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Abstract

Organic solar cells show a remarkable combination of rapid improvement in performance and low
cost which has led to much attention as a potential renewable energy competitor to traditional
silicon cells. When metal oxides such as ZnO are introduced to these devices either as stand-alone
electron transport layers or mixed with the active layer to facilitate electron transport,
improvements in the performance arises through enhanced exciton dissociation and improved
charge transport capabilities. In this study, to further improve the intrinsic properties of ZnO,
magnesium and gallium dopants were incorporated into ZnO and their effects on the structure,

particle morphology, optical and photoluminescence properties were analyzed.

Nanoparticles of ZnO were successfully synthesized using the sol-gel technique and then annealed
at 500°C in a furnace. X-ray diffraction of the nanoparticles matched the peak positions of the
samples to the hexagonal wurtzite structure of ZnO as indexed using ICSD card no. 180052. SEM
and TEM have shown that the particle morphology comprises of rod-like structures which
agglomerated to form nanoflowers. However, the Mg doped ZnO exhibited a deviant agglomerated
nanosphere morphology. Energy Dispersive Spectroscopy revealed the weight percentages of the
individual atoms in the nanoparticle and EDS mapping showing a non-homogeneous atomic
composition distribution over the nanoparticles independent of their morphology. Raman
spectroscopy measurements corroborated the structural phase identified by XRD having exhibited
the vibrational modes associated with a wurtzite phase of ZnO. Nanoparticles sizes were found to
increase upon annealing from room temperature to 500°C while the band gap decreased as the

annealing temperature was increased from room temperature to 500°C.

Optical studies by diffuse reflectance confirmed band gap energies in the range of 3.11 — 3.18 eV
for the annealed samples. An overall decrease in the band gap energies was observed upon
annealing the samples from room temperature to 500°C and was attributed to the increase in
crystallinity as observed from the sharpening of the X-ray diffraction peaks. Photoluminescence
studies displayed both the characteristic near band emission (NBE) and broad band emission
(yellow emission) from ZnO. The de-convoluted peaks of the broad emission band were associated

with defect transitions such as zinc vacancies and oxygen interstitials.
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At room temperature ZnO is diamagnetic as seen from the magnetic moment dependence on the
applied field where the magnetic susceptibility is negative and can be estimated to have a magnetic
permeability slightly less than 1. Temperature dependence of the induced moment in the presence
of a magnetic field (20000 Oe) was evaluated. It was evident that upon annealing at higher
temperature co-doped ZnO behaves like a diamagnetic material up to very low temperatures for
which the incidence of super paramagnetism becomes apparent. This was seen when the
experiment was repeated at a higher field, 2T, in which transition temperature shifted to higher
values (4K).

The ZnO nanoparticles were then incorporated into organic solar cell as a constituent of the
electron affinity layer as an acceptor. This was done by adding the nanoparticles to the active layer
blend of P3HT:PCBM in the ratio 1:1 dissolved in chlorobenzene. In this way, the role of ZnO
nanoparticles was to help in the electron extraction from the donor in the photoactive layer of the
solar cell devices. The devices were then annealed to allow for interconnected network to form
percolated layers. Raman spectroscopy analysis on the fabricated devices showed all modes
associated with P3HT and micrographs depicted the distribution of nanoparticles over the surface
of the devices. Absorption measurements gave spectra that were characterized by a broad
absorption peak ranging from 438 — 570 nm with a maximum at 513 nm. A large decrease in the
power conversion efficiencies was observed upon the introduction of the nanoparticles into the
active layer blend. This drop can be attributed to the nanoparticles causing cracks probably due to
differing particle sizes and non-homogeneous distribution which form alternative pathways for
current to flow through the device, and they can also affect the contact between the active layer

and the top aluminium electrode.
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Chapter 1

1.1. Introduction

In one way or the other, all energy sources have some negative impact on our environment.
However, fossil fuels such as oil, coal and other non-renewable sources of energy do substantially
more harm than renewable energy sources. Among other things, the harmful effects include water
pollution, air contamination, disturbances to wildlife and habitat loss, not excluding public health,
land use, and global warming emissions. Whenever the topic of climate change comes up,
renewable sources of energy usually top the list of changes the world can implement to mediate
the worst effects of rising temperatures. That is because renewable energy sources such as wind
and solar do not emit directly the greenhouse gases that contribute to global warming effects [1].
Figure 1.1 shows a chart of projected annual installations of new power sources in gigawatts. From
the figure it is clear that there is an increase in renewable energy installations while fossil fuel

sources such as coal or gas become increasingly rare.

GW
400 .
: = Marine
350 Solar thermal
: Small-scale PV
300 - Solar PV
: ¥ Offshore wind
20 Wind
200 =
“ Biomass
150 ® Geothermal
" Hydro
100 - " Nuclear
Qil
50
" Gas
0 ® Coal
2006 2010 2015 2020 2025 2030

Figure 1.1. Chart showing annual global installations of new power sources in gigawatts; over time, new energy
supplies will come from renewable sources like solar panels and wind turbines (by BloombergNEF [1]).

The maturing sector of renewable/clean energy is capable of creating jobs, reducing dependence

of power from grids therefore minimizing chances of load shedding, and improving remote energy
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access in African countries. Additionally, the flexibility as standalone technologies can mitigate
the rising energy costs and energy bills at remote areas. A study carried out by the International
Renewable Energy Agency (IRENA) suggests energy demand of up to 610 GW by 2030 with the
southern part of Africa largely relying on distributed solar photovoltaic (PV) systems. This is
depicted in the chart in figure 1.2 below [2]. For the past century, mankind has relied heavily on
non-renewable sources to power everything from light bulbs to factories[3]. Fossil fuels play a
crucial part in nearly all our energy demands and, as a result, the greenhouse gases emitted from
the burning of those fuels have risen to historically new levels. Heat that would otherwise escape
to outer space as a result of these gases is trapped in the atmosphere causing the average

temperature on the surface of the earth to rise by up to 1.1°C by the year 2100[4].

Biomass @ Hydro Solar PV csp Wind @ Geothermal @ Small Hydro @ Dist. salar PV

N Moeth Africa

D 2013
L

B 203 :
I M| 2030

W west africa

W 2o :
I 2030

IC Contral Africa

_— s :
I W 2050

E) East Africa

— 20

8 southom Africa

Source: IRENA

Figure 1.2. Projected Renewable energy demand distribution across Africa in 2013 and by 2030.[2]

In an effort to reduce the effect of these climate changes by replacing non-renewable sources with
renewable sources, the photovoltaic industry have made huge advancements in the past decade to
improve the performance of renewable energy devices. In particular, organic photovoltaic cells
(OPVs) have attracted a great deal of attention as possible alternatives to their inorganic
counterparts (Silicon and Cadmium Telluride) [5] based solar cells. Figure 1.3 depicts the National
Renewable Energy Laboratory (NREL) solar efficiencies as of August 2019. The diagram shows
that between 2000 and 2020 the efficiency of organic solar cells has increased considerably from

~4 to ~17%.
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Figure 1.3 The NREL solar efficiency chart from August 2019. Emerging PV technologies which include
organic solar cells are highlighted and enlarged [6].

Bulk heterojunction based OPVs are photovoltaic devices that use two electronically dissimilar
conductive organic polymers or small organic molecules for light absorption, exciton generation
and charge transport to produce electricity [7]. Currently, the reported solar conversion efficiency
of this generation of PV cell is >16% [8]. The high solar conversion efficiency is attributed to
recent research on new acceptor molecules that are non-fullerene based. Additionally, the
incorporation of a third organic polymer to form a ternary bulk heterojunction has reportedly
attracted intensive research interests since the third component increases the overlap of the
absorption with solar emission spectrum [9]. Despite these enormous efforts towards low cost
solution-processable organic based PV devices, their performance parameters such as efficiency
and lifetime are significantly lower when compared to the commercially viable inorganic
photovoltaics in which the reported efficiencies of the conventional silicon solar cells are in the
range of 15 - 40%[10]. To date, there are three types of OPVs, which are single layer, bilayer and
the bulk heterojunction (BHJ) OPV devices, with the BHJ being the most efficient of the three.
Therefore, only the BHJ is discussed in this study.

The basic architecture of the BHJ solar cell is shown in Figure 1.4. It comprises of a cathode,

electron transport layer (ETL), active layer (electron donor and acceptor layer), hole transport layer
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(HTL) and the anode. The active layer is the main component of the device where photo-excitation
occurs, and the electrodes connect the cell to the outer circuit where there is a load[11]. The
electron transport and hole transport layers improve the ohmic contact with electrodes as well as
modifying the work function of the electrodes[12]. Since their discovery in the mid 1990°s, BHJ
solar cell, in which a mixture of polymer acceptor (e.g. P3HT) and fullerene (e.g. PCBM) is
inserted as the active layer, has generated research interest worldwide due to continually

demonstrating relatively high power conversion efficiencies (PCEs).

Figure 1.4 Structure of a Bulk Heterojunction Solar Cell

To improve the efficiencies of OPVs, various parameters can be investigated, these include but are
not limited to, device geometry, particle morphology of metal oxide electron transporting layer
inserted between the top electrode and photoactive layer and the sequence of thermal annealing
[10]. In particular, the electron transport layer (ETL), has been manipulated in various ways in an
attempt to improve their PCE by improving electron mobility to the cathode and also by protecting
the active layer from photo-degradations such as those caused by oxygen and moisture penetrating
through the device from the top electrode [13]. Doped metal oxides used as electron transport
layers have previously shown improved device performance relative to their un-doped counterparts
[14]. Interest has recently been shown in fabricating hybrid devices where the metal oxide used as
the electron transport layer is blended together with the active layer components in an attempt to
facilitate electron transport. This leads to chances of having reduced exciton recombination and

shorter diffusion lengths for improved charge transport. This study focused on zinc oxide (ZnO),
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a metal oxide semiconductor used in OPV as electron transport layer. The idea is to enhance the
fundamental properties of ZnO through doping with magnesium (Mg) and gallium (Ga) and
blending together with the active layer materials in order to enhance the efficiencies of BHJ
organic solar cells. We expect the Mg/Ga doped ZnO nanoparticles to improve the electron

accepting capability from the donor molecule of the photoactive layer.

