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

interesting properties with diverse application potential. These properties include high exciton
binding energy, high resistance against radiation, high breakdown voltage, insensitivity to visible
light, and easy wet chemical etching. The high quantum efficiency for emission by ZnO has seen
it being considered a strong candidate for solid-state white lighting applications as well as

transparent conductor electrode in solar cells.

In order to realize efficient utilization of the multi-functional properties of ZnO for electronic and
opto-electric applications, ZnO is usually doped with different elements. Such doping is aimed at
enhancing and controlling its electrical, optical and multi-functional properties. Typical dopants
widely used are trivalent atoms categorized as group Il in the periodic table (Al, In, Ga) through
substitution of cations. The as-grown ZnO thin film is usually n-type semiconductor with
structural, electrical and optical properties that can be varied depending on the growth conditions
as well as post deposition 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 to ex-situ thermal annealing in Argon

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*,
Th* and Eu®" are investigated in this research project. ZnO doped with RE has exhibited
electroluminescence, thus highlighting its potential for photovoltaic applications as a bi-functional
layer. A doped ZnO layer is thus simultaneously utilized as transparent conducting electrode and

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



effectively use the high energy and sub-band gap energy photons from the solar spectrum that
would have otherwise been lost in direct band gap absorbers. In solar cells, they have been applied
with an intention to reduce the fundamental thermalization losses arising as a result of the intrinsic
properties of the semiconductor material namely: (a) sub-bandgap photon loss (b) thermalization
of charge carriers resulting from absorption of high energy photons.

From the X-ray diffraction (XRD) patterns both pristine and doped ZnO thin films showed growth
along the c-axis of the wurtzite structure. The peaks were found to match the reflection planes of
(100), (002) and (102) with all the diffraction peaks being well indexed to the wurtzite structure
of ZnO of the space group P63mc, which is consistent with the standard values reported in JCPDS,
card no. 03-0888. The structural properties of the material were investigated using a -scanning
electron microscope (SEM) and Atomic force microscopy (AFM) where the particle size,
roughness, skewness and kurtosis were found to change with growth condition and annealing
temperature. Most importantly, the results indicated that the photoluminescence (PL) properties
reflect the quality of the pristine and doped ZnO. The films were then used in the fabrication of
the solar cells as a bi-functional layer and thus as a proof of concept of good transparent conducting
oxides (TCOs) and for spectral conversion. RBS measurements indicated the depth profile
distribution of Zn, O and various rare earths which showed homogeneity in depth distribution

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

objectives of the project.

Chapter 2: an overview of the fundamentals of the wide bandgap oxides, the choice of rare earth
ions used and their radiative properties as well as the state-of-the art research on rare earth doping
effects in wide bandgap oxide materials and also highlights the visible outcome of the research
carried out, which serves as a good platform for future perspectives.

Chapter 3: the experimental details used for the growth of thin films by RF sputtering and gives
a brief explanation of the principles of the characterization technique used with an outline of the

principle of their operation.

Chapter 4: an elaborate study on the effect of ex-situ annealing of ZnO on its structural,
morphological, optical and photoluminescence properties. As a proof of concept, the films were

used to fabricate perovskite solar cells.

Chapter 5: the investigation of the effects of Aluminium concentration on the structural,
morphological, optical and photoluminescence properties of ZnO 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 properties of annealed ZnO:Tb%" and Zn:Eu®** nano-
polycrystalline thin films grown using RF sputtering and their application for down conversion in

solar cells.

Chapter 7: the effect of implantation of Sm* ions into ZnO matrix on the structural and optical
properties. The energy used for implantation was 80 keV at different fluence ranging from ~10% -

10 jons/cm? and SRIM was used to calculate the particle distribution.

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

1.1 Background
The surge in modernity has brought the quest for modern electronics which are ultra-portable and

efficient, combining communication, storage, and multimedia technologies in one package [1]. This
led to intensified research into transparent conducting oxides (TCOs) which have been a subject of
great interest for their potential applications in devices such as light emitting diodes (LEDSs), flat
panel displays, solar cells etc where transparent electrodes and circuitry remain a necessary and
sufficient condition for portability and enhanced performance at very low voltages [2-8]. Generally,
the term TCOs refers to wide bandgap semiconductor oxides (Eg > 3.1 eV). This could be attained
through doping (sometimes to degeneracy) through the introduction of dopants. These dopants
enable these materials to possess high carrier concentrations and high mobility [3, 6, 8]. A wide
bandgap ensures transparency throughout the visible portion of the electromagnetic spectrum (400
nm < A < 700 nm). These important properties make TCO widely applicable for any device that
requires optical access behind electrical circuitry [9].

TCOs discovery can be traced back to 1907 when K. Badeker [10] deposited cadmium thin film
before heating it in air. This was resulted in a partial oxidation of the cadmium to non-
stoichiometric cadmium oxide, leaving oxygen vacancies in its structure. This generates occupied
defect energy levels from which electronic promotion into the cadmium oxide conduction band
could easily take place. Although this was the first report of an n-type transparent conducting
material, the films had a relatively high electrical resistance compared to metals and were
susceptible to oxidation. Current TCOs include tin-doped indium oxide In,O3:Sn (ITO), fluorine
doped tin oxide SnO2:F (FTO) and aluminium doped zinc oxide ZnO:Al (AZO). These materials,

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



levels created by the extrinsic dopant species to generate n-type conduction. ITO was the first
modern TCOs material discovered by Rupperecht in 1954 [11] , and a few years later the TCOs
market was flooded by indium tin oxide (ITO) due to its high optical transparency (> 90%) and
electrical conductivity and low surface resistivity (8-12 Q/sq). This saw the consumption of several
tons of indium which had limited reserves in the world. Owing to the dwindling global reserves of
indium and the degradation of the films at the high temperatures required for certain device
processing steps, attention was diverted to Zinc Oxide, a naturally n-type semiconductor, having a
direct band gap of 3.37 eV and low threshold voltage [12, 13]. Apart from these essential properties
for a TCO, ZnO offers a plethora of advantages compared to ITO such as availability, low cost,
chemical inertness and non-toxicity [14]. Studies on heavily doped TCOs continue to stimulate
tremendous interest due to their immense application potential due to metal-like conductive
behavior. In this state, the TCOs are referred to as degenerate semiconductor in which the Fermi
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 holes) [15]. An example of such doping is the
use of Aluminium as reported in this work.

Another aspect of doping involves the use of Rare earth (RE) elements to ensure 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) technologies incorporated with solar energy conversion approaches present an
a promising alternative towards the realization of green and renewable energy generation [16].
Although the technology is not new, solar cell production remains costly, largely due to their low
power conversion efficiencies [17-19]. The main challenge to realizing high conversion efficiency

of PV cells is their insensitivity to the full solar emission spectrum. 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 (280—-2500 nm, 4.4-0.5eV), while on the other hand the PVs only utilize a
relatively small fraction of the photons due to their limited absorption of a narrow range of solar
photons with energy matching the characteristic bandgap of the material [20].

Notably, the theoretical maximum level of efficiency for crystalline silicon (c-Si) with a bandgap
energy (Eg) of 1.1 eV is approximately 31% as defined by the Shockley—Queisser limit [21]. There
has been intensive research aimed at overcoming the energy losses mainly attributed to non-
absorption of low energy photons (E < Eg) and thermalization of above band gap photons. This
was motivated by Trupke et al theoretical extension of conversion efficiency to 38.6% through
modification of the solar spectrum [22, 23].

In recent years, luminescent materials capable of converting a broad spectrum of light into photons
of a particular wavelength have been reported. This has paved the way for applications to minimize
the losses in the solar-cell-based energy conversion processes. Rare earth doped TCOs present
explicit examples of such developments due to their capacity to enhance spectral conversion

through up-conversion, quantum cutting and down-shifting as illustrated in figure 1-1.
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Figure 1-1: Mechanisms of photon luminescent conversion processes and simplified view of schemes of
application into solar cells.

In this work, optimized TCOs thin films and spectral conversion layers have been incorporated
into three solar cell device structures namely: organic solar cells (OSCs), Dye-Sensitized Cells

(DSCs) and Perovskites solar 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 cell [24]. To minimize internal energy losses, the
control of band alignment (work function) becomes a matter of great importance in these devices
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 careful energy 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 maximum dye infiltration [25]. In the development of oxides for DSSCs,
3-dimensional architectures are of late replacing compact TCOs and commercial pastes [26, 27],
which can also be used to perform the task of light scattering. Lately, new DSSCs-like devices
employing perovskite-based materials as an active layers have been developed with promising

efficiencies, but they are still far from application [28].

1.2. Problem statement

Transparent conducting oxides remain the electrode material of choice for optoelectronic and
photovoltaic applications. The electrical and optical properties require 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 formation of 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 incorporation into solar cells as
transparent conducting electrodes (TCOs) for instance as excellent application as the buffer layer.
Secondly, the thesis investigates the doping of wide band gap materials with trivalent rare earth
(RE) ions to obtain optical activity. As such the effects of incorporation of Rare earth ions into the
ZnO matrix in order to obtain RE-based efficient light emitters in red, green and blue spectral
regions is explored in detail and also optimized.

The third problem is to explore the fact that the utilization of renewable energy sources is one of



the best eco-friendly options to refrain from using fossil fuels and emerging as the most feasible
ways to mitigate the world's energy crisis. This is possible by ensuring enhanced efficiency of third
generation solar cells such as dye-sensitized solar cell (DSSCs) and organic solar cell (OSC) which
have received great attention as a promising technology for renewable energy exploration as a result
of their flexibility, low toxicity to the environment and simple fabrication with low cost. This 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 seeks to develop optically active materials and explore approaches to increase the
photo conversion efficiency of solar cells. The harnessing of all the parts of the solar emission
spectrum through application of efficient photo converters to match the absorption
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 conversion. The ZnO samples were
first to be doped with Aluminium to enhance conductivity and thereafter with Rare earths ions
(Tb®*, Eu?* and Sm*) energy transfer in order to realize active materials for the efficient

absorption and conversion of the solar radiation in solar cell.

1.3.2. Objectives

R/

¢ To optimize the growth mechanisms of the host material to accommodate luminescent

centres as well characterization of the grown ZnO thin films.



X/
°e

X/
°e

X/
°e

X/

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

To study both growth process & doping conditions for optimization of rare earth (RE)
doped oxide films by RF sputtering and ion implantation processes, aiming primarily to
develop highly luminescent materials and to study their structural and optical properties.
Characterisation of the deposited thin films to establish suitable parameters for efficient
energy transfer process of the excitation energy. This step was to enable the attainment of
efficient spectral conversion.

To develop a deeper understanding on the dominant factors in the doping process that
determines luminescence and losses (i.e. the relationship between luminescence properties,
and the matrix excitation energy transfer characteristics will be established).

As a proof of concept, study the application of the developed materials in solar cells as
efficient spectral down converter layers with functional photo-activity in organic and dye

sensitized solar cells.

1.4. Motivation

The primary motivation is to search for optimized bi-functional layers 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 through minimizing the mismatch
between the active layer absorption spectrum and the solar emission spectrum

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 global energy demand. Higher efficiencies, lower costs, implementation

of non-toxic 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.

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

the following attributes;

it is readily available and inexpensive,

e high electrical conductivity,

e high excitonic binding energy,

e high electron mobility with undoped state
e versatile routes of fabrication.

Indeed it is regarded as a cheap replacement of silicon and gallium nitride based solar which give
quite costly devices. In 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 ZnQO is the relatively high electron mobility (more than 1 order of
magnitude larger than anatase TiO2) [29, 30]. Furthermore ZnO has a very rich family of
nanostructures [31-34] with diverse applications in optoelectronics and photovoltaics. Currently,
ZnO is emerging as an efficient electron transport material in technologies, such as Dye-
Sensitized Solar Cells (DSSCs) and inverted polymer solar cells [35][36], Quantum dot solar cells

(QDSSCs) [37], biomedical applications, [38] and light emitting diodes [39, 40].

The role of various film growth parameters form the motivation of this work as they are crucial in
the control of quantum size effects such as control over the nanoparticles size and size distribution
which is essential for tailoring the electrical, chemical, optical and magnetic properties for desired
applications of the nanomaterials devices. The target was to obtain enhanced physical and optical

properties as well as to utilize the possibility and flexibility of controlling various growth



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 converted light 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 conductivity [1]. Since
visible light has a wavelength range of 380-750 nm (3.26-1.65 eV), the transparent material needs
to have a higher band gap energy of more than 3.26 eV. This transparency can be obtained due to
intrinsic defects as well as extrinsic defects.

Transparent conductive oxide (TCOs) thin film was first reported more than 100 years ago in 1907
by Badeker [2]. 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 mass, is not widely used today
due to toxicity concerns. In the initial stages of the discovery of TCOs, the deposition was carried
out using post-oxidation of evaporated metal films to form the metal oxide [3]. In 1937 saw the
first deposition of Tin Oxide (TO) using this method [4] followed by transparent conductive layer
of indium oxide (I0) made by post-oxidation of metal thin films in 1954 [5]. There was little
practical development of TCOs during the first 50 years following CdO discovery until the 1940s
that saw the development of a chemical deposition method (pyrolysis) for TO, SnO., from SnCls
[3, 6]. During the second 50 years following its discovery (i.e., since 1957), TCOs films have
developed significantly and now they are seen virtually in everyday applications ranging from

digital watches to computer screens or other types of displays.

For the last 50 years up until today, Tin doped indium oxide, In.O3:Sn typically called indium-tin-

oxide or ITO has remained the most highly used TCOs with varied applications used as a
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transparent electrode in nearly all flat panel displays (FPDs). 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 control the deposition process in order
to attain precise electrical and optical properties. For RF sputtering the coating thickness was
controlled using fixed deposition time and power while for evaporation thickness estimation was
made by visual detection of a specific color or color change that gave the order of interference in
the coating [7, 8].

In the 1970s interest on TCOs was raised by the successful deposition of undoped ZnO films [9]
and Al doped, AZnO [10] with good electrical 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 the 1980s [11]. Zinc Oxide, besides being one of the most important wide band gap
materials continues to be regarded as the most promising Transparent Conductive Oxides (TCOs).
Being abundant in nature it is available at lower cost compared to the Tin and Indium based
counterparts. Additionally it has the added advantage of being non-toxic and that it can be
deposited at relatively low temperatures. ZnO will therefore be more preferred to ITO in making
front electrodes of solar cells. This is because whereas ITO usually undergo reduction when
exposed to hydrogen leading to additional absorption of light [12], ZnO is very stable in hydrogen
atmosphere [13, 14].

With these advantages, the usage of ZnO and Al-doped 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:

14



Direct and wide band gap. This 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 optoelectric applications in the blue/UV region such as in light emitting diodes, laser
diodes and photodetectors [15-17].

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

Large piezoelectric constants. In piezoelectric materials, an applied voltage generates a
deformation in the crystal and vice versa. Such materials are useful in making sensors that
detect, e.g., pressure or acceleration or serves as transducers 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 properties [20-23].
Strong luminescence. The strong luminescence in the green-white spectral region makes it
suitable for phosphor applications. The luminescence centres in ZnO are speculated to
originate from oxygen vacancies or zinc interstitials [24]. This has been extensively studied
in this project in subsequent chapters.

High sensitivity of surface conductivity to the presence of adsorbed species. ZnO has a
sensitive conductivity when its surface is exposed to various gases surfaces. This make it
possible to detect freshness of food and drinks when used as a smell sensor since ZnO is
sensitive to trimethylamine present in the odor from sea foods, and in the fragrance from

wine and coffee [25].
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Large non-linear optical coefficients. According to Larciprete, M. C., et al. analysis of the
second and third harmonic generation experiments, ZnO crystals and, in particular, thin
films exhibit non-linear optical behavior, suitable for non-linear optical devices which are
dependent on the crystallinity of the films. Among the deposition techniques capable of
producing films with strong second-order non-linear response are laser deposition, reactive
sputtering and spray pyrolysis [26]. Such non-linear optical response in ZnO thin films
make it attractive for integrated non-linear optical devices.

High thermal conductivity. This property makes it useful as an additive to avoid damage
of materials at high temperatures. ZnO is a major component of the tires along with rubber
which led to many inventions in the rubber industry and ceramic industry [27]. It removes

heat during device operation with high efficiency. ZnO has a co-efficient of expansion and

melting point close to that of Silica of about 3.16x107°/°C and 2000 °C respectively
[28]. Usually its vapor pressure reaches 760 mm (normal atmospheric pressure) at around
1700 °C which is almost 300 °C below its melting point. According to Leverenz [29], the
high thermal conductivity is as a result of the difficulty to break the Zn-O bonds along the
c-axis where it possess directional strength unlike the non-directional strength of Zn-O
bonds in the other directions.

Large single crystal availability. Large area single crystals ZnO are readily available as
wells as commercial epi-ready substrates. Bulk crystals can be achieved using various
methods such as hydrothermal growth [30], vapor-phase transport [31] and melt growth at
high pressure [32]. Thin films on the other hand can be grown by molecular-beam epitaxy,

chemical vapor deposition (MOCVD), laser ablation or sputtering [33, 34].
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e Amenability to wet chemical etching. ZnO thin films can be easily etched using acidic,
alkaline as well as mixture solutions. This ensures flexibility in the process, design and
integration of ZnO layers into electronic and optoelectronic devices. Amenability to low-
temperature wet chemical etching greatly helps in device fabrication [35].

e Radiation hardness. High radiation hardness is crucial for high altitude applications or in
space. According to Tuomisto, Filip, et al ZnO exhibits exceptionally high radiation
hardness enabling irradiation-induced defects to fully recover upon annealing at 600 K
[36]. According to Anderson Janotti and Chris G Van de Walle ZnO has a higher radiation
hardness compared to GaN [35].

The above attributes of ZnO validate the intense focus on ZnO as a promising candidate material

for optoelectronics, transparent electronics and spintronic applications.

2.2. Properties of ZnO
2.2.1. Structural properties of ZnO

The chemical binding character of ZnO lies between covalent and ionic bonding. Since there exists
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 as Zn?* and O?" ions, respectively [37]. At ambient
temperatures and pressure, ZnO crystallizes in the thermodynamically stable phase with a wurtzite

structure, which belongs to the hexagonal system [38]. The wurtzite structure is based on the space

group Cé’v in the Schoenflies notation and P6smc in the Hermann—Mauguin notation. Figure 2-1

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

Every atom is tetrahedrally coordinated, i.e. the four nearest neighbors are of the other atom sort.
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Figure 2-1: The wurtzite crystal structure ZnO with: (a) four atoms per unit cell, (b) tetrahedral
coordination, (c) hexagonal symmetry and the lattice parameters a and c, (d) top view of (c) [38].

Figure 2-1 illustrates the wurtzite lattice of ZnO and the coordination of the constituent elements
at various perspectives. There are lattice parameters a, b and c, and the internal parameter u and
bond angles « and = 109.47°. The internal parameter u is defined as the ratio of the length of the
bond parallel to the c-axis divided to the lattice parameter c (i.e a/c). The lattice constants of the
ZnO unit cell are a = b =3.25 A and ¢ = 5.21 A, yielding a c/a ratio of 1.60, which is close to the
ideal value of 1.63 [39-41].

From figure 2-1 (c) there are two faces of opposite polarity along the c-axis which are a Zn-
terminated plane of (001) and a O- terminated labeled (001). There is no polarity in the planes of
(100) along a-axis and (101) since Zn and O atoms are of equal number [1]. The interplanar
distance between (100) and (002) and (101) are theoretically 0.2816, 0.2602 and 0.2476 nm,

respectively. Usually the other plane (100) corresponding to the (300) family lies at about 0.1408
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nm away from the other (100) [11]. This implies that a single monolayer of ZnO grown on this
plane has a thickness of about 0.14 nm. This value is used for comparison with the growth rate that
will be reported in this thesis during RF sputter deposition. Furthermore, ZnO oxide has a specific
mass density of 5.675 g/cm?, this will become important when simulating the film thickness using
the X-Ray reflectometry techniques as discussed later in this thesis. Apart from the intrinsic
material properties, the lattice parameters may vary depending on the extrinsic properties like the
free electron concentration (via the deformation potential of the conduction band minimum), the
foreign impurities concentration which may possess varied ionic radii capable of replacing the host

atom, substrate-induced strain and annealing temperature [42].

2.2.2. Electronic properties

Figure 2-2 shows crucial surface potentials and energy transitions of a generic n-type TCOs.
The fundamental band gap (Ego) gives the lowest energy (long wavelength) limit of optical

transparency.

a > 2 Evsc

EA

Figure 2-2: Schematics of typical TCOs band structure
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Where lp, WF, EA, Eqo, Evsc, Ecem, Evam, and Er denote ionization potential, work function,
electron affinity, intrinsic band gap, vacuum level, conduction band minimum, valence band
maximum, and Fermi level, respectively. The WF is essentially the Fermi level measured from
the vacuum level (¢=Evsc—Er). This value is not a materials constant and can be modified using:

e Carrier-doping. This raises the Fermi level and hence lowering the work function (for a

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

e A combination of both methods above.
In order to attain the much required transparency throughout the visible spectrum for application
of TCOs, Ego must be >3 eV [43]. According to Sernelius, Bo E., et al.[44], the optical band gaps
could be widened in proportion to the added dopant as shown in figure 2-3. In their study, these
authors used 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 stretched by ~5 eV or greater
as shown in figure 2-2 as (Er—Evem) where Er is the Fermi level and Evsw is the valence band
maximum. This phenomenon is the well-known Burstein-Moss shift of the Fermi level with
doping. The Fermi level (EF—Evewm) therefore gives the concentration of the carrier doping. A
similar study of varying the band gap was carried out by Hamberg, 1., et al. [45] in their study of
Sn-doped semiconducting In2Os and Berggren, K-F., et al. [46] who observed a shrinkage
counteracted by the Burstein-Moss effect which gives a bandgap widening as a result of the
blocking of the lowest states in the conduction band as shown in figure 2-3. In general, the higher

the Fermi level, the more conductive the TCOs whereas excess doping level may cause free
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carrier absorption and shift the associated plasma frequency into the visible from the infrared

which limits the optical transparency [43].

(a) (b)

Figure 2-3: (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 denote occupied states [43].

ZnO has deviations in stoichiometry caused by defects such that even if a stoichiometric phase is
an insulator at room temperature, with a carrier concentration of the order of 10310 cm3, it
exists as an n-type conductor. The crystal defects are attributed to the difference in the ion radii of
Oxygen (1.4A) and Zinc (0.74A) which introduces voids/defects in the structure. Such deviations
do also lead to the 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 the Fermi level into
the conduction band [47] as shown in figure 2-2.

Theoretically the electronic band structures of ZnO have been calculated by several research

groups [48-50]. By use of the standard density functional approach in the local density
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approximation (LDA) the band gap have always been underestimated by ~3 eV due to the failure
of LDA to model Zn 3d electrons accurately. This can however be corrected by the use of atomic
self-interaction corrected pseudopotentials such that the Zn 3d electrons can be accurately
accounted for [50]. Figure 2-4 shows an example of the calculation of the band structure along the
high symmetry lines in the hexagonal Brillouin Zone. Both the valence band maxima and the
lowest conduction band minima occur at the I' point,(k = 0), an indication that ZnO is a direct band
gap semiconductor [51]. The band gap as determined from this calculation is 3.56 eV which is
relatively close to that measured in this work. Since the lattice constants vary with temperature
and pressure, the electronic band structure also changes with temperature and pressure. The
bandgap (at I' point) shrinks with increasing temperature as given by the empirical relationship

[52]:
_ _Q)_.oT’ _
Eg(l')—Eg(T—O) T4f oo 2-1
where Eq (T=0) is the energy gap which may be direct (Ega) or indirect (Egi), Eo is its value at O°K,
and ., and g are temperature coefficients which are given as a=-55x10" eVKwhile
B =-900K for temperature ranging to 300 K [53].

The variations in the band gap can also be attributed to the following changes in the lattice:

e shift in the relative position of the conduction and valence bands due to the temperature-
dependent dilatation of the lattice.
e shift in the relative position of the conduction and valence bands due to a temperature-

dependent electron phonon interaction [52].
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Figure 2-4: The local density approximation band structure of bulk wurtzite ZnO [51].

2.2.3. Optical properties

The optical transitions in TCOs can either be intrinsic or extrinsic. Intrinsic transitions 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 both optical absorption and emission processes as
they create discrete energy levels inside the band gap. For the sake of ZnO thin films investigated
in this thesis the strong emission peak around 380 nm as a result of band-to-band transition and
green-yellow emission band related to the oxygen vacancy are reported.

ZnO is transparent to light in the visible region with a sharp cut-off in the UV region. The
transparent region corresponds to wavelengths region from 0.3-2.5 pum [54]. Thus ZnO is

transparent to visible light and absorbs ultra-violet light (photoconductive under UV light). The
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typical optical transmittance of 90% can be attained for films deposited 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 industry [28]. This combination of excellent optoelectronic properties makes
doped ZnO suitable for applications as next generation novel devices capable of replacing their
expensive indium tin oxide based counterparts.

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

significantly enhance the exciton binding energy.

2.2.4. Thermal properties

ZnO has lattice constants a and c that are dependent on temperature and are quantified by thermal

expansion coefficients, which are denoted as A% and A% for the in-plane and out-of-plane cases,
respectively. They depend on the stoichiometry, presence of extended defects, and free carrier
concentration. The typical room temperature values for ZnO are A%l=4.75><10_6K‘l and
A% —29x10 9kl [55]. These lattice constants also contribute to the lattice thermal

conductivity « as per equation 2-2 [56].

Where T is the temperature, vs is the velocity of sound (almost independent of temperature), Cpn
(T) is the lattice specific heat, and Lt is the phonon mean free path. Usually, the conductivity k (T)

is known to first increase with temperature upto a particular maximum value (kmax) at certain
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characteristic temperature Tch before decreasing. Apart from the lattice parameters, point defects

also play a significant role in thermal conductivity [57].

2.2.5. Lattice Dynamics

For wurtzite ZnO, there are 4 atoms per unit cell and this leads a 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 section 4-5. Infrared (IR)

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

some zone boundary phonon modes in ZnO. In the hexagonal structures with Cé’v symmetry,

group theory predicts eight sets of phonon normal modes at the G point, namely, 2A: + 2E: + 2B:
+ 2E2. Among these, one set of A1 and E1 modes are acoustic, while the remaining six modes,
namely, A1 + E1 + 2B1 + 2E> are optical modes [58].

A summary of basic physical properties of ZnO is as shown in table 2-1

Table 2-1: 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
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2.3. Native point defects in ZnO
2.3.1. Introduction to point defects.

Native or intrinsic defects can be described as imperfections in the crystal lattice involving the
constituent elements only [59]. They include:

e Vacancies. These are missing atoms at regular lattice positions/sites

e Interstitials. These are additional atoms occupying interstices within the lattice

e Antisites. These are O atoms occupying Zn lattice sites or vice versa.
Native defects within a crystal strongly affect their electrical and optical properties and hence have
a bearing on doping, minority carrier lifetime and luminescence efficiency. It is therefore crucial
to understand the incorporation and behavior of ZnO point defects for successful application in

semiconductor devices [35, 60, 61].

2.3.2. Defect concentrations and formation energies

The concentrations of point defects are highly determined by the formation energy of the defects.
Thus the defect concentrations and their formation energies are not constant but also highly
dependent on the growth or annealing conditions of the materials [62]. In thermodynamic
equilibrium and in the dilute regime not taking into considerations the defect-defect interactions,
point defect concentration can be described by the equation 2-3 [63] while formation energy of a

charged point defect in ZnO is described by equation 2-4 [64]:

C = Nijtes €XP(— kET) .................... 2-3

where E' is the formation energy, Nsies the number of sites the defect can be incorporated on, ks is
the Boltzmann constant, and T is the temperature.
From equation 2-3, the defects with high formation energies will occur in low concentrations while

high concentration of defects will result from low formation energies.
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aEf =E(Nzp,Ng)—Nznbzn —Nghg +0eg ......... 2-4
where E(Nzn ,No) is the total energy of a system containing zinc (Nz,) and oxygen (No)atoms, pzn
and o are the external zinc and oxygen chemical potentials, g is the charge of the defect (its sign
included), and ¢r is the Fermi energy which is regarded as the energy of the reservoir (chemical

potential) from which an electron is taken to form a charged defect [64].

2.3.3. Migration barriers and activation energies related to diffusion.

Point defects are known to migrate within the crystal. Neumann, G., and E. Kaldis summarized
the experimental results for self-diffusion in ZnO up to 1981 where they reported a range of 1.9 to
3.3 eV for the activation energies of zinc self-diffusion and a wider range of 1.5 to 7.5 eV for
oxygen self-diffusion [65]. The activation energy for self-diffusion or impurity diffusion (Q) is the
sum of the formation energy of the defect that aid the process of diffusion, E as well as the

migration energy barrier E® as given by equation 2-5 [66].

Where the migration energy barrier EP 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 density-functional calculations [62, 67] while E' is often variable
depending on the experimental conditions, such as the position of the Fermi level, and the Zn or

O chemical potentials (pzn and o) [35].
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2.3.4. Introduction to various intrinsic point defects in ZnO

2.3.4.1. The oxygen Vacancy Vo
This is a very common low energy of formation type of defect in ZnO and it is often considered

the source of n-type conductivity. However this assertion has also been challenged by several
research groups based on density-functional calculations that describes this vacancy as a deep
donor with high formation energy in n-type ZnO (~ 3.5 eV) and hence it cannot contribute to n-
type conductivity [68, 69]. Under n-type condition, the fermi level is near the bottom of the
conduction band and the Vo is in the neutral charge state located at ~1 eV below the CBM.

However its formation energy is much lower in p-type ZnO, where it assumes the 2+ charge state

making it to be a source of compensation in p-type ZnO [68]. Formation of VC%“L can be avoided

during growth and annealing. This done by making the chemical potential approach oxygen rich

atmosphere and/or by otherwise keeping the Fermi level away from the VBM, in such a way that

the V(§+ formation energy increases.

The migration of oxygen vacancy involves jumping of the nearest-neighbor oxygen atom of the
oxygen lattice into the original vacant site leaving a vacancy behind. According to Janotti,
Anderson, and Chris G. Van de Walle [69], 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 value. These authors reported a migration barrier of 2.4

eV and 1.7 eV for Vg and V§+ respectively. The former is useful in n-type materials whereas
the latter is relevant in semi-insulating or p-type materials. The Vg defect is thus mobile at

temperatures above 900 K while theV§+ defect is mobile at temperatures above 650 K.
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2.3.4.2. The Zinc Vacancy Vz,
Zinc vacancies are often formed in n-type samples prepared in oxygen-rich conditions. They are

found in modest concentrations in n-type ZnO where they act as compensating centers. They
introduce partly occupied states in the band gap as a result of broken bonds to 4 oxygen neighbor’s.
However they have high formation energy of 3.7 eV even in the most favorable extreme O-rich
limit in p-type materials and therefore they occur in low concentrations. Migration of Vz, usually

takes place when a nearest-neighbor Zn atom moves into the vacant site leaving a vacancy behind.

According to Anderson, and Chris G. Van de Walle [69], szn_ has a migration barrier of 1.4 eV,

an indication that Vzn is mobile at 540 K and above. Neutral Vz, centres have a very high formation
energy (~3.5 eV) even under oxygen rich conditions but slightly lower in n-type materials [70].
Experimentally, Vznis identified in ZnO by a broad and weak green luminescence centered around

2.4-2.5 eV although there seems to be no single source of this luminescence [71-74].

2.3.4.3. Zinc Interstitial Zn;
The Zn; defects have two occupancies in the wurtzite structure of ZnO, namely:

e At the tetrahedral interstitials site, also designated as “tet”. This site contains one zinc and
oxygen as nearest-neighbor atoms, at a distance ~ 0.833do, where do is the Zn-O bond
length along the ¢ axis. Thus the placement of the zinc atom at this site will most likely
suffer severe geometrical constraints and thus in most cases it turns out to be unstable.

e At the octahedral interstitial site. The octahedral site is in the interstitial channel along the
c axis at an equidistance from 3 zinc and 3 oxygen atoms by 1.07do. Since this distance is
less than that at the tetrahedral, Zni; would preferably form at this site with a geometrical
constraints of less than severity [63].

Zn interstitial has a thermodynamic transition level of ¢ (2+ / + /0) in the vicinity of the CBM,
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where the three charge states have nearly identical formation energies of ~ 0.05 eV. Hence it is
usually regarded as a shallow donor with experimental donor energy of 30 meV [75]. It has low
formation energy of ~ 0.5 eV in p-type conditions in O-rich limit and is even negative at the O-
poor limit. This enables Zn; to compensate for holes in p-type ZnO. However, this defect has a
high formation energy of ~4 eV under n-type conditions even at the O-poor limit. The migration
barrier of Zniof 0.22 eV [76] or 0.57 eV [68] for the 2+ charge state makes it easier to diffuse and

to bind with other defects/impurities [77].

2.3.4.4. Oxygen Interstitial O;
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 site, O; is unstable and spontaneously relaxes into a split-interstitial configuration
that shares a lattice site with one of the nearest-neighbor substitutional oxygen atoms with an O-O
bond length of ~ 1.46 A.

Oi at the octahedral site introduces states in the lower part of the band gap that may accept 2
electrons. Such states result from the oxygen p orbitals and give deep acceptor transition levels

€(0/-) and &(-/2-) at 0.72 and 1.59 eV above the VBM [63]. O; can exist either as electrically inactive

Oio (split) mainly in semi-insulating and p-type materials, or as deep acceptors at the octahedral

interstitial site Oiz_ (oct) in n-type materials (EF > 2.8 eV) [35]. At octahedral and tetrahedral

sites, the Oi 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 conditions [59]. In this thesis, the role of oxygen interstitials on

film properties after introducing excess oxygen during thin film growth is investigated.
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The reported migration energy barrier for Oio (split) is 0.9 eV, while that of O] (oct) through the
hexagonal channel along the c axis is 1.1 eV. From these values it can be derived that Oio (split)

will become mobile at 340 K and above while Oiz_ (oct) will become mobile at 440 K and above

[63].

