as larger porous particles are formed. At 40 minutes deposition
time, thefilm appears more compact with a reduced roughness. This is also observed at a

deposition time of 1 hour.
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31 73nm

3.00 nm

Figure5-2: AFM images of the Al doped ZnO grown an RF power of 100 W over different deposition time
ranging from 5 minutes to 1 hour.

Table5-2: Summary of tapping mode AFM analysis for AZnO deposited at varied time.
Annealing

Temperature Ra Rrms Skewness Kurtosis Grain height

() (nm) (nm) (Rs) (Rcw) (nm)

Reference 3.43 4.317 0.002 3.162 16.64
600 4.567 5.747 0.016 3.076 22.56
700 4.310 5.414 0.087 3.045 22.683
800 4.608 5.775 0.042 3.035 21.065
900 5.777 7.428 0.654 4.222 27.244
1000 28.563 35.883 0.653 4.132 94.149
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Reference

Figure5-3: SEM images of the Al doped ZnO before and after annealing at temperature rangel60600
e/ AY FANIFYR 95{ &aLISOGNY @
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Figure5-4: Energy Dispersive Spectroscopy (ECEs}rspof the pristine and annealed ZnO thin film (1000
c/ 0D

The SEM micrographs of Al doped ZnO grown at an RF power of 100 W for 40 minutes shows
that the films exhibit smother and uniform texture upon growth. The particles assume an almost
spherical shape indicating a homogenous nucleation process involvedRF gputtering. The
emergence of small crack in thegm®wn film is a clear indication dhe competition between
compressive elastgtrain and filmsubstrate adhesion in the@eaposited films. With the increase

of the annealing temperature, the strae@faxation occurs as the smaller strained grains are
aggregated into larger grain ssz&hich ardess strained. This is corroborated from the change in
lattice parameters aridec/a ratio. At 100@C, the surface is smooth but with huge gaps between
the blocks resulting from thermal stress due to mismatch of thermal expansion between the Al
doped ZnO and the Silicon substrate. For instance ZnO has a thermal expansion coefficient of
4.75% 10°K * while silicon substrate has a mean thermal expansianhg# 10°K * at room

temperature[13, 14] A mismatch in thermal expansion and anisotropic contraction during
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annealing induces tensile stress on the ZnO film as the substrate cools from high temperature to
room tenperature suclas stress relaxations lead to cracking of filjd§]. The EDS spectrum
measurements figure 54 shows that there is no impurity from other materialslosses in the

volatile Zn due to elevated temperatures. peak onSiis due to the (001) Substrate.

5.4.2. Raman Spectroscopy

Raman spectroscopy is the inelastic scattering of photons by phonons. This technique is
predominantly used for estimating the crystallinity of materials. The finite optical phonons within
the grains of ZnO nanostructures results in an interesting changse Wbrational spectra
compared to that of their bulk counterparts. Some shifting of peaks as wells as broadenings in the
Raman spectra may occur for crystals with reduced dimensionality. The Raman spectra of ZnO
nanostructures always exhibit such shafid broadening from the bulk phonon frequencies.
According to Kharet al, the phonon peak shifts in Raman spectra of nanostructures is attributed
to spatial confinement within the quantum dot nanocrystal boundaries as well as phonon
localization by defectgl6]. ZnO is a semiconductor with wurtzite crystal structure. The wurtzite
structure of ZnO crystal hass&ymmetry with 4 soms in the hexagonal unit cell leading to 12
phonon branchesf which 9 areoptical and 3areacousticbranchesThis classification is based

onthe following irreducible representations:

whereA andB modes have onfld degeneracy and modes are twdold. OneA;r mode and one