1.2. Motivation of this project/study

Although the photoactive layer in OPV devices represents the major component and thus attracts
a lot of attention due to its potential in improving the PCEs, other device layers such as the buffer
layers (ETL and HTL) between the active layer and electrodes play a key role in the determination
of the overall performance of the devices. These interface layers may, apart from enhancing the
device performance, also help improve the overall stability of the devices [15]. Among the many
ETL materials such as PbO and TiO2, ZnO has shown great superiority due to its relatively high
electron mobility, among other things. The n-type ZnO with its high electron mobility (200
cm?/Vs) and a wide band gap (3.37 eV) allows for absorption of shorter wavelengths of the
electromagnetic spectrum [16]. Furthermore, the electron acceptor molecule of the photoactive
layer must have higher electron affinity and electron extraction capability. A comprehensive
review of the structure and optical properties of ZnO has been reported by M. Kahouli et al [17].
Preference of ZnO over other wide band gap semiconductors as either electron transport layer or

electron acceptor may include merits such as:

I.  Transparent and highly conducting oxides — a property which is useful in applications such
as transparent conducting electrode in photovoltaic cells;
Il.  Non-toxicity and availability in abundance — implying friendliness to the environment and
cost effective production.
I1l.  High resistance to the hydrogen plasma that is often used in the preparation of silicon based
photovoltaic devices.
IV.  High electron mobility

V.  Absorption of UV photons that could otherwise cause photo-oxidation and degradation.
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The ability to tune its electrical conductivity and optical absorption through tailoring the bandgap
and adding impurities through simple doping methods further stamps on the nobility of this metal
oxide [18].

When doped with group Il and 111 elements such as magnesium (Mg) and Gallium (Ga), the optical
and electrical properties of ZnO can be enhanced [19]. When doped with magnesium, the band
gap of ZnO can be altered therefore allowing the semiconductor to be used in a variety of
applications including solar cells, displays and light emitting diodes [20]. Also, due to the
comparable size of the ionic radius of Mg?* (0.57A) and that of Zn?* (0.6 A), the inclusion of Mg
in the lattice of ZnO does not cause significant distortion [20]. When Ga®* is doped into ZnO, the
Fermi level of ZnO increases making the injection of electrons to metallic electrode easier thus
improving the electrical properties of ZnO [21]. The lengths of the covalent bonds of Ga-O and
Zn-O are similar at 1.92 and 1.97A respectively, and because the electronegativity’s of Zn and Ga
ions are close, it is expected that they form Ga—doped ZnO phase which brings about crystal
defects [22]. Also, Ga®" with ionic radius of 0.62A is still comparable to that of Zn?*and again no
significant distortion of the lattice.

1.3. Statement of the problem

Lately, the design and development of electron acceptors in OPV devices is an important factor in
improving the power conversion efficiency of the devices. While some researchers have resorted
to non-fullerene molecules as electron acceptors due to low cost, optoelectronic tunability, and
high thermal and chemical stability, the electron accepting capability of traditional fullerene
molecules can be improved by blending with inorganic metal oxide nanoparticles such ZnQO. This
project set out to improve the power conversion and hence the general performance of the BHJ
OPV devices by blending the P3HT:PBCM active layer with Mg-Ga co-doped ZnO nanoparticles.
We expect the Ma-Ga doped ZnO to improve electron withdrawal from the polymer (P3HT) donor
molecule, and also to improve the stability and reduce photo-degradation [23]. The BHJ OPVs
of this nature hold a promise for higher efficiencies due to improved interface morphology of the
active layer [24], among other things, and improved charge separation and transport. The choice
of ZnO in these devices was based on the fact that it has got relatively high electron mobility and

strongly absorbs photons in the UV which may cause photo-oxidation and degradation.
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1.4. Research Aim
To investigate the structure, and physical properties of solution processed magnesium/ gallium
doped zinc oxide nanoparticles and their effect as electron absorber on the PCE of BHJ OPV

cells.

1.5. Research Aim
e To synthesize Mg/Ga doped ZnO nanoparticles using the sol-gel process.
e To examine the structure, particle morphology, optical, magnetic and luminescent
properties of the Mg/Ga doped ZnO nanoparticles
e To evaluate the effect of the Mg/Ga ZnO nanoparticles when incorporated into the
active layer of the BHJ OPV devices.

1.6. Thesis Layout
Chapter 2:

The literature review on organic photovoltaic cells working principles. It also highlights the
theory of fundamental principles of ZnO and the role magnesium and gallium doping play in the

improvement of its physical properties.

Chapter 3:

The chapter presents a theory behind the characterization techniques used in the study.
Chapter 4:

Reports the structure, particle morphological and optical properties of Mg/Ga doped ZnO
synthesized by sol-gel method.

Chapter 5:

Discusses findings from magnetic measurements of pristine and co-doped ZnO

Chapter 6:

Discusses the device fabrication, characterization and current-voltage characteristics of organic

solar cells incorporating ZnO nanoparticles.

Chapter 7:

Presents Conclusions and future work.
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Chapter 2 - Literature Review

2.1. Introduction

To meet the emerging need for sustainable energy, the production in large scales of cheap and easy
to process solar cells is of utmost importance. This has necessitated the rapid development of
carbon-based semiconductors (small molecules and conjugated polymers) for use in what is today
known as organic photovoltaic cells (OPVs) for generation of clean and inexhaustible energy.
These materials are characterized by efficient light absorption and other fundamental properties
that can be tuned through chemical synthesis. Furthermore, the fabrication of the carbon-based

photovoltaics is almost entirely solution processable [1] and therefore cost-effective.

There has been significant progress in organic photovoltaics in the past three decades. OPVs have
numerous advantages such as high-throughput roll-to-roll solution processing, non-toxicity and
potential to be an affordable technology which can compete with current photovoltaic technologies
[2]. They are light in weight, can be fabricated on flexible plastic substrates [3], can be transparent
or color-tunable, which makes them ideal integrated components for a wide variety of applications
[4]. Although power conversion efficiencies (PCE) of more than 11% have been reported, a
significant work needs to be done in order to translate lab-scale developments to the industrial
scale [3]. Several strategies are being adopted in an attempt to attain higher PCEs such as,
controlling the morphology of the active layer, implementing new device architectures, employing
interfacial layers that serve as electron transport layers (ETL) and/or hole transport layer (HTL),
fabricating hybrid devices by blending active layer and electron transport layer materials and

synthesizing new donor and accepter materials.

2.2. Working Principle of Organic Solar Cells

Generally, the working principle of OPVs involves four fundamental steps; (i) absorption of
photons to generate Frenkel excitons, (ii) diffusion and dissociation of the excitons at the donor
-acceptor interface, (iii) charge transport and (iv) charge collection [2]. In bulk-heterojunction
OPV, where the active layer is a blend of donor and acceptor materials, the incoming sunlight is

absorbed by the electron donating material (donor), which in most cases is a conjugated polymer.

Page |28



Photons excite electrons from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of the donor material. Since the dielectric constant of
OPV’s is small, the excitation is mostly governed by Frenkel excitons with life-times in the range
of nanoseconds [5]. Therefore, there should be an offset between the donor LUMO and the
acceptor LUMO in the range of 0.1 — 1.4 eV [6] which is the driving force for effective exciton
dissociation. The exciton then diffuses to the donor-acceptor interface where it dissociates to free
charge carriers due to a potential energy gradient. The free charge carriers are then transported to
their respective electrodes via bi-continuous interpenetrating pathways. These steps are illustrated

in figure 2.1.
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Figure 2.1. Working principle in Organic Heterojunction Solar Cells[4]

2.3. Architecture of Bulk Heterojunction Devices

Since the inception of OPVs, several materials and structures have been used in their design and
fabrication in order to improve their stability and efficiency, and hence their general performance.
When constructing a working Bulk Heterojunction (BHJ) solar cell, the photoactive layer
commonly consisting of a blend of polymer and conjugate carbon derivate is the most important
component of the BHJ solar cell. According to latest design, the standard BHJ OPV conventional
geometry is comprised of an indium tin oxide (ITO) pre-coated glass substrate, a hole transport
layer (usually PEDOT:PSS), the active layer (usually can be a blend of P3BHT:PCBM), an electron
transport layer (e.g. ZnO or TiO2) and the top electrode (usually Ag or Al) [7]. In the inverted
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geometry, an electron transport layer follows the ITO (cathode) which is then followed
successively by the active layer, hole blocking layer, and either gold (Au, 5.1 eV) or silver (Ag,
5.0 eV) that serves as an anode in the top electrode. A conjugated polymer, PEDOT:PSS is
commonly used for the hole blocking layer and TiO2/ZnO for the electron transport layer. Figure
2.2 below depicts the (a) conventional and (b) inverted geometry of the BHJ OPV. The inverted
OPV has been studied by several groups, owing to their compatibility with roll-to-roll processing
on a large scale, avoiding costly vacuum deposition techniques required for the conventional

geometry.

.\ - 2 : PEDOT:PSS

PIHT:PCBM —_P3HTPCBM
PEDOT:PSS - g ZnO
110 o

Figure 2.2. (a) conventional geometry, (b) Inverted geometry[7]

Furthermore, the use of TiO2/ZnO as ETL has been reported by numerous researchers. H. Kim et
al [8] reported improved performance of P3HT-PBCM BHJ solar cell device when TiO>
nanoparticles were used as ETL between the photoactive layer and the top electrode. L. Qian et al
[9] reported 30-80% PCE improvement in PH3T-CdSe based hybrid solar cell devices when ZnO
nanoparticles were inserted as the ETL. O.M.Ntwaeaborwa et al. [10] and P.S. Mbule et al. [11]
recorded 60% increase in the PCE of P3HT-PBCM based BHJ solar cell when ZnO nanoflakes
were used as ETL. Although considerable increase in the PCE of BHJ solar cell devices
incorporating ZnO ETL has been reported, the PCE values obtained are still lower than 20 - 40%
PCE of the conventional silicon photovoltaic cells, which are relatively expensive. The presence
of intrinsic defects such as zinc/oxygen interstitials, and zin/oxygen vacancies impacted negatively
on optical properties of ZnO. These defects inhibit excitons dissociation at the photoactive
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layer/ZnO interface, serve as recombination centre, and also the low valence energy level
unfavourable for the hole blocking capabilities of the ZnO ETL [12]. Furthermore, ZnO
nanoparticles have been added to a blend of P3HT:PBCM photoactive layer to improve the activy
of the electron absorbing molecule. Some researchers have proposed doping ZnO with transition
elements in order to balance charge transfer and improve exciton dissociation. In this study, we
co-doped ZnO with magnesium (Mg) and gallium (Ga) and we evaluated the physical properties
of the co-doped system. We evaluated the performance of this system when added to the
P3HT:PBCM layers as electron acceptor in BHJ solar cell devices. In the next section, we

discussed the fundamental properties of undoped and doped ZnO.