2.3.4.5. Zinc Antisite Zng
The Zno antisite defect is formed when a zinc atom substitutes an oxygen host atom. They exist

exclusively in the 2+ charge state, Zn(%Jr with the transition levels € (2+/+) and & (+/0) located

above the conduction band 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 that Zno diffusion mechanism can be split into Zni and Vo constituents. For n-type
material under zinc rich environment reaction, the condition for the endothermic process as
prescribed by equation 2-6 applies at an energy of ~ 2.8 eV. Hence it is quite difficult to annihilate

the Zno as compared to Zn; [68] defect.
zng" - zn?* +V8 ............................. 2-6

According to Sizelove et al. [75] the Zno contributes to n-type conductivity under non equilibrium
conditions especially when created under irradiation ambient. Compared to Zn; and Vz, they

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

2.3.4.6. Oxygen Antisite Oz,
This defect is prevalent in instances where an oxygen atom occupies a site on the zinc sub-lattice.

It has the highest formation energy among native point defects even under the most favorable
oxygen rich environment. Oz, are deep acceptors and are quite unstable as they spontaneously
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relax to off-site configurations. Just like Zno, they can be created under non-equilibrium conditions
for instance irradiation or implantation and since they migrate quite slowly, they may accumulate

in the crystal [68].

2.3.4.7. Summary of the point defects.
In summary, it has been shown that the native point defects represent one of the controversial

thematic areas in majority 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 figure 2-5. Probably it can be noted that the
point defects in ZnO are also not well understood. While several assignments of the defect-related

luminescence bands can be found in the literature, only a few of them are reliable.

e
.77 ¢V

—) 526V

O. O,
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0

Figure 2-5: Thermodynamic 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 and it may persist for relatively longer time compared to electromagnetic
radiations in the visible range upon the termination of an excitation [79].

In semiconductors, luminescence is the direct product of interband electron transitions from higher
to lower energy levels under select Fermi Golden rules. Figure 2-6 shows the simplified band
structure of a semiconductor near the centre of the first Brillouin zone, where a material with band
gap energy Eg is irradiated by a laser with energy hv>Eg, leading to the following effects;

(a) The excitation of an electron into the higher energy levels of the conduction band (b) the
formation of a hole in the valence band. An electron-hole pair (excitons) is therefore created.

(c) Thermalization of electrons and holes through the intraband transitions towards the lowest
energy state of their respective bands via phonon emission.

d) Recombination of the exciton across the fundamental band gap or the defect levels within the

band gap through either a radiative or non-radiative phonon related process (e).
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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 electron—hole recombination [80] while in non-radiative
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 mechanisms, 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 detection, thus determining the
recombination mechanisms as well as the material quality.

Luminescence is classified as fluorescence and phosphorescence. Fluorescence is characterized by
emission of relatively short persistence (10°-102 seconds) concerning the emission of light
whereas phosphorescence persists for a considerable longer time up to seconds. Fluorescence

usually obeys the decay equation 2-7:
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Where I, is the initial intensity, | (t) is the intensity at time t, and « is a constant related to the
absorption of the material. Luminescence occurs by simple excitation followed by an optical
emission from the active centre with excitation energy remaining closely localized within the
centre between excitation and emission.

On the other hand phosphorescence usually obeys the decay equation 2-8.

I [0]
[ R — 2-8

1(t) =
Where |, is the initial intensity, | (t) is the intensity at time t, and # and n are constants. £ 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 majority of the free electrons being

captured in a state with a much longer lifetime(~milliseconds) since optical transition to the ground

state is forbidden.

2.4.2. Classification of luminescence

Further classification depends on the excitation source with a prefix is added for instance as shown

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

Luminescence type

Excitation source

Applications

Photoluminescence

Photons

Fluorescent lamps

PL-LCD, Plasma display,
Lasers, Luminescent solar
concentrator (LSCs), paints

Radio luminescence

lonising radiations e.g. X-ray
or Gamma rays

X-ray imaging, Scintilators,
dosimetry.

Cathodoluminescence

Electrons

TV set, Monitors, Field
Emission Display (FED)

Electroluminescence

Electric field

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

Display

Sonoluminescence

Ultrasound

Ultrasound diagnosis

Lyoluminescence

Chemical reaction energy

Detectors, Analytical devices,

Lyoluminescence dosimetry

Chemiluminescence

Chemical reaction energy

Analytical chemistry

Bioluminescence

Biochemical reaction energy

Analytical chemistry

Triboluminescence

Mechanical energy

Certain
crystals.

types of sugar

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

application compared to others and has also been the preferred technique in this thesis. A detailed

analysis of its working is given in section 3-5.

2.4.3. Fluorescence quenching

Quenching may defined as the decrease in intensity of light in a fluorescent compound at its

maximum wavelength. When one material makes the fluorescence of another material to be

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

quenching:
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Inner filter effect. This is an instrumental effect which has no influence on the primary
process of emission but simply reduces the observed intensity of luminescence within the
material being tested [82-84].

Energy degradation. This quenching process involves the transition of singlet excited state
molecule into triplet state by energy or electron transfers such that the fluorophores no
longer emits its energy as fluorescence [85, 86].

Energy transfer. Since the donor-acceptor pairs are such that they satisfy the conditions
required for efficient transfer of energy, the acceptor molecule accepts the energy from
donor by which the donor gets deactivated to its ground state and the acceptor is raised to
asinglet excited level. The excited acceptors de-excite to the ground level either radiatively
or non-radiatively. In a non-radiative process the fluorescence characteristics of the
acceptor molecule is exhibited. The systematic variation of the acceptor concentration
gradually quenches the fluorescence of the donor by energy transfer with simultaneous

sensitization of acceptor fluorescence [87-89].

2.4.4. Advantages of Luminescence Techniques

Although all substances that show photoluminescence also experience absorption, luminescence
only provides some of the most sensitive and specific spectroscopic techniques with the possible

exception of radioactive labeling procedures. Advantages of luminescence include:

High sensitivity. In highly luminescent materials low concentration of the luminescence
centers to the level of 10°-10"2 can be detected. This is 10* times greater than absorption

spectroscopy.
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o Better selectivity. The technique is more specific due to the fact that only about 10% of all
substances that absorb radiation re-emit it as light and there are two selectable wavelengths
(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 excitation and emission peaks can range
anywhere from several nanometers to hundreds of nanometers.

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

e Large linear quantitative range. Compared to spectrophotometers, luminescence
instruments have a greater linear measurement range for quantitative analysis. 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 are usually quite high and might
even extend to 50% whereas luminescence instruments have greater linear ranges of 6 to 7
orders of magnitude with little error at the extremes.

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

useful in substance identification via various fingerprint techniques [90].

2.4.5. Photoluminescence spectra of ZnO

At room temperature, the photoluminescence spectrum of ZnO typically exhibits two

luminescence bands namely;
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e Short wavelength band located near the absorption edge of the material, this emission is
also referred to as near band edge (NBE) luminescence.

e The second band is a broad wavelength band usually in the green spectral range (420 nm
to 700 nm). This is attributed to the deep level emission band (DL) as a result of the native
defects as discussed above. The DL band has previously been attributed to several defects
in the crystal structure such as Vo [91-93], Vz [94-96], Oi [97, 98], Zni [99] and extrinsic

impurities such as substitutional Cu [100].

2.5. Evolution of thin films

Polycrystalline films are composed of randomly oriented grains or crystallites with a particular
size distribution. Each grain possesses a given crystallographic orientation relative to a fixed
reference direction which is mostly the surface normal of the film. A non-random orientation of
the grains in the film leads to crystallographic texture. During deposition of a polycrystalline film,
several fundamental kinetic processes exist through which the micro- or nanostructure evolves.

These may be classified into 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 grow into islands. The
nucleation rate and rate of islands growth depend mainly on several process parameters such as
the deposition rate, the substrate temperature, total working gas pressure and the energy of particles
impinging on the substrate. For instance, the nucleation rate generally increases with increase in

deposition rate (coverage) and decreases with increase in temperature [101]. In the case of
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nanocrystalline film deposition used in this thesis, a high nucleation rate is often desirable since it
promotes a fine-grained structure.

The nucleation rate can be analyzed using classical methods based on the capillarity approximation
or more appropriately in the current context, based on an atomistic analysis. Both approaches leads

to nucleation rate given by equation 2-9.

. (-AG
_ n "
| = IOR exp( KT ] ..................... 2-9

where o is a temperature and deposition-flux-independent constant, k is Boltzmann’s constant,

and T is the temperature of the substrate and AGp is the energy of formation of a cluster of size

n+, where n~ is the critical cluster size which is dependent on the dimensionality of the critical

nuclei. For physical vapor deposition processes, n* has a low integer value, often only 1 [102].

2.5.2. Island coalescence.

As the islands continue to grow, they reach a particular size at which they eventually begin to
impinge on each other. The 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 surface energy are annihilated to coalesce to a continuous thin film. For a 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 stress mostly seen during the early
stages of thin film growth [101]. In 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 will remain intact resulting in relatively 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 distribution [103].

2.5.3. Film thickening.

Once the polycrystalline film has totally coalesced into a continuous film, any subsequent
depositions will lead to the increase in film thicknesses. During this process of thickening, the film
structure may evolve in various ways, depending on the actual deposition conditions and the
adatom mobility in the system, i.e. the ability of atom to diffuse on the surface, grain boundaries
as well as the grains interior [102]. Atoms arriving at the film surface may either undergo
nucleation of new grains on top of existing grains, or contribute to “local epitaxial growth", i.e.
join an already formed grain serving as a template with low-energy sites for further (growth-
induced) grain growth. The mode involving nucleation of new grains is usually caused by
impurities or the defects created during 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 “local epitaxial growth" growth mode is most common,

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 hence resulting in increased average size of the remaining grains as shown in figure
2-7. Grain growth has been the subject of several reviews [104-106], and grain growth in
polycrystalline thin films has also been the subject of a comprehensive review [107]. Grain growth
in pure defect-free bulk materials is 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 this process is accomplished when individual boundaries move
toward their centers of curvature in order to reduce boundary curvature and therefore boundary

energy.

Figure 2-7: Grain growth in a continuous film with an in-plane grain size adapted from Ref. [102]

In addition, thin film structure may also develop during post-deposition 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 processing conditions 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 growth is diagrammatically shown in figure 2-8.
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Figure 2-8: Overview of possible grain structure evolution during deposition of polycrystalline thin film
adapted from ref [102].

2.6. Effect of annealing temperature on grain growth.
Annealing induces grain growth which is driven 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 pressure difference formed by a curved grain boundary, which
is proportional to yg/r, where yg is the grain boundary energy and r being the grain curvature
radius (proportional to the grain size). The resulting driving force makes the boundaries to shift
towards their center of curvature. Assuming that the velocity of grain boundary migration (or grain
growth rate) dD/dt is proportional to the driving force, dD/dt = K- ygb/r, the grain size D at time t

and constant temperature T can be defined by equation 2-10 [108].

D?—DZ =Kt woovooooeeeeee, 2-10

Here Do is the initial mean grain size, and K(T) is a thermally activated rate constant.



The rate constant is equivalent to the grain boundary mobility and can be expressed by an

Arrhenius-type equation 2-11:

K = Kqg exp (%) ................................. 2-11

where Ko is a pre-exponential constant, ks is Boltzmann’s constant, and Q is the activation energy
for the rate limiting atomic process required for grain boundary migration. Grain growth that
follows the parabolic expression in equation 2-10 is called normal grain growth [109] and usually
also characterized by a time-invariant shape of the grain size distribution. The normal grain growth
is quite rare except for high purity bulk metals at high homologous temperatures. However the
most common temperature dependent grain growth is described by the empirical formula of

equation 2-12

D =D& = KL(T)t wooveeoeeeeieeeeeee 2-12

where the growth exponent n usually deviates from the normal-grain-growth value 0.5. Observed
values for n in nano-crystalline materials are mostly found in the range n < 0.5 [110], but also
linear growth (n = 1) has been reported [111]. Usually n has a trend to increase towards 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 mobility rate constant is not a constant but varies with the driving force

(hence with D as well).

Other factors such as the interfacial energies associated with the film-surface interface may also
contribute to the grain-growth behavior. For thin films studied in this project, 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 2-10 and 2-12. According to model proposed by Burke J. E. [112], grain
growth with due regard to pinning forces may expressed as equation 2-13 where a limiting grain

size is introduced.

D-D D -D
D +In( Dm—D): Kot oo 2-13

m

where Dp, is the maximum grain size resulting from to the pinning forces, and K is again an
Arrhenius-type 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 factors such as equiaxed grain
morphology, narrow grain-size distribution, relatively flat grain boundary configurations as well
as low-energy grain boundary structures [113]. In these additional scenarios it may not be
energetically favorable for one grain to grow at the expense of another yielding a metastable
structure. With this variation of factors affecting grain growth, the activation energy values (Q) for
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 impurity pinning) 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 growth [105, 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 forces. Those 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 the atoms allows them to rearrange in the crystal
lattice. Moreover, there is an increase in the diffusion of atoms in the material which enables the
reduction of fluctuations in concentration. Thermal treatment also aids in improving the
crystallinity of polycrystalline materials by reducing defects in the crystal lattice and allowing
grain growth of polycrystalline material [115].

When films are annealed, the thermal mismatch between the film and the substrate must be taken
into consideration. This is because the film and the substrates may possess different thermal
expansion coefficients which induce thermal stresses. A typical examples arises when the
deposited film possesses a higher coefficient of thermal expansion than the substrate such that the
deposited film experiences compressive stress as the annealing 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 stress. On the other 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 stress after the annealing process [116].
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2.7. Effect of Oxygen concentration on ZnO 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 add oxygen during RF sputtering in order to attain a semiconducting ZnO film.
According to Carcia et al., [117], the absence of oxygen or excess of it may make the ZnO film
exhibiting either metallic or insulating properties. From their investigation on the dependence of
electrical resistivity for sputtered ZnO thin films on oxygen partial pressure, the resistivity showed
a transition from semiconducting at low oxygen partial pressure to semi-insulating at higher partial
pressure [118, 119]. For ZnO thin films in this project we varied oxygen pressure from 0-15 sccm

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 devices [120, 121], such as solar cells [122], liquid
crystal displays [123], and high-definition displays and touch screens [124], due to its low
resistivity (like a metal) and high optical transparency in the visible and near-infrared spectral
region (like an insulator) [125]. Among the TCOs, indium tin oxide (ITO) film is the most widely
used TCO material [126]. Therefore a breakthrough in understanding ZnO has a great potential of

replacing the commonly used ITO which are scarce and toxic in nature. In order to realize

conductivities above 5x10% Scm* as well as high transmission in the near-infrared spectral range
with high electron mobility, ZnO films have to be highly doped up to carrier concentrations of

020 cm? [127]. For these reasons films doped with trivalent metal cations have

more than 5x1
attracted considerable attentions [128-131] and Al-doped ZnO (AZO) 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,
non-toxicity, and good stability in a hydrogen plasma [132]. Doping is the addition of foreign
atoms or impurities to a compound by creating defect for enhancing its electrical and optical [133].
Importantly, the optical and electrical behaviors of AZO films can be improved or modified by
controlling their doping level [134], which is critical to achieve functionality and tunability of
TCOs-based devices. Therefore, it is useful to investigate the correlation between the properties
of AZO films and the concentration of Al doping. Various research groups have applied different
routes to preparing AZO films, including atomic layer deposition (ALD) [135, 136], chemical
vapor deposition (CVD) [137, 138], magnetron sputtering [139, 140], and pulsed laser deposition
(PLD) [141]. 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;

e a strong decrease of the plasma impedance and a decrease of the discharge voltage,

typically up to ~ 500 V
e astrong increase in the deposition rate
e excellent plasma confinement enabling sputtering at lower pressures compared to diode

sputtering systems, typically at 0.1-1 Pa [142].

2.8.2. Rare earth doping.

Another aspect of doping ZnO is the use of trivalent rare earth elements due to their optical and
high conductivity properties [143-146]. Rare earth metals doping for providing wide bandgap
semiconductors continues to be of interest for display applications involving UV, visible, and
infrared light emission. Wide band gap semiconductors such as ZnO also exhibit less thermal
quenching of emissions than narrow band gap semiconductors [133]. 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 properties [147].

2.8.3. Rare earths, RE

The discovery of light emission from rare earth (RE) ions dates back to the 19th century. Rare
earths “RE” refers to a group of chemically similar (same number of electrons in their outer atomic
shell) metallic elements that occur naturally [148, 149].

Rare Earths are isotopically stable with an outer electronic configuration of trivalent ions and are
known to have RE®* as the dominant oxidation state. RE earths include both actinium (Z=89-103)
and lanthanides (Z= 57-70) and have a general form of [Xe]5s25p®4f" where [Xe] represents the
electronic configuration of the xenon atom and n refers to the number of 4f electrons. These
partially filled 4f orbitals have different energies exhibiting a rich energy level structure, with a
typical wavelength covering from ultraviolet, visible to infra-red part of the spectrum making them
perfect “photon managers” that can be used to efficiently convert radiation into photons

of any desired wavelength [150, 151]. The characteristic energy level structure of rare earth ions
called Dieke Diagram [152, 153]86] is shown in figure 2-10. These partially filled 4f electronic
levels are completely shielded by the filled outer 5s? and 5p® levels. The latter levels have larger
radial extensions than the 4f shell and the latter are thus weakly affected by 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].
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From the vector sum of the orbital angular momentum of all 4f electrons, the orbital angular
momentum quantum number, L and spin quantum number, S can be calculated where the total

angular momentum quantum number denoted as J is vectorially given by equation 2-14.

Where L can take the values L =0—(n—1). On the other hand S by arrows as below:

Tis(+1/2) whilel is(-1/2). There are (2S+1) degenerate levels in each electronic state, the
(25+1) term is also called the spin multiplicity where the states having S = 0 are called singlets
while states with S=1 are known as triplets. States with L= 0, 1, 2, 3, 4, 5 are spectroscopically
denoted by letters S, P, D .... For instance, the ground state of Sm** is denoted by *Gs/, which
means S = 5/2, L =5 and J = 5/2. Table 2-3 shows the values of S, L, J of some RE** ions in their
ground state.

Table 2-3: Electronic configuration of rare earth ions in their ground state [154].

fon | Number of electrons (n) S=§S. 3y |7 oES (=D
: 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 512 5 52

E* | 111111 3 3 0

G 1111111 72 0 n

™ | 1lT11t111 3 3 6

Dy* |tltittttt 512 5 152

Ho¥ [T1tTititttt 2 6 8

E* [tltititittt] 3n 6 15/2

50



However, when a rare earth atom/ion 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 host (i.e. electrostatic field of the atomic arrangements). This leads to a shift and splitting of
the energy of these free-ion atomic states into a numerous states that are dependent on the site
symmetry of the ions inside the host matrix. These induced electronic states are called Stark levels.
Figure 2-9 shows a simple schematic representation of the splitting of the 4f" electronic
configuration [155]. The electrostatic crystal forces are two orders of magnitude lower than the
atomic forces (spin-orbit interaction). These smaller forces split the free-ion atomic (spin-orbit)

levels into a collection of Stark levels.

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

,’ — ey

L {X{:

Electrostatic S Spin-orbit lon-lattice
forces forces forces

Figure 2-9: Schematic representation of the splitting of the 4fn state of a free rare earth ion as a result of
atomic and crystal field forces ref [155].

The optical properties of Rare earth ions are usually dominated by the radiative transitions within
the 4f manifolds. As a result, various research groups have investigated RE-related transitions.

Dieke and co-workers [156] carried out intensive studies on the optical transitions of different
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trivalent lanthanide ions embedded into lanthanum chloride (LaClz) bulk crystals and reported an
energy level diagram detailing the energy of the different (>>*1)L; states for various RE®** ions. The

relative positions of the low-lying 4f energy levels of trivalent lanthanides ions are shown in figure

2-10.
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Figure 2-10: An energy-level diagram, called Dieke diagram, for trivalent lanthanide rare earth ions
adapted from Ref [152]. The green frames indicate RE studied in this study.
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2.8.4. Energy transfer in phosphors

2.8.4.1. Background
Energy transfer between and to the rare earth ions has widely applied in sensitizing solid state

materials such as glass, infrared quantum counters and infrared to visible convertors. Although
energy transfer between like and unlike rare earth ions is more 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 rare-earth (RE) ions through energy transfers
from semiconductor nanocrystals such as ZnO has received lots of interest lately. However, the
energy transfer mechanism from ZnO to RE ions is still not well understood. Huang et al. [158]
report that the energy transfer from ZnO to RE ions, specifically Eu®* ions, is mainly due to the
defects in the ZnO. Luo et al. [159] on the other hand have attributed the energy transfer to a
combination of the band edge emission from the ZnO and the defects in the ZnO. Studies on ZnO-
RE energy transfer have been based on steady-state photoluminescence (PL) emission from the
nanocrystals to the rare earth [160].

During an excitation, ions may relax to the ground state through two channels namely; either
radiatively or non-radiatively, the latter process being subdivided into internal non-radiative
transitions and energy transfer. Non-radiative transfer from donors to acceptors depletes the
population of the excited state of the donor and decreases the intensity and lifetime of the
transition. In order that the transfer is significant and measurable, the rate of energy transfer must
be of the same order of magnitude as the radiative transition in the donor ion.

In general, Semiconductor nanocrystals such as ZnO may be used as sensitizers to excite rare earth
ions as a result of their intrinsic properties such as size-dependent luminescent properties [161],
large absorption cross sections [162-164], and broad excitation spectra [165]. In this process,

semiconductor nanocrystals are photoexcited to transfer the energy to the RE ions which
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subsequently reemit light at a different wavelength [166]. The transfer mechanisms are discussed

below.

2.8.4.2. Dexter energy transfer
The theory of energy transfer resonance according to the Dexter theory assumes two interacting

luminescence centres, a Donor and an Acceptor within a distance R. These interactions can be
either exchange or multipole-multipole interactions. When in resonance an energy transfer from
one (donor) to another (acceptor) luminescence center may occur, however the nature of the energy
transfer is also determined by the distance, R between the two ions. In the case of R<20 A, the
energy transfer may occur through the exchange interaction. On the other hand, multipolar
interactions emerge in donor — acceptor separation distance, R in excess 20 A. Thus there exists a
critical distance Rc at which these events can be prevalent in the material and it is usually

approximated to twice the radius of a sphere. Rc can be obtained using equation 2-15:

where Xc is the critical concentration at which the quenching occurs, V is the volume of the sphere,

N is the number of lattice sites in the unit cell that can be occupied by activator ions [167-169].

For a case where the energy of the donor, D and acceptor, A are close to each other such that their
electronic wave functions overlap each other as shown in figure 2.11, the excitation energy of the

sensitizer D can be transferred to an acceptor A via exchange interaction.
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Figure 2-11: 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 interaction as derived by

Dexter in the form of equation 2-16:

Poa(eX) :27rKa'b|HDA|ab'>‘2I fo (E) FA(E)E ........... 2-16

Where the integral represents the donor-acceptor absorption spectral overlap, fo(E) and fa(E) are
the normalized shape of the donor emission and acceptor absorption spectra respectively.
According to Inokuti, Mitio, and Fumio Hirayama [170], the exchange interaction has a time
dependent fluorescence decay. In their approach the S ion is surrounded by a set of A ions at
distance Rk. During energy transfer, the surrounding of the excited A is altered with time leading

into a non-exponential decay as described by equation 2-17:

- t_,3C (et -
I_Ioexp{TA y Cog(TA)} ............................. 2-17

Where ta the decay time of the pure donor, C is the acceptor concentration expressed in the form:

and Co describes the critical transfer concentration of an acceptor and is given by equation 2-19
as:
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Ro represents the critical distance which gives same radiative and non-radiative transfers
probability. From equation 2-14 only the initial decay due to donors with closest acceptors is
predicted while the slower portion of fluorescence decay is dominated by the contributions of the

more distant acceptors [170].

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

and acceptor is compensated by simultaneous emission and absorption of one or more phonons
[171]. If the difference in ground state and excited state energy is large, then non-resonant energy

transfer may also occur as shown in figure 2-12.

Sem ‘

Y e e

5 A
Figure 2-12: Phonon-assisted non-radiative transfer where € is the energy mismatch [171].
For two rare earths ions with different excited states, the overlay in the IfD(E) fA(E)dE in

equation 2-18 disappears causing the energy transfer probability to reduce to zero. Experimentally,
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it is possible to have energy transfer in the absence of phonon-broadened electronic overlap so as
long as the overall energy conservation is maintained by production or annihilation of phonons

with energies is approaching kg®q where Oy is the Debye temperature of the host matrix [172].

However, energy transfer assisted by one or two phonons may take place in case of smaller energy
mismatch (=100 cm™) [173]. Usually rare earth ions have high energy mismatches in the order of
several thousand wave numbers which is much higher than the Debye cut off frequency found in
many host matrix hence the need to consider multiphonon phenomena. This was carried out by
Miyakawa and Dexter [157, 174]. In their theoretical analysis of multiphonon processes,
Miyakawa and Dexter derived a comparative relaxation analogue of the multiphonon gap
dependence. From their theoretical findings, the probability of phonon-assisted transfer (PAT) is
given by equation 2-21:

WPAT (AE) :WPAT (0) exp(—ﬁAE) ................... 2-21

where AE is the energy gap between the electronic levels of donor and acceptor ions and g is a

parameter dependent on the electron— (phonon) coupling strength and the nature of the phonon
involved.
Equation 2-23 is similar to equation 2-22 that gives multiphonon relaxation dependent on the

energy band gap also suggested by Miyakawa and Dexter.

WMPR (AE) :WMPR (O) exp(—,BAE) ................................ 2-22

Another parameter « is described by equation 2-23:

—1)n N _ -
a_hw{ln[g(n+l)} 1} .......................... 2-23
where « and g are related by equation 2-24 and y is described by equation 2-25.
PO i 2-24
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-1 9 -
y—hwln(1+gA) ....................................... 2-25

Where gs and ga are the electron—lattice coupling constants for the sensitizer and activator ions,
respectively. n is the amount of phonons excited at the system temperature, % is the energy of
the phonon contributing mainly to the multi-phonon processes while N is the number of emitted

phonons described by equation 2-26 [175].

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

identical ions in which the non-radiative energy is simultaneously transferred from a single ion
(donor) to two (or more) ions representing a cooperative acceptor. In this 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 which usually depend of the rate of the non-radiative
energy transfer in the Kinetic stage shows a parabolic behavior for the twinned cooperative
acceptors and a cubic law for the triple cooperative acceptors [176]. The rare earth ions are known
to undergo cross-relaxation because of their complicated energy level structure. For similar rare
earth ions, cross-relaxation may experience quenching at higher concentrations. This effect is also
permissible between identical rare earth ions with two pairs of energy levels that are separated by
the same amount of 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 at high concentrations. Figure 2-13 shows diagrammatic

representation of the cross-relaxation process.
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Figure 2-13: Cross-relaxation between two identical ions [176].

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 centre. According to Soules, Thomas F., et
al. [177], the energy transfer from one donor to another is more likely to take place at low acceptor
concentrations taking into account concentration quenching of fluorescence. When the two ions
have comparable concentration and especially in the rare earth ions where the Stoke’s shift is small,
the S— S transfer is likely to be more rapid compared to the S—A transfer 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 effective S—4 distance. The diffusion of electrons
over the donor energy levels may further increase 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. [178].
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2.9. Applications of nanostructured ZnO based material.
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 of ~1.1 eV (Si) is ~31%. This is called the
Shockley—Queisser limit of the device [179]. However practically there exist a mismatch between
the conventional single-junction solar cell spectral response (SR) and the solar emission spectrum.
This is as a result of the limited efficiency absorption of the semiconducting material used in

various active layers of the solar cell. Other sources of energy loses are depicted in figure 2-14.
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Figure 2-14: Energy loss processes in a single-junction solar cell [180]

Process (1) and (2) represent the major loss mechanisms in single junction solar cells amounting
to over 70%. These losses in process (1) arise from the absorption of high energy (short
wavelength) photons leading to the formation of hot carriers in the lattice. For photons with energy
higher than the bandgap Eg, thermalisation loss is experienced in smaller band gap material based
solar cells where photons are lost through non radiative relaxation of the excited electrons towards
the conduction band in the form of heat. Process (2) indicates the transmission loss, in which the
photons having energy lower than the bandgap Eg are not absorbed. Process (3) is the

recombination loss while (4) and (5) corresponds to junction and contact voltage losses [180, 181].
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These critical spectral losses limits the theoretical efficiency to 7 =25% recorded experimentally

with respect to AM 1.5G [182].

There have been numerous attempts to reduce the spectral mismatch accounting for the over 70%
loss in energy. Out of these attempts, two 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 out in so-called multi-junction
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 spectrum [184, 185]. Even though tandem (two junction) solar cells are
costly, they have gradually emerged as cost-competitive for terrestrial concentrated solar applications.
Still under approach (a) other more recently proposed options include multiple exciton generation
(MEG), and space-separated quantum cutting (SSQC). The former process involves the absorption
of a high energy photon by the solar cell followed by a generation of multiple electron—hole pairs
in the cell. MEG has attracted interest in various kinds of semiconductor nanocrystals (‘quantum
dots’, e.g. CdSe, PbSe, and PbS) [186, 187] and has reported high efficiency of single junction
solar cells to the tune of 44% [188, 189]. Another concept is space separated quantum cutting
(SSQC) which has been investigated in Silicon nanocrystals [190]. Through SSQC, a high energy
photon absorbed is split into two or more electron — hole pairs through the interaction of two
spatially separated neighboring Si nanocrystals. 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 absorbed photon in a solar cell. This however still needs further investigation to

increase the efficiency of charge carrier generation [180].
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The second approach (b) to raise the theoretical efficiency beyond the Shockley—Queisser limit
has been under investigation through an attempt to modify incoming solar spectrum through
incorporation of passive luminescence layers optically coupled above (for down-conversion and
photoluminescence/downshifting) or below (for up-conversion) without altering the existing solar

cells architecture for better utilization [191].

2.9.2. Effect of varying solar air-mass using up and down-conversion

Figure 2-15 shows the spectral irradiance of the solar spectrum modeled by a 6000 K black body,
the extraterrestrial solar spectrum of air-mass zero (AMO), and also the terrestrial solar spectrum
for various positions of the sun throughout the day as reflected by the solar air-mass [192, 193].
We see that the total power density shows a 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 one-fifth of that in the AM1G spectrum. Looking at a totally overcast day, the spectrum

appears blue-shifted due to the higher component of scattered light under cloudy skies [181].
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Figure 2-15: Spectral irradiance and power contained within various solar spectra [181].
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Looking at AM1.5G spectrum plots in figure 2-16 the maximum fraction of light that can be
absorbed by a bulk Si device is 468 W/m?. Since silicon possesses an indirect band gap, a value of
1150 nm is used as the cut-off response, to realize a two-photon emission through down
conversion, each incident high-energy photon must possess energy of at least twice the Si band
gap, or a wavelength of shorter than 550 nm. This extra fraction of the AM1.5G spectrum that is
available to a down conversion to a maximum value of 149 W/m? is shown in figure 2-16.
Similarly, for the up-conversion of two sub-band gap photons resulting in the emission of a single
above-band gap photon, the former must exhibit an energy of at least half the Si band gap, or
longer than 2210 nm [181]. So far the best lab-scale Si solar cells with a one-Sun efficiency of

n =24.7% has been realized. Motivated by the predicted dominance of Si PV technologies for the

next decades, several research groups have been actively pursuing the application of luminescence

up-conversion (UC) [194-197] and down-conversion (DC) [181, 198-200].
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Figure 2-16: AM1.5G spectrum showing the fraction that is currently absorbed by a thick silicon device and
the additional regions of the spectrum that can contribute towards up- and down-conversion [181].
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2.9.3. Down-conversion process.

The theoretical feasibility of down-conversion was first proposed by Dexter in 1957 [201].
Currently, this process is also known as quantum cutting, quantum splitting, multi-photon emission
(MPE) or photon cascade emission (PCE) [191].

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 quantum yields above 100% was first realized in 1974 for YFs:Pr¥* through a different
mechanism to that of Dexter. It involved two sequential emission steps from the high energy So level
of Pr3* (1So—1lg) followed by a relaxation to the 3Po level and a subsequent emission of a second
emission from®Po to the 3P, [202, 203]. Later, Wegh, Rene T., et al. reported quantum
cutting using two sequential energy transfer steps in the Gd**—Eu®* couple [204].

Figure 2-17 shows the different kinds of down-conversion mechanisms for a pair of lanthanide
ions. Figure 2-17(b) indicates the emission of two photons from ion pairs through cross-relaxation
between ions (1) to (I1), this is marked in the figure as process (1) which subsequently followed by an
energy transfer from ions (1) to (1) denoted by (2). Both of these energy transfer steps are followed by
radiative emission from ion (I). Alternatively a single energy transfer mechanism between ions (1) and

(1) accompanied by photoemission by both ions can be prevalent as adduced in Figure 2-17 (c,d).
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Figure 2-17: Overview of different resonant down-conversion mechanisms demonstrated using two ions, |
and Il, with hypothetical energy level schemes [203].

The solid vertical arrows indicate the transitions between energy levels while the dashed vertical
arrows and solid curved arrows connecting different ions indicate the energy transfer. Horizontal
lines are real energy levels. In the case of visible quantum cutting, the higher energy transitions
are in the ultraviolet while the lower energy transitions are in the visible spectrum [203].