E; pair are the acoustmhonong16, 17].
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Figure5-5 shows the various Raman modes obtained using the green excitation wavelength (514

nm, 2.41 eV) in the 16800 cm! range. Raman peaks are observed at 278, 305,437,584 and 619

cmtin the assynthesized sample.
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Figure5-5: Raman spectra of Aluminium doped ZnO thin film before and after annealing -at 600 n
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The peak intensity at 278 chgradually reduces with annealireptperature and finally disappears
at 800eC. This peak is attributed to Raman inactigar®de resulting from the presence of a built
in electric field within the separate graitst lowers the lattice symmetrj@]. As a result of
increase irthe A (LO) vibrations, another peak due to the existence of aibudlectric field in
the crystallites is seen at 584 ¢éniThe grain boundaries typically contain a relatively high
interfacial density that captures the free carriers from most of thesgrhis interfacecharge

gives rise to bantdending in the bulk of the grain atitis leading to the formation ah interface
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barrier. This confirms the substitution of Al in the ZnO. The depletion layer is located near the
grain boundary due to theghi carrier concentration resulting from Al doping, and the bulk density
of the carrier density in most grains is constant. Lowering of the doping level, for example by
addition of oxygen during annealing process, leads to nearly flat bands throughara@achhis

is evident by the peak at 278 ¢m@nd in the high Raman shift regime, at 584evhich suddenly
disappear at annealing temperature of 8D0At this temperature there is formation of more
insulating films and hence the value of the binlelectric field decreases and disappéags.

A notable peak observed at 437-tim all samples is assigned figh) mode. Usually, this is the
strongest mode in wurtzite crystal structure and is as a reshé wibrations of thexygen atoms

in the ZnO latticd19]. The position of E(high) mode shows no obvious change with increasing
annealing temperature. Thntense peaks at 305 and 525%ame associated with Silicon substrate.

When the time of deposition is varied the Raman peaks obtained are as shown éigure
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Figure5-6: Raman spectra of Al doped Ztitn film deposited at 100 W at different deposition time.
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Figure 5-6 shows the Raman spectra of the prepared Al doped ZnO thin films with varied
deposition time. The Raman lines around 278" cA87 cm' and 584 crit were observed for all

the samples. Tise lines are assigned to Zn@rBode, E (high) and A longitudinal optical (LO)

mode respectively. The blue shift of therBode peak from 274.1 chto 277.6 crmt was caused

by the tensile strain in the films which was in good agreement with the GIX®RiigeThe peaks

at 278 cml, and 584 crt become intense with narrow FWHM as deposition time increases. This
could be attributed to more scatter volume and thermalisation of the substrate for long deposition
times. The Al (LO) mode was caused by the defects\aicancy and Zn interstitial. Thedrease

of the B and A (LO) mode intensity for Al doped ZnO thin film with increasing deposition time
implied the increase of defects-(@acancy and Zn interstitial) in this film which is consistent with

the PL resulf20]. The addition of oxygen through annealing in air or sputtering in Ar/O mixture
affects the Oxygen vacancies in ZnO and this is seen in the high frequency E2 mode whose
sensitivity b the oxygen composition is seen by the changes in the peak position of the mode. This
provides an avenue to evaluate oxygen vacancies and also confirm the prospeoisdatticn

upon annealing in ailThe Raman shift oE2 (high) withannealing time otemperaturdlustrate

the contributions of the oxygen vacancy

5.4.3. XRD measurements

The GIXRD patterns of theluminumdoped Zinc Oxide films annealed at different temperatures
are shown in Figre 58. All the peaks are indexed to the JCP2 card numbe+0888 with
hexagonal wurtzite structure having two lattice parameseadc, in the ratio ofc/a= 5.21/3.24

= 1.63 and belongs to the space group of P63mc. A schematic representation of the ¥m@ziti

structure is shown in Fige 57. The structure is composed of two interpenetrating hexagonal
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closepacked hcp sub lattices, each of which consists of one type of atom displaced with respect
to each other along the threefaéhxis by the amount af =0.379 defined as the length of the

bond parallel to the c axis, in units of ¢ and is given by equ&tbf21].