2.4. Zinc Oxide (ZnO)

2.4.1. Structure and Physical Properties
ZnO is a group 11-VI compound semiconductor with an ionicity that resides in the border line

between ionic and covalent semiconductors [13]. It exists in three polymorphs, namely, wurtzite,
zinc blende, and rocksalt as shown in figure 2.3. The thermodynamically stable phase under
ambient conditions is the wurtzite structure. The rock salt structure is a high pressure phase while
the zinc blende phase is stabilized only by growing on cubic substrates [11]. We discuss only the

wurtzite structure.

(a) (b) (¢)

The schematic representation of atom and their occupancy in the conventional unit cell is depicted

in figure 2.4 (a) and b). From the figure 2.3 (a), it is clear that every atom of each kind is surrounded
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by four (4) of the other kind, which are located at the edges of a tetrahedron. The wurtzite structure
of ZnO is made of two interpenetrating hexagonal close packed (hcp) sub-lattices with anion (O)
and cation (Zn). The hexagonal unit cell corresponding to the wurtzite structure consists of two
lattice parameters a and c of ratio c/a :\/% = 1.633. It belongs to space group P6zmc in the

Hermann-Mauguin notation and C¢, in the Schoenflies notation[14].

C=5207A

Figure 2.4. A schematic representation of wutzite ZnO. (a) Tetrahedral coordination of ZnO neighboring atoms
(b) hexagonal lattice. [15]

The structure is made of two interpenetrating hexagonal closed-packed (hcp) each consisting of
one type of atom that is displaced with respect to the other type of atom along the threefold c-axis
by the amount u = 3/8 = 0.375 in fractional coordinates with the ABAB stacking sequence. The
lattice parameters of the wurtzite structure are characterized by a = b varying between 3.2475 A
and 3.2501 A, while the lattice constant ¢ varies between 5.2042 A and 5.2075 A. Ozgiir and
Morkoc have reported that in the actual ZnO crystals, a deviation is seen from the atomic
arrangements in the ideal wurtzite structure, and is observed by changes in the ratios c/a which
yield 1.602 which is close to that of 1.633 of the ideal hcp unit cell [16]. The deviation is likely
caused by factors which include stability, ionicity, internal or external strain introduced by
impurities as well as intrinsic point defects such as zinc antisites and oxygen vacancies may also
contribute to increased lattice constants. Lattice constants of crystalline materials are measured by
x-ray diffraction (XRD) which is discussed in chapter 3. A summary of the physical properties of

ZnO is presented in table 2.1.
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Table 2.1. Important physical properties of ZnO

Physical Parameter

Value

Lattice parameters in nm at 300K

cla

0.32495
0.52069
1.6024
0.380

Density (g/cm?3)

5.606

Stable phase

Hexagonal, Wurtzite

Melting point (°C)

1975

Thermal conductivity (W /K.cm) 06-1.2

Linear expansion coefficient (/°C) a:6.5x107°
c:3.0x107°

Static dielectric constant 8.656

Refractive index (4= 0.5um) 2.008 —2.029

Energy band gap (eV) 3.3714, direct

Exciton binding energy (meV) 60

Electron effective mass (m,) 0.24

Electron hall mobility (cm?/Vs) 200

Hole effective mass (m,) 0.59

Hole hall mobility (cm?2/Vs) 5-50

2.4.2. Electronic Band Structure and Optical Properties

The electronic band structure plays an important role in correlating the optical and electronic

properties of a material. In ZnO, the conduction band (CB) minimum and the maximum of the
valence band (VB) are found in the same wave vector (E) in the Brillouin zone. In this case the

wave vector value, E(0,0,0), is zero (also referred to as the I" point in figure 2.5) [17]. This is the
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reason why ZnQO is known as a direct band gap semiconductor. The band gap can be tuned by the
intentional addition of impurities to the semiconductor matrix, a process known as doping [18].
Changes which occur in the band gap of ZnO due to doping can be analyzed by comparing the
luminescence properties before and after doping and by studying the optical spectroscopy at low

temperature.

(a) (b 10 AN /

A LM I A H K I’

Figure 2.5. The wurtzite structure of ZnO with the lattice parameters a and ¢ shown in (a), and the band
structure of ZnO calculated using the HSE hybrid functional in (b) [19]

Luminescence is the process which involves the absorption of energy that is subsequently emitted
as light. ZnO is one of the materials that exhibit this phenomenon, it emits energy in the form of
light when excited with radiation [20] whose energy is higher than that of the bandgap of the
material. The absorption of incident photon with energy higher than the threshold energy of ZnO
leads to energy transfer to an electron in the valence band which is excited to a higher energy state
(conduction band). By a series of processes this electron will start to de-excite to its ground state
(valence band). If light is given off during this de-excitation process, it is called ‘radiative
emission’ and if no light is emitted it is termed ‘non-radiative relaxation’ [21]. The excitation
source determines the type of luminescence that occurs. As an example, when a voltage is applied
as a source, the process is known as electroluminescence and when light is used, it is called
photoluminescence (PL). In this study PL spectroscopy was used to examine the optical properties
of ZnO. Through analysis of optical transitions, this characterization technique helps in identifying

defect levels and types of impurities in the materials as well as their respective emission properties.

Page |34



Photoluminescence studies have been useful in identifying emissions of ZnO. A typical
photoluminescence spectrum of ZnO at room temperature exhibits two luminescence bands as
shown in figure 2.6. The narrow band-edge emission located at the absorption edge in the short
wavelength band in ZnO [22] is associated with excitonic recombination, While the broad band
between 420 — 700 nm incorporates the broad wavelength band assigned to deep level emission

that results from native point defects such as Vzn, Oi, Znj and Vo . [23]

1400 - o
1200 - Band-edge emission |

1 ‘ - - - - l
1000 - Intrinsic defect emission -

400 -
200 -
“ = T T L T T T T T T T L
350 400 450 =10 1] 550 600 650

¥ avelength (nm)

Figure 2.6. Typical photoluminescence Spectrum of ZnO[21]

2.4.3. ZnO Intrinsic Defects

Intrinsic or native defects can be regarded as imperfections in the lattice which involve only the
constituent atoms [24]. These include:

e Interstitials, which are additional atoms that occupy interstices in the lattice.

e Vacancies, which signifies the absence of atoms at regular lattice sites.
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e Antisites, which are A (such as Zn) atoms occupying B (such as O) lattice sites or vice

versa for a binary compound.

Intrinsic defects within a crystal strongly affect their optical and electrical properties. Hence the
determine the luminescence efficiency, minority carrier lifetime and identity of the doping species
[25]. It is therefore of utmost importance to understand the behavior and incorporation of ZnO
point defects and their formation energies which depend on chemical potentials for a possible

application in semiconductor devices.

The exact energy positions and nature of defects in the ZnO band gap responsible for emission in
the broad band is not fully understood. It is however generally accepted that recombination of
radiative centers such as oxygen vacancies (Vo), Zinc vacancies (Vz), Oxygen interstitials (Oi),
Zinc interstitials (Zni), Oxygen antisites (Oz) and Zinc antisites (Zno) represent the origin of the
broad band emission of ZnO [23].

Oxygen Vacancies
Oxygen vacancies (Vo) were previously believed to be the cause of the n-type conductivity in ZnO

but theoretical calculations have shown that it is actually a deep double donor with a high formation
energy (3.5 eV) in an n-type ZnO. In the n-type state, the Fermi level lies near the bottom of the
conduction band, while the Vo is the neutral charge state positioned at ~1 eV below the conduction
band minimum (CBM). In the p-type ZnO, the formation energy can be much lower, it has a 2+

charge state qualifying it as a source of compensation in p-type ZnO [19].

Zinc Vacancies
Zinc vacancies (Vzn) are double acceptors and are regarded as important compensating defects in

n-type ZnO. Experimental results have shown that VVzn are responsible for “red” PL in the 1.6 —
1.8 eV range. Zinc vacancies are a result of n-type samples which are synthesized in oxygen-rich
environments [19]. They behave as compensating centers and occur in modest concentrations in
ZnO. In p-type materials, they are found in low concentrations and have high formation energies
(3.7 eV). In experiments, Vz, can be identified with a weak and broad green luminescence that is
centered around 2.4-2.5 eV [26].
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Oxygen Interstitials
Oxygen vacancies (Oi) occur as a result of excess oxygen atoms being accommodated in the ZnO

lattice. O; may occupy octahedral sites, tetrahedral interstitial site or create split interstitials. The
Oi is a deep double acceptor at the octahedral site [27]. At the tetrahedral interstitial site, due to
being unstable, relaxes into a split-interstitial arrangement sharing a lattice site with a
substitutional oxygen atom as a nearest neighbor.

Zinc Interstitials
Zinc interstitials (Zn;) are shallow double donor as suggested by numerous first principle

calculations [27]. They can be found in two occupancies in the hexagonal wurtzite structure of

ZnO, namely at:

e The octahedral interstitial site which is the channel that runs along the c axis equidistant
from 3 oxygen and 3 zinc atoms.
e The tetrahedral interstitial site where one oxygen and zinc are nearest neighbor atoms,

though this occupancy is usually unstable due to geometric constraints [28].

Zinc Antisites
The intrinsic defect in ZnO known as the zinc antisite (Zno) is formed whenever an oxygen atom

is substituted by a zinc atom in its lattice site. The formation energies of this defect are higher than
those of the Zn; and demonstrate high thermal stability. Janotti et al have suggested that the
diffusion mechanism can be separated into Vo and Zn; components [12]. These defects are
associated with zinc rich conditions with the condition for the endothermic reaction described by
the following equation at formation energy of ~2.8 eV. This leads to difficulty in annihilating Zno

compared to Zn;.

Zno®t > Zni?" + Vol ... (2.1
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Oxygen Antisite
The oxygen antisite (Ozn) defect occurs when an oxygen atom occupies a site in the zinc sub-

lattice. The formation energy of Oz, is the highest in all native point defects, even under oxygen
rich conditions. Oz, antisites are unstable deep acceptors that can potentially arise under non-
equilibrium conditions such as ion implantation or under irradiation. Figure 2.7 depicts the energy
level positions of intrinsic point defects in ZnO relative to the valence band maximum (VBM) and
conduction band minimum (CBM). The positive and negative integers represent the charged defect
state. Oxygen interstitials of the octahedral and split configuration are shown, with the split
configuration offering the most stable sites.