One aspect of down-conversion is the use of band-like down-converters where absorption occurs
through excitation of the host-material. 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 electron [205]. This is also known as interband Auger
transition (figure 2-18). Neglecting non-radiative relaxations, the quantum efficiency of the
interband Auger process is the integer part of the ratio of excitation energy to band gap energy

although just a few materials show a quantum efficiency greater than 1 practically [191].
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(a) (b) ()

Figure 2-18: The interband Auger process. (a) A high energy photon creates an electron—hole pair and
excites the electron deep into the conduction band. (b) This is followed by a non-radiative relaxation to the
band edge of the conduction band, the excess energy is used to create a second electron—hole pair. (c) The
radiative recombination of both electron—hole pairs via energy levels of the active ion leads to the emission
of two low energy photons of wavelength, Aem. [191].

For application in solar cells, a large number of ideal materials are available for luminescent down-
converters layers for all existing types of solar cells but preference should be given to those that
possess the following characteristics [191, 198, 206]:
e A wide band absorption (UV- blue region), particularly to cover the region where the
spectral response (IQE) is low
e High absorption coefficient.
e High transmittance and narrow band emission where the IQE is high
e Large Stokes shift, i.e. the energy difference between the absorption and emission should
be large enough to avoid re-absorption
Figure 2-19 shows a schematic representation of photovoltaic down-conversion/-shifting based

device [207]:
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Figure 2-19: Schematic energy diagram of a solar cell in combination with active luminescence down-
converter/down-shifter layer that precede the TCO layer in the device [207].
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2.9.4. Down-shifting process.

Down-shifting is similar to down-conversion except for the fact that its external quantum efficiency
cannot exceed unity. It involves the conversion of a (one) higher energy photon into a (one) lower
energy photon such that when applied to a solar cell, it can enhance its efficiency by ensuring emission
of photons that can be efficiently absorbed by the cell [197], although it could not be used to surpass the
Shockley — Queisser efficiency limit. Various means can be used to realize downshifting such as the
use of quantum dots [208, 209], lanthanide ions [210, 211], and other types of inorganic [212, 213] and

organic materials [214].
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2.9.5. Up-conversion process

The concept of up-conversion was first discovered by Auzel in the 1960s and has been particularly well
investigated for lanthanide and transition metal ions doped into solids [215, 216]. It is based on the
emission of at least one highly energetic photon by the absorption of two or more incoming photons
by an up-converter layer. This can be obtained through various up-conversion mechanisms as

summarized in figure 2-20.
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Figure 2-20: Energy level schemes for various two-photon up-conversion processes with quantum
efficiency normalized to the incident power (1 W cm?). Transitions between energy levels are indicated by
vertical arrows, and curved arrows connecting different ions indicate energy transfer. Horizontal lines are
real energy levels [215].

From figure 2-20, the efficiency of the up conversion processes appears to decrease from left to right as
indicated by the efficiency (n) approximation. The APTE (addition de photon par transferts
d’energie) or ETU (energy transfer up-conversion) process is most efficient mechanism followed
by a two-step absorption, which is also referred to as ground state absorption (GSA) then excited
state absorption (ESA). APTE is a GSA followed by an energy transfer, often written GSA/ETU.

The APTE process, two-step-absorption and cooperative sensitization take place through real,
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existing energetic levels and hence gives higher efficiencies compared to other competing
processes occurring through virtual levels such as the second harmonic generation (SHG),
cooperative luminescence and two-photon absorption (TPA) or multi-photon-excitation (MPE)
since the latter require high excitation energies. For instance SHG occurs only at excitation
intensities in the range of 108 Wm2[217].
For application to silicon solar cells, a large number of ideal materials are available as luminescent
up-converter layers, however they should possess the following characteristics:

e Absorption range higher than 1100 nm (E<1.12 eV).

e Emission that is lower than 1100 nm

e High up-conversion efficiency (>103)

e High transmittance of the up-converted light.
For crystalline silicon (c-Si), Egis 1.12 eV (1110 nm) [191] while amorphous forms of silicon have
wider band-gap energies, typically up to 1.7 eV . Other semiconductor materials for solar cells
have their Eg falling in this range, for instance CuzS (1.2 eV; 1033 nm), GaAs (1.4 eV; 886 nm),
and CdTe (1.5 eV; 826 nm) [218, 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 TiO2 (Eg = 3.0-3.2 eV; 413-387 nm); with a strategic choice of dye sensitizer, the

photocurrent onset can be reduced in energy to be as low as 1.35 eV (920 nm) [220].

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 with conversion efficiency reported being higher than 100% [175]. This enables the excess
energy of the 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 within a range where a photovoltaic cell has
high light responsivity. The down-conversion process is meant to enhance the solar cell efficiency
by improving its short-wavelength spectral response. These approaches enable us to reach the
Shockley—Queisser fundamental limit of a single-junction solar cell (~31% for non-concentrated
sunlight irradiation on a semiconductor material with an optimized band gap of ~1.35 eV) [221].
According to Trupke et al., their theoretical model for up-conversion of the solar spectrum showed
an elevated theoretical efficiency limit of a single-junction silicon solar cell to as high as 40.2%
under non concentrated sunlight [222]. This surpasses the Shockley—Queisser limit set at ~30%.
Recently, lots of research have been published on up- and down-conversion nanoparticles applied
in crystalline silicon, dye sensitized solar cells (DSSCs), organic solar cells (OSCs) and the more
nascent perovskite solar cells (PSCs) [221, 223-225].

Wau et al. investigated the fabrication of a ZnO:Eu®" bifunctional layer for use in the organic solar
cells [226]. The bifunctional layer is used as a spectral conversion layer as well as an electron
transport layer. To study the Eu®* doping influence on performance of the photoactivity, ZnO:Eu®*
was used as an electron buffer layer in layered organic solar cells with layer configuration
ITO/ZnO:Eu®/P3HT:PCs1BM/MoOs/Al, and they showed an increase in the short circuit current
density (Jsc) from 8.94 to 9.11 mA/cm? when using ZnO and ZnO:Eu®* as a buffer layers
respectively which was attributed to a down-conversion process [227].

Yao et al. reported the use of rare earth doped ZnO in DSSCs for up- and down-conversion giving
an efficiency increment of ~5.13% [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 up-conversion showed enhancements of ~12.5% when sensitization was
done using black/N749 dye and ~5.5% with N719 [221].

Lidia et al. [229] also studied the correlation between the structure and the luminescence properties
in Eu doped ZnO nano-powders prepared by sol-gel method. In their report there was simultaneous
green and red luminescence at an excitation wavelength of 394 nm. According to this authors, it
is possible to synergistically exploit the low-energy transfer efficiency from the ZnO host to the
Eu®* centres for single or multi-coloured emissions using the correct choice of excitation
wavelength.

According to study by Subramanian et al [230] 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 ions in the ZnO lattice. This was obtained
using Near Edge X-ray Absorption Fluorescence Spectroscopy (NEXAFS).

Ungureanu et al [231] reported on the electrical and magnetic properties of Nd doped ZnO thin
films which indicated a reduction on Nd doped ZnO resistivity with increasing film thickness.
Shahmoradi et al. [232] fabricated neodymium doped ZnO hybrid nanoparticles under mild
hydrothermal conditions at 150 °C using two surface modifiers. They showed that these surface
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 Nd** increasing the feasibility of photodegradation in the visible light.

Achamma et al., [233] reported on the luminescence properties in Ce embedded into ZnO
nanocrystals prepared by simple refluxing technique. The decrease in emission intensity in these
materials was attributed to the formation of additional surface defects (surface bound states) that

mediated non-radiative relaxations.
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Chao et al., [234] reported on the effect of annealing on the properties of Nd containing ZnO
prepared by sol gel route. In their studies Nd** emission intensity at 899 nm was observed to reach
a maximum upon annealing at 600 °C. Higher annealing temperature (1000 °C) caused a separate

phase segregation of Nd2Os in the ZnO matrix.

2.9.7. Rare earth metals used for doping of ZnO

2.9.7.1. Terbium
Terbium was discovered in 1843 by Carl Mosander and is named after Ytterby, a village 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] 4f°6s2.

The trivalent Th** ion has been under investigation by numerous research groups [152, 235] as a
result of its potential as a dopant for many solid-state devices such as light emitting diodes (LEDs),
fluorescent lamps and television screens and solar cells. When excited using ultra-violet
wavelength (244 nm) in this study, the Tb** ions in ZnO produced showed narrow emission lines
in both green spectral region. These lines have been attributed potentially to the °D4—'F; (J = 6,
5, 4, 3) transitions while the blue spectral region was assigned to the °D3—'F; (J = 6, 5, 4, 3, 2)

transitions. Figure 2-21 shows a typical absorption and emission diagram of Th®" ions.
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Figure 2-21: (a) Terbium ore (b) Schematic energy level diagram of Tb** ion [236].

Previous studies on Th doped oxides include: Liu et al. [236] synthesized terbium-doped zinc
oxide nanocrystals and reported on their structural and optical properties. Th3" ions showed green
luminescence due to 4f —4f absorption transitions. Liu et al. [237] also looked at Th-doped 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 dopants. The emission intensity
of Tb®* centers was observed to increase with increasing Tb content at the expense of the emission
from surface defect states in the ZnO matrix. Jia et al. [238] report on photoluminescence
properties of Th doped ZnO showed strong UV emission peak. The red-shifted UV emission was
attributed to defects and the presence of shallow energy level induced by Th doping.

Wu et al. [239] also investigated the ferromagnetic properties of Th-doped ZnO nanocrystalline
films at room temperature. They suggest that the observed ferromagnetism was induced by Th

incorporation into the ZnO lattice. They reported a magnetization saturation of about 0.38 Tesla
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per Th ion. Ziani et al. [240] reported the effect of annealing on the photoluminescence properties
of Tb-doped ZnO films synthesized by radio frequency magnetron sputtering at low temperatures.
Their findings corroborate our observations that annealing favors optimal distribution of the ions

in the matrix.

2.9.7.2. Europium
Europium was discovered by Eugéne-Antole Demarcay, a French chemist, in 1896. He was not

able to produce reasonably pure europium in 1901 since it usually exist as ores monazite sand.

Trivalent europium ion (Eu*) is well known for red-emission as a result of the °Do — ’F- transition
[241]. It has been widely used as a source of red light in preparing phosphors used in many light
emitting devices. Its potential application as the source of red light in Eu doped GaN laser was
reported by Park et al.[242]. Shahroosvand, H., and Ghorbani-asl, M. [243] ascribed the
correlation between the red emission and the synthesis method due to the efficient energy transfer
from the intrinsic defects in ZnO host to the Eu®* ions. Their study also established that the three
peaks in the region of °Do-'F; emerged from the occupancy of Eu®* on the surface lattice sites ZnO.
They proposed an energy transfer mechanism shown in Figure 2-22. The spectroscopic properties
of the Eu" ions in this study were attributed to the transitions between its intra-4f electron energy
levels. The right-hand side gives the partial energy level of Eu* ions, where the common 25*1L
notion is used for the energy level, S, L and J referring to spin, orbital and total angular momentum,
respectively while the left-hand side shows ZnO host with band-edge emission and the surface

defects emission.
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Figure 2-22: Illustration of proposed emission mechanism in Eu** doped ZnO [243].

Other previous studies on Eu doped ZnO include: Pearton et al. [244], who reported green
luminescence of the ZnO nanowires using Eu diffusion process and they observed a peak at about
515 nm which was attributed to Eu. The thermal annealing of diffusion process caused a red shift
of the NBE emission from the nanowires. Najafi et al., [245] study of the photoluminescence
properties of CVD fabricated Eu-doped ZnO demonstrated the correlation between defect states
and energy transfer from the ZnO host to the Eu®* ions. This interaction was posited to lead to the
strong red emission thereby collaborating the results of Assadi et al. [246] in the study on the

electronic, structural, and magnetic properties of Eu-doped ZnO NPs.

2.9.7.3. Samarium
The discovery of Samarium began with the discovery 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 Paul-Emile Lecoq 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 rare-earths: gadolinium in 1886 and europium in 1901. It has an electronic
configuration [Xe] 4f%6s? [247]. Previous studies on Sm doped ZnO include: Lin et al., [248]
reported the PL behavior of Sm3* doped ZnO (ZnO:Sm3") synthesized by the hydrothermal
method. They reported that the slight substitution of Sm** into the Zn site enhanced the lattice
distortion and increased the amount of defects, which suppressed the excitonic emission. Piao et
al. [249] also investigated the ferromagnetic properties of Sm-doped ZnO nanorods produced via
hydrothermal method. They observed ferromagnetic coupling in all the samples and for high
doping concentrations. The segregation or formation of small clusters of Sm was associated with
the observed ferromagnetic signal except that Sm substitution induced ferromagnetic ordering.
Tsuji et al. [250] also investigated the photoluminescence properties of Sm-doped ZnO using the
CVD technique. In their PL measurements of annealed ZnO:Sm, sharp emission lines from intra-
4f transitions in Sm3* ions were observed at room temperature under the excitation energy above

the band gap energy of ZnO.

2.9.8. Applications of ZnO and rare earth doped ZnO in solar cells.

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

layer is composed of a p type and an n-type material blend which serves a dual purpose in the
device namely as a light harvester and simultaneously as a preferential charge separating/transport

layer. Figure 4-23 shows a representation of the working principle of organic solar cells.
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Figure 2-23: Band diagram and main processes in Organic Solar Cells: 1 Absorption of photon followed by
exciton formation; 2 Exciton diffusion; 3 Charge separation; 4 Charge extraction [251].

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 of an electron from the valence band to the conduction band experienced in
inorganic semiconductors. This results in the formation of a tightly bound electron-hole pair called
exciton with a relatively large binding energy (0.3-1 eV) [251]. This exciton then diffuses to the
D/A interface where the potential difference enables it overcome its binding energy and it

dissociates into free electrons and holes which then collected at respective electrodes [252-254].

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

crystal structure with the ABX3 formula (X = oxygen, halogen).The larger A cation occupies a

cubo-octahedral site which it 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 community from
~3% to ~22% [255-258] (certified 21.02% [257]), 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 other hand received little attention
until the report on the layered organometal halide perovskites was found to exhibit a
semiconductor-to-metal transition with increasing dimensionality [259]. In addition to changes in
electrical properties, the band gap decreased with increased dimensionality from 2D to 3D. A
narrow band gap is beneficial for solar cell applications. Park et al. [260] have reported a PCE of
6.5% using CH3NH3PbI3 applied as an inorganic sensitizer in dye sensitized solar cells
applications. Using TiO> film thickness of about 3.6 mm as the transparent conducting layer,
CH3MH3Pbls perovskite reported absorption coefficient which was 10 times greater than that of
the conventional ruthenium-based molecular dye. Figure 6-23 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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Figure 2-24: Band diagram and main processes and Perovskites solar cells: 1 Absorption of photon and
free charges generation; 2 Charge transport; 3 Charge extraction [251].

The most common active layer material is the methylammonium lead iodide perovskite, (MAPbI3)
put between electron transporting layer (ETL), usually mesoporous, but also planar TiO2, and hole
transporting layer (HTL). In the standard device configuration, the front transparent electrode is
FTO-coated glass and the back electrode is a thermally evaporated gold layer [261]. In our studies

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

2.9.8.3. Dye sensitized solar cells
The name implies that its working mechanism is based on the photo electrochemical processes.

Figure 2-25 depicts an energy diagram of a dye sensitized solar cell. The working principle of dye
sensitized solar cells (DSSC) is based on the photo generation of an electron by a dye and its

injection to the semiconductor. This principle of operation is akin to photosynthesis [220].
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Figure 2-25: Energy diagram of the working principle of a dye sensitized solar cell [220].

Upon photo absorption, the dye molecules undergo excitation from their ground state (S) to a
higher energy state (S*). The increased internal energy of the excited dye molecule commensurate
to the conduction band of the dye adsorbed semiconductor enables the electron to be efficiently
injected into the semiconductor. [262]. Photoabsorption can also be represented by the expression
of equation 4-27.

LA 4-27

The process of photo-excitation of the dye molecule (S) analogous to the oxidation of the dye

molecule and it is presented in the form:

The injection of electrons into the semiconductor enhances their mobility at this energy level. The

subsequent charge transport to the anode is mediated by diffusion processes to produce a potential
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difference or photocurrent in the presence of a load. The oxidized dye molecule (S*) is again

regenerated by electron donation from the iodine in the electrolyte as per equation 4-29.

2.9.9. Parameters used in the various solar cells

The main parameters used in characterization of solar cell performance include; peak power Pmax,
short circuit current density, Jsc, open circuit voltage, Voc, fill factor FF and the Power conversion
efficiency. These parameters are obtained from the illuminated as well as dark J-V characteristic

as defined by equations 4-31 to 4-34 given below.

Figure 2-26: The J-V 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 diode, the device characteristics shown on figure

2-26 can be expressed as follows:

qVv
Short circuit Current density J =J.. —J, (e ar -1 2-31

Where Jo is a constant, q is electron charge while V is voltage across the terminals

Open circuit current density, V. = Kol In(%Jrl) ............ 2-32
Fill factor, FF Vo 2-33
JSCVOC
Power conversion efficiency, 7 = R L A 2-34
P JWV P

in sC ' oc in

The efficiency of the solar cell is also affected by resistive effects that usually leads the dissipation
of power in the resistances. The 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 construction. An ideal solar

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

The current density—voltage (J-V) characteristics were obtained using HP 4141B source measure
unit (SMU) under 100 mW/cm? 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 morphology, elemental 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 X-Ray diffraction (XRD). The optical properties were studied were
studied using the UV-Vis spectroscopy while optical reflectance to attain thickness, refractive
index, color were analyzed using FR-Basic-VIS/NIR fitted with FR-Monitor software for fittings.
Luminescent properties were studied using a fluorescence spectroscopy and the data was collected
both at room temperature. The current density-voltage 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) Chemical 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), Sol-gel, electro deposition etc. Among 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 this project.
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 promising technique which allows the deposition of films at low
temperatures with good optical and electronic properties. A special advantage is its scalability to
large areas [1]. The planar magnetron sputtering source was invented at the beginning of the 70s.
Only some years later magnetron sputtering was a well-established commercial technique for the
deposition of metals and optical films. Much later the urge for high quality semiconducting thin
films saw the use for the deposition of semiconductors (transparent conductive oxides (TCOs).
The fundamental difference between magnetron sputtering as a plasma process and thermally
excited thin-film preparation methods (evaporation, chemical deposition methods) is the much

higher energy input into the growing film, that can be achieved by magnetron sputtering [2, 3].

3.2.2. Basic Principles of RF sputtering

Figure 3-1 shows a pictorial view of the RF sputtering set-up used for film deposition while figure

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

Figure 3-1: Photograph of vacuum 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 (RF). The 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 vacuum system 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 self-sputtering. 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 transfer. These 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. Figure 3-2 shows the schematic

illustration of the sputtering process.
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Figure 3-2: Schematic representation of a RF magnetron sputtering system [4].

When ionized gas species (Ar*) hit the target, an atom is ejected from the surface as a result of

momentum transfer from Ar* ions 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 yield S. With an assumption that the kinetic energy of the

incident Ar*ions is Eions < 1 keV, the sputter yield is expressed by Sigmund [4] in equation 3-1 for

amorphous and polycrystalline targets.

_ 3

4M E

ion target jon

S

where Usus is the heat of sublimation of the target material, and a(

A (MM, ) Y

target

M

ion

ranging between 0.2 and 1.4 depending on the target-to-ion mass ratio.
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From equation 3-1, 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 Ref [5]. Generally compounds such as nitrides and oxides (such as ZnQO) have lower
sputter yields than pure metals. This is because the compounds materials possess higher

sublimation or binding energy [6].
The energy distribution of the sputtered neutral atoms is described by equation 3-2 [7]

E.E

f (Esput ) m ....................................... 3-2

where Esput is the energy of the sputtered particle, and Esg is the surface binding energy of the

target atoms. For Esput larger than the Esg, f(Esput) decreases as }/Ez . From equation 3-2, the

ot
energy distribution is independent of the energy of the incident ions. The maximum in this
distribution occurs when Esput = 1/2Esg, which is about 0.5-2 eV for most metals. Thus, if the mean
free path of the sputtered atoms is sufficiently large to avoid collisions, the majority of sputtered
atoms reach the substrate with Kinetic energies in the range of 1-20 eV. 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 neutralized and reflected because of the binary collision with
target atoms. The energy of these backscattered neutrals (for scattering angle of 180°) is given by

equation 3-3 [8].
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2
M ion M target
Eneutral = Eion (Wj ............................ 3‘3

target
where Mion, Eion and Marget are the mass and energy of the incident gas ion and 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 typically 10-40 eV [9]. Therefore, the calculated values using equation 3-3
should be considered as extreme values. Winters et al. [10] calculated 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 more energetic than for
example evaporated atoms (~ 0.1 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 sputtering

When compared to other thin-film deposition methods such as thermal evaporation, chemical
vapour deposition (CVD) or spray pyrolysis, magnetron sputtering has the following advantages:
e |ow substrate temperatures (down to room temperature)
e good adhesion of films on substrates
e high deposition rates (up to 12 pm min™%) [11].

e Very good thickness uniformity and high mass density of the films.
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e Good controllability and long-term stability of the process.

e Alloys and compounds of materials with very different vapour pressures can be sputtered
easily without preferential sputtering of a particular component.

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

e Relatively cheap deposition method

e Scalability to large areas [12].

3.3. lon implantation of Rare earth ions
lon implantation is a common technique used to incorporate foreign ions into a host material. When

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
projectile and excitation of the solid material as well as momentum transfer between the interacting
bodies [13]. Implantation has a number of advantages [14]:

e Speed, homogeneity and reproducibility of the doping process.

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

e Isotopically selectively ion beams due to mass separation.

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

e Simple masking methods to make lateral patterns for devices.
The energy lost by the projectile as it travels through a solid is determined by the “stopping power”,
defined as the energy transfer per unit path length of a particle along its trajectory and denoted by

equation 3-4.
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Where the negative sign indicates an energy loss change along the path length.
Consider maximum possible energy transfer during collision to be Tmax and target atoms per unit

volume to be Nions, then the stopping power is given by equation 3-5.

_dE_

where de the differential implanted cross section by the trajectory. Nions is also called the implant
density. Expressing equation 3-5 in terms of the atomic density, then Nions can be approximated as
a Gaussian range distribution as predicted by Lindhart, Scharff and Schiott [15] given by equation
3-6.

N(x) =—F—exp _w .
ARpE Z(ARP)Z ........................ -

where ¢ is the ion fluence, ARy is the standard deviation for the mean projected range (projected
range straggle) defining the position of the peak measured from the target’s surface, Rp the mean
perpendicular penetration depth also known as the projected range and x the ion depth of

penetration [16].

3.3.1. lon range

As the incident ion travels into the solid target matrix, it encounters multiple collisions with the
substrate’s atoms hence does not travel linearly till the end of range position. The implanted range
R(E), therefore defines the total integrated distance the ion travels through the solid before coming

to rest [17, 18] and is defined by equation 3-7.

_ dE
R(E) = IW ............................... 37

where Sn(E) and Se(E) are the nuclear and electronic stopping powers respectively.
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The projected range defines the net perpendicular peak position measured from the target’s surface
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 approximated by a Gaussian distribution being characterized by mean
projected range Rp and the straggling ARp(E) defined in equation 3-6 [17, 19, 20]. The depth

distribution of implanted ions is as shown in figure 3-3.
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Figure 3-3: Depth distribution of implanted ions in a target for; (a) the ion mass m; < mass m; of the
substrate [19]. The mean depth Rp depends only on m; and E; whereas ARp/Rp depends on the ratio mi:m.

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 (Sm203, ZnO (97%): Eu (3%) and ZnO (97%): Th (3%)
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 potential gradient column.

The ion beam is scanned over an area and the sample to be implanted is positioned in the end
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station within the scanned area of the beam. The 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 in 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 depth and size
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 conditions) [21]. A schematic representation of the generation and control of the

ion beam is shown in figure 3-4 [22].

Variable Slit for Beam Control

Analyzer Mawe\gl - Vertical Scanner
\ " 4

| == N
Horizontal Scanner

\Acceleration Tube

Wafer (Target )

Figure 3-4: 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
quartz substrates for all the analysis. Firstly all the samples were cleaned by normal water, then
the silicon substrates were separately immersed and rinsed using de-ionized water. They were
subsequently cleaned 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 cut in small pieces measuring 125 mm?. 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 ultra-sonicated in a soap solution then rinsed thoroughly in deionized
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 with nitrogen 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 foreign particles 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 of as-deposited films [23, 24]. A commercial annealing
furnace (Carbolite Gero model) was used for post-treatment of the deposited films under various
gases at ambient pressure. It is most often utilized in laboratories as a compact means of creating
suitable post-treatment high temperature atmospheres. The furnace can be fine pre-turned to hold

and stable temperatures in the range 500-1000 °C at a resolution of £ 5 °C. These were the selected
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temperature range used in this work. The films were placed in a quartz glass boat before inserted
into a ceramic 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 bleeding of nitrogen gas in the
furnace during annealing. Annealing was carried out at a ramping rate of 10 “C/minute to the set
point temperature to the desired set point temperature. The fluctuations at the set point temperature
were marginal for high annealing temperatures (+ 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 3-1 shows a summary of the conditions used in this work.

Safety temperature
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Figure 3-5: Summary of furnace annealing process where (a), (b) and (c) depicts the ramping, dwelling and
cooling time respectively.
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Table 3-1: Post-treatment parameters of furnace annealing used in this study
Quartz glass,

Substrate p-type silicon (001)(0.02 Q.cm),

ITO (30-60 Q/sq), FTO

Gas flow rate N2 at about 100 sccm
Temperature 300-1000 °C
Annealing time 0.5-2 hours

3.6. Thin film Characterization
3.6.1. Film Thickness Measurement

The film thickness measurement was carried out using Filmetrics F20 shown in figure 3-6

Figure 3-6: The Filmetrics F20 instrument used for thickness measurements
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Principle behind Filmetrics F20

Considering a thin film of ZnO on Si substrate as shown in figure 3-7, the monochromatic light
incident to the film-substrate system of optical constants, n; and ki for the film and n; and k> for
the substrate undergoes reflection and transmission at their 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 ZnO-Si interface experiences a phase shift that is determined by the
difference in the path length of the two reflections at the air-ZnO interfaces. The quantitative

aspects of these reflections can be combined as shown in equation 3-8.

R=A+ Bcos(%”)nd ............................... 3-8

Where n is the refractive index and d is the thickness

Incident Light Reflected Light

n : Air

Figure 3-7: 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 with information about the film’s thickness and the refractive
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index. The film’s thickness, optical constants, and roughness will determine the amplitude and
periodicity of the measured reflectance spectrum. The reflectance spectrum is a film’s percent
reflectance versus the wavelength of light, where 1 is equivalent to 100% reflectance. The film’s
properties are approximated using mathematical models defined in Ref [25] which shows
refractive index (n) and extinction coefficient (k) change in a material over a range of wavelengths.
The mathematical model uses theoretical values for thickness, n, and k used to calculate a
theoretical reflectance spectrum and adjusts the calculated spectrum until it matches the measured

reflectance spectrum for instance as shown in figure 3-8.
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Figure 3-8: An example of reflectance spectrum showing both raw and fitted (calculated) spectrum.

3.6.2. X-Ray Diffraction Studies (XRD)
In Grazing incidence X-ray diffraction (XRD) and X-ray reflectivity (XRR) measurements the thin

films are subjected to X-ray radiation. X-ray radiation used in these measurements consists of X-
ray photons from the Kqi-line of copper with wavelength 1.5405 A [26].

The concept of the X-ray diffraction in crystals is derived from elastic scattering processes where
the scattered X-rays have the same wavelength as the incident beam but have momentum
transferred in the scattering process. These scattered X-rays carry information about the electron
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distribution in materials and are produced by elastic scattering only when certain geometrical
conditions are fulfilled [27]. By measuring the angle and intensity of the output radiation with
respect to the incident, the structural properties of a sample can be determined where the maximum

intensity can be described by equation 3-9.

1Qf _ Jhe iz 3.9
272.— a ...................... =

Where Q is the vector of momentum transfer also called scattering vector (Q=S-S,, S and So

describes direction of incident and outgoing beam respectively). Q can be expressed as in

equation 3-10.
_4zsiné
|Q| T

The wavelength of the incoming x-ray (1), the scattering angle (6) and the crystal properties

(represented by the Miller indices) are related using equation 3-11.

But since the distance between two adjacent planes dh for a cubic lattice is given by equation 3-

12, equation 3-11 can be expressed as equation 3-13.

) = —2 i
hkl m ............................ 3-12
200 siNGg =4 ..o 3-13

This is the Bragg relation, where 8z is the Bragg angle which is the position of maximum reflected
x-ray intensity. For an x-ray plane wave scattered from an atom plane in a crystal with a spacing

of dna between the planes, the phase shift of the wave is 2dsiné for any angle 6. However
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constructive interference can only be realized when the phase shift is equal to a multiple, n, of the

wavelength as expressed in equation 3-14.

20sinGg =N ... 3-14

where n is a integer. This concept may be visualized as shown in figure 3-9.

o) S(hkI)
5 Kk

A So

Figure 3-9: The geometrically description of 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 a 6/26 scan is shown in figure 3-10. Because the scattered intensity depends on the
distance between the sample and detector, the detector is moved on a constant radius hemisphere
around the sample. Any intensity variations are thus mainly due to beam-sample interactions.
During the scan, the angle of the incoming beam and detector angle with respect to the sample is

varied, but kept equal to each other, i.e. Gincoming = Odetector, With maximum intensity occurring

when equation 3-14 is satisfied. The width of a Bragg reflection peak also provide information
regarding the crystallite size and distortion of the crystal structure such as micro strain and

dislocations.
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Figure 3-10: A sketch of the instrumental setup for a 6 /20 scan

In the case of thin films, the penetration depth of X-rays mostly exceeds 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 sample can be significantly decreased by utilizing small angles of incident. This
technique is known as the grazing incidence X-ray diffraction (GIXRD), and it makes it possible
to obtain depth-resolved structural information by probing the sample under shallow angles of

incidence.

3.6.3. Raman Spectroscopy

Consider a monochromatic light incident onto a sample, the light may be absorbed, transmitted,
reflected or scattered. The scattering may be inelastic (Raman) or/and elastic (Rayleigh) as shown
in figure 3-11. Raman spectroscopy is a non-invasive scattering technique used for chemical
analysis or in solid state Physics [28-30]. 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.VV. Raman, who, along
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with K.S. Krishnan, 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 observation [31]. In this project the elementary excitations are vibrations, particularly
Raman active lattice vibrations (phonons). Raman spectroscopy then provides access to the 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 Raman shift (frequency difference between the scattered

light and the monochromatic excitation source).
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Figure 3-11: Energy diagram for inelastic (Raman) and elastic (Rayleigh) scattering.

In this study Jobin-Yvon T64000 spectrometer was used with a triple monochromatic dispersive
system as shown in figure 3-12. Laser light is first incident to the spectrometer using an Olympus
BX40 microscope attached to the spectrograph. Scattered light from the film returns through the
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 scattered light to pass through. The transmitted light
then passes through an entrance slit and falls on the grating where it is dispersed [32]. The
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dispersed light falls on the Charge Coupled Device (CCD) detector, which detects the scattered
light thus producing a spectrum. The CCD is made of 1024-256 pixels where each pixel is a silicon
photosensor. Scattered radiation falling on the pixels produces photoelectrons in numbers
proportional to the radiation intensity. In order to achieve optimal spectrometer performance, the
CCD is cooled to 140 K [33]. The output from the detector is analyzed on a computer using

Labspec scientific software supplied by Jobin-Yvon.
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Figure 3-12: Optical diagram of JY T64000 monochromator in a triple additive and subtractive mode
(adapted from the Instruction Manual for the Jobin-Yvon 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 section 3.6.6 for SEM description).
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As elaborated in the SEM discussion, when a sample is bombarded by electron beam from the
SEM, the incident beam of electrons interacts with core electrons of the sample’s atoms
transferring sufficient energy to it, thereby ejecting electrons from the surface creating electron
vacancies which are filled by electrons from a higher state. In order to balance the energy
difference between the electron states, an X-Ray is emitted as illustrated in figure 3-13. 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 well-defined nature, the energies and related
wavelengths of the set of x-rays emitted will have characteristic values for each of the atomic

species present in a sample [35] as shown in figure 3-13 (a) and (b).

() (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

Figure 3-13: (a) and (b) Characteristic x-ray radiation

Once x-rays are emitted they are directed to an EDS x-ray detector used to measure the relative
abundance of emitted x-rays versus their energy [36].

The spectrum normally plots the intensity of the peaks corresponding to the energy levels for which
the most X-rays 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 film [35]. Spectroscopy has the following limitations:
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e Energy peak overlaps among different elements, particularly those corresponding to
x-rays generated by emission from different energy-level shells (K, L and M) in
different elements. This prohibited the separate detection of various rare earths
elements which were all detected as RE as shown in figure 3-14.

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

e Low peak-to-background ratio.

e 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

Figure 3-14: Example of an EDS spectrum of ZnO implanted with Sm rare earth.

As a result of the above limitations, the films were characterized using 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)

Rutherford Backscattering Spectroscopy is a non-destructive technique that involves the
irradiation of the sample being investigated using a monoenergetic MeV ion beams which are
usually either *H* or *He™ beams Upon hitting the target (sample), the ions penetrate to a 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 composition and depth-profiling. 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 energy Eo and mass M; is backscattered with an energy E1 by the target atom of mass
Mk (initially at rest). The expression for this interaction is given by Equation 3-15 and summarized

to equation 3-16 [35].