2
u=1@) Leeéeceeéeeeé 52
3¢’ 4

[0001)

Figure5-7: Schematic representation of a wurtzitic ZnO structure having lattinstants a in the basal
plane and c in the basal direction; u parameter is expressed as the bond[2hpth

From the XRD patterns the films are polycrystalline in nature with a preferred orientation along
thec-axis. Three distinct peaks are observed at (100), (002) and (112) planes. The (100) and (002)
peak intensity increases Wwiincreasing annealing temperaturdap temperature of 9GO @hile

the full width at half maximum(FWHM) reduces This is a clear indication of enhanced
crystallinity of the films with increasing annealing temperature. The increase in peak intensity with
annealing temperature between &I eC may be attributed tthermally activated mobility of

the atoms in the filmghatlead to he possiblelecreasen the structural or nativelefects in the

ZnO films. This reduces the porosiand quality of filmg[10]. This effects is also plausible for

thermal treatmentdyond900€C as corroborated ithesharp decrease of the peatensity. [22].
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In ZnO, the most intenseepk is usually along (002) plane, however, this is contrary to our
observation in which a higher intensity peak corresponding to (100) plane is reporteas fibhes
texture and ifs attributed to disturbance of the charge neutrality induced Bysabstitution of

Zn 2* [23]. Furthermore, the presence of Al changes the diffusion rate of Zn and O on the Si
substrate duringeposition and annealing. This may alter the energetic balance between (100) and
(002) orientations hence making the usually preferred (002) orientation in the wurtzite structure
[24] to be unfavorable This peak intensity increases with temperature as a result of more

substitution.

Intensity (arb. units)
Intensity (arb. units)
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Figure5-8: Xray diffraction (XRD) pattern of (a) the Al doped ZnO thin film before and after annealing at

temperature between60 nnn s/ AY FANE 600 Odz2NBWS FAG 2F GKS 0

e/ @

At tempeantures between 66800 eC, the FWHM of the peaks decreases relative to the strong

increase of their intensities (talde3 ) . This observation can be ex

theory that the full width of a peak at half maximum in a polycrystalline sample is correlated with
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the extension d of the crystalline dom4#%. The peak psitions are shifted to lower wavelength

in this temperature regime as a result of compressive stress induced by annealing effects. This may

also be due to the fact that more Al ions occupy the lattice position of Zn ions and less stress

remains in films aer annealing26]. At 900€C the shift in peak position is towards that of pristine

film. Annealing also reduces the congatibn of structural defects/pinhole and thus decreases

the intrinsic stress. During annealing, atoms of ZnO films acquire energy to arrange leading to

reduction in the tensile stress. There is higher chances of Zdiffe#fion mediated by Zn

vacancies Wich have a higher migration barrier of 1.40 eV, but with a much lower formation

energy. Indeed, Tomlinst alreported an activation energy of 3.86 eV for-skffusion of Zn in

ZnO, and appropriately suggested that Zn-diftision is controlled by aacancy mechanism

[27]. However, ZnO has a higher thermal expansion coefficient compared to the substrate (Si)

hence a comprsw/e stress will be generated by Si when the substrate cools to room temperature.

This difference causes the shift in the peaks poditi6h

Table5-3: Characteristics of Al doped ZnO annealed at00n n e/ AY | A NJ

Annealing fwhm fwhm fwhm

Temperature (100) 2q (002) 2q (112) 20
(<)

Reference  1.53822 31.35932 2.45638 34.46864 3.54359 67.34772

600 1.32936 31.91696 1.79432 34.78054 2.64725 68.40601
700 1.29202 31.91529 1.73682 34.70507 2.45601 68.20376
800 1.17732 32.02756 1.42188 34.93952 2.26733 68.63416
900 1.28508 31.7629 1.52375r 34.48858 2.40098 68.29923
1000 1.19040 32.15058 1.29611 36.65045 1.91422 68.91316
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The associated stress and strain are evident in the changing lattice camstachtsvalues as
shown in tablé-4. From the multipeak fitting carried out using Origin, the peak center positions
were obtained as recorded in table 3 and used to derive the lattice spacing for all the samples using

Braggods relation:

,,,,,,,,,,,,,,

Wheredi s t he Braggds angle (angle betweeay), nor mal
aistheXr ay wavelength which in our case was CuKLU
The lattice parameteesandc were obtained for the three major peaks using the expression for

hexagonal systeffi9].