Figure 2.7. Schematic diagram of intrinsic point defects in ZnO [23]

2.5. Phonon modes in Wurtzite ZnO

The vibrational properties of ZnO enable understanding of the thermal and electronic properties
which may impede some of its applications [29]. The lattice vibrations of materials are described
by the corresponding phonon dispersion relations and can be used to determine the thermal
properties of ZnO [30]. As photons interact with electrons in the lattice, Raman scattering
measurements can be used to determine the vibrational structure and electronic properties of the

ZnO. Raman spectroscopy is discussed in more detail in chapter 3.
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At ambient temperature and pressure, ZnO crystallizes in the hexagonal wurtzite phase [14]. The
4 atoms that make up the hexagonal unit cell result in 12 phonon branches, 3 acoustic and 9 optical
phonons [29]. These are classified by the irreducible representation from group theory: I' =2A; +
2B1 + 2E; + 2E>. One Eq pair (E1 (TO) and E; (LO)) and one A1 mode are acoustic phonons. The
9 optical phonons arise from one doubly degenerate E; branch (Raman and IR active), one A
branch (Raman and IR active), two doubly degenerate E> branches (Raman active), and two
inactive B1 branches. There are therefore four Raman active phonon modes at the center of the

Brillouin zone [31].
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Figure 2.8. Un-polarized Raman spectrum of bulk ZnO, Jexc = 532nm. Raman active modes with the

corresponding vibrations of the ions are indicated. The red arrows specify the dominant ions displacements [32]

The Raman spectrum of ZnO displays six first-order peaks instead of the four active modes as
depicted in figure 2.8. Here, Russo et al. gives an un-polarized spectrum of bulk ZnO along with
atomic displacement sketches of the modes [30]. The two most prominent peaks at 99 cm™ and
437 cm™ are the E; low and E; high modes respectively. The E2 low mode is dominated by

vibrations of heavy Zn sub-lattice while the Ez is mostly vibrations from oxygen atoms. As atoms
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in each sub-lattice move perpendicular to the c-axis, the neighboring ions move in opposite
directions giving a net displacement of ions as zero and no net polarization. For this reason, these
two modes are known as non-polar modes. A; and Ez1 phonons, on the contrary, are polar modes
that are oxygen dominated. These atoms move perpendicular or parallel to the c-axis in the E1 and
A1 symmetry respectively. This happens in such a way that the net displacement induces an
oscillating polarization of the Zn sub-lattice with respect to the oxygen sub-lattice. This results in
a splitting of these modes into longitudinal optical and transverse optical components [33].
Therefore, the associated Raman peaks become four, i.e. A1(TO) at 380 cm, E1(TO) at 407 cm™,
A1(LO) at 574 cm™, E1(LO) at 583 cm, which account for the 6 detectable peaks together with

the two E2> modes. These are shown in table 2.2 below.

Table 2.2. Raman modes of ZnO and corresponding shift values [32]

S ymmetry F requency (c n1'1 )

A, -TO 378 — 380
E, -TO 409 - 413
A, -LO 574 - 579
E, -LO 583 — 591
E,"™" 99 — 101
E,"&" 437 - 438
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2.6. Doping of ZnO

Transparent conductive oxide materials such as ZnO have spurred widespread interest in the
research community due to a variety of promising applications such as flat panel displays, touch
screens and solar cells. ZnO also has applications as piezoelectric generators that convert
mechanical energy into electrical energy to power devices, incorporating Fe dopant has seen them
used as multiferroic materials in semiconductor spintronics and in gas sensors [34]. Pristine ZnO
is however, unfavorable in the previously mentioned applications because of its inferior electrical
properties such as low electron mobility [34]. To conquer this shortfall, it is frequently doped with
group Il and Il elements such as Magnesium, Cadmium, Aluminum and Gallium. We discuss only

on magnesium (Mg) and gallium (Ga) as dopants in ZnO.

2.6.1. Magnesium doping in ZnO

The addition of Mg in the ZnO lattice has been found to expand the optical band gap [35] of ZnO
thereby making the compound a transparent material active in the UV region [36]. Therefore, the
ability to tune the band gap makes ZnO a very appealing material for numerous applications [36].
The incorporation of Mg in ZnO is preferred for various reasons, which include; (i) the larger ionic
radius of Zn?* (0.74 A) is comparable to that of Mg?* (0.66 A) [37].

(if) Adding Mg into Zn lattice does not significantly change lattice constants.
(iii) The MgO solubility in ZnO is high [38].

(iv) Mg-doped ZnO has been reported to act as efficient photocatalysts in the degradation of

organic pollutants in the environment.

In addition, Alexander et al. also stated that addition of ZnMgO in organic solar cell devices as
an electron transport layer can improve the efficiency of the devices [39]. The continued addition
of Mg dopant to ZnO does however have negative impacts on the conductivity of the

semiconductor.
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2.6.2. Gallium doping in ZnO

Replacing Zn?* ions in ZnO by trivalent ions such as Ga®** can greatly improve the electrical
properties by increasing the carrier concentration and thus in turn reducing the electrical resistivity
of ZnO. Furthermore, Ga®** doping has been found to improve stability of ZnO for use in
applications such as solar cells [40]. Ga in n-type ZnO has been found to be an effective dopant
for the following reasons; (i) the ionic radius of Zn (0.74 A) and that of Ga (0.76 A) are almost
similar. (ii) The substitution of Zn?* with Ga®* provides an extra electron into the lattice [41]. (iii)
The bond length of Zn-O (1.97A) is comparable to that of Ga-O (1.92 A), therefore, the addition
of Ga®* can substitute Zn?* over a broad doping range as compared to other elements without
causing significant distortion to the ZnO lattice [42]. Gallium is also selected as a dopant in ZnO
because it offers better oxidation resistance which can be beneficial in improving OSC device

stability.

2.7. Photovoltaic parameters measurement

To characterize the performance of organic photovoltaic cells, the current density as a function of
voltage is measured under illumination of AM1.5G (100 mW/cm?) solar spectrum, where AM1.5G
refers to the mass of air light from the sun has to travel through, which is 1.5 times larger than the
light incident on the surface that faces the sun with zenith angle of 48.2° and a temperature of 25°C
[43]. This spectrum is shown in figure 2.9 below. The photovoltaic parameters that can be directly
measured are power maximum (Pmax), the open circuit voltage (Voc), the short-circuit current
density (Jsc), and the fill factor (FF), while the power conversion efficiency (1) is determined from

these parameters.
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Figure 2. 9. AM1.5G solar spectrum.

e Open circuit voltage (Vo)
The voltage that is obtained when no current flows through the circuit is known as the open
circuit voltage [44]. It depends on the photo-generated current density (Jon) and can be

determined using the equation:

Voc = %m (’]LO" +1)~ %m (’]LO") (2.2)

Where q is the elementary charge, kg is the Boltzmann constant, T is the temperature in

Kelvin, Jo is the saturation current density and Jph is the photon current density.

e Short circuit current density (Jsc)
The current that flows through the solar cell when no voltage is applied (V = 0) is known
as the short-circuit current density. This current arises from light generated charge carriers
[45]. It is dependent on the photon flux incident on the solar cell that is determined by the

spectrum of the incident light.
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e Maximum power point (Pmax)
The point on the J-V curve that maximizes the product Jmax X Vmax iS known as the
maximum power point (Pmax). At this point, the maximum electrical power is delivered to
the load at the level of irradiation. This point is depicted in blue shaded area in figure 2.10
below [45].

Current density

\—> Voltage

<— Jwr

|

Vur

Figure 2. 10. Current density—voltage (J-V) characteristic of a solar cell under illumination[46]

e Fill Factor
The ratio between the maximum power generated by the device (Jmax X Vmax) and the
product of Jsc and Voc is known as the fill factor (FF). The FF is calculated using the

equation:

FF = Jmax* Vimax — Pinax (23)
Tsc* Voc Tsc* Voc

e Power conversion efficiency (PCE, 1)
The ratio of the maximum output power (Pmax) to the input power (Pin) gives the power

conversion efficiency n of a solar cell, i.e.
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_ Jmax*Vmax _ Pmax
n = lmext Pmax P (2.9
Pin Pin

PCE relates to Voc and Jsc when the FF is used,

n= IZ—""F (2.5)
n

Parasitic Resistances

e Series Resistance (Rs)
Resistances that arise from the front surface contacts and the cell material’s resistance to
current flow are known as series resistances. These particularly cause problems at high
values of Jsc, such as under concentrated light [45]. This value is found by calculating the
inverse of the slope at Voc parallel to the y-axis in J-V curves, this is illustrated in figure
2.11.

e Shunt Resistance (Rsh)
Parallel or shunt resistance arises as a result of alternative pathways for current through the
solar cell device. These paths could be around the edges of the device, through cracks that
may form through the active layer and between the contacts of different polarities [45].
This value is obtained by calculating the inverse of the slope at Jsc parallel to the x-axis as
shown in figure 2.11
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Chapter 3 — Material Preparation and Experimental Techniques

3.1. Introduction

Powder samples of undoped,1 mol % Mg doped, 3 mol % Mg doped, 1mol % Ga doped, 3 mol%
Ga doped, 1 mol % Mg and 3 mol% Ga mol co-doped ZnO were used in this study. The samples
were annealed at 500 and 900°C. A sol-gel method was used to synthesize the samples as
illustrated in section 3.2. The crystal structure, chemical composition and particle morphology
were determined using X-ray diffraction, Raman spectroscopy, Energy dispersive spectroscopy,
Scanning electron microscopy and Transmission electron microscopy, respectively. The optical
and magnetic properties were determined using UV-visible spectrophotometry,
Photoluminescence spectroscopy and Physical Property Measurement System. The basic
principles of these characterization techniques are discussed in section 3.3.

3.2. Synthesis of Undoped and doped ZnO

From the ratio of grams to atomic mass units of Zinc, Magnesium, Gallium and Oxygen, the
number of moles was obtained. From the product of these number of moles and atomic mass units
of the precursors zinc acetate, magnesium acetate and gallium (I11) Nitrite hydrate set amounts in
grams of precursor could be measured on a balance. For example, for 3mol% doping of ZnO, 2.3
grams of zinc acetate and 0.054 grams of magnesium acetate were measured and dissolved in 10
milliliters of distilled water. 4 grams of sodium hydroxide pellets were then dissolved in 15
milliliters of distilled water in a separate beaker and the two mixtures added together while stirring
over a magnetic stirrer at room temperature until a clear mixture was obtained. Ethanol of 99.8%
purity was added drop wise using a burette to the clear mixture leading to the formation of a white
gel-like precipitate. This precipitate is then decanted into centrifuge tubes and centrifuged at 800
rpm for 5 minutes to separate the solute from the ethanoic solution. The solute was then washed 5
times with distilled water and then dried in an oven at 100°C overnight. The dry white solute is
then crushed into fine powder and taken for annealing at 500°C (for annealed samples) and then

characterization. The schematic of the sample preparation procedure is depicted in figure 3.1.
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3.3. Characterization Techniques

3.3.1. X-ray Diffraction
Powder X-ray diffraction (XRD) is a rapid, non-destructive analytical technique used to determine

the phase identity, preferred crystal orientations as well as other structural parameters such as
crystallinity, average grain size and micro-strain in ordered and disordered solids [2]. Crystalline
materials have regularly packed atoms which can be characterized by an inter-planar spacing, d,

as shown in figure 3.2 below.