2
M, cos g+ M —M/sin* ¢
By = Eo[ |\>|/+|\/| J ............ 3-15

By =EoKM (#) oo 3-16

where ¢ is the scattering angle and Km, (@) is the kinematic scattering factor. Eo and E1 represent

incident and backscattered alpha particle energies respectively as elaborated in figure 3-15. The
energy E1 may be used to relate the depth at which the 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 Pretoria — South Africa.
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Figure 3-15: A schematic illustration of RBS experimental set-up used in this work.

3.6.5.1. Depth profiling
After scattering at a depth x, the particle loses energy as it traverses the sample, hence energy E:1 <

E as shown in figure 3-16.

N
x
Lo

%

Figure 3-16: Schematic illustration of backscattered alpha particles and energy loss at a depth x.

From figure 3-16, the energy E immediately before scattering is related to the incident path length

%Os ) of the incident path by equation 3-17.
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According Chu, W. K., et al. [37], the total energy loss of a particle scattered at a depth with
assumption that the energy loss (dE/dX) stays constant along both the inward path (surface
approximation) is given by equation 3-18.

AE=KEy—Ep =[S]X oo, 3-18
Where [S] is the energy loss backscattering factor defined by equation 3-19.

__K dE K_dE -
[S]_Cosgl o (m)+cos@ g Out) 3-19

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 tabulated values of stopping powers [38, 39].

The energy difference equation 3-19 can be re-written in terms of the stopping cross-section as

shown in equation 3-20.

Where N is the density of the atoms and [l//] is the stopping cross-section factor defined by

equation 3-21.

K . 1 -
[l//] _|:C0591 l//ln + COSQZ Wout:| .................. 3 21

Where yin and yq,t are calculated at Eo and KEo

In this study we used “He* 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 at 15 nA while the target chamber was kept at a pressure of 1x10™* 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 the backscattered projectiles energy. The amplified
output voltage was then converted into a digital signal in the multi-channel analyzer (MCA) which
reports an output of Yield (count) against channel number. The channel number and yield are
proportional to the 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.
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Figure 3-17: Typical RBS spectrum for ZnO thin film
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# Thickness Sublayers
1 70.00 nm auto
2 33.00 nm auto
3 9.00 nm auto
4 2000.00 nm  auto

Composition . ..

Zn 0.602 O 0.398

Zn 0632 O 0418

Zn 0532 O 0.493 Si 0.413
Si

3.6.6. Morphological Studies using Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a high-resolution imaging procedure of surfaces where

electrons are used to provide i

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

microscopy .

nformation on the sample morphology and structure at much higher
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Figure 3-18: Schematic illustrati

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 stimulating emission of further electrons as a result
of elastic and in-elastic scattering on the surface and near-surface [34] as shown in figure 3-18.
Electrons (typically in the range 5-20 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 incident 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 or
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 x-rays used to study chemical composition of the sample as discussed in section 3.6.4
[34].

Scanning electron microscopes vary in the resolution limit. This limit of resolution is defined as
the minimum distance by which two structures can be separated but still appear as two distinct
objects. According to Ernst Abbe [40], the limit of resolution depends on the illumination source
wavelength and it can be described mathematically using Abbe’s equation given represented by
equation 3-22. At particular wavelength, the resolution exceeds the limit, the magnified image
appear blurry.

d=0.612A/nsiNct .......c.oeoeiiiiin. 3-22

Where d is the resolution, 4 is the wavelength of the electrons (for an EM), n is the refractive
index of medium (which is 1 for the vacuum in EM) between point source and lens relative to free

space, « is half aperture angle in radians, while sin « is often called the numerical aperture [41].
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The current SEMs have 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 detected for each 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 represents 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 beam [34]. Figure 3-18 shows a schematic illustration of the FEI Nova Nanolab

600 FEG-SEM/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
Sample |
Secondary
Vacuum pump electron detector

Figure 3-19: 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 the tip of an elastic cantilever where a small probe is
scanned across the sample to obtain information about the sample’s surface. As a tip is swept
over the sample surface, the forces between the tip and the surface lead to the cantilever bending.
The deflections are then recorded by focusing a laser on the cantilever, which reflects the beam
on to a position-sensitive photo detector. Any movement of the cantilever in either the normal- or
lateral directions will be picked up by the detector, and an accurate description 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 sensitivity.
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Figure 3-20: Schematic operation principle of atomic force microscopy.
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To acquire the image resolution, AFMs can generally measure the vertical and lateral deflections
of the cantilever by using the optical lever. The optical lever operates by reflecting a laser beam
off the cantilever. The reflected laser beam strikes a position-sensitive photo-detector consisting
of four-segment photo-detector. The differences between the segments of photo-detector of signals
indicate the position of the laser spot on the detector and thus the angular deflections of the
cantilever as illustrated in figure 3-20.

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 contact, non-contact and tapping
mode. Among these, the tapping mode (semi-contact 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 oscillation. 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 most appropriate 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 (Z) and lateral (XY) directions. In the Z direction, the resolution is limited mainly by the

instrument noise. Factors such as mechanical vibrations and random electrical fluctuations create
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variations in the height signal. Height features smaller than these variations cannot be
meaningfully resolved [42].

The AFM image provides complex 3D information on the height correlations or fluctuations using
roughness parameters. This surface roughness is most commonly described by amplitude
parameters including the average deviation Ra, the root mean square Rrwvs, and the standard
deviation Rq where R, and Rrws describe the dispersion or spread in height variations. Other
roughness parameters describing the spatial distribution of height variations is the dimensionless
Skewness and kurtosis.

Skewness characterizes the symmetry of the height variation about its mean line, with Rs > 0 for
surfaces with high peaks or spikes and Rsk < O for those with deep valleys or pits. Kurtosis is a
description of the uniformity of height variations, with Rk, > 0 for surfaces with many peaks and
valleys and Rk, < 0 for those with fewer excursions. These parameters are described by equation

3-23 to 3-28.

Root mean square roughness

RRMS i v A A R R R 3'23
Average deviation roughness
Lo -
Ra—ﬁ_ Zi—Z| oo 3-24
1=
Skewness
N3
N
_1 Zi_z
Rsk ‘WZ(TJ ................................ 3-25
i=1
Kurtosis
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Where z;j is the height at a given pixel i, N is the total number of pixels in the image, and Z is

the average height of the entire image.

3.6.8. Optical properties using UV-Vis-NIR Spectrophotometry

The UV-Vis spectrometer is used to identify the number of absorbing species in a sample for
instance in analyzing compounds (molecules, ions and complexes) of organic, inorganic and
biochemical in the ultraviolet (UV) and visible regions of the electromagnetic spectrum [43]. UV-
vis spectroscopy is widely used owing to its simplicity, versatility, speed, accuracy and cost-
effectiveness. The measured UV-Vis spectrum can be obtained as absorption, transmission and
reflection spectrum [44].

It applies the concept of light interaction with matter that may lead to reflection, scattering,
absorbance, fluorescence/phosphorescence and photochemical reaction [45]. Generally light
absorption depends on the 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 equation 3-27 is satisfied.

Where E; and E> are the ground and excited state of the species respectively, h is Planck's constant

and v is the photon frequency.
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Figure 3-21: Illlustration of absorption and transmitted light.

From figure 3-21 the amount of light absorbed by the sample may be described as the difference
in the incident radiation (lo) and the transmitted radiation (I). The amount of light absorbed is
expressed as either transmittance (described by equation 3-28) or absorbance (described by

equation 3-29).

The UV-Vis measurements were carried out in the range 200-800 nm using a Cary 500 UV-visible
spectrophotometer inside it are two light sources, a tungsten lamp responsible for giving the visible
light and a deuterium lamp emitting the ultraviolet light and a set 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 filter 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 through the reference 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. The logarithm 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 UV-Vis spectrometer is as shown in figure 3-22 [46].
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Figure 3-22: Schematic representation of a dual-beam UV-Vis spectrophotometer

From the absorption spectrum, the energy band gap can be estimated using Tauc law relation [47]

given by equation 3-30.
ahv=Cy(V—Eg)" ooooooirrrrinnenn 3-30

Where « is the absorption coefficient, hv is the incident photon energy, Ci is constant, Eq is the
optical gap energy, and the exponent m is a parameter that vary depending on the type of electronic
transition enabling absorption based on the Fermi Golden rules. For direct 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, versatile, non-destructive, powerful optical
method of studying the electronic structure of materials. Light is directed onto a sample, where it
is absorbed and imparts excess energy into the material in a process called photo—excitation.
Excess energy may be dissipated emitting light, process called luminescence. Photoluminescence
is defined as the spontaneous emission of light from a material under optical excitation. This light
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 performed in one 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 consist of 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 concentration [48].
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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 excited state to the ground state as depicted in figure 3-23.
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Figure 3-23: Principle of photoluminescence spectroscopy (PL).

During photoluminescence, the emission monochromator is set at a wavelength corresponding to
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 emitted light is being scanned. Figure 3-24 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 monochromators 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 stored with the

computer.
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Figure 3-24: Schematic diagram of a fluorescence spectrometer

For ideal measurements, the spectrophotometer must have the following components:
(a) a light source with a constant photon output 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 equal efficiency.
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.

139



3.7. References (for chapter 3)

[1] K. Ellmer, Magnetron sputtering of transparent conductive zinc oxide: relation between the
sputtering parameters and the electronic properties, Journal of Physics D: Applied Physics, 33
(2000) R17.

[2] S. Schiller, U. Heisig, K. Goedicke, Electron-beam evaporation and high-rate sputtering with
plasmatron-magnetron systems-comparison, Vakuum-Technik, 27 (1978) 51-55.

[3] S. Schiller, U. Heisig, K. Goedicke, electron-beam evaporation and high-rate sputtering with
plasmatron-magnetron systems-comparison. 2, vakuum-technik, 27 (1978) 75-86.

[4] P. Sigmund, Theory of sputtering. I. Sputtering yield of amorphous and polycrystalline
targets, Physical review, 184 (1969) 383.

[5] N. Laegreid, G. Wehner, Sputtering yields of metals for Ar+ and Ne+ ions with energies
from 50 to 600 eV, Journal of Applied Physics, 32 (1961) 365-369.

[6] J.L. Vossen, W. Kern, Thin Film Processes Il Academic Press, in, Inc, 1991.

[7] H.F. Winters, J.W. Coburn, Surface science aspects of etching reactions, Surface Science
Reports, 14 (1992) 162-269.

[8] D.P. Smith, Scattering of Low-Energy Noble Gas lons from Metal Surfaces, Journal of
Applied Physics, 38 (1967) 340-347.

[9] B. Window, K.-H. Miiller, Strain, ion bombardment and energetic neutrals in magnetron
sputtering, Thin Solid Films, 171 (1989) 183-196.

[10] H.F. Winters, H. Coufal, W. Eckstein, Influence of energy reflected from the target on thin
film characteristics, Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films,
11 (1993) 657-663.

[11] R. Kukla, T. Krug, R. Ludwig, K. Wilmes, A highest rate self-sputtering magnetron source,
Vacuum, 41 (1990) 1968-1970.

[12] J. Szczyrbowski, A. Dietrich, K. Hartig, Bendable silver-based low emissivity coating on
glass, Solar Energy Materials, 19 (1989) 43-53.

[13] L.A. Giannuzzi, B.1. Prenitzer, B.W. Kempshall, lon-solid interactions, in: Introduction to
focused ion beams, Springer, 2005, pp. 13-52.

140



[14] S. Zhou, Transition metal implanted ZnO: a correlation between structure and magnetism,
(2007).

[15] J. Lindhard, M. Scharff, Energy dissipation by ions in the keV region, Physical Review, 124
(1961) 128.

[16] G. Phelps, Dopant ion implantation simulations in 4H-Silicon Carbide, Modelling and
Simulation in Materials Science and Engineering, 12 (2004) 1139.

[17] L.A. Giannuzzi, Introduction to focused ion beams: instrumentation, theory, techniques and
practice, Springer Science & Business Media, 2004.

[18] J.F. Ziegler, J. Biersack, U. Littmark, The stopping and range of ions in matter, VVol. 1, 1,
Pergamon Press, New York, (1985).

[19] M. Nastasi, J.W. Mayer, Surface Erosion During Implantation: Sputtering, lon Implantation
and Synthesis of Materials, (2006) 159-178.

[20] E. Aradi, S. Naidoo, R. Erasmus, B. Julies, T. Derry, Investigations on the characterization
of ion implanted hexagonal boron nitride, Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions with Materials and Atoms, 307 (2013) 214-217.

[21] H. Li, Structural and Optoelectronic Properties of Rare Earth Doped Silicon Photonic
Materials, (2013).

[22] R. Minixhofer, Integrating technology simulation into the semiconductor manufacturing
environment, na, 2006.

[23] C. Li, T. Kawaharamura, T. Matsuda, H. Furuta, T. Hiramatsu, M. Furuta, T. Hirao, Intense
green cathodoluminescence from low-temperature-deposited ZnO film with fluted hexagonal
cone nanostructures, Applied physics express, 2 (2009) 091601.

[24] Y. Lin, J. Xie, H. Wang, Y. Li, C. Chavez, S. Lee, S. Foltyn, S. Crooker, A. Burrell, T.
McCleskey, Green luminescent zinc oxide films prepared by polymer-assisted deposition with
rapid thermal process, Thin Solid Films, 492 (2005) 101-104.

[25] E. Johlin, N. Tabet, S. Castro-Galnares, A. Abdallah, M.I. Bertoni, T. Asafa, J.C. Grossman,
S. Said, T. Buonassisi, Structural origins of intrinsic stress in amorphous silicon thin films,
Physical Review B, 85 (2012) 075202.

[26] S. Sintonen, Superhilarakenteiden karakterisointi rontgendiffraktio-ja
rontgenheijastusmenetelmillg, (2009).

[27] J. Huang, Zinc oxide thin film transistors by radio frequency magnetron sputtering, (2014).

141



[28] F.A. Settle, Handbook of instrumental techniques for analytical chemistry, Prentice Hall
PTR, 1997.

[29] A. Braz, M. L6pez-Lopez, C. Garcia-Ruiz, Raman spectroscopy for forensic analysis of inks
in questioned documents, Forensic science international, 232 (2013) 206-212.

[30] M. Lopez-Lopez, C. Garcia-Ruiz, Infrared and Raman spectroscopy techniques applied to
identification of explosives, TrAC Trends in Analytical Chemistry, 54 (2014) 36-44.

[31] C.V. Raman, K.S. Krishnan, A new type of secondary radiation, Nature, 121 (1928) 501.

[32] D. Long, Introductory Raman Spectroscopy. John R. Ferraro, Kazuo Nakamoto and Chris
W. Brown. Academic Press, Amsterdam, 2003. xiii+ 434, in, Wiley Online Library, 2005.

[33] S. Morel, F. Adar, Refined raman spectroscopy: Bringing new insight into industrial
processes, Optics and photonics news, 16 (2005) 42-46.

[34] L.D. Hanke, Handbook of analytical methods for materials, Materials Evaluation and
Engineering Inc., Plymouth, (2001) 35-38.

[35] B.G. Yacobi, L.L. Kazmerski, D. Holt, Microanalysis of solids, Springer Science &
Business Media, 2013.

[36] J. Ungula, Growth and characterization of ZnO nanoparticles by sol-gel process, in,
University of the Free State (Qwagwa Campus), 2015.

[37] W. Chu, J. Mayer, M. Nicolet, T.M. Buck, G. Amsel, F. Eisen, Principles and applications
of ion beam techniques for the analysis of solids and thin films, Thin Solid Films, 17 (1973) 1-
41.

[38] J.F. Ziegler, The stopping and range of ions in solids, in: lon Implantation Science and
Technology (Second Edition), Elsevier, 1988, pp. 3-61.

[39] J. Ziegler, J. Manoyan, The stopping of ions in compounds, Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 35 (1988)
215-228.

[40] E. Abbe, XV.—The Relation of Aperture and Power in the Microscope (continued), Journal
of Microscopy, 3 (1883) 790-812.

[41] W. Zhou, Z.L. Wang, Scanning microscopy for nanotechnology: techniques and
applications, Springer science & business media, 2007.

[42] S. Bertolazzi, J. Brivio, A. Radenovic, A. Kis, H. Wilson, L. Prisbrey, E. Minot, A. Tselev,
M. Philips, M. Viani, Exploring flatland: AFM of mechanical and electrical properties of
graphene, MoS2 and other low-dimensional materials, Microsc. Anal, 27 (2013) 21-24.

142



[43] S. Skujins, A. Varian, Applications of UV-Visible Derivative Spectrophotometry, UV
Instruments at work, Part, 1 (1986).

[44] H. Forster, UV/Vis spectroscopy, in: Characterization I, Springer, 2004, pp. 337-426.

[45] T. Owen, Fundamentals of Modern UV-Visible Spectroscopy: A Primer. edit, Agilent
Technologie, German, (2000).

[46] O. Akiyama, Double-beam spectrophotometer, in, Google Patents, 1985.

[47] A.E. Morales, E.S. Mora, U. Pal, Use of diffuse reflectance spectroscopy for optical
characterization of un-supported nanostructures, Revista mexicana de fisica, 53 (2007) 18-22.

[48] B.R. Masters, Principles of fluorescence spectroscopy, Journal of Biomedical Optics, 13
(2008) 029901.

143



Chapter 4: Structural and Optical characterization of ZnO thin
films.

4.1. Introduction

Zinc oxide (ZnO) is a group I11-V1 semiconductor material whose ionicity resides at the borderline
between a covalent and ionic semiconductor. The crystal structures shared by ZnO are wurtzite
B4, zinc blende B3, and rocksalt B1[1]. It believed to have a lot of promising device application.
Initially ZnO was considered as a substrate for GaN and other related alloys [2, 3]. 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 high-performance optoelectronic 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 electronics [5]. It has a direct and wide band gap of 3.37 eV (at 300 K) in the near-
UV spectral region, a large free-exciton binding energy (60 meV) such that excitonic emission
processes can persist at or even above room temperature [6-8], a strong cohesive energy of 1.89
eV [9], with a high optical gain (300 cm™) [7], exhibits high mechanical strength, thermal stability,
chemical stability, ambient insensibility, and negative electron affinity [10] as well as high
radiation hardness [11]. These characteristics of ZnO as well as unique combination of its physical
properties—optical, electrical, magnetic, piezoelectric, and ferroelectric properties make it a
promising candidate material for advanced device applications. Different commercial applications
have also been reported such as integrated optics, antireflection coatings, liquid crystal displays[1],
light emitting, laser diodes [12, 13], U-V range detecting devices [14, 15], chemical sensors , solar
cells [16-18], photodegradation and photocatalysis [19], superhydrophobic and self-cleaning

surfaces. According to Chantal et al. [20] ZnO films possess superhydrophobic properties over a
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wide pH range with excellent stability under high temperature and ambient long-term storage
conditions making it a strong candidate for high temperature electronic devices that can reliably

be operated in space and other harsh environments.

4.2. Growth conditions

ZnO films were deposited by R.F. magnetron sputtering system using a cylindrical metallic ZnO
disc 76 mm diameter and 3—6 mm thick as the cathode (99.95% purity, Semiconductor Wafer).
The substrates used were a p-type silicon with (100) orientation and quartz. The substrates were
thoroughly cleaned with organic solvents and dried before loading in the vacuum chamber of the

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

pressure of 2><10_2 mbar before a further pumping using a turbomolecular pump t01.8><10_5
mbar. The plasma generation chamber is surrounded by a hard magnet of 0.3T. Magnetron
sputtering was carried out in an argon gas atmosphere 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 time of deposition was also varied from 1-20 minutes to obtain films of different
thicknesses and intrinsic stress. The target to substrate distance was 60 mm and was kept fixed for
each deposition run. Prior to each deposition, the target was pre-sputtered for 30 minutes to remove
any contamination adsorbed on its surface to make the system stable and reach optimum condition.
The films were deposited on a [100] 380 um thick silicon substrate. The substrate temperature was
kept at room temperature. After deposition, the film were subjected to thermal treatment in a
programmable furnace in air or Argon ambient to monitor the effect of temperature and heating
environment on the morphological, optical and electrical properties of ZnO films. The films

subsequently used as an electron transport layer to fabricate a perovskites solar cell
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4.3. Characterization techniques
Rutherford backscattering spectrometry (RBS) and EDS measurements were performed to

determine the composition and distribution profiles of Th®" ions in the ZnO matrix at room
temperature using *He* particles of energy 1.6 MeV at a backscattering angle of 165°. The EDS
used was fitted on FEI Nova Nanolab 600 SEM. The surface morphology and the root-mean-
square (rms) surface roughness of the films were characterized using a Di100 model atomic force
microscope (AFM) in tapping mode and FEI Nova Nanolab 600 SEM. In order to investigate the
crystallographic properties of the ZnO films, we carried out - high resolution GXRD using Bruker
D8 Discover, set at 40kV, 40 mA to emit a CuKa X-ray radiation of wavelength 1.541 A. The
scanning range of 20 was varied from 10° to 80° at a low scanning rate of 1.2°minute.
Photoluminescence 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. 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 (514.5 nm) and
a laser power of <1 mW at the sample.Optical transmittance measurements were carried out in the
wavelength range from 200 to 900 nm by using a CARY UV-visible spectrophotometer. The
reflectance measurements obtained from FR-Basic-Vis/NIR spectroscopy over a wavelength range

of 450-900 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 figure 4-1 below. This was

also confirmed by the Rutherford Backscattering spectroscopy shown in figure 4-2.

Spectrum 3
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Figure 4-1: EDS analysis of the ZnO thin film grown using RF sputtering on Si wafer substrate.
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Figure 4-2: RBS image spectrum of ZnO layer on Si showing experimental curve (black) and simulated curve
(red) using XRump code.

Table 4-1: XRump Simulation parameters of thickness and fractional elemental compositions.

# Thickness Sublayers Composition . ..

1 70.00 nm auto Zn 0.602 O 0.398
2 33.00 nm auto Zn 0.632 O 0418
3
4

9.00 nm auto Zn 0.532 O 0.493 Si 0413
2000.00 nm auto Si 1

Analysis of the RBS data was carried out using XRump computer simulation to provide as

described in chapter 7 the elemental composition at different layers of the film was as shown in
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Table 4-1 which gives the depth profile distribution of Zn and O, a proof that the composition is

homogeneous in depth. The composition is given in atomic fraction.

4.4.2. Atomic Force Microscopy & Scanning Electron Microscopy.

The influences of annealing temperature and deposition time on the surface topography and
morphology of RF sputtered ZnO thin films were studied using Veeco Di100 model of atomic
force microscopy (AFM) in the tapping mode. The annealing was carried out in an Ar filled furnace
set to ramp at 10°C/minute and at dwell time of 2 hours before cooling to room temperature. In
order to estimate the AFM data specifically, the surface roughness of the samples was denoted by
the average roughness Ra and root mean square (Rrms) value. The surface morphologies of the

films were investigated over a scanned area of 5 um x 5 pum and the results tabulated.

Reference s

T
Al

Figure 4-3: AFM images of ZnO thin film grown at 100 W, 1 minute and annealed at different temperatures
(600-900 °C).
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Figure 4-3 shows the effect of annealing at temperature range of 600-900 °C in Ar filled furnace.

Table 4-2 shows a summary of the AFM analysis. The statistical analysis of AFM data was carried
out using the height distribution histograms from the AFM analysis software WSxM 4.0.

The average roughness (Ra) is the mean height is usually calculated over the entire measured
length/area. It is useful for detecting general variations in overall profile height characteristics and
for monitoring an established manufacturing process while on the other side Root mean square
(rms) roughness (Rrms) is described as the square root of the distribution of surface height and is
usually considered to be more sensitive than the average roughness for large deviations from the
mean line/plane. The rms may also be used in computing the skewness and kurtosis parameters
[21].

The height asymmetry is described by the statistical parameters: the surface skewness and kurtosis.
The surface skewness is a measure 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 indicates the 'peakedness' of height value distribution.
When the distribution has a high kurtosis value then this implies that there are small numbers of
extreme heights as opposed to many moderate height features. For spiky surfaces, Rk > 3; for

bumpy surfaces, Rk < 3; perfectly random surfaces have kurtosis of 3.
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Table 4-2: Summary of tapping mode AFM analysis after annealing at 600-900 °C temperature range.
Annealing

Temperature Ra Rms Skewness Kurtosis Grain height
('C) (nm) (nm) (Rsk) (Rku) (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 5231 65.3
900 23.2 27.3 0.924 5.957 70.4

From table 4-2, the surface roughness of films was 18.9 nm while the average roughness was 11.3
nm. Upon annealing at high temperature, 600-900 °C range, the atoms acquire enough diffuse
activation energy to enable them occupy the correct lattice sites in the crystal lattice enabling grains
possessing low surface energy during growth to become larger [22]. When given sufficient energy
the grain sizes are also observed to grow from 51.5 nm to 70.4 nm at 900 °C. This is attributed to
coalescence of the grains at elevated temperatures. During the coalescence process some voids are
created as a result of the grain boundary movement. As the surface roughness increases, it is more
likely that negatively charged oxygen-related species are adsorbed on the surface of the crystallites
which in turn act as electron traps [23]. This consequently leads to the gradual increase in surface
roughness with increasing temperature. The statistical analysis of AFM data was done using the
height distribution histograms within the WSxM 4.0 software. The film surface were found to
possess positive skewness (larger than 0.2) and high kurtosis (larger than 3.0) values which imply
that the surface height distribution does not follow a Gaussian distribution and there are relatively
sharp surfaces which some authors have found to make ZnO favorable for tribological applications
(e.g. low friction bearings). The smaller value of skewness (Rsk) for the film is attributed to more
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symmetric surface. The results of Skewness and kurtosis show that the surfaces are generally spiky

with dominant peaks.

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

in Figure 4-4.

Reference

Figure 4-4: SEM images of ZnO thin film grown at 100 W, 1 minute and annealed at different temperatures
(600-900 °C) using beam energy of 30000 in each case, working distance of 4.8mm, 5.0 mm, 5.2 mm, 4.8
mm and beam energy magnification of 36 000, 20 000, 20 000, 20 000 for 500 °C, 600 °C, 700 °C, 800 °C
and 900 °C respectively.

Figure 4-4: shows the SEM images of the films with different film annealing temperature. As the
annealing temperature increases from 600 °C to 900 °C, the density of microstructure was
gradually decreased while the surface continuity of the film decreases due to the emergence of
pores like structures on the surface. The increased size of the grain height is observed to be loosely

formed on the surface.
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Figure 4-5: AFM images of ZnO thin film grown at 100 W at different deposition time ranging from 1-20
minutes.

Figure 4-5 shows the AFM images under the tapping mode for films deposited under varied
deposition times (1-20 mins) using an RF power of 100 W. The summary of statistical data is as

shown in table 4-3.
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Table 4-3: 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)
( minutes) +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

From table 4-3 the films’ roughness decreases with increasing deposition time from 18.9 nm at 1
minute deposition time to 13.2 nm at 20 minute deposition time. From the table 2-2 we can deduce
that the film growth conditions such as deposition time play a vital role during the evolution of the
film surface topography. For small thickness obtained using short deposition time, the AFM
images present small nucleation sites as a result of the short incubation time. However, as we
increase the deposition time, the grains coalescence and this leads to film thickness increase. The
increase in grain size in the film under these conditions leads to a film morphology with uniformly
large grains. According to Raoufi, D., & Hosseinpanahi, F. (2012), this trend has been observed
and attributed to three processes, namely;

e the reflecting nucleation,

e coalescence and ultimately to

e continuous film growth processes,
This is the typical Volmer-Weber type initial growth [24]. From the fundamental structure forming

phenomena of VVolmer-Weber type, thin film growth evolves through island nucleation to islands
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coalescence and ultimately to the growth of the continuous film. This leads to the formation of

large grains due to the coalescence phenomena between grains [25].

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

as show in figure 4-6.

1 minute 5 minutes

10 minutes 20 minutes

Figure 4-6: SEM images of ZnO thin film grown at 100 W at different deposition times, (1-20 minutes).

From Figure 4-6, the ZnO films present distinct separated particles due to its amorphous phase, as
was later confirmed by the GIXRD measurements. As the deposition time increases (increasing

film thickness), the pores between the grains decreased and densely packed ZnO films were
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formed. The deposition time of 20 minutes formed denser films, whereas the film shows non
homogeneous surface morphology. The above results have shown that the deposition time is a
critical parameter that affects the physical properties of ZnO 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 important to note that the native oxide of the substrate was not removed and thus the
formation of epitaxial layers is ruled out from surface energy considerations. Therefore the nature
of the film thickness deposited by RF sputtering method is a significant parameter in determining
the surface morphology. However ad atom mobility plays a crucial role on the surface morphology
during deposition and this effect was further studied for ZnO thin films by varying the RF power.
The variation in the RF power leads to the changes 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 Figure 4-7.
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Figure 4-7: AFM images of ZnO thin film grown at a deposition time of 5 minutes at different RF sputtering
power.

From the AFM images in Ffigure 4-7, the variation in the RF sputter power leads to an increase in
the sputter rate and ad atom energies, thus resulting in changes in the grain size and surface
roughness. Therefore, it seems that by choosing a suitable deposition power, the grain size and
roughness can be controlled, this is particularly essential especially in grain boundary limited
electron transport. A summary of the morphological results obtained at varied RF power is

presented in table 4-4.
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Table 4-4: Summary of tapping mode AFM analysis for films deposited at time of 5 minutes at different RF
sputtering power.

RF sputtering Ra Rrms Skewness Kurtosis Grain height

Power (W) (nm) (nm) (Rsk) (Rku) (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 4-4, the values of the roughness of the films are seen to increase with RF power. This
increase in surface roughness with increasing deposition rate may be due to the increasing energy
of condensing particles and numbered atom flux leaving the target during the sputtering process
[26]. The rms roughness and the grain size are increased as RF power increases then decreased
beyond 180W. The increase in the grain size from 56.7 nm at 100 W to 70.1 nm at 260 W could
be as a result of the increased ad atom fluence and the subsequent coalescence of neighboring
grains at a much faster rate for higher RF powers. This is the source of the increase in the
grains/particle size. According to Bordo, K. and Rubahn, H.G., 2012 [27] this trend can be
explained by considering the simultaneous contribution of three independent processes, namely

e surface diffusion of adatoms

e nucleation of ad atom clusters and

e 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 the formation 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, resulting in a small
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. According to Guanghua, Wang, et 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 island [28]. For 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 increased island
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 height of these larger islands, both of which are
comparatively lower. The 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 island 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 surface roughness as seen in table 4-4 which then begin to rise as seen with the
260 W RF power. This can also be seen with visual inspection of the SEM image shown in Figure

4-8.
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Figure 4-8: SEM image of ZnO thin film grown at a deposition time of 5 minutes at different RF sputtering
power.
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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

power of 1 minute and 100 W, respectively. The films were then annealed at a temperature range
of 600 "C- 900 °C in Ar filled furnace. Representative XRD patterns of the annealed films are

shown in the 20 range of 20°-80°.
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Figure 4-9: XRD patterns of ZnO thin film grown at 100 W, 1 minute unannealed and annealed at different
temperatures (600-900 °C).

From figure 4-9, the characteristic peaks of the as-grown and annealed films as shown. The as-
grown films peaks is observed at 20 = 31.2°, 34.6° and 47.5° which matches the reflection planes
of (100), (002) and (102), respectively. All 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
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in JCPDS, card no. 03-0888. With an increase in annealing temperature, the diffraction peaks
become more intense and sharper, this is an indication of grain growth and the improvement of
crystallinity in the film. The increase in crystallite size with the annealing temperature also implies
that the surface-to-volume ratio is decreased with the annealing temperature [29]. At one minute
deposition time, although (002) is the preferred film orientation, the (100) and (110) can also be
seen due to the formation of polycrystalline grains at low temperatures. From table 4-5, the FWHM
of the (002) reduces with annealing temperature while the relative intensity of the (002) peak
decreases with increasing temperature.

The lattice constants “a” and “c” for the ZnO thin films were obtained using the Bragg‘s law,
equation 4-1:

NA=2dSING ..o, 4-1

All the peaks are indexed to the JCP2 card number 003-0888 with hexagonal wurtzite structure of

space group of P63mc and lattice constants, a = 3.24 A and ¢ = 5.21 A.

Where n is the order of diffraction, .Zis the X-ray wavelength and d is the spacing between planes
of given Miller indices 4, k, and I. The plane spacing was thereafter derived from the lattice

constants “a” and “c” and the Miller indices by the following relation in equation 4-2:

1 - UL S35 4-2
(hkl) a c

The average crystalline size in ZnO films was then estimated using Scherrer‘s equation 4-3.

Where D is crystal size, g the full width at half maxima FWHM (radians) and 4 the wavelength

of X-ray used (1-5409 A) and k is a constant = 0.9.
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From the crystallite size the dislocation density value which represents the amount of defects in

the film was calculated by the expression:

5=§Iine/m2 ................................. 4-4

The tensile strain,e was calculated using the formula:

Table 4-5: Summary of statistical values of ZnO thin film grown at 100 W, 1 minute and annealed at

different temperatures (600-900 °C).

Annealing
Temperature Crystallite size, Dsn/(A)
(©)
(002) FWHM d-spacing Crystallite
peak peak al(A) sizeD(A)  0(10")  &£(109)
Reference 38.6 5.71 2.33 14.8 4.60 235
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 table 4-5, the strain on films decreased from 23.5 x 1073 to 11-2 x 10 while the dislocation
density decreased from 4.60 x 107 to 1.06 x 10'7. As annealing temperature increased from 600
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 preferred orientation of developed
c-axis (002) with high intensities compared to the 1 minute deposition time. Figure 4-10 shows the
XRD patterns of films grown at RF power of 100 W before subjecting the films to annealing at a

temperature range of (600-900 °C).
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Figure 4-10: XRD patterns of ZnO thin film grown at 100 W, 5 minutes unannealed and annealed at
different temperatures (600-900 °C).
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Table 4-6: Summary of statistical values of ZnO thin film grown at 100 W, 5 minutes and annealed at
different temperatures (600-900 °C).