1 :A(h2+hk ) % L L A A A LA A AL
> 3 a?

The lattice parametera and c calculated at different annealing temperatures as well as the
reference film are nearly equal to the lattice constants given in the standard data (JCP2 card number
0030888). The slight increase in the lattice parameters with increasing annealing temperature is
attributed to strain in the lattice or stresses inducedllgjopant which have a higher valence
states than Zn. The change in the lattice parameters of the ZnO host material depend on the ionic
radii of the impurity that substitute the Zn ions at the lattice sites. In our case, since the ionic radius
of AI**(0.053 nm) used as a dopant is less than thatBf{@i®74 nm), At* substituting ZA* will

lead to compression of the lattice hence a decrease in the lattice parameters observed in table 4. It
is plausible that the increase in temperature providegisuff energy to thermally activate Zn/Al

atoms into the sites in the ZnO film, this increases the probability of atomic substitution. Site
substitutions for atoms with different charge states than host could lead to a reduction in the

lattice parameterid 9].
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Table5-4 shows calculated crystallite sizes for the three peaks with the highesiapeakt as

an average size derived using Scherrerodos form

,,,,,,,,,,

— K ;
D—bcosqeeeeeeeeee 5-5

Wherek is the crystallite shape factor usually 0/9is the Xray wavelength used which is our

case was 1.54A, bis the FWHV which are tabulated in table/whilegi s t he Braggos
radians.

From tables-4, the average crystallite size becomes larger as annealing tampeérateases and

this is in agreement with AFM and SEM analysis. This increase could be attributed to the fact that
at high temperature, the atoms have enough diffusion activation energy to occupy the correct site
in the crystal lattice and thus grainsthvihe lower surface energy will become larger at high
temperature. As a result the growth orientation develops into one crystallographic direction of the

low surface energy, leading to the improvement of the film crystalliay,
-Eé/ , s, e,
D=De e eééeéececeéeeéeeéeeée. (6)

whereD, is the diffusion coefficient at reference temperafure
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Table5-4: Estimated crystallite size, lattice parameters, dislocation density and strain from XRD data.
Annealing

Temperature Crystallite size, y(nm)
()

(200) (002) (112)  Average
peak  peak  peak size al(h) cdd u ®1 U @1
Reference 10.73 6.79 5.39 7.63 3.29 5.20 8.69 3.23

600 12.43 9.28 7.26 9.65 3.24 5.16 6.47 2.79
700 12.79 9.58 7.81 10.06 3.24 5.17 6.11 2.71
800 14.04 9.51 8.48 10.67 3.23 5.13 6.07 2.70
900 12.86 12.04 7.99 10.96 3.25 5.19 6.05 2.69
1000 13.89 12.92 10.06 12.29 3.21 4.90 5.18 2.49

The dislocation densitly, defined as the length of dislocation lines per unit volume of the crystal
(Williamson and Smallman) and the strain present in thin film were investigated using equations

5-7 and5-8 respectively.

d=-1.¢éécecececcééeececéeée. 57

sh

e=b%sqéééééééééééééééé.5-8
The strain in the films gets released as temperature increases as a result of the remow#s of defe
in the lattice with increase in temperature as indicated in fadl&Such a release in strain reduces
the variation of interplanar spacing d, leading to the decrease in dislocation density. The reducing
strain and dislocation density together enhanite stoichiometry of the films, which in turn

causes the volumetric expansion of thin films hence and improvement of crystfi@jity
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Figure5-9: X-ray diffraction (XRD) pattern of the Al doped ZnO thin ditown using varied deposition
time.

Figure5-9 shows the effect of varied deposition time on the XRD patterns. The films grown at 5
and 10 minutes shows that the film is polycrystalline in nature with a preferred orientation along
c-axisi.e.(002) plane and certain fraction along (103) plane. Inocrgdke deposition time shows

a decrease in (002) plane intensity and emergence of the (100) and (112) planes as the preferred
orientations. I n addition a shift to higher

crystal orientation is attouted availability of more Al ions substituting Zn ions.
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