Figure 3.2. Diffraction of x-rays by a crystal [3]

X-rays are used to probe crystalline materials because their wavelength is of the same order as the
d spacing between atoms [4]. The electrons in these atoms act therefore as scattering centers for
incident x-rays. Though most of the scattered rays interfere destructively, there are particular
angles of incidence that result in constructive interference which leads to diffraction patterns. This

diffraction only occurs if Bragg’s relation is satisfied:
2dsinf = nAi (3.1)

where n is an integer that defines the order of reflection, d is the plane spacing given by Miller
indices h, k and I, 4, wavelength of incident x-rays and 0, the Bragg angle. With regard to the ZnO
hexagonal structure, d is related to lattice parameters a, ¢ and Miller indices by the following

relation [5]:
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Using the first-order approximation [5], n =1

. A% T4 a
sin?0 = - [2(h? + hic+ K?) + (521] (3.3)

The lattice constant a, is calculated for the (100) plane by [5],

A
a= \/35in9(100) (34)
And for the (002) plane the lattice constant c is calculated as follows [5],
A
Sine(ooz) ( )

In order to obtain the crystallite size and the lattice strain, the Williamson-Hall method is used.
Williamson and Hall postulated that the broadening of the diffraction peak is due to the strain and
crystallite size contributions [6]. This method differentiates between the strain-induced and size-
induced peak broadening by taking peak width as a function of 20. Broadening in powders due to

strain caused by distortions and crystal imperfection was calculated using,

e= 2 (3.6)

4tanb

From the XRD peak width of (101) the average crystallite size values can be determined using the

Debye-Scherrer equation,

o (3.7)

- PcosO
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The overall peak broadening is given by the sum of the contributions of strain and that of crystallite

size in the material and can be represented as,

Bua = Bp + Be (3.8)

where £b represents the contribution of crystallite size, B¢ is strain-induced broadening and Bhi
is the instrument corrected broadening of the width at half maximum intensity. When assuming
the strain and particle size contributions to line broadening as being independent of each other, we

have the observed line breadth as a sum of equations (6) and (7),

A
Bhkl = D:OSG + 4&etanO (39)

Rearranging (9) we get,

ﬁhklcosehkl = %1 + 4£Sin9hkl (310)

Equation (10) is the Williamson-Hall equation, representing the uniform deformation model
(UDM). In this model the crystal is considered as being isotropic in nature and the direction in

which measurements are taken does not affect the properties.

The basic components of an X-ray diffractometer comprise of an X-ray source, a sample holder
and an X-ray detector are depicted. A cathode ray tube produces X-rays by heating a tungsten
filament which produces electrons [7]. The electrons are then accelerated towards the target by
applying a voltage thus bombarding the target material with electrons. When the electrons carry
enough energy to knock out inner shell electrons in the target, the characteristic X-ray spectrum is
produced. All the components of the diffractometer lie within the circumference of a circle,

commonly referred to as the focusing circle as depicted in figure 3.3 below.
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Figure 3.3. The geometry of an x-ray diffractometer [8]

In the Bragg — Brentano (8-20) geometry, the X—ray source is fixed while the detector and sample
sweep through angles in such a way that the 8-20 condition is maintained [9]. The most commonly
used source of X-rays is copper. However, cobalt, chromium and molybdenum are other sources

which can be used.

In this study, a Bruker D2 Phaser Benchtop diffractometer shown in figure 3.4 was used for
characterization of the powder samples which uses a CuKa source with the wavelength of 1.541
A This instrument uses X-ray powder diffraction in the Bragg-Brentano configuration to collect

high quality data [10].
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Figure 3.4. The Bruker D2 Phaser Benchtop Diffractometer

3.3.2. Raman Spectroscopy

Raman spectroscopy is a characterization technique used to determine the vibrational properties
of solids by measuring the frequency shift during inelastic scattering of light by phonons in a
sample. This occurs when a photon from light incident on the sample strikes a molecule in the
sample and produces either: A scattered photon having a lower frequency than the original photon,
a process known as Stokes Raman scattering or a higher frequency than the original photon
referred to as anti-Stokes Raman scattering [11]. In the latter, the photon acquires its energy from
the molecular bond when it already exists in an excited state. Generally, Raman spectroscopy
measures the energy shift of the outgoing photon. Chemical composition of the molecules
determines the shift in wavelength of the scattered light. The magnitude of the change in molecular

polarization is determined by the intensity in Raman scattering.

A Raman spectrometer has four basic components, a radiation source, filters, sample (Raman) tube

and spectrograph. A schematic diagram of the components is depicted in figure 3.5.

Radiation source

Due to the weak nature of Raman line, radiation of high intensity such as a laser is used. An
excitation frequency which is high enough but will not result in photodecomposition is required.
The mercury arc lamp was a preferable radiation source for meeting this requirement in the early
21" century. However, lasers are proving to be a more ideal radiation source and are quickly

replacing mercury arc lamps. Using Helium-ion laser sources have thus become very common.
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Argon-ion lasers are frequently employed when high intensity Raman lines are to be produced
[11].

Filters

When non-monochromatic incident radiation is used as a source, there would be overlapping
Raman shifts which would make interpreting the spectrum difficult. Therefore, using
monochromatic light is of the essence. Monochromatic radiation is obtained through the use of

filters. Common filters include quartz and nickel oxide.

Sample (Raman) Tube
Raman spectroscopy uses several different varieties of Raman tubes. Each with a size and shape

that depends on the incident radiation, available amount of sample and the nature of the sample.

Spectrograph

In Raman spectroscopy the spectrograph used has to have high gathering power. Therefore, prisms
of high resolving power as well as a short focus camera are used. The scattered radiation is directed
to the slit of the spectrograph using a lens and the Raman lines obtained on a photographic plate.
Although there are spectrographs that use photomultipliers or photographic emulsions, the
photographic method is preferred due to high sensitivity to the low intensity of Raman lines.

Radiation ,
#  Sample [———— Non-scattered
source | .
(transmitted)
radiation
= |= Focusing slit
Scattered radiation
/— Slit of spectrograph
L— Prism
Spectrograph —
Photographic plate

Figure 3.5. Schematic diagram of a Raman Spectrometer[11]
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3.3.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopy follows the same basic principle as that of an optical
microscope but instead of light it uses electrons [12]. Due to the shorter wavelength of electrons
as compared to those of light, the attainable resolutions for TEM are several orders of magnitude
higher than that of the optical microscope. Three essential systems make up the TEM; (i) An
electron gun, used for the production of the electron beam and a corresponding condenser system
whose role is to focus the beam onto the sample, (ii) a system for imaging consisting of an objective
lens, a movable specimen stage, a projector and intermediate lenses which focus the electrons that
pass through the specimen forming a highly magnified real image, and (iii) and image-recording
system used in converting the image from electrons into a form that can more easily be interpreted
by the eye. The image-recording system normally consists of a fluorescent screen to enable

focusing and viewing the image as well as a camera to capture permanent records. Different
components of the TEM are shown in figure 3.6.
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Figure 3.6 Transmission electron microscope[12]
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3.3.4. Scanning Electron Microscopy (SEM)

The scanning electron microscope is a useful instrument for the analysis and examination of
chemical composition characterizations and microstructure morphology at relatively high
magnifications in comparison to traditional optical microscopes[12]. Figure 3.7 depicts the
schematic diagram of a SEM system. The two basic components are (i) a microscope column and

(i) imaging controls.

The microscope column encloses the electron gun as well as lenses responsible for focusing the
beam of electrons onto the surface of the specimen along with a detector. Typical electron energies
used are in the 0.1 — 30 keV range. Two pairs of electromagnetic deflection coils comprise what
is called the scan coils, these sweep the electron beam across the specimen. One pair deflects the
beam off the optical axis while the other pair bends the electron beam back to the axis onto the
focal point. Thus the beam is allowed to move in such a way that it forms a ‘raster’ on the specimen,
which is viewed on the screen as it is generated. In this study a Zeiss GeminiSEM is used for

surface imaging, this is shown in figure 3.7 (b).

—

Control Console

Figure 3.7. (a) primary components of a scanning electron microscope. (b) Zeiss GeminiSEM: (i) —the microscope
column, (ii) — detector and (iii) — the screens with controls
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3.3.5. Energy-Dispersive X-ray Spectroscopy (EDS)

For the identification of materials and contaminants they may contain, along with estimations of
their relative concentration on the specimen’s surface, energy-dispersive X-ray spectroscopy is
used (EDS). Within SEM, the specimen is bombarded with a focused beam of electrons. The
collision of the electron beam with the electrons in the specimen’s atoms leads to their ejection
from their bound energy levels. The unoccupied inner energy levels (holes) resulting from the
electronic collision and ejection are subsequently occupied through electronic transitions from the
outer shell leading to x-ray emission [13]. The process of transition is governed by quantum
mechanical selection rules. The amount of energy in the x-rays being emitted from these transitions
can be used to directly identify the atom from which the x-ray was released. This measurement is

done during beam bombardment of the specimen.

atomic nucleus

kicked-out ..
electron - -

i sl e

P | .
radiation
energy

Figure 3.8. illustration of processes occurring during electronic excitation in EDS[14]

Each peak displayed in an EDS spectrum is unique fingerprint of an atom, this means each peak
represents an individual element. The peak height in a spectrum determines the concentration of
the element in the specimen. An EDS spectrum on top of identifying the element also gives the
type of X-ray to which it corresponds. An electron of the higher energy shells will drop down to

fill this vacancy and in doing so an x-ray photon is released with an energy equal to the difference
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between the two levels involved. An example considering L to K transition is illustrated in figure

3.8. The same principle being valid for other X-ray energies.

3.3.6. UV-Visible Spectrometry (UV-Vis)

Spectroscopy can be defined as the study of the quantized interaction of electromagnetic radiations
with matter. When the absorption of radiations in the visible and ultraviolet (UV) regions of the
electromagnetic spectrum are of interest, UV and visible spectroscopy is employed. The visible
region is in the 400 - 800 nm range while the UV region extends from 10 — 400nm in the
electromagnetic spectrum [11]. When electromagnetic radiation is absorbed in the visible and UV
regions electrons may move from lower valence band to higher energy conduction band. Because

electronic transitions are involved, it is sometimes called electronic spectroscopy.