Annealing
Temperature Crystallite size, Dsh/(A)
(©)
(002) FWHM d-spacing Crystallite
peak peak al(R) sizeD(A)  6(10Y)  £(10%)
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 2.58 449 5.97 6.47
900 34.7 2.74 2.58 47.9 4.35 7.23

For the 5 minute deposition time, it was found that ZnO film annealed at 800 °C had a minimum
value of 1.73° for the full width at half maximum (FWHM). The results also showed that ZnO
crystallite size steadily increased with annealing temperature from a minimum value of 25.4 A for
the as-deposited film to a maximum value of 47.9 A after at an annealing temperature of 900 °C.
As observed, stress on films decreased from 13.7 x 103 to 6.47 x 10" for an annealing temperature
increased from 600 to 800 °C and further increased to 7.23 x 107 as the annealing temperature
rose to 900 “C. Without annealing, surface atoms have less energy hence low surface mobility of
atoms, resulting in generation of defects in ZnO films. On annealing at 600-900 °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 [29] as observed
from the FWHM values. Further increase in annealing temperature to 900 °C resulted in breaking

of partially coordinated Zn-O bonds on the surface rather than enabling the atoms to move freely
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to their corresponding stable sites, producing defects and stress in ZnO film hence the increase in

strain and dislocation density.
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Figure 4-11: XRD patterns of ZnO thin film grown at 100 W, 20 minutes unannealed and annealed at
different temperatures (600-900 °C).
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Table 4-7: Summary of statistical values of ZnO thin film grown at 100 W, 20 minutes and annealed at
different temperatures (600-900 °C).
Annealing

Temperature Crystallite size, Dsh/(A)

(©)
(002) FWHM d-spacing Crystallite
peak peak al(R) sizeD(A) (10  £(10%)
Reference 35.5 2.94 2.53 28.3 125 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 2.41 3.52 38.9 8.35 10.01

At 20 minutes deposition time, a similar trend is observed, however a new peak at around 26=24"
was observed. The decrease in the compressive stress with the annealing temperature may have
led to the decrease in the tensile strain in the ZnO film as shown in table 4-7. From the annealing
trends for different thickness annealed at different temperatures it worth noting that annealing, in
general, is able to induce 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 to accelerate the above process
thereby improving the crystalline quality of the ZnO film as observed from the XRD analysis [29].
The data shows that increasing of annealing temperature results in larger crystal domains, and
reduces the amount of pores in the films as witnessed by the general reduction in the dislocation

density in the films.
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A comparison of XRD analysis of films deposited with varied deposition time is shown in Figure

4-12, while table 4-8 presents a statistical analysis of XRD results.

T o T T T
‘ S —— 1 minute
| 8 — 5 minutes
—— 20 minutes
’g i
c
> | 8 =
g :
\Cg
2 4 o
.(7) 8 N - _
[ =) S
q) —
<
' 1 ' 1 ' 1 ' 1 ' 1 ' 1
20 30 40 50 60 70 80

2 Theta (°)

Figure 4-12: XRD patterns of ZnO thin film grown at 100 W with varied deposition time.

Table 4-8: Summary of statistical values of ZnO thin film grown at 100 W with varied deposition time.

Deposition
Time Crystallite size, Dsn/(A)
(minutes)
(002) FWHM d-spacing Crystallite
peak peak al(A) sizeD(A)  §(107)  £(109)
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
20 355 2.94 2.53 28.3 1.25 12.2
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From figure 4-12 and table 4-8 analysis, the (002) peak centre is shifted to lower angle with
increasing deposition time from 38.6" at 1 minute to 35.5° at 20 minutes. The crystallite size is
also observed to increase from 14.8A to 28.3A. It is seen from the figure that as the film thickness
increases, the intensity of the (002) peak increases and the width of the peak narrows. The peak
intensity and crystallite size are usually associated with the crystallinity of the films. Poor
crystallinity in thinner ZnO film could be due to the formation of nanocrystalline grains in an

amorphous matrix [30].
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Figure 4-13: XRD patterns of ZnO thin film grown at deposition time of 5 minutes with varied RF power in
the (100-260 W) range.

From figure 4-13, the RF power of 100 W, produces polycrystalline films with (002) as the

preferred orientation. The peak intensities are seen to increase with increasing RF power. This
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could be attributed to an increase in the crystallinity as the grain sizes increases with RF power.

This similar to the trend obtained by Ref [31].

At 260 W, the (002) peak intensity is reduced considerably while the (100) intensity increases thus
suggesting the prevalence of fibre texture in these films. This could be attributed to the fact that
an increase of RF power induced faster reaction rate that caused insufficient time for the formation
of the initially preferred film orientation [32]. As the RF power increases, the crystallite sizes
became larger and it is attributed to the fact that increasing energy of the atoms arriving at the
surface promotes grain growth [33]. The reduction in the peak intensity is also an indication of
reduced film quality. Statistical analysis of the films grown using different RF power is shown

below in table 4-9.

Table 4-9: Summary of statistical values of ZnO thin film grown at deposition time of 5 minutes with varied
RF power in the (100-260 W) range.

Crystallite size, Dsh/(A)

RF Power (002) FWHM d-spacing Crystallite
(W) peak peak al(A) sizeD(A) (10  £(109)
100 34.4 3.27 2.57 25.4 155 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 3.56 325 11.8 11.9

The (002) peak was used to estimate the crystallite size, since it is the most intense, and it appeared
in all the samples. Table 4-9 shows the change in FWHM of (002) 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 (002) X-ray diffraction peaks to slightly
larger 260 angles which indicated a relief of intrinsic stress within the films. Stress in films is usually
attributed to 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 coefficient 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 result of increasing power.

The XRD peaks presented here are also 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 microscopy SEM/AFM Images in section 4.4.2 [34].

4.4.4. Raman spectroscopy

Raman scattering is the inelastic scattering of photons by phonons. For UV-Visible photons, the
direct photon-phonon coupling is weak hence their interaction is aided by electrons via an electron-
radiation. Finally the electron-hole pair recombines radiatively to emit scattered photon with a
higher or lower energy but leaves the electronic state of the material unchanged [35, 36].

The wurtzite-type lattice structure of ZnO (space group Pé3mc) implies a base unit of four atoms in

the primitive unit cell: two ZnO molecular units. This means 12 (3N) vibration eigenmodes. Using

group theory, the eigenmodes are categorized following the irreducible representation:
['=2A1+2B1+2E1+2E, [37]. Three modes are attributed to acoustic phonons (i.e One Ar mode and

one E1 mode, this are only two here). While the nine other modes are optical branches represented

by Toptica=A1+2By+E+2E5. These modes have no counterpart in the centre of the ZB Brillouin zone.
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The Az, E1, and E> are first-order Raman-active mode [38]. The A1 and E; polar modes split into
the ion displacement vectors parallel to the propagation wave vector g called longitudinal optical
(LO) and displacements and g-vector perpendicular to each other called transverse optical (TO)
components, while the E> non-polar modes (low and high) are Raman active. Due to the frequency
splitting of polar modes into LO and TO eigen frequency, more eigen frequency values may occur
compared to the 12 modes predicted by group theory. The LO-TO splitting of both the A1 and B:
modes have their displacements directed along the c-axis. They are distinct i.e: The A1 mode
pattern arises from the oscillation of the rigid sub-lattices, Zn vs O. On the contrary, the B; modes
have one of the sub-lattices essentially at rest, while the other possesses neighboring atoms moving
opposite to each other. B1 (low) displacements usually occur in the heavier Zn sub-lattice (Zn) -
while the B1 (high) excitations occur in the lighter O sub-lattice Since the displacements of the
ions within each sub lattice sum up to zero, there is no net polarization induced by the B modes
hence the three modes with displacement along the c-axis are categorized as one polar phonon
mode Az and two non-polar modes B1. The same scheme applies for the E modes with their atomic
displacement directions being perpendicular to the c-axis. The E1 mode is an oscillation of rigid
sub lattices hence inducing an oscillating polarization contrary to the two E> modes which are non-
polar due to the mutual compensation of the displacement vectors within each sub-lattice [39]. The

eigenvectors (displacement patterns) of the optical phonon modes are shown in Figure 4-14.

172



T g

A1l B1 (Low) B1 (High) E2 (Low) E2 (High)

Figure 4-14: Eigenvectors of the ZnO optical phonon modes. For every mode, the red arrows represent the
dominating displacement vectors. The A;, B; (high), E;, and E(high) modes are oxygen-dominated while B
(low) and E; (low) modes are Zn-displacement dominated [39].

Figure 4-15 shows the Raman spectrum of bulk ZnO with 6 first-order peaks showing 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 arrows specify the dominant ions displacements adopted
from [40].
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Figure 4-16: Raman spectra of ZnO thin film grown at 100 W for 1 minute before and after annealing at
temperature 600-900 °C.

Figure 4-16 shows the ZnO thin film grown on Si(100) after deposition for 1 minute at 100 W
using an Ar flow rate kept at 13 sccm. The films were then annealed in an Argon filled furnace for
two hours. The peak at about 434.5 cm™ for the reference corresponds to the non-polar optical
phonons E: (high) modes of the ZnO film. The peaks at 522 and 303 cm ™ are attributed to the
optical phonon modes of the silicon substrate, and the broad peak at about 565 cm™ is attributed
to the E1 (LO) mode of ZnO. Upon annealing E> phonon frequency is blue shifted from 434.5 to
437 cm™L. This shift of 2.5 cm™ corresponds to the decrease in the tensile stress upon annealing.

The intensity of the peaks did not change significantly. The broad modes at 630 and 680 cm™ are

attributed to A1 (LO) and multiphonon processes mediated by intrinsic defects respectively.
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Figure 4-17: Raman spectra of ZnO thin film grown at 100 W for 5 minutes before and after annealing at
temperature 600-900 °C.

When films deposited at 5 minutes are subjected to heat treatment, the resulting excitations are
observed as shown in Figure 4-17. The E> (high) peak is observed at a lower wavenumber of 432
cm™* compared to the film grown for 1 minute. This change indicates the presence of tensile 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 substrates. This is also experienced for
films grown at 20 minutes (Figure 4-18). A comparison of variation with deposition time is shown
in Figure 4-19. The E> (high) peak gradually increases in intensity for both film grown for 5 and

20 minutes.
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Figure 4-18: Raman spectra of ZnO thin film grown at 100 W for 20 minute before and after annealing at
temperature 600-900 °C.

During this systematic annealing of films with different thicknesses, there is an appearance of a
peak near 275 cm* attributed to the B1 silent inactive mode. This mode is observed at 277 cm™
for films grown for 5 and 20 minutes. This peak gradually vanishes with increasing annealing
temperature. According to Serrano, J., et al [41] DFT calculation, the B1 mode possibly originates
from the breakdown of the translational crystal symmetry induced by defects and impurities or
local electric field at grain boundaries [40, 42, 43]. The increase in the annealing temperature
improves the crystallinity of the films the consequence of which is the annihilation of the B1 (high)

excitation. This condition can however not be extrapolated to thicker film (20 minutes) since much
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higher thermal energies are required to extinguish this mode as compared to thinner films (1
minute).

The additional mode observed in the vicinity of 580 cm™ is attributed to the E1 (LO) branch and
this confirms the deposition of wurtzite ZnO phases using RF magnetron sputtering. This mode
has been a subject of discussion to many researchers. Some suggest it corresponds to silent modes
[44], Nitrogen-related modes of vibration [45] and zinc interstitials, oxygen vacancies or their
combination related defects [46] In our case, the peak may be as a result of two reasons:

(1) Due to the native defects of the films and the increase in particle size during annealing, the
surface to volume ratio decreases resulting in decrease of the defect related states. Due to these
changes, the scattering intensity of the respective phonon peak decreases [47].

(2) Oxygen-vacancy and its enhancement at growth before any annealing is an oxygen-deficient
condition. Upon annealing, the mode gradually vanishes at 700 °C, 800 "C and 900 °C for the 1
minute, 5 minutes and 20 minutes deposition time respectively. This reduction in peak intensity
could be attributed to the recombination with oxygen interstitials or migration into sinks [46].
According to Al Asmar, R., etal., the 580 cm™ peak results from combination of the enhancement
of electric field induced (EFI) via charge trapping at grain boundaries as well as presence of
localized interface and/or surface phonon modes [48]. On annealing, the grain boundary density is
gradually reduced with crystal growth. As a consequence, the charge trapping effect at grain
boundaries vanishes as the annealing temperature increases. The EFI varies with deposition time
and requires different temperature for different film thickness. This explains the reason behind the
vanishing of the peak at 700 "C, 800 °C, and 900 °C for the corresponding deposition times of 1
minute, 5 minutes and 20 minutes, respectively.

On the contrary the peak intensity is enhanced with deposition time as shown is Figure 4-19.
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Figure 4-19: Raman spectra of ZnO thin film grown at 100 W for different time variation (1-20 minutes).

Upon increasing the deposition time the peak at 275 and 580 cm™ both increases in intensity similar

to an increase in RF sputtering power shown in Figure 4-20.
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Figure 4-20: Raman spectra of ZnO thin film grown for 5 minutes at different RF power (100-260 W).

Figure 4-20 exhibits the distinct Raman peaks at 275 cm™, 522 cm™ and 565 cm™. The sharp 522
cm™ peak corresponds to the phonon of Si. The 275 cm™ peak attributed to the By silent inactive
mode slightly shifts to 277 cm™ 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.
However the increase in defect level with 5 minutes time and RF power leads to increase in peak
intensity. A similar trend is observed for the peak at 565 cm™ which is gradually blue shift to 569
cm for the film deposited for 20 minutes. This effect is also collaborated in the films fabricated

at varying RF powers.
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4.4.5. Photoluminescence studies

Photoluminescence studies were conducted at room temperature using a He-Cd (244 nm) laser as
an excitation source on ZnQO films deposited at room temperature and subsequently annealed in Ar
filled furnace at different temperatures. In order to realize the optimum potential applications of
the ZnO films, it is necessary to fabricated thin films with high-optical quality for strong UV
luminescence. However, most of the as-grown films, irrespective of the growth conditions usually
contain some type of native defects as well as structural defects. These defects may lower the UV
emission efficiency and create luminescent centers in the visible range, thus limiting the
applications of ZnO in optical device technologies [49]. In an effort to achieve an effective route
towards enhancement of UV photoluminescence (PL), and gain further understanding of the defect
dynamics involved in the process, this research focused on the effect of annealing on a wide range
of the film's properties. Films of different thickness as determined by the deposition time were

annealed between 600 — 900 °C.
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Figure 4-21: Room temperature photoluminescence study of ZnO films deposited on silicon substrate for 1
minute then annealed at 600-900 °C.

Typically, ZnO exhibit emissions in three optical ranges:

near-UV (350-450 nm), associated mainly to the near band-edge (NBE),

a broad deep-level (DL) visible emission (480-750 nm) associated to crystalline defects
like vacancies and interstitial sites

anear infrared (NIR) peak (750-800 nm). The NIR peak is usually as a result of the second-

order grating diffraction of the UV emission band [50, 51].

At 1 minute deposition time, the NBE peak was observed at 412 nm while the deep level (DL)

defect gave a yellow emission peak at 563 nm. On annealing at 600 “C, both peaks are blue shifted

with the NBE peak appearing at 377 nm and the yellow DL peak emerging at 521 nm as a green

emission. The blue shift is attributed to quantum size effects associated with the increase in the

particle size as corroborated by the AFM and SEM results. This observation is in agreement with
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the assertions due to A. van Dijken et al. [52], who established the dependence of the conduction
band (CBedge) and of the valence band (VBedge) edges on the particle size. Essentially the absolute

shifts of the band edges are expressed as a function of the particle radius R in the form:

h’ 0.9¢’
CBedge =Eg + amR. =i 4-6

_ k" 0.9¢ .
VBedge = 8m;R2 47[80530R ...................................... 4 7

Where Eg is the band gap, h is Planck’s constant, m; is the effective mass of electron which is

0.28 me, m;: is the effective mass of hole which is 0.50 me for ZnO. The difference in effective

masses of the charge carriers results in variation in size-dependent shifts for both band edges.

The intensity of the DL peak increases while the peak narrows in width with increasing
temperature. This is plausible as annealing in argon ambient for which more oxygen vacancies are
formed. The NBE intensity also increases with an increase of annealing temperatures at
temperature range of between 600-800 °C. According to Hsieh, P. T., et al., [53] the intensity of
this NBE emission peak is also dependent on the grain 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 of non-radiative transitions and deep
level defects may be both suppressed leading to an increase in the NBE emission intensity [54].
At 900 °C, there was a sudden drop in the intensity. Other researchers have reported that peaks at
NBE are due to the existence of interstitial Zn* ions and the drop could be attributed to less
existence of the interstitial Zn* ions [55]. Table 4-10 shows the peak position for thin films grown

at different deposition times and annealed between 600-900 °C.
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Table 4-10: 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 °C 377 921
1 minute 700 °C 377 521
800 °C 377 523
900 °C 378 528
as deposited 457
600 °C 383 430
5 minutes 700 °C 380 437
800 °C 377 466
900 °C 380 507
as deposited 488
600 °C 381 544, 690
20 minutes 700 °C 381 526, 664
800 °C 381 426, 525,680
900 °C 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 last 4 columns indicated the PL characteristics for thin films deposited over different duration

without any annealing.
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Figure 4-22: Room temperature photoluminescence study of ZnO films deposited on silicon substrate for 5
minutes then annealed at 600-900 °C.

For a 5 minute deposition time, the NBE emission of the as-deposited film was found to be at 457
nm with DL emission (expected at 430 nm) was barely visible. On annealing at 600 °C the NBE
peak is blue shifted to 383 nm and further to 380 nm and 377 nm upon annealing at 700 °C and
800 °C respectively. At 900 °C, the peak relaxes back to 380 nm. Since the built-in strain in ZnO
is tensile, it is expected that at 900 °C there is sufficient thermal activation to relax the tensile strain
in the ZnO film. This causes a decrease in the band gap as evident from the shift in the near band
edge emission peak. Moreover, the decrease in band-gap energy at 900 °C could also be possibly
attributed to the removal of oxygen vacancies. This is holds true as the reduction in carrier density
is removed by the annihilation of the oxygen vacancies in a manner related to the Burstein—Moss

shift [56]. The peak intensity also shows a general increasing trend with temperature, an indication
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of increased interstitial Zn*. Compared to the film deposited at 1 minute, no drop in interstitial
Zn" is observed at 900 °C. The centroid of the green emission peak is gradually red shifted with
the annealing temperature range of interest (600-900 °C). This is indicated using an arrow in figure
4-13. This red shift can be partially explained by the shrinkage of the energy band gap with an
increase in particle size as suggested by van Dijken et al. and by Wu et al [52, 57]. The shift to
lower energies as the particle size increases as a result of quantum size effect related to the

confinement of the charge carriers. The gradual increase in the green emission peak is consistent

with literature reports showing that higher temperature results in a rapid increase in V5~ and O;”

ion centers [34, 57].
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Figure 4-23: Room temperature photoluminescence study of ZnO films deposited on silicon substrate for
20 minutes then annealed at 600-900 °C.
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At 20 minute deposition time, PL spectra of the ZnO films shown in figure 4-23 generally exhibited
four peaks, namely;

e UV (NBE) emission peak around 488 nm,

e Green-yellow luminescence,

e Orange band luminescence and

e Red luminescence.
The as deposited ZnO films exhibit a low intensity NBE centered at 488 nm with broad DL
emission peaks. The NBE emission is blue shifted from 488 nm to 381 nm and 378 nm, after
annealing at 600 °C and 700 °C, respectively. At 900 °C, the additional orange band centered at
614 nm is observed. This may be attributed to either the presence of excess local oxygen or
structural imperfections [58]. These lattice imperfections arise from the large lattice mismatch and
compressive force between the film and the substrate. This is seen from the large variations in their
thermal expansion coefficients. There are additional red emission bands centered at 690 nm, 664
nm, and 680 nm after annealing the films are annealed at 600 °C, 700 °C, and 800 °C, respectively.
The sputtered ZnO films exhibit n-type conductivity, and hence the red and IR emission bands [59,
60]. According to Xu, Linhua, et al., this band has been associated with oxygen interstitial defects
[61] while Koyano, M., et al., suggest that it is due to the donor- to the acceptor-center transition
(DA mechanism) a process rather similar to self-activated emission. Its broad bandwidth suggests
that its related energy levels are of the nature of deep donor- and/or accepter centre that exhibits

stronger electron-phonon interaction. [60]. Its intensity increased with the deposition temperature.
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Figure 4-24: Room temperature photoluminescence study of ZnO films deposited on silicon substrate at
different deposition time then annealed at 750 °C.

Figure 4-24 shows the room temperature PL of films with varied deposition time then annealed in
Ar ambient at 750 °C. At 1 minute deposition time, the NBE band is centered at 378 nm while the
DL is at 521 nm. For 5 minute deposition, the 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
peaks 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 imperfection are as a result of the
large lattice mismatch and compressive force on the film from the substrate due to differing
thermal expansion coefficients which tend to increase with film thickness as deposition time

increases.
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4.5. The Effect of the Oxygen Concentration on the Zinc Oxide Films
In order to obtain stoichiometric ZnO film, it is necessary to optimize the concentration of O in

the film through the introduction of oxygen gas at optimized flow rates in the argon plasma during
sputtering. The ZnO thin films were later deposited in an oxygen and argon ambient, to compensate
for the oxygen vacancies that annihilate hole concentrations. This was performed by varying the
Oxygen partial pressure at constant Ar flow rate during deposition. The deposition rate have been
observed to vary with the O, flow rate for ZnO. It has been reported that the addition of Oxygen
during RF sputtering process is essential for obtaining n-type semiconducting ZnO film. The
absence of oxygen or excess thereof can make the ZnO film either metallic or insulating [62]. 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 concentration. In this work, instead of oxygen partial pressure, the oxygen
flow rates are varied directly and their influence on photoluminescence properties of ZnO are

discussed.

188



T T ] L T L T | L] L | T L
ﬂ — \Without O2
—— 4scocm |-
-_— 8sccm |4

— 12 sccm
— 15 sccm

Intensity (arb. units)

Intensity (arb. units)

500 600 700  800]

Wavenumber (cm™)

I v I v I v I v
400 500 600 700 800
Wavelength (nm)

Figure 4-25: Room temperature photoluminescence study of ZnO films deposited on silicon substrate at
constant Argon flow rate of 13 sccm but varied Oxygen flow rate (0-15 sccm) then annealed at 700 °C in
Ar ambient.

Yang Bing-chu et al. [63] summarizes the dependence of the concentration of ZnO thin films’

intrinsic defects on the variation of oxygen partial pressure in Table 4-11 below.

Table 4-11: Intrinsic defects concentration against oxygen concentration variation.

n(02) n(Vo) n(Zn;) n(Zno) n(Vzn) n(Os) n(Ozn)
b A

Where n denotes concentration; “T ” denotes increasing while “"’ denotes decreasing.

The films deposited in the presence of Argon only showed a NBE band at 381 nm and DL band at
522 nm. On introduction of Oxygen at 4 sccm into the chamber, the NBE band was blue shifted to

378 nm while the DL band was red-shifted to 548 nm. The NBE band gradually increases in
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intensity with an increase in oxygen concentration to a maximum limit at 12 sccm. This is
consistent with the findings of Abdallah, B et al. [64] who considered the UV intensity emission
as an indicator to the nature of crystallinity of ZnO film, and hence the higher the crystallinity, the
higher the UV (NBE) emission intensity [34, 65]. The green emission (DL) is observed to
gradually increase in intensity with increasing Oxygen concentration. From table 4-11, It is
noticeable that only the concentrations of zinc vacancy, interstitial oxygen and antisite oxygen
increase with increasing oxygen partial pressure and therefore the increasing DL intensity may be

attributed to increasing zinc vacancy, interstitial oxygen and antisite oxygen [63].

Several oscillations/band were also observed at 598 nm, 623 nm, 651 nm, 680 nm, 707 nm and the
most intense at 752 nm. These bands/oscillations were also observed by Lauer, R. B [58] for films
grown in oxygen rich environment and attributed them to either the presence of excess local
oxygen or structural imperfections. On the other hand Alvi, N. H., et al., suggest that the red
emission in the range of 620 nm (1.99 eV) to 690 nm (1.79 eV) may be attributed to O; while that

in the range of 690 nm (1.79 eV) to 750 nm (1.65 eV) can be attributed to V, [66].

Xu, Linhua, et al., classify Oxygen vacancies into three different charge states: the neutral oxygen
vacancy (Vo?), the singly ionized oxygen vacancy (Vo*), and the doubly ionized oxygen vacancy
(Vo™) and that the red emissions in the 690-750 nm wavelength range are highly intense as a result
of the transition of electrons from the conduction band to Vo™. The suggested schematic diagram

for red emission mechanism is shown in Figure 4-26.
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Figure 4-26: The schematic diagram of the suggested emission mechanisms of green and red light in ZnO
thin films adapted from ref. [61].

The density of the Vo™ is affected by many factors in the film. Such factors include ZnO grain
size, thickness of the thin film layer, grain boundary density and other defects around Vo*. With
the co-existence of numerous types of point defects in the ZnO thin films, the visible emissions
originating from these different point defects may become competitive. As a result of the above
factors the Vo™ may not necessarily be a light-emitting center or a dominant light-emitting center
and this explains why the extra red emission seen here in oxygen rich environment is rarely

observed in ZnO materials [61].
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4.5.1. Raman studies on oxygen variation.

Figure 4-27 shows Raman measurements in the backscattering geometry that were used to identify
the Raman active modes with variation in oxygen concentration at a constant Ar flow rate of 13
sccm. ZnO grown by RF sputtering exhibits a wurtzite structure with four atoms per unit cell giving
rise to 12 phonons, 9 optical and 3 acoustic namely: longitudinal acoustic (LA), transverse-acoustic
(TA), longitudinal-optical (LO), and transverse-optical (LO) branch. The Al and a doubly
degenerate E1 branch are Raman and infrared active, while the two double degenerate E2 branches
(nonpolar) are Raman active only [67]. The E2 low mode is associated with the vibrations of the
Zn sub-lattice, while the E2 high mode is associated with phonon vibrations corresponding to the

sub-lattice with oxygen atoms only [68]. The B branches are always inactive.
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Figure 4-27: Raman spectroscopy of unannealed ZnO thin films grown at different O, concentration.
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At 0 sccm Oz flow, the Raman peaks were observed at 272 cm™, 303 cm®, 435 cmt, 522 cm™, 581
cm?, and a broad peak stretching from 941-1092 cm™.

The peak near 272 cm™ could be attributed to the B1 silent inactive mode while that near to 435
cm is the Raman active phonon mode E2 (TO). The additional mode observed around 581 cm
corresponds possibly to the E1 (LO) branch [47]. These optical phonon modes confirm that the RF
magnetron sputtered polycrystalline thin films have the wurtzite hexagonal phase. Our results
conform to the work of Tzolov, M., et al. [42] in which the bands near 272 and 581 cm™ are
common ascribed to ZnO thin films and not single crystal and sintered polycrystalline ZnO The
absence of these modes in the latter materials is associated with the electric field formed in the
depletion region which acts as a charge trap for free carriers. These traps can assume several
formats such as defect interface states or as ionized adsorbates at the grain boundaries that leads
to the enhancement of the intensity of the LO band and the silent mode. Additionally the
enhancement of the peak intensity is further observed during the compensations of oxygen defects
through increasing Oxygen flow rates [69, 70].

From the Raman spectra, the intensity of the 272 and 581 cm™ Raman bands are seen to increase
with increase in Oxygen concentration, an indication of enhanced charge trapping which is in
agreement with equation 4-9. The increase in intensity is even more enhanced when the films are
subjected to annealing in Ar ambient at 700 °C for two hours as shown in figure 4-26.

The Raman peaks at about 435 cm™? is assigned to the non-polar optical phonons E (high) modes
of the ZnO thin films. This peak intensity reduces as Oxygen concentration increases and red
shifted with annealing at 700 °C as shown in figure 4-28. The vanishing of this peak at 435 cm™
at 8 sccm is an indication that the oxygen-rich environment plays a great role in reducing the defect

states. On the other hand, the red shifting with annealing at 700 °C shows a change in stress within
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the films. As temperature increases the compressive stress decreases while tensile stress increases
causing oxygen out-diffusion and reduction in zinc interstitials by desorption [71].

The peaks at about 303, 522 and 960 cm™ are attributed to the optical phonon modes of the silicon

substrate. Silicon possesses the diamond structure OZ (Fd3m) and therefore has only one first-

order Raman-active phonon of symmetry I'95 which is located at the Brillouin-zone center. The

first order Raman (stokes) spectrum consists of one strong peak at 522 cm™ arising from the
creation of the triply degenerate, long wavelength transverse optical phonon (TO) [72]. The second
order Raman (2TO mode) is observed around 941-1092 cm™ and in our thin film material it is
attributed to the convolution of the second order Raman bands of the ZnO thin films with the
silicon substrate. This peak is not present with an increase in Oxygen concentration, an indication
of the improvement in the film quality in comparison with that obtained under 100% Argon. The

same is observed for the peak at 303 cm™.
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Figure 4-28: Raman spectroscopy of ZnO thin films grown at different O, concentration then annealed in
Ar filled furnace at 700 °C.

Figure 4-28 shows the Raman spectra of ZnO thin films grown under different Oxygen
concentrations (0-15 sccm) and subsequently annealed under Argon ambient at 700 °C. Upon
annealing of the films at 700 °C, the Raman peaks at 303 cm™ and 941-992 cm™ re-emerge. The
annealing usually leads to an increase of the resistance of the thin films and the decrease of the
free carrier absorption due to the reduced band bending within the crystallites. The effect of the
built-in field will subsequently reduce the Raman scattering. At high temperature we may find

combinations of acoustic and optical branches [42].
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4.5.2. VIS/NIR Analysis studies on oxygen variation

Figure 4-29 shows reflectance measurements obtained from FR-Basic-Vis/NIR spectroscopy over
a wavelength range of 450-900 nm. Whenever electromagnetic wave crosses the interface between
two different materials, fraction of light is reflected by the inner surface while some amount is

refracted through the inner surface and finally transmitted [73].
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Figure 4-29 Optical reflectance spectrum of ZnO thin film deposited using different oxygen flow rates into
the RF chamber.

Figure 4-29 shows the optical reflectance spectra of ZnO films grown with different oxygen flow
rate into the RF chamber over spectral range 450-900 nm. The well-developed interference
patterns are an indication that the films are specular to a great extent. Interference 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 shifting of these minima and maxima is indication of varying film thickness
as reported by the peak fitting shown in figure 4-30. The fitting was carried out using FR tool

software with high accuracy (<0.2% error).
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Figure 4-30: Spectrum fitting to derive thickness of the film and refractive index.

From the graph fitting shown in figure 4-30, the film thickness variation, an indication of varying

deposition rate at different Oxygen flow rate into the chamber was calculated and results depicted

in figure 4-31.
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Figure 4-31: Film thickness variation with oxygen flow rate.
Thickness of the films deposited without Oxygen into the chamber was 193.8 nm. Upon
introduction of 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 to the metal targets, this could have
resulted into more ionization of the sputtering gas hence an increase in the deposition rate [74].
The oxidation reaction likely to take place at the substrate surface as described by equation: 2Zn
+ 02 = 2Zn0O [75]. At this oxygen flow rate we observe highest peak intensity and minimum
FWHM in the XRD analysis implying highest film crystallinity, this is because at this point the
species deposited on the substrate are fully oxidized hence Zn:O ratio may be stoichiometric. At
8, 12 and 15 sccm there was a general decrease in film thickness 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

198



concentration forms a surface layer of adsorbed oxygen, which prevents the sputtering of the atoms
of the target used and thus reduces the deposition rate. The second as reported by Furuta, 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 exists as negative ion, which contributes to a neutralization of
the plasma on the way to the anode [78]. This electron-negative species nature of oxygen may also
lead to higher electron-temperature plasma [78]. The increase in the plasma neutralization with
oxygen concentration results in decrease in the amount of Ar ions and hence a decrease in the

deposition rate.

4.6. Application of ZnO thin films into perovskites solar cells

As a proof of concept, ZnO thin films were used as an electron transport layer to fabricate a

perovskites solar cell whose working principle is described in section 2.9.8.2.

4.6.1. Preparation procedure

CH3NHsl was first prepared using equimolar CHsNH2 and HI. The HI was added drop-wise 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 hours at 0 °C. Once complete, a
rotary evaporator was utilised to supersaturate and crystallise the solution (controlled from 60 to
80 °C, 1 hour). The crystallites were dried at 80 “C for 1 hour, washed with diethyl either (20ml x
3) then dried overnight at 100 °C. For the deposition of the CH3sNH3Pbls thin film, a precursor
solution was prepared by dissolving 368.8 mg of Pbl,, 127.1 mg of CHsNHal overnight in 1 ml of

y-butyrolactone while stirring at 40 °C. For each sample 80 pul of precursor was spin coated onto
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clean ITO glass with RF sputtered ZnO (At room temperature using RF power of 100W) in a two
stage process, 1000 rpm for 10 s then 5000 rpm for 40 s. During spinning 30 s into the second
stage 80 ul of toluene was added as an antisolvent. The resulting film was then annealed at 100 °C
for 10 min before spin coating hole transport layer (P3HT). The 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 structure described in figure 4-32 as adapted from Ref [79]. The device was
then annealed at 300 “C under Ar to improve the contact properties before characterization. The

results of the device electrical characteristics are reported in the subsequent sections.
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Figure 4-32: Energy level diagram and device structure of perovskite solar cells. (a) Energy diagram of
individual layers used in perovskite devices. (b) Perovskite device structure. (c) Surface groups on the ZnO
film and the crystalline structure of perovskite cry stalline structure of perovskite crystals.
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Figure 4-33: J-V characteristics of perovskites solar cell composed of ZnO as electron transport layer.