A plot of wavelength versus absorption intensity in terms of molar extinction coefficient € or
optical density A (for solutions and solids respectively) as defined by Lambert-Beer law is then
retrieved from a UV-visible spectrophotometer. Lamberts law states that the ratio of incident
monochromatic radiation which a homogeneous medium absorbs is independent of intensity of
radiation. According to Beer’s law, the monochromatic radiation absorbed by a homogeneous
medium is proportional to the number of absorbing molecules. The Lambert-Beer law can be

expressed as follows,
Io
log T = A = ecl,

where | represents the intensity of the radiation which is transmitted, lo is the intensity of the
incident radiation, A the optical density, ¢ the molar extinction coefficient, ¢ the concentration and

| is the path length in centimeters.
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Figure 3.9. Schematic diagram of a UV-visible spectrophotometer

UV-visible spectrophotometers are usually double-beam instruments (for increased accuracy when
measuring the absorption of samples) consisting of a radiation source, detectors, monochromator,
recording system and amplifiers as depicted in figure 3.9. A hydrogen/ deuterium-discharge lamp
is used as a source in the UV region (100 - 400nm) and a tungsten-filament lamp which is used in
the visible region. A monochromator disperses the radiation from source to their separate
wavelengths. Detectors use photomultipliers tubes to generate voltages which are proportional to
the energy of radiation that strikes them. An amplifier then subtracts the absorption due to solvent
from that of solution electronically and the recorder automatically plots the wavelength of
absorbance radiation versus molar absorptivity & or the optical density A. Absorption and
reflectance spectra used in this study were taken using the Varian Cary 500 Uv-vis NIR
spectrophotometer with measurements taken between 200 and 800 nm. This is depicted in figure
3.10.
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Figure 3.10. Cary 500 UV-Vis NIR Spectrophotometer used in this study

3.3.7. Photoluminescence Spectroscopy

Photoluminescence spectroscopy (PL) is a non-destructive characterization technique whereby
photons of light stimulate the emission of a photon from a material [15]. Light is then directed
onto a sample and as photons from the incoming light are absorbed, a process known as photo-
excitation occurs. Photo-excitation causes electrons in the material to move from a lower energy
electronic state to a higher energy electronic state. As these electrons relax back to the initial
ground electronic state, photon energy is released. Emission of light through such a process is
known as photoluminescence (PL). The principle of photoluminescence spectroscopy is depicted
in figure 3.11.
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Figure 3.11. Principle of Photoluminescence spectroscopy[16]

A Photoluminescence spectrophotometer has four basic components, a radiation source, a
monochromator, sample cell and a detector. A schematic diagram of the components is depicted
in figure 3.12. The source can be any laser whose photon energy exceeds that of the band gap of
the sample to be examined, whose power is sufficient to give an adequate signal. The
monochromator selects the wavelength to transmit to the detector. In the schematic, lens L1 and
L2 focus the PL signal; the filters F1 and F2 are used to block unwanted light; chopper C1 is for
modulating lighting light for lock-in detection and the lamp S is for absorption spectroscopy[17]

Figure 3.13 shows the Horiba system used in the study.
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Figure 3.12. Schematic diagram of PL instrumentation[17]
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Figure 3.13. Horiba PL system used in this Study

3.3.8. Physical Property Measurement System (PPMS)
Magnetic measurements in this study were performed using the DynaCool PPMS 12T. It uses a
two-stage pulse cooler to cool the temperature control system and the superconducting magnet and

thus providing a low vibrational environment for sample characterization. It also provides
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temperature sweep and precise field modes and continuous low temperature control. Temperature
ranges from 1.8K — 400K. The DC Vibration Sample Magnetometer was used for the

magnetization dependence on temperature and isothermal magnetization —field measurements.
The set-up is shown in figure 3.14.

— .

Figure 3.14. DynaCool PPMS 12T

Page |70



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

J. N. Hasnidawani, H. N. Azlina, H. Norita, N. N. Bonnia, S. Ratim, and E. S. Ali,
“Synthesis of ZnO Nanostructures Using Sol-Gel Method,” Procedia Chem., vol. 19, pp.

211-216, 2016, doi: 10.1016/j.proche.2016.03.095.

“X-ray Powder Diffraction (XRD).”
https://serc.carleton.edu/research_education/geochemsheets/techniques/XRD.html

(accessed Oct. 18, 2020).

“Bragg’s law. A two-dimensional crystal lattice and a set of imaginary... | Download
Scientific Diagram.” https://www.researchgate.net/figure/Braggs-law-A-two-dimensional-
crystal-lattice-and-a-set-of-imaginary-planes-is_figl0 47418334 (accessed Oct. 18,

2020).

“X-Ray Crystallography.” https://www.tulane.edu/~sanelson/eens211/x-ray.htm (accessed

Nov. 09, 2020).

P. Bindu and S. Thomas, “Estimation of lattice strain in ZnO nanoparticles: X-ray peak
profile analysis,” J. Theor. Appl. Phys., vol. 8, no. 4, pp. 123-134, 2014, doi:

10.1007/s40094-014-0141-9.

V. Mote, Y. Purushotham, and B. Dole, “Williamson-Hall analysis in estimation of lattice
strain in nanometer-sized ZnO particles,” J. Theor. Appl. Phys., vol. 6, no. 1, pp. 1-8, Dec.

2012, doi: 10.1186/2251-7235-6-6.

“X-Ray diffractometer and its various component parts for X-Ray studies.”

http://xrd.co/component-parts-x-ray-diffractometer/ (accessed Nov. 09, 2020).

Page |71



8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

T. Nottingham, “Termtanun , Mutsee ( 2013 ) Photocatalytic degradation of pesticides
using TiO2 nanoparticles . PhD thesis , University of Nottingham . PHOTOCATALYTIC
DEGRADATION OF PESTICIDES USING TIO2 NANOPARTICLES BY

PHILOSOPHY NOVEMBER 2013,” no. November, p. 239, 2013.

N. C. Gatsi, “Spectroscopy of trivalent neodymium ions (Nd3+) in zinc oxide (ZnO) thin

films and powders,” no. May, 2019.

“D2 PHASER Desktop Diffractometer from Bruker XRD.”

https://www.azom.com/materials-video-details.aspx?VidID=894 (accessed Oct. 19, 2020).

L. D. S. Yadav, Organic Spectroscopy. Springer Netherlands, 2005.

“Transmission Electron Microscopy (TEM).”
https://warwick.ac.uk/fac/sci/physics/current/postgraduate/regs/mpagswarwick/ex5/techni

ques/structural/tem/ (accessed Nov. 09, 2020).

M. Scimeca, S. Bischetti, H. K. Lamsira, R. Bonfiglio, and E. Bonanno, “Energy
Dispersive X-ray (EDX) microanalysis: A powerful tool in biomedical research and

diagnosis,” doi: 10.4081/ejh.2018.2841.

“Energy-Dispersive X-ray Spectroscopy (EDS) - Chemistry LibreTexts.”
https://chem.libretexts.org/Courses/Franklin_and_Marshall_College/Introduction_to_Mate
rials_Characterization_ CHM_412_ Collaborative_Text/Spectroscopy/Energy-

Dispersive_X-ray_Spectroscopy_(EDS) (accessed Nov. 09, 2020).

“Photoluminescence (PL) & Electroluminescence (EL) - HORIBA.”

https://www.horiba.com/en_en/products/by-technique/molecular-

Page |72



spectroscopy/photoluminescence-pl-electroluminescence-el/ (accessed Nov. 09, 2020).

[16] V. Russo, M. Ghidelli, P. Gondoni, C. S. Casari, and A. L. Bassi, “Multi-wavelength

Raman scattering of nanostructured Al-doped zinc oxide.”

[17] F. Transforms et al., Optical Characterization of Semiconductors. 1993.

Page |73



Chapter 4 — Structural, Optical and Morphological

Characterizations of Mg/Ga co-doped ZnO nanoparticles

4.1. Introduction

ZnO is a semiconductor with an ionicity that lies borderline between ionic and covalent
semiconductors. At room temperature and standard pressure, ZnO has a wurtzite structure as the
thermodynamically stable phase [1]. The exceptional properties of ZnO such as its large free-
exciton binding energy (60 meV), direct band gap 3.37 eV (at 300K) [2], thermal stability, high
mechanical strength, negative electron affinity, chemical stability and high radiation hardness
enables its diverse application in light emitting devices, high temperature and transparent
electronics [3]. Various commercial applications have reported the use of ZnO in sensors,

photodegradation and photocatalysis, solar cells and liquid crystal displays [4].

This chapter presents the results from different characterization techniques used to analyze the
structure, particle morphology and optical properties of ZnO and Mg-Ga co-doped ZnO samples.
These samples were annealed at 500°C to improve both their optical properties and degree of
crystallinity. The results have been correlated and the fundamental properties and parameters are

presented.

4.2. Morphological Studies

4.2.1. Scanning Electron Microscopy (SEM)

The morphology of the samples was analyzed using scanning electron microscopy (SEM). Figure
4.1. (a - d) shows the SEM images of undoped ZnO, 3 mol % Mg doped ZnO, 3 mol % Ga doped
ZnO and 3 mol % Mg-Ga co-doped ZnO, respectively. All the samples were annealed at 500°C.
Figure 4.1 (a, c, d) the powders were made up of rod like structures which agglomerated together
to form nanoflowers consistent with the data reported in ref [11], while in Fig 4.1 (b) it is clear

that the powder was made up of an agglomeration of nanospheres.
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Figure 4.1. (a),(b),(c),(d) SEM images for undoped ZnO, 3% Mg doped ZnO, 3% Ga doped ZnO and 3% co-
doped ZnO.

4.2.2. Energy Dispersive Spectroscopy
Figure 4.2 shows the EDS mapping of 3 mol% Mg and Ga co-doped ZnO nanoparticles. The

mapping shows a non-homogeneous distribution of each element on the surface. The EDS spectra
of the four samples in Fig. 4.3 confirmed the presence of elements including Zn, O, Mg and Ga.
Table 4.1 shows the weight percentages of each element. Though the samples were doped with 3
mol% of either Mg or Ga., The differences in weight percentage suggests that the reaction was not

100% efficient and that some of the precursors were washed away in the solvent.
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Figure 4.3. EDS spectra of Undoped ZnO, 3% Mg doped ZnO, 3% Ga doped ZnO and 3% co-doped ZnO (a-d).