The perovskite solar cell device with ZnO as electron transport layer yielded low performance as
shown in figure 4-33. The Jsc = 2.89 PA cm 2, Voc = 5.28 mV and FF = 23.3 %). These values are
relatively low and could be as a result of exposure of the materials to air. These in some cases have
been attributed to low conductivity and high resistance of the perovskites as well as its rapid

degradation when exposed to the air.

4.7. Conclusion

In the present work, ZnO thin with varied thicknesses and annealed at different temperatures were
prepared by RF magnetron sputtering technique on a silicon substrate. The pressure in the vacuum
chamber during deposition was lower than 1-10~° Pa. The surface structure and morphology were
investigated as a function of deposition rate and post-deposition annealing temperatures over a
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wide range of temperature from 600-900 ‘C. SEM imaging of the as-prepared films reveals a
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 rate and annealing
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 of adatoms, 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
substrates. Smaller values of skewness (Rs) for the film was observed and was attributed to more
symmetric surface while from both Skewness and kurtosis, the surfaces are generally spiky with
dominant peaks.

Homoepitaxial growth of ZnO was achieved within individual c-axis oriented columnar grains
using sputter deposition. Lower deposition time/power and low annealing temperatures gave
higher crystal quality within the grains, but the crystallite sizes increased with increasing
deposition time/power and annealing temperatures. XRD revealed a low magnitude of strains and
stresses with high crystal quality. All 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 JCPDS, card no. 003-0888. The PL results generally revealed a lower concentration of defects
contributing to non-radiative recombinations in the near-band edge region, while an emerging peak
related to deep level emissions pointed toward higher incorporation of deep level defects which

varied with deposition time/power and annealing temperatures.

202



The residual stress in the as-grown ZnO film was evaluated from the position of the E: (high)
Raman active mode. This stress was found to disappear upon annealing which 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 574 cm™as seen in figure 4-18.

The structural and optical properties of as-deposited ZnO films were also found to depend on the
strongly dependent on the Ar/O; ratio. The ZnO films had a hexagonal wurtzite structure and the
crystallinity improved whereas the c-axis 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 growth conditions has a strongly
influence on the emission characteristics of ZnO films grown by rf magnetron 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 perovskites molecules 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 (60 meV) [1]. This
band gap can be engineered by alloying with MgO or CdO. This makes ZnO a promising candidate
for various applications such as gas sensors, transparent conductors for thin films transistors, solar
cell, light emitting diodes (LEDs) and laser diodes (LDs). Other important characteristics of ZnO
include: strong luminescence in the green-white region of the spectrum making it a suitable
material for phosphor application [2]; availability of large area single crystals and epi-ready
substrates that can be easily fabricated by a versatile of CVD and PVD suites [3-5]. ZnO
crystallizes in the wurtzite structure (Fig 5-7) almost always as n-type, the cause of which has been
a subject of intense debate. The low symmetry of the wurtzite crystal structure combined with the
large electromechanical coupling in ZnO also gives rise to strong piezoelectric and pyroelectric
properties [6]. Various research groups have reported that the electrical and optical properties can
be significantly changed using relatively small concentrations of native point defects and
impurities [7, 8].

Recently Aluminium doped ZnO thin films have shown high potential as a low cost alternative to
indium tin oxide (ITO) especially as a transparent electrode in solar cells. The drive force for Al:
ZnO applications as alternative electrodes are attributed to the abundance and non-toxicity of the
constituent elements in the films. Additionally the have been found to also exhibit high electrical
conductivity, high optical transparency in the visible wavelength region (400-800 nm) as well as

good chemical, mechanical and thermal stability [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 room temperature yet still remain stable even at high temperature
[1].

In this chapter, we studied the effect of deposition time and post-growth annealing of RF sputtered
Al doped ZnO thin film at a temperature range of of 600-1000 °C in air. High temperature
annealing appears to enhance optical properties such as photoluminescence, improved crystallinity
as well provide mechanisms for the substitution of zinc doping in the presence of Al impurities.
Aluminum doped zinc oxide (AZO) thin films have been prepared by Radio Frequency (RF)
sputtering system in pure argon atmosphere with a power of 100 W. The structural results reveal
a good adhesive nature of the thin film on quartz and (001) silicon substrates (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 using X-Ray Diffraction (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 increase 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 magnetron sputtering onto n-type

(001) Silicon substrates of 1 cm square at 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 gas. The 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
magnetron cathode in a vertical configuration. The sputtering chamber was evacuated to a base

pressure of about 2 x 10°° mbar while sputtering was performed under Argon with a working gas
pressure of 2.3 x 10 mbar. The growth was undertaken under 13-sccm Ar flow, 100 W RF power

with deposition time varied between 5-60 minutes. Post-growth annealing was carried out in air

for films deposited for 40 minutes in a furnace at a temperature range of 600-1000 °C for 2 hours.

5.3. Characterization of the films.

The morphologies and structural analyses of the samples were characterized using Veeco Di-3100
atomic force microscopy (AFM) in tapping mode and FEI Nova Nanolab 600 SEM. The elemental
composition of the films were analysed through an energy dispersive X-ray spectroscopy (EDX)
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 (514.5 nm). The
laser power on the all the sample was set to <1 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 CuKa radiation in the Seeman-Bohlin geometry. The scanning range of 260
was varied from 10" to 80 at a low scanning rate of 1.2°/minute. The X-ray reflectivity (XRR) and

diffraction spectrum of the sample were recorded before XRR curve fitting using Diffrac-Leptos
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software. Photoluminescence measurements are carried out using a Horiba LabRAM HR
spectrometer 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 using Veeco Di3100 AFM under tapping

mode and the results are shown in figure 5-1.

100.00 nm 99.99 nm
700°C '

0.00 nm 0.00 nm 0.00 nm

Figure 5-1: AFM images of the Al doped ZnO before and after annealing at temperature range of 600-1000
‘Cin air.

According to ref [6], the surface reconstruction as a result of formation of native defects can vary

over a wide range (given by the formation enthalpy of ZnQO, i.e. 3.6 eV) due to the variations of

their chemical potentials.
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From table 5-1, the average roughness of the film surface increases with annealing temperature
showing that the degree of uniformity of the surface decreases as temperature increases. We further
tabulated the skewness (Rsk) and the kurtosis (Rku) parameters to provide information on the
asymmetry and the sharpness of the surface topography respectively. The skewness (Rsk) was used
to establish the profile symmetry about the mean line. The positive values attained indicate that
the height distribution is asymmetrical with more peaks than valleys [9]. Annealing enhances the
surface diffusion of particles leading to shape and size reconstruction as shown by the increase the
skewness. Kurtosis (Rku) on the other hand gives the measure of surface sharpness of the films

surface. Since the kurtosis (Rku) is higher than 3, this indicate spiky surface.

Table 5-1: Summary of tapping mode AFM analysis.

Annealing
Temperature Ra Rrms Skewness Kurtosis Grain height

(C) (nm) (nm) (Rsk) (Rku) (nm)

Reference 3.43 4.317 0.002 3.162 16.64
600 4567 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 4132 94.149

The grain height is observed to increase with temperature due to coalescence. This is consistent
with the XRD result, however 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 grain size. When

annealed at high temperature, the atoms acquire enough activation energy to possibly occupy the
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correct site in the crystal lattice and grains with the lower surface energy will become larger [10].
At 1000 °c there is sharp increase 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 oxygen [11]. Zn self-diffusion 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]. Tomlins et al reported an activation energy of Zn in ZnO of 3.86 eV for self-
diffusion compared to Oxygen in ZnO, and appropriately suggested that Zn self-diffusion is
controlled by a vacancy mechanism [6].

Figure 5-2 shows the AFM image of films deposited at an RF power of 100 W at varied deposition
time. At low deposition time, meso-flat islands, often with highly dendritic shapes are formed
following Volmer-Weber growth mode. An increase in deposition time leads to formation of
“spherical” like thicker films. This is confirmed by the increase in grain height with time as well
as film thickness increase measured using thickness profilometer. From table 5-2, the roughness
first increases with deposition time as larger porous particles are formed. At 40 minutes deposition
time, the film appears more compact with a reduced roughness. This is also observed at a

deposition time of 1 hour.
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Figure 5-2: 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.

Table 5-2: Summary of tapping mode AFM analysis for AZnO deposited at varied time.
Annealing

Temperature Ra Rims Skewness Kurtosis Grain height

(0 (nm) (nm) (Rsk) (Riw) (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 5777 7.428 0.654 4.222 27.244
1000 28.563 35.883 0.653 4.132 94.149

216



Reference

Figure 5-3: SEM images of the Al doped ZnO before and after annealing at temperature range of 600-1000
°Cin air and EDS spectra.
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Figure 5-4: Energy Dispersive Spectroscopy (EDS) spectra of the pristine and annealed ZnO thin film (1000
°’C).

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 involved in the RF sputtering. The
emergence of small crack in the as-grown film is a clear indication of the competition between
compressive elastic strain and film-substrate adhesion in the as-deposited films. With the increase
of the annealing temperature, the strain relaxation occurs as the smaller strained grains are
aggregated into larger grain sizes which are less strained. This is corroborated from the change in
lattice parameters and the c/a ratio. At 1000 °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
4.75x10° K™ while silicon substrate has a mean thermal expansion of 2.69x10°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 temperature such as stress relaxations lead to cracking of films [15]. The EDS spectrum
measurements in figure 5-4 shows that there is no impurity from other materials or losses in the

volatile Zn due to elevated temperatures. The peak on Si is due to the (001) Si 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 change in its vibrational 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 shift and broadening from the bulk phonon frequencies.
According to Khan et 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 defects [16]. ZnO is a semiconductor with wurtzite crystal structure. The wurtzite
structure of ZnO crystal has Cey Symmetry with 4 atoms in the hexagonal unit cell leading to 12
phonon branches, of which 9 are optical and 3 are acoustic branches. This classification is based

on the following irreducible representations:
I'=2A+2B +2E +2E,....................... 5-1

where A and B modes have one-fold degeneracy and E modes are two-fold. One A1 mode and one

E1 pair are the acoustic phonons [16, 17].
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Figure 5-5 shows the various Raman modes obtained using the green excitation wavelength (514
nm, 2.41 eV) in the 100-800 cm™ range. Raman peaks are observed at 278, 305,437,584 and 619

cm™ in the as-synthesized sample.

1 ' 1 6 1
Si Bl =
—
_ Nt |
1000 °C
900 °C_
/‘E\ — -
V= 800 °C
S
_e' 700°
i
> ] _
= Si
% %_» 600 °C
= S
= o~ _
L
Reference
1 H 1 H 1 H
200 400 600 800

Wavenumber (cm™)

Figure 5-5: Raman spectra of Aluminium doped ZnO thin film before and after annealing at 600-1000 °C.
The spectra were collected at normal incidence (at 90 ° to the surface).

The peak intensity at 278 cm™ gradually reduces with annealing temperature and finally disappears
at 800 °C. This peak is attributed to Raman inactive B, mode resulting from the presence of a built-
in electric field within the separate grains that lowers the lattice symmetry [9]. As a result of
increase in the A1 (LO) vibrations, another peak due to the existence of a built-in electric field in
the crystallites is seen at 584 cm™. The grain boundaries typically contain a relatively high
interfacial density that captures the free carriers from most of the grains. This interface charge

gives rise to band-bending in the bulk of the grain and thus leading to the formation of an 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 the high 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 throughout each grain. This
is evident by the peak at 278 cm™and in the high Raman shift regime, at 584 cm™ which suddenly
disappear at annealing temperature of 800 C. At this temperature there is formation of more
insulating films and hence the value of the built-in electric field decreases and disappears [18].

A notable peak observed at 437 cm™ in all samples is assigned E, (high) mode. Usually, this is the
strongest mode in wurtzite crystal structure and is as a result of the vibrations of the oxygen atoms
in the ZnO lattice [19]. The position of E> (high) mode shows no obvious change with increasing
annealing temperature. The intense peaks at 305 and 525 cm™ are associated with Silicon substrate.

When the time of deposition is varied the Raman peaks obtained are as shown in figure 5-6.
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Figure 5-6: Raman spectra of Al doped ZnO thin 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 cm™, 437 cm™ and 584 cm™ were observed for all
the samples. These lines are assigned to ZnO B> mode, E> (high) and Az longitudinal optical (LO)
mode respectively. The blue shift of the B, mode peak from 274.1 cm™ to 277.6 cm™ was caused
by the tensile strain in the films which was in good agreement with the GIXRD results. The peaks
at 278 cm, and 584 cm™ 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 of O-vacancy and Zn interstitial. The increase
of the B2 and A1 (LO) mode intensity for Al doped ZnO thin film with increasing deposition time
implied the increase of defects (O- vacancy and Zn interstitial) in this film which is consistent with
the PL result [20]. 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 to 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 prospects of re-oxidation
upon annealing in air. The Raman shift of E2 (high) with annealing time or temperature illustrate

the contributions of the oxygen vacancy.

5.4.3. XRD measurements

The GIXRD patterns of the aluminum doped Zinc Oxide films annealed at different temperatures
are shown in Figure 5-8. All the peaks are indexed to the JCP2 card number 003-0888 with
hexagonal wurtzite structure having two lattice parameters, a and c, in the ratio of c/a= 5.21/3.24
= 1.63 and belongs to the space group of P63mc. A schematic representation of the wurtzitic ZnO

structure is shown in Figure 5-7. The structure is composed of two interpenetrating hexagonal-
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close-packed hcp sub lattices, each of which consists of one type of atom displaced with respect
to each other along the threefold c-axis by the amount of u =0.379 defined as the length of the

bond parallel to the c axis, in units of ¢ and is given by equation 5-2 [21].

1,a? 1
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Figure 5-7: Schematic representation of a wurtzitic ZnO structure having lattice constants a in the basal
plane and c in the basal direction; u parameter is expressed as the bond length [21]..

From the XRD patterns the films are polycrystalline in nature with a preferred orientation along
the c-axis. Three distinct peaks are observed at (100), (002) and (112) planes. The (100) and (002)
peak intensity increases with increasing annealing temperature up to a temperature of 900 °C while
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 600-900 °C may be attributed to thermally activated mobility of
the atoms in the films that lead to the possible decrease in the structural or native defects in the
ZnO films. This reduces the porosity and quality of films [10]. This effects is also plausible for

thermal treatment beyond 900 °C as corroborated in the sharp decrease of the peak intensity. [22].
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In ZnO, the most intense peak is usually along (002) plane, however, this is contrary to our
observation in which a higher intensity peak corresponding to (100) plane is reported. This is fibre
texture and it is attributed to disturbance of the charge neutrality induced by Al **substitution of
Zn %* [23]. Furthermore, the presence of Al changes the diffusion rate of Zn and O on the Si
substrate during deposition 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.
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30 3 7)

2 Theta 268
Figure 5-8: X-ray diffraction (XRD) pattern of (a) the Al doped ZnO thin film before and after annealing at
temperature between 600-1000 °C in air, (b) curve fit of the (100) peak before and after annealing at 1000
°C.
At temperatures between 600-900 °C, the FWHM of the peaks decreases relative to the strong

increase of their intensities (table 5-3). This observation can be explained using the Scherrer’s

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 domains[25]. The peak positions 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 after annealing [26]. At 900 °C the shift in peak position is towards that of pristine
film. Annealing also reduces the concentration 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 Zn self-diffusion mediated by Zn
vacancies which have a higher migration barrier of 1.40 eV, but with a much lower formation
energy. Indeed, Tomlins et al reported an activation energy of 3.86 eV for self-diffusion of Zn in
ZnO, and appropriately suggested that Zn self-diffusion is controlled by a vacancy mechanism
[27]. However, ZnO has a higher thermal expansion coefficient compared to the substrate (Si)
hence a compressive stress will be generated by Si when the substrate cools to room temperature.

This difference causes the shift in the peaks position [10].

Table 5-3: Characteristics of Al doped ZnO annealed at 600-1000 °C in air as estimated from XRD patterns

Annealing fwhm fwhm fwhm
Temperature (100) 20 (002) 20 (112) 20

(O

Reference 153822 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 117732 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 constants a and c values as
shown in table 5-4. From the multi-peak 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

Bragg’s relation:
A=20,SING, oo 5-3

Where 6 is the Bragg’s angle (angle between normal to the diffracting plane and incident X-ray),
J is the X-ray wavelength which in our case was CuKa radiation with a wavelength of 1.541 A.
The lattice parameters a and ¢ were obtained for the three major peaks using the expression for

hexagonal system [19].

1 __ 4 (h®+hk+I? 12
=)+ L 5-4

The lattice parameters a and ¢ 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
003-0888). The slight increase in the lattice parameters with increasing annealing temperature is
attributed to strain in the lattice or stresses induced by Al dopant 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 that of Zn®** (0.074 nm), AI®* substituting Zn?* 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 provides sufficient 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 parameters [19].
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Table 5-4 shows calculated crystallite sizes for the three peaks with the highest peaks as well as

an average size derived using Scherrer’s formula shown in equation 5-5.

— _ kA
D=5 5-5

Where k is the crystallite shape factor usually 0.9, 1 is the X-ray wavelength used which is our
case was 1.541 A, g is the FWHM which are tabulated in table 5-4 while 6 is the Bragg’s angle in
radians.

From table 5-4, the average crystallite size becomes larger as annealing temperature increases 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 grains with the 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 crystallinity [22].
—-Ep

D=D,8 M tueeuuee e, (6)

where Do is the diffusion coefficient at reference temperature T.
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Table 5-4: Estimated crystallite size, lattice parameters, dislocation density and strain from XRD data.

Annealing
Temperature Crystallite size, Dsv/(nm)
(S
(100) (002) (112)  Awverage
peak peak peak size al(A) c/(A)  §(10%)  £(109)
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 density 6, 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 and 5-8 respectively.

S = ly 5-7
sh
= O e, 5-8

The strain in the films gets released as temperature increases as a result of the removal of defects
in the lattice with increase in temperature as indicated in table 5-4. 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 enhances the stoichiometry of the films, which in turn

causes the volumetric expansion of thin films hence and improvement of crystallinity [28].
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Figure 5-9: X-ray diffraction (XRD) pattern of the Al doped ZnO thin film grown using varied deposition
time.

Figure 5-9 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-axis i.e. (002) plane and certain fraction along (103) plane. Increasing the deposition time shows
a decrease in (002) plane intensity and emergence of the (100) and (112) planes as the preferred
orientations. In addition a shift to higher Bragg’s angle is observed. This change in the preferred

crystal orientation is attributed availability of more Al ions substituting Zn ions.

229



5.4.4. XRR measurements.

The surface and interface sensitivity of X-ray reflectivity (XRR) has also been exploited to
determine the film density, interfacial roughness and thickness of Al doped ZnO films. The
presence of smooth interfaces is responsible for the Kiessig oscillations in the XRR spectrum for
a film deposited for 5 minutes. Figure 5-10 represents the simulation of the XRR data in which
precise information of the layer thickness, film density, surface and interfacial roughness have

been extracted for the layer.
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Figure 5-10: Experimental (black) and simulated (blue) XRR spectra of as-deposited Al doped thin film
deposited at 100 W for 5 minutes.

From the simulation of the specular reflectivity, the thickness and rms roughness of the film
deposited at 5 minutes was found to be 139.49 +0.05nm and 0.51+0.05 nm, respectively. This
implies a deposition rate of 278.98 A/min. The density was found to be 5.56+0.1 gcm™ which is
in agreement with the literature value of 5.61gcm™=. The value of the film thickness for film grown
for 5 minutes is in agreement with that obtained from Surface profilometer as shown table 2.
Further measurements of films grown at different deposition times reveal that films deposited on
silicon substrates at room temperature show a greater dispersion as deposition time increases. This
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is in agreement with the findings of Camacho-Espinosa, E., et al [29]. This could also be attributed

to variation in the chamber pressure which was not easy to keep constant.

5.4.5. Photoluminescence measurements

5.4.5.1. Introduction.
The band-to-band excitation of ZnO promotes electrons from the valence band to the conduction

band, leaving holes in the valence band. The holes migrate from the valence band to deep levels.
Recombination between electrons and holes occurs through several pathways namely;

e electronic transitions from the conduction band

e electron transitions from shallow donor levels

e electron transitions to the trapped holes on the deep levels.
Basically, the Photoluminescence (PL) of ZnO is related to the presence of holes in the valence
band [30]. Thus upon photoexcitation in a semiconductor, the photogenerated charge carriers are
trapped almost instantaneously. This can take place in either shallow levels or in deep traps.
Shallowly trapped charge carriers are still spatially delocalized. Due to this delocalization the
energetic position of these shallow traps is related to the band structure of the material. An
emission process may involve recombination of charge carriers to yield photons whose energy is
close to the energy band gap of the semiconductor (nanoparticle etc). Such an emission is normally
referred to as exciton emission. Localized states with energy deep in the band gap can be found
either in the bulk or at the surface of a semiconductor particle. Their position of the emission
energy is more or less independent of particle size and it is determined by the chemical nature of
the trap and the surroundings of the trapped charge carrier. When trapping of a charge carrier

occurs via a radiative process this is referred to as trap emission [31].
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At room temperature ZnO films are usually known to exhibit an intense near band-edge UV
emission peak centered around 380 nm. In addition to the strong UV emission, the films also show
a broad emission peaks in violet, green and blue-green spectral regions. The enhanced PL peaks
can be attributed to improved crystallinity of the deposited films which reduces the recombination
centers in the films and consequently, decreases the non-radiative recombination processes. The
reduction of the non-radiative recombination channels leads to an increase in the radiative
recombination for non-equibrium photogenerated carriers [32].

[33]. The UV band emission is commonly referred to as the excitonic band emission and it is
related to exciton recombination across the band gap at a specific temperature. On the other hand
the wide visible band on the PL spectrum is as a result of the localized defect states in the band
gap. Thus the nature of these emissions, their shapes and positions in the spectrum, is determined
by the type of defect state and its populations [34]. To date the origin of visible emission remains
consistently controversial.

As discussed in chapter 2 and 4, five species (oxygen vacancy (Vo), zinc vacancies (Vzn), zinc
interstitials (Zn;), substitution of Zn at O position (Oz,) and oxygen interstitials (Oi)) have been
identified to contribute to the photoluminescence process in ZnO. The emission due to excitonic
recombination processes and that due to the defect centers (visible emission) compete with each
other through the quality of the ZnO produced and the lifetimes of the transitions. The visible
emission involves a step in which a photogenerated hole is effectively trapped on the surface in
the particle. For a ZnO nanoparticle the visible emission is expected to occur on the surface due to
large surface to volume ratio. A probable candidate for the trapping of holes is O? ion at the

surface.
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Although the origin of the green emission is still controversial, it is generally accepted that it is
associated with the deep-level oxygen vacancy. Furthermore, the fundamental carrier
recombination dynamics of the green emission is still not well understood. The fundamental
properties of the ZnO have been studied over several decades. Despite many years of extensive
studies some of the fundamental properties of the luminescence in ZnO are still not fully
understood. One of the poorly understood concept is the origin of the room temperature
photoluminescence (PL) structure [35]. Usually the green luminescence is centered between 2.3
and 2.5 eV and reported to be produced by various sources, in some instances it has been attributed
to the zinc vacancies, oxygen antisites, singly ionized oxygen vacancies and surface defects etc.
[6]. According to Reynolds et al [36] and Kohan et al [37], this luminescence can be as a result of
Zn vacancy. This is justified by calculated transition level between -1 and -2 charge states that
occurs at 0.9 eV above the VBM and hence a transition between the conduction band (or a shallow
donor) and the Vz, acceptor level would give rise to luminescence around 2.4 eV [6] which is also
in agreement with the experimental data both under 229 and 514.5 nm excitation line.

The room temperature emissions for two different excitation wavelengths are explored. The use
of different excitation wavelengths is useful in examining the luminescence spectra of materials
containing multiple defect levels, since these defect centres exhibit different optical response to
multi- excitation wavelengths. Thus the sub-band excitations of ZnO can be used probe directly

the radiative relaxations of these defect levels.

5.4.5.1. Photoluminescence of Al:Zn0O (AZnO0) films using 514.5nm excitation line.
Room-temperature PL spectra of AZnO films deposited a varied times and later annealed at

various temperatures are shown in Figure 5-11. The PL spectra of AZnO thin films exhibit two
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emissions: a strong green emission located at ~518nm and a weak broad emission band in the

orange-red visible range.
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Figure 5-11: Room temperature photoluminescence spectra of Al doped ZnO thin film grown for 20, 30 and
40 minutes before and after annealing at temperature between 600-1000 °C in air.

From figure 5-11, the as-deposited film shows a green and a broad orange-red emission. It can be
observed that the green defect emission from the films did not exhibit significant changes with
annealing in air, while orange-red emission intensity reduces with annealing. Green emission has

been previously attributed to surface defects [40], as well as the defects just below the crystallite
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surface[41]. Such defects include singly ionized oxygen vacancy Vo*, Vo 2* center, oxygen antisite
as well as zinc vacancy Vzn [42].

The importance of band bending at grain boundaries has also been cited [40]. Band bending will
result in creation of a depletion region at the grain boundaries, which will affect the ionization
state of the defects within the depletion region. Since the films have a large surface area and lots
of grain boundaries, the green emission likely originates from donor— acceptor defect transitions,
where donor and/or acceptor defects are located at surfaces or grain boundaries. The exact
chemical nature of those defects, however, is difficult to establish since no significant changes
with annealing are observed.

The orange-red emission has been associated with excess oxygen [42] as well as to the interstitial
zinc Zn;i. This reduction can be ascribed to excessive oxidized layers formed on the surface and at
the grain boundary of ZnO thin films upon annealing in air. Generally the intensity of emission is

temperature dependent and it is usually described in the form of equation 5-2

I0
VRO 5-2
1+ aexp(-E, /KT)

(T)

I(T)= y g
1+, exp(~E,, / KT) + o, exp(-E,, [KT) """

where « is the process rate parameter, Er is the activation energy, k is the Boltzmann constant, and
T is temperature [42]. Equation 5-3 gives a description of two competitive non-radiative channels
(activation energies) or the description of different responses in low and high temperature regimes.
At low temperatures, the emission intensity is dominated by the low activation energy which may
be as a consequence of T2 temperature dependence of the capture section for carriers at

recombination centers [43].
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Annealing at temperatures above 900 °C, several emission peaks appear in the region between
650-750 nm as shown in figure 5-11. This could be attributed to heavy inter-diffusion of the Si

from the substrate and Al into the substrate.
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Figure 5-12: Room temperature photoluminescence spectra of Al doped ZnO thin film grown for 20,30 and
40 minutes before and after annealing at 900 °C
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Figure 5-13: PL spectrum showing the effect of variation of deposition time on the emission spectrum.

From the room temperature PL spectra of the AZO film deposited at different deposition times
shown in figure 5-12, it can be clearly seen that the PL spectra intensity increased markedly with
the deposition time. This could be related to the sampled volume of the material which scales with
the film thickness. The enhanced PL peaks can be attributed to improved crystallinity of the
deposited films. The improved crystallinity reduces the recombination centers in the films and
consequently, decreases the probability of non-radiative recombination. This leads to an increase
in the radiative recombination for non-equibrium photogenerated carriers [32].

It should be noted herein that although an extrinsic donor such as substitutional aluminum (A"
is one of the major type of defect responsible for the increase in the defect state emission, this is

not discernible from the PL spectra taken at RT since this level is formed very close to the
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conduction band. Furthermore its low ionization energy in ZnO (i.e., 0.053 eV) enables it to be
easily donated to this band at room temperature. Similar observations have also been reported in
the literature, wherein the identification of defect states formed due to Al doping in ZnO was not

possible [44].

5.4.5.2. Photoluminescence of ZnO using 244 nm excitation line
The use of 229 nm excitation line with a higher energy (5.41 eV) relative to the band gap of Al

doped ZnO (3.2-3.3 eV) allows for more emissions as shown in Figure 5-13. Figure 5-13 shows
room temperature photoluminescence spectra of Al doped ZnO before and after annealing. The
spectra were acquired using a 229 nm excitation line from a frequency-doubled argon ion laser.
The spectrometer utilized a 150 lines/mm grating and a 20X UVB objective. The spectrum was

acquired from 250nm to 900nm at 5 seconds acquisition time.
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Figure 5-14: Room temperature photoluminescence spectra of Al doped ZnO thin film grown for 40 minutes
before and after annealing at temperature between 600-1000 °C in air. The spectra have been stacked for
clarity

The thin films grown at a duration of 40 minutes (Figure 5-14) show an emission band at 467 nm
(2.7 eV). This band is attributed to the near band edge (NBE) emission corresponding to the exciton
related transition from localized level below the conduction band to the valence band. The
relatively high wavelength of this band could be as a result of substitution of Zn?* that has a higher
ionic radius, 0.074 nm with AI** of ionic radius 0.053 nm. This confirms the observation made in
XRD analysis. Annealing of this film leads blue-shifting of this peak to around 374.7 nm (3.31
eV) when annealing temperature is 1000 “C. Several other bands are also formed as shown in
figure 5-13. During annealing in air Zn interstitials could be reduced or removed since they are

shallow donors hence separating the conduction band and other defect band leading to a wider

optical band gap due to reduced overlapping of the defect and conduction bands.
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The band at 439 nm (2.82 eV) emerges when annealing is carried out at 800 “C and increases in
intensity with temperature. This could be attributed to O; centers, which promotes the
chemisorption of oxygen hence increasing the density of electronic state in the film [9]. Other
bands also emerge upon annealing at 800 °C such as at 488 nm that may be associated to Zn;* and
545 & 600 nm associated with Zni* — Vz," transition. The band at 523 nm increases in intensity
upon annealing at 800 °C. This response of the emission with temperature is a finger print of the

increase in the concentration of O vacancies with increasing temperature.
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Figure 5-15: Room temperature photoluminescence spectra of Al doped ZnO thin film as-grown at an RF
power of 100 W at different deposition time.

The thin films grown at 20 minutes (Figure 5-15) show a blue band near 474 nm (2.62 eV) and a
broad shoulder near 720-730 nm due to defect level emission (DLE). This band (2.62 eV) is
attributed to the near band edge (NBE) emission. Increasing the deposition time leads to blue-

shifting of this peak to around 421 nm (2.95 eV) when deposition time is 1 hour. The infrared
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emission at 830.0 nm when the film is grown for 1 hour could be attributable to an electronic

transition from the O; to the higher Vz, — level.

5.5. Conclusion
The influences of thermal annealing and deposition time on the structural and optical features of

radio frequency (RF) magnetron sputtered self-assembled aluminium doped Zinc Oxide on Si
(100) are investigated. Preferentially oriented structures of Al doped ZnO along the (100), (002)
and (112) directions together with peak shift and reduced strain due to post-annealing at between
600-1000 °C are discerned from x-ray diffraction (XRD) measurement. There was an evident
increase in intensity with annealing temperature up to a temperature of 900 °C while the full
wavelength at half maxima (FWHM) reduced. This was attributed to an enhancement of
crystallinity of the films with increasing annealing temperature. The increase in peak intensity was
also be as a result of thermally activated mobility of the atoms in the films leading to the possible
decrease in the structural or native defects in the ZnO films. Atomic force microscopy (AFM)
images showed increasing roughness and particle size. We observed meso-flat islands at low
deposition time, an indication of highly dendritic shapes being formed in accordance to VVolmer-
Weber growth mode. An increase in deposition time led to formation of “spherical” like thicker
films leading to the increase in grain height with time as well as film thickness as confirmed using
thickness profilometer. The observed blue-shift and emerging of many photoluminescence peaks

resulting from thermal annealing and increase in deposition time have been reported.
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Chapter 6: Structural and optical study of annealed ZnO:Tbh3+
and Zn:Eu3+ nano-polycrystalline thin films and their
application for down conversion in solar cells.

6.1 Introduction
Rare-earth (RE)-doped semiconductors have attracted extensive interest for possible applications

in high power lasers, optical manipulation as visible emitting phosphors in display devices, and
other optoelectronic products [1, 2]. This enormous interest for their application potential is
attributed to the stable intra-4f shell transitions of the rare earth ions which favor the energy
transfer from host semiconductors to dopant RE ions [3]. These transitions are shielded from
their local environments by the completely filled 5s2 and 5p® outer orbitals.

Zinc oxide (Zn0O) thin film technology has continued to attract widespread research interest as a
transparent conducting oxide (TCOs) due to its high electrical conductivity (2 x 1078 to
2 x 107 S/cm) [4] and optical transmission (> 80% in the UV-Visible range). This has been
evidenced mainly in n-type ZnO due to the favorable formation energies of the Zn?*/0% defects.
Besides ZnO is a wide and direct band gap (about 3.3 eV at room temperature) with large exciton
binding energy (60 meV), excellent chemical and thermal stability and can be cost effectively and
easily fabricated [5]. These properties enable it to be considered as a favorable candidate for use
as transparent electrode in solar cells. Zinc oxide thin films can be grown using several methods
such as magnetron sputtering, sol gel technique, spray pyrolysis, CVD, and PECVD [6, 7]. RF
sputtering is usually preferred mainly due to its reproducibility, high deposition rate, low substrate
temperature and ability to give films with tunable preferred orientation [8, 9].

When doped with a rare earth metal, ZnO can be used as sensitizer to excite rare-earth(RE) ions
such as Ce®*, Er®*, Ho®*, Nd**, Tm**, Dy**, Eu®* and Tb**. This is made possible due to its large
absorption cross-section and broad excitation spectrum [10]. This way, the REs are able to absorb
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the UV-blue emission from ZnO and emit in the visible or infra-red range thus enabling this
material to serve as an excellent doping host for rare earth ions with an optimal spectrum modifying
matrix for diverse solar cells.

The optical properties of RE doped ZnO usually depend on the dopant concentrations, fabrication
process as well as the host structure which is sensitive to the crystal field energy and spin-orbit
coupling. The emission characteristics of the rare earth ion in ZnO are sensitive to the nature of
the fabrication process, the size of the ZnO nano-crystals and their morphology. The morphology
and structure of thin films can be tuned by changing the ad-atom energies and mobility through
thermal treatment. Enhancing film crystallinity during growth due to lattice strains and thermal
stresses between the ZnO film and the substrate presents one approach to spectrum modification
in these films [1].

In organic solar cells, ZnO is widely used as a buffer layer since it has a low work function,
excellent optical transparency, high electron mobility, and ease of fabrication [11]. Combining the
positive attributes of ZnO and RE in organic solar cell would therefore be a good spectrum
modifying matrix with dual functionality as an electron transporting layer and as a photon-
conversion layer as well. In addition, the implementation of the buffer layer requires a simple
architecture with no losses induced by the space gap between the down converting layer and active
layers, a feature that is consistently persistent in externally stacked phosphor based photovoltaic
devices.

In this chapter, the effect of annealing on the structure, morphology and optical properties of
room temperature Th** and Eu®" doped ZnO thin films for photovoltaic applications through
spectrum modification is reported. All films have been deposited using RF magnetron sputtering.

As a proof of concept, pristine and doped ZnO thin films deposited on ITO glass have been
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incorporated as separate bi-functional layers in inverted organic solar devices. In these devices
the P3HT:PCs1:BM blend was used as the active layer of the bulk heterojunction (BHJ) in the
following  device  architectures;  Glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Al  and
Glass/ITO/ZnO:Tb**/P3HT:PCBM/PEDOT:PSS/AI, respectively. The donor and acceptors in
the bulk heterojunction were mixed in the mass ratio of 1:1. We report an increase in efficiency
of 17.2 %. This enhanced device performance may be attributed to the ZnO — Th®" energy
transfer through the down-conversion process. All devices were fabricated and characterized at

room temperature with exposure to air.

6.2. Experimental procedure
6.2.1. Materials
ZnO (97%): Tb (3%) (99.99% purity), ZnO (97%): Eu (3%) (99.99% purity and ZnO disks targets

of diameter 76 mm and thickness 6 mm sourced from Semiconductor Wafer, Inc. (SWI1) have been
used for thin film deposition. The Si wafer (001) and quartz substrate were also purchased from
Semiconductor Wafer, Inc. (SWI). ITO (surface resistivity: 30-60 Q/sq.), PEDOT:PSS (1.3 wt%
dispersion in H20), P3HT (purity: 99.995%) and PCBM (purity: 99.5%) were purchased from

Sigma Aldrich.

6.2.2. The growth of ZnO:Tb3* and ZnO:Eu3* thin films.

Th® and Eu®* doped ZnO thin films have been deposited at room temperature using RF magnetron
sputtering onto n-type (001) Silicon-, ITO- and quartz- substrates. 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 dried nitrogen gas. They were then mounted on a rotating substrate

holder at a distance of 6 cm from the target. The sputtering chamber was evacuated to a base
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pressure of about 2.5 x 10> mbar while sputtering was performed under Argon with a working
gas pressure of 3.1 x 10~ mbar. The growth was undertaken under 13-sccm Ar flow, and 2.20
Wcem RF power density. Post-growth annealing was carried out in Ar filled furnace at a heating

rate of 10°C/min over a temperature range of 600 - 900 °C for 2 hours.

6.2.3. Characterization

The film morphologies and structural analyses were characterized using Veeco Di-3100 atomic
force microscopy (AFM) in tapping mode. Grazing incidence Xx-ray diffraction (XRD)
measurement of the ZnO:Th®" and ZnO:Eu®* thin film was taken using AXS Bruker D8 Discover,
(40kV, 40 mA) using Cu Ko radiation in the Seeman-Bohlin geometry at a low scanning rate of
1.2°/minute and glancing angle of 1°. The transmittance spectra of the films deposited onto the
quartz substrates were measured using a Cary 500 UV-visible spectrophotometer.
Photoluminescence 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. Rutherford backscattering spectrometry (RBS) measurements were
performed to determine the composition and distribution profiles of Tb3* ions in the ZnO matrix
at room temperature using *He" particles of energy 1.6 MeV at a backscattering angle of 165°
(IBM geometry). The beam current was kept between 10 and 15 nA during measurements.

6.3 Results and discussion of ZnO:Tbh3* thin films

6.3.1 Morphology Studies
Figure 6-1 shows the surface topography of the ZnO:Tb** films characterized using Veeco Di3100

AFM in tapping mode.
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0.00 nm
Figure 6-1: AFM images of pristine ZnO:Tb3+ films (room temperature) and after annealing in Ar filled
furnace for 2 hours in the range between 600 and 900 °C.

The average roughness of the ZnO:Th®" film surface is shown in table 6-1 for all temperature
ranges of interest. As the annealing temperature increases, the surface roughness of the film

increases dramatically (from 4.9 nm for as-deposited ZnO:Tb** film to 36.9 nm at 900°C).
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Table 6-1: Summary of Rms and grain height from taping mode AFM

Annealing
Temperature Roughness  Grain height
(C) Rms (nm) (nm)
RT 4.9 12.2
600 11.8 49.3
700 17.2 54.0
800 27.8 68.8
900 36.9 81.4

It is noted that the surface corrugations of ZnO:Th*" films analyzed from AFM represent possibly
the particle size and could thus be larger than the grain size determined from GIXRD shown in
Table 6-1. This is plausible since the particle size measured from AFM is the surface morphology
of coalesced grains [12]. Furthermore the geometry of the XRD measurement of the grain size is
normal to the surface of the film and not in plane. Diffusion with annealing also enables the atoms
to occupy the lattice sites in the lattice thereby enhancing film quality as seen in the XRD data.
The increase in grain height with annealing temperature is an indication of thermally activated
diffusion of atoms that coalesce to larger grains in regions with lower activation barriers for self-
diffusion [13, 14]. The major grain growth also results in an increase in the surface roughness as

evident by the rms values.
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6.3.2 Rutherford Backscattering Spectroscopy Measurements

A RBS spectrum of ZnO:Th*" thin film on Si substrate annealed at 700 °C is shown in Figure 6-2
together with - the simulation profile obtained using the XRump code. The experimental spectrum
is well reproduced. The structure in the Si spectrum around channel 180, 260, 410 and 470 is due
to the non-Rutherford scattering cross-section from O, Si, Zn and Tb respectively and the surface
energy positions in channels of the elements have been shown using arrows. All other samples
annealed at different temperatures showed insignificant change in surface energy position and

concentration.
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Figure 6-2: RBS spectrum of an 190 nm ZnO:Tb** layer on Si showing experimental data and computer
simulation using XRump code. The sample structure and the thicknesses of the layers were derived.
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The presence of Th3* in the films is very prominent and the global atomic concentrations of the
different species contained in the film can be deduced. From the XRump simulation, stoichiometry
of the matrix of 48.1, 49.2 and 2.7% for Zn, O and Th, respectively was derived. The Tb** in
channel 470 has a nearly flat yield suggesting a homogeneous distribution of the Th3* along the

growth direction, which is independent of the annealing temperature.

6.3.3 Grazing incidence XRD measurements

Figure 6-3 shows the grazing incidence XRD patterns of pristine ZnO:Th** and after annealing in
the temperature range 600-900 °C in Ar filled furnace. The pristine ZnO:Tb3* film appears as
partially crystalline with low intensity of the (hkl) reflex. Annealing leads to preferred orientation
of the ZnO reflexes. The typical strong diffraction peaks ascribed to hexagonal wurtzite ZnO
(JCP2) card number 003-0888 were observed without any extra peaks from other oxide phases at
elevated temperatures. This is an indication that the films were of high phase purity and that no
diffraction peaks corresponding to Th3" based compounds or any other impurities were present.
The diffraction peaks become gradually stronger up to 800°C, an indication of increasing
crystallinity. The appearance of reduced peak intensity and dislocation density after annealing at
900 °C may be attributed to the presence of porosity [15]. The dislocation density d, defined as the
length of dislocation lines per unit volume of the crystal (Williamson and Smallman) and the strain

present in the thin film were also investigated and presented in Table 6-2.
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Figure 6-3: Grazing incidence X-ray diffraction of ZnO:Tb>* thin films deposited by RF sputtering at room
temperature then annealed different temperatures (600-900 °C).

Table 6-2: Characteristics of Tb** doped ZnO estimated from XRD measurements.

Temperature FWHM  2theta  Size, D al(A) c/(A) 5(10%%)  £(10%)

(O (100) (nm)

Reference 1.620 31.397 5.09 3.28 5.69 3.86 6.81
600 1.473 31.901 5.61 3.23 5.61 3.18 6.18
700 1.332 31.784 6.19 3.24 5.63 2.63 5.59
800 1.332 31.764 6.20 3.25 5.63 2.60 5.57
900 1.207 31.820 6.84 3.25 5.64 2.14 5.07
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6.3.4 Optical properties

Figure 6-4 shows the optical transmittance of pristine (183 nm) and annealed (190 nm) ZnO:Tb%*
films on quartz substrate in the wavelengths range of 250-800 nm. The sharp optical transmission
edge observed around 380 nm corresponds to the inter-band transitions of the valence electrons
consistent with the laser excitation energy used in the PL measurements. The contributions of the
substrate have been de-convoluted from the transmission spectra through calibration using the

substrates as the reference.
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Figure 6-4: Transmission spectra of pristine ZnO:Tb** thin films and upon annealing at different
temperatures, 600-900 °C in Ar filled furnace.

The average transmittance for all the deposited films is in the range between 71% and 92% within
the visible region. Thus enabling the use of these ZnO:Tb*" films in thin films solar cell
applications [16]. At short wavelengths, a steep decrease in the transmittance around the absorption
edge is evident. The enhanced absorption at 900 °C is attributed to increased crystallinity leading

to decrease in the extinction coefficient as the structural defects are minimized with increasing
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temperature thus increasing the absorption coefficient [17]. To correlate the effect of temperature
and grain size with the optical properties of ZnO:Th®" thin films, the absorption coefficient (o) and
the band gap (Eg) were determined from Tauc’s formalism for direct and indirect transition in the

form given in equation 6-1;

(ahv) = A(v—EQ)P ..o, 6-1
Where A is a constant, h is the Plank’s constant and P is an exponent that dependent on the nature
of the allowed or forbidden electronic transitions. Thus for an allowed direct transition p =1/2.
However p =3/2describes the case for forbidden direct transition, p=2 for indirect allowed
transition and p=3 for indirect forbidden transitions. Since ZnO:Th*" is a direct band gap
semiconductor with a hexagonal wurtzite crystal structure as confirmed in the GIXRD

measurements, p =1/2was used in the analysis [18-20]. hv is the photon energy expressed in
eV while & is the absorption coefficient calculated using the relation in equation 6-2:
T =exp(—ad) ....................... 6-2

where T is the optical transmittance and d is the thickness of ZnO:Tb** films.

The optical band gap of the films annealed at various temperatures was obtained by plotting
(ahv)? as a function of photon energy (4v). The values of the direct energy gap Eg were derived
from the intercept after extrapolation to zero absorption with photon energy axis as shown in
Figure 6-5. The non-zero absorbance below the energy cut-off for the pristine film is attributed to
the phonon contributions associated with structural defects or trap states arising from a partially

crystalline pristine ZnO:Th®" film.
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Figure 6-5: Plot of (ahv)? versus hv for the pristine ZnO:Tb** thin film and after annealing at 600-900 °C.
The inset shows the variation of optical band gap as a function of annealing temperature.

The sharpness of the absorption edge is found to be maximum at 800 “C annealing temperature,
beyond which it broadens. The change in the optical band gap is comparatively small but a
minimum is shown at 900 °C. The estimated values of the band gap for all the samples are
summarized in the inset figure in Figure 5. These values are within the range reported for films
and single crystal [21-23] and are also in agreement with band gap approximation from the PL

results obtained.

6.3.5 Photoluminescence studies

Figure 6-6 shows the PL emission spectrum of ZnO:Tb3* thin film excited at 244 nm wavelength.

The spectra show emissions at 378 nm corresponding to a band to band emission of ZnO. This
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emission is attributed to the recombination of the excitons of granular ZnO through an exciton-
exciton collision process corresponding to near band edge (NBE) emission of ZnO [24]. Its
intensity increased with increasing annealing temperature, an indication of enhanced film
crystallinity necessary for effective charge transfer (grain size commensurate to the mean free path
of the electrons) in solar cell application. This is due to the decrease of the non-radiative defects
and the increase of ZnO grain size [1]. At 900 °C, this peak showed reduced peak intensity. A
plausible reason is that the decrease in the length of c-axis of ZnO films annealed at higher
temperature may induce an acute lattice distortion, which would significantly increase the
polarizability in the ZnO:Th*" matrix and thus affect the optical properties of ZnO:Tb** films and
quench the PL efficiency [25]. This is in agreement with XRD findings. This decrease in the
emission of ZnO or the inter-band transitions could also be attributed to some of the excited
electrons to the energy levels associated with oxygen vacancies while others are transferred to the
energy levels of Th®. The broad emissions between 400-500 nm are attributed to deep level defects
emission arising from the recombination between the Zn; and the valence band level [26]. ZnO has
six kinds of defects classified as vacancies, interstitials and antisites and their emission intensities
can be influenced by the defect concentration and defect-defect interactions which varies with

annealing temperature.
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Figure 6-6: PL spectra of the ZnO:Tb% thin films annealed at different temperatures excited at 244 nm
together with that of the ZnO:Tb3* thin film annealed at temperature range of 600-900 °C.

Table 6-3: Summary of peak center position and FWHM for the NBE PL peak.

Annealing
Temperature Peak Centre FWHM
(C) (nm) (nm)
Reference 477 21.9
600 381 19.1
700 382 16.6
800 384 12.2
900 398 26.3
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The sharp emission peak at 543 nm is related to Th®" ions emission. Here, the electric dipole (ED)
transitions between the 4f states in the free Th®* ions are parity forbidden. However the ED are
transitions are partially allowed but with weak intensity when the Tb3* ions are occupying
interstitials or lattice sites in ZnO with a large absorption transition probability arising from its
direct band gap nature [26, 27]. Hence according to Bylander et al. [28], majority of excited charge
carriers trapped at Th®" centers originate from band gap absorption in the ZnO matrix and a
marginal fraction of these electrons are contributed from the 4f-4f absorption transition within the

Tb®" ions.

Table 6-3 shows the peak centroid and the corresponding full width at half maximum (FWHM)
for the near band edge peak as well as the broad band peak while figure 6-7 gives an elaborate
schematic band diagram for these proposed emissions. The shifting of the peak center with
annealing temperature could attributed to by the relaxation of built-in strain in ZnO:Tb%* thin films.
The efficiency of the energy transfer from the host ZnO to rare earth ions such as Tb** are usually
lower due to the large mismatch in the ionic radii and the valence state of the Zn?* (74 pm) and
rare earth ions, Tb3* (118 pm). Furthermore the location of the rare earth in the host also
determines the efficiency of the energy transfer, thus generally, rare earth ions can occupy two
different sites in the hosts, namely: (i) in the substitution sites of Zn?* in the ZnO lattice, (ii) or at
the ZnO grain boundaries. The location of Tb3* on the surface or grain boundaries can be rule out
for RBS data which consistently show a relatively homogeneous distribution of Tb** in the ZnO
thin film. The distinction of surface and bulk emissions can thus be resolved qualitatively using
the RBS profiles of the RE and the film constituent atoms. Figure 6-7 shows a schematic diagram

of the energy level the ZnO:Th*" thin films [29].
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Figure 6-7: schematic of the energy level diagram of the ZnO:Tb>* thin films.

All samples show the defect related emission with a major green emission peak at 543 nm and a
few oscillations attributed to the emissions of Tb3". These occur at 492, 543, 595, 624, 543 and
563 nm. These peaks represent the °Ds—'Fs, °Ds—'Fs, °Ds—'Fa, °Ds—'F3, °D3—"Fs and °D3—
"F4 transitions of Tb®", respectively. The excitations are assigned to direct excitation of the Th3*
through the f — d transitions [29, 30]. A band gap value of 3.28 eV was obtained from the NBE
peak. The theoretical position of the Zn; level is at 0.22 eV below the conduction band [28]. When
excitation is done at 244 nm, charge carriers are pumped from the valence band to the conduction
band leaving a hole in the VB and an electron in the CB can radiatively recombine to give UV
emission, which is generally assigned to near band edge emission (377 nm) from ZnO shown in

Figure 6-7.
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6.4. Application of ZnO:Tb?* thin films into organic solar cells
6.4.1. Device fabrication and characterization

The photovoltaic devices applying ZnO:Th?*" thin films into organic solar cell were fabricated on
glass coated with indium tin oxide (ITO), which had been cleaned by sonication using the
procedure described in ref [31, 32]. Thin ZnO or ZnO:Th*" (about 35 nm) films were grown on
the cleaned ITO by RF sputtering using procedure described in section 2.2 and then annealed at
300 °C in Ar filled furnace for 1 hour. Active layers composed of P3HT:PCBM blended at a ratio
of 1:1 chlorobenzene with a total concentration of 20 mg ml™ , were then spin coated at 2000 rpm
for 1 minute. The active layers were subsequently annealed at 80 °C for 10 min in Ar filled furnace
before spin coating of the hole transport layer (PEDOT:PSS). Finally, the Al electrode was
thermally evaporated at a pressure of 2 x 10° Pa. The current density—voltage (J-V) characteristics
were obtained using a HP 4141B source measure unit under 100 mwW/cm?illumination (AM 1.5G).
All the measurements were carried out at room temperature under standard conditions. More than
20 devices of pristine ZnO and ZnO:Tb** based inverted solar cell each of area 8.4 + 0.1 mm?were
fabricated, characterized and the results obtained exhibited a high degree of repeatability to within

2.5%.

6.4.2. Current -Voltage (I-V) Characteristics

Figure 6-8 shows J-V characteristics curve used as a proof of concept of the influence of Th3*
doping on photoactive performance in an organic solar cells with an inverted structure of
ITO/ZnO: Th*'P3HT:PCBM/PEDOT:PSS/AI. The Inset in the figure represents the UV-Visible
absorption spectra of active layer (P3HT:PCBM), ZnO/ P3HT:PCBM and ZnO:Tb*/
P3HT:PCBM films used in device fabrication. The films were annealed at 300 °C to avoid

softening of the glass as well as deterioration of electrical properties of ITO film.
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Figure 6-8: J-V characteristics (a) under illumination of devices formed from pristine and heat treated
P3HT:PCBM blends.

ZnO and ZnO:Th®" thin films grown by RF sputtering on ITO coated glass substrate were both
used as electron transport and spectra conversion layers. Table 6-4 shows the performance
parameters. The two devices showed almost similar fill factor (FF) and open circuit voltage (Voc)
values, an indication that the electronic properties of ZnO thin films were not altered by the Th3*
doping. This is also supported by the nearly constant value of the shunt resistance of the device.
However, there was a slight increase in Jsc from 4.11 to 4.82 mA cm™2. This could be attributed to
spectrum down-conversion as a result of Th®* doping. According to the absorption measurements
shown in the inset in Figure 6-8, there is an increased absorption in the ultraviolet region from
300-400 nm with introduction of ZnO thin film as a layer before P3HT:PCBM blend thin film

which is further enhanced upon doping with Th%* leading to an increase in the number of photo-
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generated photons in the visible region converted from the UV region. The down-conversion
process altered the UV properties of the solar cell under the solar emission spectrum enabling
absorption of photons in the UV range and re-emitting light at a longer wavelength in visible
region, where the organic solar cell has a considerably better response. The increase in light
absorption with ZnO thin film compared to the film with P3HT:PCBM blend alone may be an
indication the emission being in resonance with the P3HT electronic structure since exciton

generation occurs through the t—m* interaction in the P3HT.

Table 6-4: Summary of the performance of the P3HT:PCBM bulk heterojunction solar cells device with pure
Zn0 and ZnO: Tb** as the cathode buffer layer.

Device Jsc Voc Rs Rsh FF PCE
(MA/cm?) V) @Qem?)  (kQem?d) (%) (%)
ZnO 4.11+0.10 0.59+ 0.02 51.8+1.2 232+3 478+1.0 1.16+0.08

ZnO:Th** 482+0.12 0.60+0.01 523%1.0 235+2 469%1.1 1.36+0.06
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6.5. Results and discussion of ZnO: Eu3* thin films
6.5.1. Morphological studies

Figure 6-9 shows the SEM image of ZnO:Eu®" annealed at different temperatures ranging between

500-900 °C.

Reference

Figure 6-9: Scanning Electron Microscopy micrographs of Eu doped ZnO films annealed at temperature
range of 500-900 °C.

The micrographs both pristine and annealed thin films are shown in Figure 6-9 which show a
uniform deposition and compact columnar growth of ZnO:Eu®* spherical particles. As the
temperature increases the size and of the particles forming the surface appears to change. This
change can be attributed to the stress in the thin films and as a result of which columnar growth is

disturbed.
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6.5.2. Rutherford Backscattering Spectroscopy Measurements

The elemental and percentage composition and distribution of the Eu®* ions in the ZnO thin film

was established using Rutherford Backscattering Spectroscopy as shown in figure 6-10.
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Figure 6-10: Random and simulated RBS spectra from the ZnO:Eu** thin film annealed at 900 °C.

Figure 6-10 shows the RBS spectra of pristine ZnO:Eu®* thin film. The simulation of the
experimental spectra was carried out using the XRump code using concepts outlined in Ref [33].
Vertical arrows indicate the scattering energies of the different chemical elements at the surface.

The black line indicates the experimental data while the red represent the simulated using XRump
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code. Table 6-5 shows the summary of Eu* distribution in the ZnO thin film as calculated from

the XRump code.

Table 6-5: Derived atomic composition at various film depth from XRump code

# Thickness Sublayers Composition . . .

1 118.00 nm auto Zn 0.480 O 0.515 Eu 0.010

2 50.00 nm auto Zn 0.500 O 0.500 Eu 0.004

3 50.00 nm auto Zn 0.500 O 0.500 Eu 0.001

4 60.00 nm auto Zn 0.500 O 0.567 Si 0.030

5 46.00 nm auto Zn 0.261 O 0.250 Eu 0.010 Si 0.360
6 33.00 nm auto Zn 0.150 O 0.125 Eu 0.005 Si 0.700
7 2000.00 nm  auto Si 1.000

From the XRump code simulation, the film thickness was derived as 357 nm which was in
agreement with profilometer values. A small amount of Si is observed to diffuse into ZnO thin
films as a result of the annealing effect giving the atoms adequate energy to move, this could be
the source of the shoulder on the Eu®* channel. The total average Eu composition is ~1% with

majority being found at a depth of 278 nm.

6.5.3. X-Ray Diffraction Analysis

The room temperature XRD of ZnO:Eu®* thin film annealed at various temperatures are depicted
in figure 6-11. It can be seen that the XRD pattern of the films mainly consists of hexagonal ZnO

(JCPDS database No: 00-003-0888.
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Figure 6-11: Room temperature XRD pattern of pristine and annealed ZnO:Eu®* thin films compared to the
undoped ZnO.

From the XRD pattern shown in figure 6-11, no diffraction peaks from europium oxides or other
impurities were detected, indicating that the Eu®* ions were incorporated into the ZnO lattice or .
All peaks in the XRD pattern are of ZnO and can be readily indexed as the hexagonal wurtzite
ZnO phase with cell constants (a) 3.248 A and (c) 5.206 A, which are in good agreement with
literature [34]. Compared to the undoped ZnO thin film, the diffraction peaks of Eu®* doped ZnO
samples shift about 0.5 (20) to a lower angle due to the larger ionic radius of Eu®* (0.95 A)

compared to that of Zn?* (0.74 A) [34].
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Upon annealing ZnO:Eu3* thin films, the (100) peak which is the more pronounced compared to
the (002) gradually shifted to higher 20 from 31.74° to 32.04° while its FWHM gradually decreases

from 2.155° to 0.999°, an indication of enhanced crystallinity with annealing.

6.5.4. Optical studies

Figure 6-11 represents transmittance (%) of the thin films as a function of wavelength. All the four

films show a dip near 372 nm which is due to the band edge absorption.
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Figure 6-12: Optical transmittance of pristine and ZnO:Eu** annealed at 500-900 °C.
The transmittance of Eu doped ZnO thin films in the wavelength range of 200-800 nm are shown
in Figure 6-12. All films are highly transparent (95%) in the visible wavelength range and sharp
ultraviolet absorption edge is observed at approximately 372 nm in the UV region. The high
transmittance becomes more pronounced with annealing at 900 °C as a result of optical forward

scattering caused by rough surface of the film. This is a very vital result since the project was
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aimed at acquiring highly transparent and conductive electrodes for device application. In addition,
a shift towards the lower energies of the absorption edge with increasing annealing temperature is
noticed. The incorporation of Eu®* is accompanied by a systematic low-energy shift of the band
gap indicating the narrowing of the optical band gap [35]. The UV-Vis transmittance spectra was
used to derive the optical band gap variation with annealing temperature as shown in figure 6-13

using Tauc method.
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Figure 6-13: Plot of (ahv)? versus hv for the pristine ZnO:Eu’* thin film and after annealing at 500-900 °C.
The inset shows the variation of optical band gap as a function of annealing temperature.

When the films are annealed from 500-800 °C, the optical bandgap is observed to decreases from

3.29 to 3.19 eV before slightly increasing upon annealing at 900 °C as shown in figure 6-13. The

269



tailoring of the bandgap of semiconductors could be attributed to the introduction of new energy

levels in the band gap near conduction edge such as shallow level donor impurities [36].

6.5.5. Photoluminescence properties

The structural and compositional changes in the films at the nanoscale level can strongly influence
the luminescence properties. The correlation between the structure and the emission behavior of
ZnO:Eu®* thin films as a function of the annealing temperature was investigated by PL. Figure 6-
15 shows the photoluminescence spectra of Eu-doped ZnO films in the 350-800 nm range, in which
several bands associated with transitions from the excited °Dy level to the 'F; J =0, 1, 2, 3, 4)
levels of the Eu®* 4f° configuration [37] are observed. The spectra which is mainly showing the
°Dy - ’F, transitions, indicates that ZnO:Eu®* films experience severe modifications on increasing
the treatment temperature, an indication of presence of structural re-arrangements around the Eu®*

centers. This is in agreement with the suggested transitions as indicated in figure 6-14
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Energy Transfer

Figure 6-14: Schematic illustration of the proposed mechanism of energy transfer from the ZnO host to the

Eu?* ions.

From figure 6-15&16, the UV emission attributed to near-band-edge (NBE) exciton recombination
and a broad deep level emission is depicted as discussed in detail in chapter 4. The sharp red
emission peaks exhibited at 590-705 nm are attributed to Eu®* ions. Figure 6-15 shows the PL

spectra of films annealed at between 500-700 °C while Figure 6-16 includes films annealed at 900

°C.
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Figure 6-15: Room temperature PL spectrum of ZnO:Eu®* annealed at 500-700 °C measured at 244 nm
excitation wavelength.

From figure 6-15, the decrease in intensity of both the near-band-edge emission and deep level
defects emission at 372 nm and 536 nm respectively while increasing emission of the °Do - 'F,

transition at 613 nm confirm the energy transfer from ZnO to Eu®* ions [38-40].

272



IRefer'ence
——at 500 °C

at 700 °C L
—— at 900 °C

- 5Do'7Fz

_ Shifting NBE

Deep level
defect emission
5Do'7|:0
5|)0_7|:1

Intensity (arb. units)

I ! I ! I ! I !
400 500 600 700 800
Wavelength (nm)

Figure 6-16: Room temperature PL spectrum of ZnO:Eu’* annealed at 500-700 °C using 244 nm excitation
wavelength.

From figure 6-16, sharp peaks are observed upon annealing at 900 °C at 576 nm, 594 nm, 613 nm,
651 nm, 703 nm that correspond to the intrinsic 4f — 4f transitions of Eu®" in the ZnO host. The
resulting intrinsic 4f — 4f transitions of Eu®* were assigned to °Do - "Fo, °Do - 'F1, °Do - 'F2, °Do -
"F3, and °Dy - "F4 transitions of Eu* ions, respectively [34, 41, 42]. The peak situated at 613 nm is
observed to be stronger which is a clear indication that the Eu®* ions are located at the inversion
anti-symmetric sites of the ZnO host [34]. According to the Judd—Ofelt theory, the magnetic dipole
transition is permitted. However, the electric dipole transition is only permitted when the Eu®* ion
occupies a non-inversion center site and the intensity is significantly affected by the symmetry in

local environments [43]. If the Eu®* ions occupied an inversion symmetry site in the crystal lattice,
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the magnetic transition °Do - ’F1 (around 594 nm) would be the dominant transition. However the
dominance of the °Dy - ’F, transition points to an electric dipole transition. The ratio of intensity
(°Do- “F2)/(°Do - "F1) may be used to establish the degree of distortion from the inversion symmetry
of the Eu** ion local environment 69]. A lower symmetry around Eu** ion is known to yield a large
value of the intensity ratio, this value is also referred to as the asymmetric factor or asymmetric
ratio [44]. The high intensity of the red peak at 613 nm, due to the °Do-F, transition upon annealing
at 900 °C is a confirmation of the fact that the Eu®* emission is parity forbidden and observed only
when the lattice environment is distorted and has non-inversion symmetry [43]. Because this is a
forced electric-dipole transition, this transition is hypersensitive to the annealing temperature. Eu®*
ions are known to likely to occupy two sites that is the inner and surface lattice sites of the ZnO
materials [40, 45, 46]. Theoretically, the Eu** ions are incorporated into the inner lattice site of the
ZnO, or Eu®* ions are at the substitutional Zn site with Cay, symmetry, the J=0, J=1 transition
would split into two crystal-field levels (J=0_, D=0, J=0_, F=1), however from figure 6-16,
there are five peaks at °Do-'Fj, an indication that the Eu®* ions have been incorporated into a lower

symmetry site than Csy [47].

6.6. Application of ZnO:Eu3* thin layer into Dye sensitized solar cells
6.6.1. Fabrication procedure.

The application of ZnO:Eu®* thin to dye sensitized solar cell was done using the following
procedure:

Cleaned FTO was used as an electrode onto which ZnO and Eu doped ZnO were deposited and
the films were subsequently annealed at 350 °C for 30 min. Heat treatment was performed to
improve the electrical contact between the film and the adsorbing dye molecules. The thickness
and the active area of the film used as active area was approximated to 150 nm and 0.25 cm?,
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respectively. For sensitization, the ZnO films were quickly immersed in a dye solution (3.0 x 10~
M mixture of the ruthenizer 535-bisTBA (N-719) in methanol) then left to dry for 12h at room
temperature. The counter electrode was composed of a thin of layer of Pt (50 nm) sputter coated
on a clean FTO substrate.

The electrode with ZnO thin film photoanode was placed face up on a flat surface, and the counter
electrode placed on top of it. These two opposing glass plates were offset from one another so that
the entire photoanode was covered by the counter electrode. The redox electrolyte solution (I7/137),
composed of 0.6 M methylhexylimidazolium iodide, 0.1 M iodine, 0.5 M tert-butylpyridine, and
0.1 M lithium iodide in 3-methoxypropionitrile, was placed at the edges of the plates, and the
liquid was drawn into the space between the electrodes via capillary action. An epoxy adhesive
was utilized to hold/seal the electrodes together and the results of the I-V characteristics were

obtained as shown in figure 6-17.
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Figure 6-17 J-V characteristics curves of pristine and Eu** doped ZnO used in dye sensitized solar as a
photoanode.

6.6.2. Results and discussion.

The DSSC with Eu doped ZnO yielded a PCE of 0.56 % (Jsc = 2.28 mA cm 2, Voc = 0.59 mV and
FF = 42.3 %), while the DSSC with pristine ZnO without Eu produced a PCE of 0.52 % (Jsc =
2.07 mA cm2, Voc = 0.57 V, FF = 43.6 %) indicating 7.7 % efficiency enhancement which could
be attributed to spectral conversion by the Eu doped ZnO. The values are relatively low and could

be as a result of exposure of the materials to air.
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6.7. Conclusion
Polycrystalline ZnO:Tb®* thin films were deposited on Si, quartz and 1TO coated glass substrate

by RF magnetron sputtering technique. The films showed excellent transparency and conductivity
required for solar cell applications. X-ray diffraction (XRD), atomic force microscope (AFM) and
the Photoluminescence (PL) were employed to analyze the influence of the post-deposition
annealing treatment on the structural properties of the ZnO:Tb®* thin films. The films showed an
increasing roughness and grain size of ZnO:Tb** with annealing temperature between 600-900 °C
and a shift of the diffraction peak position. As a proof of concept, hybrid OPV devices based on
P3HT:PCBM blend were fabricated. Incorporation of ZnO and ZnO:Tb®* thin films showed an
increase in absorption within 300-400 nm wavelength range. The high absorption when ZnO: Tb%*
was used to show that the films can be effectively used as a buffer layer and down-conversion
layer with enhancement of OPV device performance.