Table 4.1. Elemental composition of the ZnO samples

Undoped ZnO Zn 80.26
0] 19.74

3 mol % Mg doped ZnO Zn 70.39
Mg 1.15

o 28.46

3 mol % Ga doped ZnO Zn 82.88
Ga 1.24

0] 15.87

3 mol % co-doped ZnO Zn 71.07
Mg 1.90

Ga 6.93

o 20.10
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4.2.3. Transmission Electron Microscopy
TEM images of undoped ZnO and 3 mol% of Mg-Ga co-doped ZnO, both samples annealed at

500°C, are shown in Fig. 4.4. Consistent with the SEM images, the TEM images shows that the
particles were made up of nanoflowers formed by agglomeration of rod-like nanostructures.

Similar results were reported in ref [22].

{a) Undoped ZnO

Figure 4.4. TEM images for undoped ZnO and 3% co-doped ZnO

4.3. X-Ray Diffraction (XRD)

The XRD patterns of the as prepared and annealed undoped ZnO are shown in figure 4.5. The
peaks were indexed to the Miller indices (001), (002), (101), (102), (100), (110), (200), (112),
(201), (004) and (202) corresponding to the wurtzite structure of ZnO. The wurtzite belongs to the
space group P6smc reported in the standard ICSD card/file no 180052 [5]. The sharp peaks suggest
that the materials are highly crystalline. The most intense diffraction peak at 26 = 35.8° indicates
a preferred orientation along the [101] direction of the ZnO phase [6]. The values of the interplanar
spacing dnu of the ZnO samples were calculated using equation (4.1). The lattice parameters a and
c of the hexagonal wurtzite structure were calculated by applying Eqns. (4.2 and 4.3) to the (100)
and (002) peaks, respectively. The u parameter is defined as the length of the bonds parallel to the
c-axis and it used as the positional parameter of the wurtzite structure. The values have been
determined to be 3.25A and 5.21A for the undoped and annealed ZnO powder. Rietveld refinement
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(carried out by FullProf software) for the annealed samples as shown in figure 4.9 and the lattice

parameters determined are in agreement with those calculated using equations (4.1) — (4.3).

na = 2dsiné (4.1)
A
a=——2 4.2
\/3Sin9(100) ( )
A
c= —— (4.3)
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Figure 4.5. XRD pattern of as prepared ZnO and ZnO annealed at 500°C. The patterns have been stacked by

Y-offset for ease of comparison of the peak positions and their intensity distributions.
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Table 4.2. Crystallographic Parameters extracted from XRD analysis of ZnO, as prepared and annealed at 500°C.

Undoped 20 FWHM d spacing Lattice Parameters ¢/a Crystallite size | u Parameter
Zn0O powder (S)
(deg) (rad) (nm) a c (nm)
As prepared 34.42 4.16x1073 2.60 3.25 5.21 1.600 14.99 0.3797
Annealed 500°C 33.97 2.49x103 2.64 3.30 5.27 1.597 22.20 0.3807




Figure 4.6 depicts the XRD patterns of annealed and unannealed 3 mol% Mg doped ZnO
nanopowders. The diffraction peaks conform to the Miller indices associated with a hexagonal
wurtzite structure of ZnO. The X-ray diffraction patterns do not exhibit any additional peaks
corresponding to impurity phases after incorporating 3 mol% of Mg in the pristine and annealed
phases. Thus a pure phase of hexagonal wurtzite ZnO is attained with 3% Mg dopants.
Additionally, the diffraction pattern of the annealed sample exhibit sharper and more intense peaks

than those of the unanealed samples suggesting that annealing improves the crystallinity of ZnO.

160 =
140 -
. 120 -
0 | 3% Mg doped ZnO A-500
S 100
o !
5 -
- 80
byt |
2 60 s
B o
2 ! s § &
c e e
= 40 4 = 3% Mg doped ZnO
' g s £ s
20 = = T
. k A AR £ 8§
O & e g
1 L | | 1 1

20 30 40 50 60 70 80
20 (degrees)

Figure 4.6. XRD patterns of as Prepared 3% Mg doped ZnO and the sample annealed at 500°C

Table 4.3 lists the lattice parameters deduced from the analysis of the XRD patterns. A 20 shift of
~1.02° between the as prepared and 500°C annealed 3 mol% Mg doped ZnO is significantly larger
than that between the as prepared and annealed ZnO. We attribute this shift to the incorporation
of Mg?* (ionic radius = 0.66 A) in the lattice sites of Zn 2* whose ionic radius is larger (0.74 A).

Also, the lattice parameters a and ¢ were different for as prepared and annealed 3% Mg doped

Zn0.



Table 4.3. Lattice parameters of 3% Mg doped ZnO samples.

Powder 20 FWHM Plane Lattice Parameters c/a Crystallite U
sample spacing, d (R) size (S) Parameter
(deg) (rad) (nm) A c Nm

3% Mg 34.84 4.68x1073 2.57 3.21 5.15 1.60 12.64 0.3795
doped ZnO

3% Mg 33.82 4.44x1073 2.65 3.32 5.30 1.60 13.16 0.3808
doped ZnO

A-500




Figure 4.7. shows the XRD patterns of as prepared and annealed 3 mol % Ga doped ZnO samples.
The pure phase of hexagonal (wurtzite) type structure of ZnO was indexed to the standard
diffraction peaks and their corresponding Miller indices. Using the diffraction patterns and

thermodynamic arguments based on the heats of formation of Ga,Os it is reasonable to conclude

that no impurity phases were observed with gallium doping.
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Figure 4.7. XRD patterns of as prepared and annealed 3% Ga doped ZnO.

In table 4.4, there is a significant change in the lattice parameters a and c, and the resulting c\a
ratio deviates significantly from the literature value of 1.633 [7] at 1.66 and 1.59 for the as prepared
and annealed samples, respectively. The change in lattice parameter values may be attributed to
substitution of Ga®* ions in Zn sites which cause the (M-O, M is the Zn or Ga) bonds to stretch

along the a-b plane to stabilize the ZnO structure.



Table 4.4.

Lattice parameters for the 3% Ga doped ZnO samples

Powder 20 FWHM Plane Lattice Parameters c/a Crystallite V)
sample spacing, d (R) size (S) Parameter
(deg) (rad) (nm) a c Nm

3% Ga 34.95 4.64x1073 2.57 3.21 5.34 1.66 12.34 0.3705
doped ZnO

3% Ga 33.62 4.42x1073 2.66 3.34 5.32 1.59 13.52 0.3814
doped ZnO

A-500




Figure 4.8 shows the XRD patterns of as prepared and annealed Mg-Ga co-doped ZnO powder.
The concentration of Mg and Ga was maintained at 3 mol% for each ion in the ZnO matrix. From
the figure, the presence of peaks designated by the Miller indices confirm the hexagonal wurtzite
structure of ZnO, and the sharp peaks observed indicate high crystallinity. Also, 3 mol% of Mg
and Ga did not influence the crystalline structure of ZnO as no peaks corresponding to Ga and

magnesium impurity phases were identified.
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Figure 4.8. XRD patterns for as prepared 3% co-doped ZnO and 3% co-doped ZnO annealed at 500°C

Table 4.5 presents the lattice parameters derived from the XRD patterns of the 3 mol % Mg-Ga
co-doped ZnO samples. Contrary to what was seen in previous patterns, there is a slightly
significant shift in the 20 values of the samples upon annealing. The lattice parameters a and c are

seen to have no significant change.



Table 4.5. Lattice parameters obtained from XRD analysis of 3% co-doped ZnO samples.

Powder sample 20 FWHM Plane Lattice Parameters ¢/a Crystallite | U Parameter
spacing, d (R) size (S)
(deg) (rad) (nm) a c nm
3% co-doped 34.84 4.72x1073 2.57 3.21 5.15 1.60 13.56 0.3795
Zn0O
3% co-doped 34.86 4.58x1073 2.57 3.21 5.14 1.60 13.99 0.3800
ZnO A-500
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Figure 4.9. Rietveld Refinement run using using FullProf Software.

Figure 4.9 illustrates a rietveld refinement run using FullProf software. This technique was used
as a verification method on the quality of lattice parameters values using the entire data set. This
method utilizes the least squares fitting technique to refine a theoretical line until it matches the
measured profile. The blue line represents the residue which should be a straight line if the fit
quality is good. Though the %2 values are appropriate, the quality of the fit is lacking and could be
improved through further refinement. However, for this investigation this level of quality is

acceptable.

4.4. Raman Spectroscopy

Raman spectroscopy is used as an identification tool to detect vibrational modes in solids, and it
is also capable of probing the chemical phase. In figure 4.10., the Raman spectra of undoped, Mg
and Ga doped ZnO are plotted together stacked by a Y offset. An Argon ion laser of excitation
wavelength 514.5 nm was used while recording the spectra from 89 — 1890 cm™* range. The basic
modes of wurtzite hexagonal ZnO were detected at 100, 381, 438 and 583 cm™* which respectively



represent Ez(low), A1(TO), E2(high) and A1(LO)/E1(LO) [8]. The second order phonon mode at
203 cmt is assigned to 2E2(low) mode. Multi phonon modes observed at 332, 509, 660 and around
1110 cm™ are assigned to Ez(high) - Ex(low), E1(TO) + E2(low), 2(E2(high) — E2(low)), and A1(TO)
+ E1(TO) + Ex(low), respectively [9].
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Figure 4.10. Raman spectra of undoped ZnO, 3% Mg doped and 3% Ga doped ZnO samples annealed at 500°C

using excitation wavelength of 514.5 nm

All spectra show a prominent peak at 439 cm™ for undoped ZnO and 441 cm™ for both Mg and
Ga doped ZnO samples. This prominent peak is the E>(high) mode assigned to the hexagonal
wurtzite structure of ZnO. The red shifting to 441 cm™ observed in the doped samples is due to
the introduction of dopants in the ZnO matrix. This E2(high) mode is a non-polar mode associated
with vibrations of oxygen atoms [10]. Another non-polar mode is the Ez(low) mode at 98 cm™ in
undoped ZnO and 100 cm™ in Mg and Ga doped samples. The Ez(low) mode is associated with
vibrations of Zn atoms and the incorporation of Mg and Ga in the lattice resulted in the peak shift.