Down conversion has been applied to minimize thermalization losses in photovoltaic devices. In
this work, Terbium doped ZnO (ZnO:Tb*") thin films were deposited on ITO coated glass, quartz
and silicon substrate using RF magnetron sputtering technique fitted with a high purity (99.99%)
Th® doped ZnO target (97% ZnO, 3% Tb) for use in organic solar cell as a bi-functional layer. A
systematic study on the film crystallization dynamics is carried out through elevated temperature
annealing in Ar ambient. The films were characterized using grazing incidence (XRD), Rutherford
backscattering spectrometry (RBS), Atomic force microscopy, UV-Visible transmittance,
Photoluminescence measurements using an excitation wavelength of 244 nm.

The tunability of the size and bandgap of ZnO:Tb%* nanocrystals with annealing has exhibited

quantum confinement effects which enable the control of emission characteristics in ZnO:Th3*.

The energy transfer of ZnO — Tb%* (5D3— 7F5) is also observed from the photoluminescence
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(PL) spectra. At an inter-band resonance excitation of around 300—400 nm, a typical emission band
from the Tb** is obtained. The ZnO:Tb** grown on ITO coated glass were then used as a bi-
functional layer in an organic solar cell based on P3HT:PCBM blend as an active layer in an
inverted device structure. The energy transfer through down conversion between ZnO and Tb®*
leads to enhanced absorption in P3HT:PCBM in the 300-400 nm range, and subsequently
augments the Jsc of Th®" based device by 17 %.

Eu-doped ZnO thin films were also deposited using RF sputtering and the role of annealing on the
modification of red photoluminescence was studied. From the PL spectra analysis, there is a
correlation between the annealing temperature and the characteristics of the red
photoluminescence, which suggests that the intrinsic defects can assist efficient energy transfer
from the ZnO host to the Eu®* ions. Five peaks in the region of °D0 - 'F; were observed, which
indicate that the Eu®" is located in the surface lattice sites of the ZnO materials. The DSSC with
Eu doped ZnO vyielded a PCE of 0.56 % compared to 0.52 % obtained from DSSC with pristine
ZnO without Eu produced indicating 7.7 % efficiency enhancement which could be attributed to

spectral conversion by the Eu doped ZnO.
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Chapter 7: Implantation of Sm* ions into ZnO matrix for spectral
conversion.

7.1. Introduction

Zinc oxide (ZnO) thin film has emerged as a promising candidate for transparent electronic device
applications such as bottom electrode layer in solar cells, ultraviolet laser emission, photodetectors,
piezoelectricity and biosensors [1]. The widespread application has been prompted by its wide
direct band gap (3.3 eV), a large exciton binding energy of ~60 meV at room temperature [2-4].
These excellent properties enable its application as a light-emitter due to its efficient excitonic
emission at room temperature. In addition, ZnO is also a well-known green light-emitting phosphor
when excited at wavelengths below 385 nm [5]. Energy absorption occurs due to the interband
transition by valence electrons to the conduction band. Recombination usually occurs close to or
in the electronic defects [6]. Such defects are usually dependent on the morphology, structure,
particle size, composition and crystallinity of ZnO [7].

Doping of ZnO nanostructures with selective elements has been explored to tune its opto-electrical
properties [3] through band gap engineering [8]. Among the promising materials for incorporation
to the active layer in electroluminescent materials are rare earth ions [9] which provide
intermediate emission pathways through electronic transitions to the associated energy levels. The
addition of the Rare earth can be accomplished by either ion implantation in a doping process or
via physical vapor deposition technique. Hence there is need to investigate suitable doping element
that enables efficient excitation of RE ions through energy transfer between the host
semiconductors and the RE ions.

The 4f levels of triply charged rare-earth ions have a wide range of applications such as lasers,

phosphors and luminophors [10]. The use of electron impact to excite ions when incorporated into
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a semiconducting matrix has attracted much interest because of these numerous applications owing
to the stability of the semiconducting oxides. However, the doping has had its own share of
challenges such as the low saturated concentration of rare earth ions in ZnO lattice due to the
following reasons:

o the large differences in ionic size, the ionic radii of most rare earth elements are larger

than those of Zn?*
e mismatch in the charge state as the rare earth used carry mainly the 3+ charge state
o the inappropriate energy level position of rare earth ion relative to the valence band and
conduction band of ZnO host [11].

There is still need to evaluate the composition, structure and optical properties of ZnO thin films
after RE addition. Additionally the choice of the RE atom and its crystalline environment in these
doped metal oxides must satisfy the optimum requirements for the diverse photonic applications.
Herein, we report the structural and optical behavior of Sm*-doped ZnO thin films for potential
application as a bi-functional smart window layer in solar cells. These films were grown by RF
magnetron sputtering on (001) Si substrates and subsequently annealed in Ar filled furnace at 700
°C at a ramping rate of 10 °C/minute. The ZnO films were subsequently implanted with Sm* ions
using a Varian 200-20A2F ion implanter located at iThemba LABS (Gauteng) operated at an
energy of 80 keV with different fluences of ~1-10x10'° ions/cm? in order to yield ion concentration
as tabulated in Figure 7-2. The concentration of the Sm* was calculated from Stopping and Range
of lons in Matter (SRIM) computer software and confirmed by Rutherford backscattering
spectroscopy. The morphology and structure of Sm* implanted ZnO films were investigated and

correlated to their corresponding optical properties.
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7.2. Experimental procedure
ZnO disk (99.99% purity) targets of diameter 76 mm and thickness 6 mm sourced from

Semiconductor Wafer, Inc. (SWI) have been used for thin film deposition. The Si wafer (001)
substrate were also purchased from Semiconductor Wafer, Inc. (SWI). The Sm* ions were
produced from a cut piece of a Sm,03 sputter target (99.99% purity, sourced from SWI) and
extracted as incident ions for implantation into pristine ZnO thin film through selection of the
corresponding charge to mass ratio.

A Varian 200-20A2F ion implanter located at iThemba LABS (Gauteng), Johannesburg, was used
for the implantation experiments. All implants were done at room temperature at high vacuum
using Sm, ions at energy of 80 keV at different fluence ranging from ~10%*-10% jons/cm?. The
Sm* ions were obtained from a chip of Sm20s sputter target. Stopping and Range of lons in
Matter (SRIM) programme was first used before ion implantation to project distribution profiles
of the Sm* in ZnO matrix. This showed an estimated projected range of = 20 nm and an average
Sm™ ion concentration of 2.37% as shown in Figure 7-1.

The film morphologies and structural analyses were characterized using Veeco Di-3100 atomic
force microscopy (AFM) in tapping mode. Grazing incidence Xx-ray diffraction (XRD)
measurements were taken using AXS Bruker D8 Discover, with the generator set at 40kVand 40
mA to produce a highly collimated and high resolution8.0 keV Cu Ka radiation after projecting
the beam through the Gobbel Mirror and 004 Ge crystal as monochromator. The GIXRD
measurements were performed in the Seeman-Bohlin geometry at a low scanning rate of
1.2 /minute and fixed incident angle of 1°.

Photoluminescence 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. Rutherford backscattering spectrometry (RBS) measurements were
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performed to determine the thickness and distribution profiles of Sm™ ions in the ZnO matrix at
room temperature using 4He" particles of energy 1.6 MeV at a backscattering angle of 165° (IBM
geometry). The beam current was kept between 10 and 15 nA during measurements and the
implantation was carried out of the channeling direction of ZnO on Si substrate hence restricting

the implantation to required damage depth.
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Figure 7-1: SRIM profile illustrating the estimated ion distribution with penetration depth for Sm+ ions of
energy 80 keV.

7.2. Stopping and Range of lons in Matter (SRIM) calculation
7.2.1. Introduction to SRIM and analysis of Sm based implantations in ZnO

SRIM is a software package used to investigate the Stopping and Range of lons in Matter. It has
been continuously upgraded since its introduction in 1985 [12]. As at 2010, it had received more
than 700 scientific citations on average annually [13]. This tremendous increase makes SRIM an

extremely popular program in the radiation effects on materials community. SRIM is based on a
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Monte Carlo simulation method, namely the binary collision approximation with a random
selection of the impact parameter of the next colliding ion. It is capable of producing quick
calculations of tabulated data for the stopping powers, range and straggling distributions of any
ion at any energy (in the range 10 eV-2 GeV) and in any elemental target [14]. Additionally SRIM
calculates the backscattered and sputtered particle distribution functions resulting from positive
atomic - ion bombardment of any amorphous surface. When energetic ions bombard a solid
surface, the target material’s surface is eroded by the cascade of collisions. This erosion rate is
quantified as the sputter yield, and it is defined as the average number of atoms leaving the surface
of a solid per incident ion / particle. It has been shown that the penetration depth can be expressed

in terms of parameters characterizing the target material and the incoming ion energy [15].

From these SRIM calculations, it is observed that the implant depth is localized to depths just
below the surface (at the sub-surface) and as the energy increases the implanted region is buried
more into the sub-surface regions of the substrate. The depth distribution also depends on the ion
mass, with the lighter ions penetrating more below the surface than the heavier ones at the same

energies.

7.3 Results and discussion.
7.3.1 Morphology Studies using Atomic force microscopy

Figure 7-2 shows the surface topography of ZnO layer before and after Sm* implantation

characterized by the Veeco Di3100 AFM in tapping mode.
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Figure 7-2: Tapping mode AFM images of ZnO and ZnO:Sm* thin films.

The roughness, rms of the pristine ZnO film surface was 5.29 nm with an average grain size of
22.4 nm. Upon ion implantation of Sm* at a fluence of 2 x 10*®ions/cm?, the rms increases to 17.5
nm with an average grain size of 61.1 nm. The increase in the surface roughness is attributed to
the competition between ad atom diffusion/mobility and energy dissipation on the film. As the
implanted dose of Sm increases, the surface roughness increases steadily as a result of formation
of microvoid structures or amorphization of the surface [17]. Statistical analysis of the film is as

shown in table 7-1.
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Table 7-1: Summary of tapping mode AFM analysis with varied fluence

Samarium
fluence Ra Rrms Skewness Grain height
(ions/cm?) (nm) (nm) (Rsk) (nm)
0 3.92 5.29 1.454 22.4
2 x 101° 13.9 17.5 0.253 61.1
4 x 10%° 20.7 25.8 0.308 70.9
6 x 10*° 21.9 27.8 0.463 84.5
8 x 10% 26.7 33.3 0.304 87.0
10 x 10%° 20.8 26.2 0.752 62.7

During the early stages of ion implantation process, the rms roughness increases from 5.29 nm for
the virgin sample to 33.3 nm after implanting with a fluence of 8 x 10 ions/cm?2. However, at a
fluence of 10 x 10™ ions/cm? , the roughness decreases to about 26.2 nm. During low fluences,
the coarsening of the particless makes the surface to become rougher whereas when the
fragmentation and inverse-coarsening of the particles occurs at 10 x 10 jons/cm?, a slight
smoothening in the surface is observed [18]. According to Paramanik, Dipak, et al., smoothening
of surface beyond certain fluence may be associated with partial amorphization or localized
melting on the surface. At high fluences, there is an increase in the density of electronic excitations
hence the covalent bonds in the lattice weaken or get broken leading to relaxation causing the
surface amorphization [19, 20] or reduced strain in the film [21].

It is also worth noting that the grains sizes appear larger than average particle size estimated using
Debye-Sherrer relation on XRD Bragg reflexes which gave a particle size of 22.4 nm for the virgin
ZnO and 61.1 nm for the ZnO implanted with Sm* at a fluence of 2 x 10'®ions/cm?. As the fluence

increased there is coarsening and the particles appear larger as seen from their increasing grain
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height. At a fluence of 10 x 10%° jons/cm? there is a decrease in grain height suggesting that the
inverse ripening occurs as a result of the fragmentation of particles [18].

Even though this indicates the polycrystalline nature of the ZnO films, the differences in the grain
size are attributed to the nature of the GIXRD diffraction experiment which provides particle size
measurement along the in plane direction. However it can also be postulated that majority of the
Sm* implants occupy interstitial sites that are slightly displaced from the substitutional Zn site,
with a (nearly) isotropic root mean square (rms) displacement of the order of 0.10-0.25 A [22, 23]
while the remainder of the ions are assumed to reside on a low symmetry sites with a more
disordered surrounding. These could be the cause of increase in roughness. The roughness however
reduces with annealing, an indication of better on-site incorporation of the RE upon annealing.
The film thickness of the virgin ZnO was estimated at 152 + 5 nm using a surface profilometer.
The particles are generally smooth and well separated with a regular spherical shape covering the

overall surfaces with a high packing density of the films.
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7.3.2. Scanning Electron Microscopy (SEM).
Figure 7-3 presents the SEM images of the undoped ZnO and Sm* implanted ZnO thin films.

. s 5

ZnO-Sm 6e15 ZnO-Sm 8e15 ZnO-Sm 1e16

Figure 7-3: SEM micrographs of the undoped ZnO Sm* - doped ZnO films implanted at different fluences.

One may note that all the thin films exhibit lateral homogeneity consistent with uniformly
distributed particles across the substrate. The film thickness of the virgin ZnO was estimated at
152 + 5 nm using a surface profilometer. The particles are generally smooth and well separated
with a regular spherical shape covering the overall surfaces with a high packing density of the
films.

The elemental compositions of the films were qualitatively determined using Energy-dispersive
X-ray spectroscopy measurements as shown in figure 7-4. The EDS showed that pristine ZnO
films had no impurity only until after the implantation of Sm. The presence of Sm upon

implantation is marked as Re in the EDS spectrum. From this figure the peak convolution of the
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Re and the elemental constituent in the EDS setup makes it difficult to distinguish the X-ray singnal
due to rare earth ions from the constituent elements in the ZnO film. This is expected due to the
limited resolution of the Si (Li) detector used in these measurements. We therefore studied the
films using Rutherford Backscattering Spectroscopy measurements and the results of the

measurements are discussed in the following section.

(a)

Spectrum 1
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Figure 7-4: EDS of ZnO thin film before and after Sm ion implantation
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7.3.3 Rutherford Backscattering Spectroscopy measurements

A RBS spectrum of virgin ZnO and Sm* - doped ZnO thin film at a fluence of 2 x 10° ions/cm?
on Si substrate is shown in Fig.7-5. Each experimental spectrum could well be reproduced together
with a computer simulation using the XRump code shown in Figure 7-5. The structures in the RBS
spectrum around channel 180, 260, 410 and 480 are attributed to the non-Rutherford scattering
cross-section from O, Si, Zn and Sm respectively and the surface energy positions in channels of

the elements have been shown using arrows.
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Figure 7-5: RBS spectrum of an 154 nm Sm implanted ZnO layer on Si showing experimental data at a
fluence of 2 x 10%° ions/cm?. Inset is a zoom plot of channel range 450-500.

Figure 7-5 shows RBS spectrum (raw data) of the as-deposited ZnO and Sm*-implanted ZnO films
on Si substrate with the constituent atoms at different energy channels to confirm the composition

depth profile and thickness of the deposited films. The measured RBS has been simulated using
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the XRUMP software to establish the composition profile throughout the films as shown in Figure
7-6. The simulated spectra yield an average thickness of the films 154 + 2 nm in agreement with
the thickness measurement by the surface profilometer (152 nm).

The presence of Sm™ ions in the films is quite evident and the global atomic concentrations of the
different species contained in the film can be deduced. From the XRump simulation for Sm* doped
ZnO shown in Figure 7-6, stoichiometry of the matrix of 49.3, 48.3 and 2.37 % for Zn, O and Sm,

respectively was derived.
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Figure 7-6: RBS spectrum of an 154 nm Sm implanted ZnO layer on Si showing experimental data and
computer simulation using XRump code.
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Figure 7-6 shows the raw data RBS spectrum of ZnO implanted with varying Sm fluence. The
concentration of the Sm ions is seen to steadily increase with fluence as predicted from the SRIM

simulation in table 7-2.

Table 7-2: Simulated Sm concentration using varied fluences.

Samarium Mean Max. Average
fluence depth concentration %  concentration
(ions/cm?) (nm) %
1012 2001 g12x10%  389x107*
104 2001 612x102  389x1072
2><1015 20.01 1.22 0.77
3)(1015 20.01 1.84 1.17
4><1015 20.01 2.45 1.55
5><1015 20.01 3.06 1.94
6><1015 20.01 3.67 2.33
8><1015 20.01 4.90 3.11
1><1016 20.01 6.12 3.89
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Figure 7-7: RBS spectra of Sm implanted ZnO layer at different fluences at energy of 80 keV. Inset is a zoom
plot of channel range 450-500.

Figure 7-7 shows RBS spectra profile for Sm implanted ZnO thin film at varied fluences. The Sm
profile was found to be almost Gaussian in shape with a maximum depth around 20 nm. This is in

agreement with the projected range calculated for 80 keVV Sm in ZnO using the SRIM simulation.

The simulated spectrum shown in Figure 7-6 for the 2><1015 ions/cm? implantation was generated
by assuming a three layer structure with the Sm concentration in the layers progressively
decreasing; viz. layer | with width 11 nm, layer 1l width 19 nm and layer 11l with width 124. The
atomic surfaces were determined to be in channels: Zn = 401, Sm = 461, Si = 287, O = 180. The
normalized yield is observed to gradually increase for all fluences, an indication that the implanted
Sm ions were quite below saturation point.
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7.3.4. Grazing incidence XRD measurements.

Figure 7-10 shows the Grazing incidence X-ray diffraction patterns of ZnO thin films deposited
by RF sputtering at room temperature and post-annealed at 700 °C for 2 hours at a ramping rate of

10 °C/min and Sm*-doped ZnO.
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Figure 7-8: GIXRD patterns of pristine-, unannealed Sm implanted- - and annealed Sm implanted ZnO thin
films. The dose used for Sm implantation is ions/cm?.

The diffraction pattern of the pristine ZnO films confirms their polycrystalline nature with a
preferentially c-axis-oriented for the wurtzite structure. All the peaks have been indexed to the
JCP2 card number 003-0888 corresponding to wurtzite structure of space group P63mc and lattice
constants, a = 3.2489A and ¢ = 5.2062A. The first three peaks are (100), (002) and (101). The
diffraction pattern of the Sm* implanted ZnO thin film (red) in figure 7-9 depicts the shift in the
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peak positions of the strongest peaks and preferential orientation (103) associated with texture.
The peak positions of the ZnO (100) and (002) planes shift to a lower angle side, indicating an
increment in both the c-axis and a-axis lattice constants. Since the ionic radius of the Sm* ions
(0.096 nm) is larger than that of Zn?* (0.074 nm), implantation of Sm* ions into ZnO lattice leads
to an increase in the lattice constants hence the diffraction peaks shifting toward a lower diffraction
angle. However the prevalence of tensile macro stresses in the lattice cannot be ruled out. The
evidence of texture is further supported by the suppression in the intensity of the (002) peak in
Sm*-doped ZnO patterns and this could possibly indicate preferred formations of crystallographic
planes with higher surface energy due to the substitution of Zn site with mismatched Sm* ions

[24].
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7.3.5. Raman Spectroscopy
Figure 7-9 shows the Raman spectra for pristine ZnO annealed at 700 °C and Sm* implanted ZnO

thin films.
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Figure 7-9: Raman spectra of RF sputtered ZnO films grown on Si (100), as grown and after ion implantation
with Sm* to form ZnO:Sm".

The room temperature Raman spectra of ZnO and Sm*-doped ZnO thin films at a wavenumber of
200 to 800 cm™ are shown in Figure 7-9. The Al and E1 modes are polar phonons which split into
transverse optical (TO) and longitudinal optical (LO) phonons. The nonpolar E> modes have two
frequencies, namely, E, (low) and E: (high) which corresponds to the Zn and O sublattice
vibrations, respectively [25, 26, 27]. In our case since the measurement was carried out between

200 to 800 cm™ only the E2 (high) was observed for both undoped ZnO (at 435.3 cm™) and Sm*-

doped ZnO at (431.3 cm™) using a fluence of 2x10% ions/cm?. This E2 (high) mode is known to
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be sensitive to the stress within ZnO nanostructures [28]. This peak also appears broader (FWHM
value is 14.2 cm™*for illustration) upon implantation with Sm*ions compared to FWHM value of
13.44 cm for the undoped ZnO. The red shift may be attributed to the local lattice softening
caused by the incorporation of highly mismatched (charge state imbalance and mass) Sm* into Zn
antisites. Softening of the lattice is caused by the large sized Sm™ ion sitting in a strongly
electronegative environment as a result of the negatively charged surrounding oxygen ions [29,
30]. Since Zn has four nearest oxygen atoms neighbors, the mode softening for the E> (high) mode
is most likely.

The intensity of the E> (high) mode denotes the crystallization of ZnO crystal structure [31], hence
Sm*-doped ZnO thin films is obviously having lower intensity compared to that of ZnO, revealing
the restrained degree of crystallization along the c-axis. The possible emergence of the fiber texture
along the (103) reflex in the implanted films could also lead to the suppression in the intensity of
the Raman mode. The band at 580 cm™ is usually defect related and is assigned to E1(LO) mode
and its presence in both films indicates the presence of oxygen vacancies or oxygen interstitials

[24].

7.3.6. Photoluminescence studies

The photoluminescence properties of the ZnO and Sm*-doped ZnO films are examined using room
temperature photoluminescence (PL) spectroscopy fitted with an excitation source at 224 nm.
Figure 7-10 shows explicitly distinct emissions UV emission (378.8 nm for pure ZnO thin films
and 379.7 nm for Sm*- doped ZnO) resulting from the free excitons recombination through an
exciton-exciton collision process corresponding to the near-band edge (NBE) exciton emission of

the wide band gap ZnO [32, 33]. The red-shift in the NBE emission upon implanting Sm* into
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ZnO could possibly indicate the narrowing of the band gap due to increased dopant states near the
bottom of the conduction band [14] or the prevalence of vibronic states that act as exciton

recombination pathways. The films were annealed before ion implantation but not after.
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Figure 7-10: Room temperature PL spectra of the ZnO and Sm*-doped ZnO thin films both of average
thickness of 152 nm.

The broad green emission band range in the vicinity of 560 nm is associated with the various deep-
level defects, such as zinc interstitial (Zni), oxygen interstitial (Oi), zinc vacancy (Vzn), 0xygen
vacancy (Vo), or single-ionized oxygen vacancies in ZnO [34]. In addition there are yellow-orange
induced from the recombination of a photogenerated hole with an electron that belongs to a singly
ionized defect, such as oxygen vacancy or oxygen interstitial. Upon doping with Sm* the possible

substitution of Zn?* site with low concentration Sm* may enhance lattice distortion to compensate
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for the charge imbalance and increase in the amounts of defects such as oxygen vacancies and
oxygen interstitials leading to enhancement of the intensity of green, yellow and orange emission.

These increased defects however led to the suppressing of the excitonic emission resulting in

decrease of the near band edge emission intensity as the fluence increased beyond 6><1015 ions/cm?.
Figure 7-11 shows a schematic diagram of the energy level the ZnO:Sm* thin films. It seems that

there is concentration based quenching for large fluences especially for the NBE emission,
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Figure 7-11: schematic of the energy level diagram of the ZnO:Sm* thin films.

Previous studies have been reported on PL properties of Sm* in ZnO polycrystalline pellets and
their dependence on microstructure [11, 35, 36]. They reported that Sm™ photoluminescence were
only observed under the direct excitation or on impact excitation by hot electrons. However no

energy transfer from ZnO to Sm™ ions was observed. Moreover, Tsuji, Takahiro, et al [9] have
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posited that the Sm™ PL properties may depend on extrinsic effects since the ZnO:Sm*
polycrystalline samples contain several grain boundaries and defects which usually act as non-
radiative centers. In our study, we noted an additional shoulder at 427 nm and peaks at 435 and
544 nm which could be attributed to *Gs,—°F; (J = 11/2, 9/2, 7/2, 5/2) transition of Sm* ions. This
indicates the contribution of the energy transfer from ZnO to Sm™ since the ZnO:Sm™ thin films
are high-quality c-axis oriented thin films. There is also an enhancement of oscillatory excitations
in the range of 600-750 nm, an indication of increase in defect levels as a result of Sm™ ion

implantation below the quenching limit which seems to kick in at an implantation fluence of

1x10'8 ions/cm2.

7.4. Conclusion
The effects of implantation of Samarium ions (Sm™) on the properties of ZnO films grown on Si

(001) substrate by RF sputtering system are presented. The films showed uniformly distributed
homogeneous grains, an indication of the high packing density of the films. X-ray diffraction
(XRD), atomic force microscope (AFM) and the Photoluminescence (PL) were employed to
analyze the influence of the Sm™ ions implantation into the ZnO matrix. The structural properties
of undoped and Sm*- doped ZnO thin films were investigated by Atomic force microscopy,
Scanning Electron microscopy, Grazing incidence XRD and Raman scattering studies. Local
lattice softening caused by the incorporation of highly mismatched Sm* (ionic radius 0.096 nm)
into Zn antisites was detected as a red shift in E2 (high) mode and reduction in the crystallinity of
the ZnO film. Photoluminescence on the pristine ZnO film has shown a strong near band gap
(NBE) emission and an intrinsic defect related blue, green-orange emission. The NBE first

increases after implantation of Sm* then suppressed while the blue, green — orange emission
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intensities are enhanced as a result of increased structural defects with mismatched charge states.
Moreover an additional shoulder at 427 nm and peaks at 435 and 544 nm are observed after ion
implantation and they are most likely associated with the excitonic energy transfer from the host
ZnO to the Sm* ions (*Gs—°F; (J = 11/2, 9/2, 7/2, 5/2). The elucidation of the excitation lines due
to energy transfer between ZnO and Sm* can be illustrated from room temperature PL
measurements under reduced non radiative effects. The fluence was varied and the RBS data was
in agreement with the projected range calculated for 80 keV Sm in ZnO using the SRIM simulation

—a Monte Carlo simulation based on the binary collision approximation.
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Chapter 8: Conclusion and future work

8.1. Conclusion

The aim of this project was to study the effect of Al and rare earth doping on the structural and
spectroscopic properties of wide band gap oxide (ZnO) thin films.

The choice of the Terbium, Europium and Samarium dopant for such oxides to develop photon
frequency downshifter materials necessitates foremost careful investigations to understand the
effects of doping on the properties of the ZnO matrix. This led us to conduct a wide
characterization of the properties of the undoped and doped ZnO films. The access to numerous
and complementary analysis techniques was of fundamental importance for this study and allowed
to establish the understanding basis of the structural and spectroscopic changes occurring in in
ZnO0.

We first carried out several variations of growth parameters in the RF sputtering technique such
as deposition time, RF power and use of varied Oxygen pressure (0-15 sccm) introduced into the
chamber while the Argon flow was kept at 13 sccm. The films were then subjected to ex-situ
annealing in an Argon filled furnace at a temperature range of 500-1000 °C. Through XRD
analysis, we have shown that the as-deposited thin films are highly textured with dominant (002)
peak line of the hexagonal ZnO wurtzite phase. Upon annealing the ZnO thin films experienced
an increase in the crystallite size. We have correlated these results to an increase of the crystallinity,
which induces microvoids reduction. The effect of Al doping of the ZnO thereafter revealed the
use of dopant our higher ionic radius, AI** (0.053 nm) compared to Zn®* (0.074 nm) led to
substitution of Zn?* with A" resulting into compression of the lattice hence a decrease in the
lattice parameters as observed in chapter 5. There quality of films were observed to increase from

the evident increase in XRD intensity with annealing temperature up to a temperature of 900 °C
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while the full wavelength at half maxima (FWHM) reduced. Beyond 900 °C, the films showed
cracks from the SEM measurements.

The RF sputtered ZnO was successfully used as a buffer layer in a Perovskite solar cell, in this
type of device ZnO functions as an electron transport layer for an device architecture of the form
ITO/ZnO/CH3NH3PbIs/P3HT/Au. The device characteristics have been extracted from the J-V
curves thus giving a Jsc = 2.89 HA cm 2, Voc = 5.28 mV and FF = 23.3 % as a proof of concept.
The device low FF could be attributed to the morphological changes in ZnO due to the acidic
character of the perovskites upon exposure to standard conditions. It was a great challenge
obtaining a working solar cell device with the limited facility and lack of glove box measurements.
The use of ZnO as host material for potential application in optoelectronic devices such as solar
cells was also investigated. Due to its wide bandgap of 3.37 eV and a strong exciton binding energy
of 60 meV, ZnO is considered a suitable host material for doping with rare earth ions. The doping
process either during growth or through ion implantation was extensively studied with a view to
modify the electronic structures of ZnO material to achieve new or improved physicochemical,
electronic and optical properties. The optical properties of rare earth ion doped ZnO were found
to depend on many factors such as dopant concentration, host structure and also on the preparation
parameters and ex-situ annealing. The dopants can segregate as a separate phase on the surface of
ZnO film or or either find occupancy in substitutional or interstitial sites or both. This will be
highlighted in the subsequent paragraphs.

Th*" doped ZnO was fabricated through RF sputtering of ZnO (97%): Tb (3%) (99.99% purity)
target before ex-situ annealing in Argon filled furnace. All samples show the defect related
emission with a major green emission peak at 543 nm and a few oscillations attributed to the

emissions of Th®". These occurred at 492, 543, 595, 624, 543 and 563 nm. These peaks represented
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the °Ds—"Fs, °Da—"Fs, °Da—"F, °Dsa—"F3, °Ds—'Fs and °D3s—"F4 transitions of Tb%*, respectively. The
excitations were assigned to direct excitation of the Th3* through the f — d transitions. The
undoped and Th®" doped ZnO thin films were then incorporated into organic solar cell with device
structure  1TO/ZnO:Th**/P3HT:PCBM/PEDOT:PSS/Al.  From the UV-Vis absorption
measurement there was an increased absorption in the ultraviolet region from 300 — 400 nm with
the introduction of ZnO thin film as a bi-functional layer before P3HT:PCBM blend. The optical
properties of the Tb doped ZnO demonstrate increased absorption upon doping with Th** and it
leads to an increase in the number of photo-generated carriers after conversion of photons from
the UV region into photons in the visible region.. This down-conversion process altered the UV
properties of the solar cell under the solar emission spectrum enabling absorption of photons in
the UV range and re-emitting light at a longer wavelength in visible region, where the organic
solar cell has a considerably better response leading to enhanced short circuit current density, Jsc
from 4.11 to 4.82 mA cm 2,

ZnO:Eu®* thin films were also grown using a similar process. The PL spectra contain peaks related
to intrinsic defects in ZnO and those attributed to the transition in Eu®" ions. The
photoluminescence emission spectra of the films showed five intense band emissions at 576 nm,
594 nm, 613 nm, 651 nm, 703 nm that correspond to the intrinsic 4f — 4f transitions of Eu®* in
the ZnO host. The resulting intrinsic 4f — 4f transitions of Eu®* were assigned to °Do - “Fo, °Do -
"F1, °Do - "F2, °Do - 'Fs3, and °Dg - "F4 transitions of Eu®" ions, respectively when excited with
244 nm wavelength. The decrease in intensity of both the near-band-edge emission and deep level
defects emission at 372 nm and 536 nm respectively while increasing emission of the °Dq - F2

transition at 613 nm was a confirmation of the energy transfer from ZnO to Eu®* ions.
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The films were then used to fabricate dye sensitized solar cells where it was used as a bi-functional
layer for both transparent light absorption and spectral conversion layer.

ZnO was also implanted with Sm* ions where the NBE peak appeared to first increase then
suppressed upon implantation of Sm*™ while the blue, green — orange emission intensities were
enhanced as a result of increased structural defects with mismatched charge states. Moreover an
additional shoulder at 427 nm and peaks at 435 and 544 nm were seen upon ion implantation and
were attributed to excitonic energy transfer from the host ZnO to the Sm* ions (*Gs;>—°F; (J = 11/2,
9/2, 712, 5/2). The elucidation of the excitation lines due to energy transfer between ZnO and Sm*
were illustrated using room temperature PL measurements under reduced non radiative effects.
The ion implantation fluence was varied and the experimental data was in agreement with the
projected range calculated for 80 keVV Sm in ZnO using the SRIM simulation — a Monte Carlo

simulation based on the binary collision approximation.

8.2. Future work
Although the thin films were tested on perovskites, organic and dye sensitized solar cell, the

efficiencies were still low. However these are not the upper limits possible. The efficiencies of the
materials studied can be further improved. The used of rare earth doped AZnO can also be
explored such that better electrical properties is coupled with better matching spectral absorption
window.

Another aspect that requires further investigation is to determine doping mechanisms of
polycrystalline ZnO involving (a) deposition of isolated islets on the surface, (b) spread of the
dopants on the surface and within grain boundaries, (c) filling of grain boundaries leading to
limited diffusion profile, (d) limited bulk transport leading to the formation of a concentration

gradient, and (e) homogeneous distribution of the dopants within the film.
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The energy transfer was reported from the reduced NBE and point defect emission in ZnO as well
the emission lines attributed to the dopant rare earth. However precise energy transfer may be
carried out using time-resolved photoluminescence studies. There is also need to study the incident

photon-to-current efficiency (IPCE) spectra as a proof of enhancement from spectral conversion.
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Appendix

Thermal evaporation process
Thermal evaporation of electrodes for the devices was carried out using thermal evaporator shown

in figure 8-1. The chamber was first pumped using a rotary roughing pump then diffusion pump

to a pressure of 2><10_":> mbar before Au evaporation with a voltage of 80-100 V across the
tungsten ‘boat’ containing Au pellets. The thickness of the films deposited was monitored using

quartz crystal monitor before verifying using a surface profilometer and RBS measurements.

Figure S-1: Picture of thermal evaporator during Au thin films deposition in Wits.
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Figure S-2: Picture of the FEI Nova Nanolab 600 SEM measurement facility in Wits.
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