The peak at 381 cm™ in undoped ZnO is caused by anisotropic nature of the force constant and the

Page |88



peak position in the doped samples changes as a result of the variation of this force. The peak
observed at 330 cm™ is due to the acoustic overtone processes [11]. The peak at 586 cm™ in
undoped ZnO arises due to oxygen imperfection and broadens in the Mg doped sample while
increasing in intensity in the Ga doped sample, this indicates an increase in oxygen related defects
such as interstitials and vacancies [11]. A new peak is observed in the Ga doped sample at 633 cm’
!, Although not a Ga peak, it is attributed to intrinsic defects which likely arise due to lattice
imperfections associated with the introduction of Ga [12]. The low intensity peak in the region
between 1050 — 1200 cm is assigned to optical overtones associated with the second order Raman

active modes.
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Figure 4.11. Raman spectra of undoped ZnO and co- doped ZnO samples annealed at 500°C

In figure 4.11. undoped and Mg-Ga co-doped ZnO Raman spectra is plotted stacked by Y offset.
The non-polar modes Ez(low) and Ez(high) modes are observed at 98 cm™ and 439 cm™ in
undoped ZnO and 100 cm™ and 441 cm for co-doped ZnO respectively. The peak at 330 cm™ in
undoped ZnO and the one at 336 cm™ in Mg-Ga co-doped ZnO point to the increase in acoustic

overtone processes [13]. An increased intensity of the peak at 587 cm™ in the co-doped sample
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indicates an increase in the amount of oxygen related defects. A peak between 633 - 640 cm™ is

due to asymmetry effect induced by gallium.

4.5. UV-Visible Spectroscopy

Figure 4.12 presents the diffuse reflectance spectra of undoped and Mg and Ga co-doped ZnO
nanoparticles. From the spectra it is observed that there is reduced diffuse reflectance with the
introduction on dopants, with the co-doped sample showing the least reflectance. This is attributed
to increased crystal quality of the ZnO with the introduction of the dopants and may also be due

to changes in the particle morphology of the samples [14].
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Figure 4.12. Diffuse reflectance plot of ZnO samples. The dip seen around 350 nm is an instrumental artifact
due to switch over of the tungsten and deuterium lamps to allow for visible and UV illumination, respectively.

The diffuse reflectance data from figure 4.13 was used to evaluate the absorption coefficients from

Kubelka-Munk function defined as follows:

1—R,)?
P(Ra) = = g
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Where ‘a’ is the absorption coefficient, ‘S’ the scattering coefficient and F(R«) denotes the
Kubelka-Munk function. With regard to diffuse reflectance spectra, Kubelka-Munk function can
be used instead of the absorption coefficient ‘a’ for the evaluation of the optical bandgap energies.

This is done by plotting (F(R=)E)? versus E(eV) which is linear near the edge for direct allowed
transitions (n = 1/2) [14].
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Figure 4.13. Band gap energies of ZnO samples as deduced from diffuse reflectance measurements.

In this study, the band gap energies were found to be 3.18 £ 0.01, 3.16 £ 0.02, 3.11 £ 0.05, 3.13 +
0.01 eV for undoped ZnO, Mg doped ZnO, Ga doped ZnO and Mg-Ga co-doped ZnO, respectively
as shown in figure 4.13. The 3 mol% Ga doped ZnO produced the smallest bandgap energy
followed by the co-doped ZnO with the Mg and undoped with slightly higher value. This decreased
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band gap energies are attributed to increased crystallinity of the samples, which is consistent with
the XRD data. These values are lower that the bulk literature value of ZnO (~3.37 eV). Quantum
confinement effects were not prominent as particles were of rod-like shape and not full
nanoparticles as seen in TEM. The extension of energies below the band gap value is indicative of
structural defects present in the samples and it is discussed in detail using the photoluminescence
data.

The band gap energies with samples prepared at room temperature were compared to those
annealed at 500 and 900°C (done for comparison purposes) to assess the effects of annealing on
annihilation of structural defect and subsequently on the band gap. Figure 4.14 shows that the band

gap energies decrease initially when temperature was increased up to 500 °C and then increases

thereafter.
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Figure 4.14. Band gap energy at various annealing temperatures for undoped and 3% doped ZnO powders.
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4.6. Photoluminescence Measurement
Figure 4.15. (a-d) depicts the room temperature photoluminescence spectra of pristine and Mg/Ga
doped ZnO samples recorded when exciting at the wavelength of 320 nm using a

monochromatized xenon lamp. The spectra were de-convoluted using Gaussian functions.
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Figure 4.15. Deconvoluted PL spectra of a) Undoped, b) Mg doped, ¢) Ga doped and d) co-doped ZnO.

(a) Shows the PL spectra of undoped ZnO annealed at 500°C. From the curve fitting we identified
peaks at 357 [15], 418 [16], 445 [17], 576 nm [18] ascribed them to inter-band transitions, electron
transition from conduction band to top most level of the oxygen interstitial (Oi), zinc vacancy at
~0.21 eV above valence band and Zni — O;, respectively, owing to the formation energies of the
defects. (b) Presents the emission spectra of 3 mol% % Mg doped ZnO. The observed emissions
are at 364 [19], 411 [20] and 586 nm which are attributed to band to band transitions, conduction

band to zinc vacancy (Vzn) and conduction band to oxygen vacancy (Vo) transitions, respectively.
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(c) Presents the PL spectra of 3 mol % Ga doped ZnO. A prominent near band edge (NBE) is seen
with emission peaks at 352, 399 and 445 nm ascribed to band to band, NBE and conduction band
to Vzn transitions, respectively. Lastly (d) depicts the PL spectra of 3 mol % Mg-Ga co-doped
ZnO. In the spectra, we observed emission peaks at 358, 411 [20], 443 [19], 462, 581 and 626 nm
ascribed to band to band transitions, two valence band to zinc vacancy transitions, valence band to
oxygen interstitial, conduction band to oxygen vacancy and an oxygen vacancy to zinc vacancy
transition respectively [19]. These transitions are shown in figure 4.16 (a - d). All doped samples
show an increased emission in the visible region which corresponds to down conversion when
using a UV excitation source. This means that the inclusion of these dopants can further enhance

the properties of ZnO in other applications such as down converting LEDs.
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Figure 4.16. Energy diagram showing defect related transitions from ZnO samples in fig. 4.15.

4.6.1. Photoluminescence Life-time measurements
In order to determine the exciton lifetime of co-doped ZnO, time-resolved spectra was carried out
at 413, 432 and 587 nm at room temperature. Time-correlated single photon counting is used to

determine the single exciton lifetime and subsequently, the efficiency of the radiative
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recombination. Fluorescence decay spectra of 3 mol % Mg-Ga co-doped ZnO have been carried
out at 413, 432 and 587 nm excitation wavelengths and at room temperature to determine the
exciton lifetime of co-doped ZnO. The results are presented in figure 4.17. A single exponential
function was used to fit the fluorescence decay profiles based on the y? values yielding the lifetimes
given in the Table inset. These transitions closely match the zinc vacancy defect transitions and an
oxygen vacancy defect transition. This method has its basis on the probability of detecting a single
photon at a certain time after an excitation pulse is proportional to the fluorescence intensity at that

particular time.

1000 — 413 nm
—— 432 nm
— 587 nm
800 Posion | chiz______ | _Lifetime (ns) |
9.41 1.02
2.04 0.89
600 5.87 10.5

400

Fluorescence decay

200 -

0- T T r T T T r T 5T r T 59T 59T nr° 1

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Time (ns)

Figure 4.17. Fluorescence decay measurements for 3% co-doped ZnO

The broad band emission has longer lifetimes which is desirable for applications in solar cells as
the more time is available to extract carriers. This higher lifetime is attributed to non-radiative
recombination processes [21].
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Conclusion

Morphological, structural and optical properties of ZnO were investigated. From EDS and SEM
we confirmed the elemental composition and their weight percentages and the surface morphology
of the nanostructures. The nanostructures were agglomerated together to form rod-like structures.
XRD confirmed the hexagonal wurtzite structure of ZnO with increased crystallinity when
annealed to 500°C as well as the increase in crystallite size. The results by Raman spectroscopy
are in agreement with the XRD data and they confirm the wurtzite phase of ZnO. Raman modes
were identified and assigned and the peak shifts were attributed to incorporation of dopants. The
band gap of the synthesized samples ranged from 3.11 — 3.18 eV showing no prominent effects of
guantum confinement. In the Photoluminescence studies we deconvoluted the spectra and assigned

the peaks to defects in ZnO. The light emission mechanisms were discussed.
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Chapter 5 — Magnetic Properties of pristine ZnO and co-doped ZnO

5.1. Introduction

Wide bandgap semiconductors such as ZnO have a large range of applications in optoelectronics.
Changes in electrical, optical as well as magnetic properties can be achieved by introducing
impurities through doping processes. Enhancing the magnetic properties of ZnO nanoparticles
promises a crucial role in improving device performance through increased exciton dissociation
and reduction of recombination channels through triplet energy states that are aided by the induced
magnetic field. Studies have shown the role of spin, energetic and delocalization of electronic
transitions could be used to suppress recombination losses in organic semiconductors [1-3].
Additionally, time resolved spectroscopy studies have shown that the molecular triplet exciton
energy state is much lower than the intermolecular charge transfer states of high efficiency polymer
—fullerene systems. Hence these studies provide opportunities to increase the understanding on the
interlink of the relative positions of the intermediate energy levels with the global recombination
rates using magnetic excitation [4]. The effect of the magnetic field on the intersystem crossing
and or the formation of the triplet exciton state on the photocurrent can be studied directly in a

magnetic field environment or indirectly using ferromagnetic transparent conducting electrodes.

Studies on room temperature ferromagnetic behavior of ZnO have attracted extensive interest
driven primarily by its high potential for spintronic applications and magnetic sensors [5-8]. Bulk
ZnO have shown ferromagnetic effects and they have been associated with vacancies or grain
boundaries. Similar effects were found in ZnO thin films and nanoparticles after doping with
transition metal elements following theoretical predictions of high curie temperature in these
material configuration [6-7]. Therefore. room ferromagnetism in ZnO remains a topic of great
research interest owing to the long spin coherence time, higher dopant solubility and free carrier
concentrations which makes ZnO a promising candidate material as a dilute magnetic

semiconductors.

After various theoretical efforts and experiments, the exact mechanisms causing these behaviors
are still subject to much debate. Numerous studies have also attributed the ferromagnetic properties

in ZnO to either grain boundaries, clustering of ferromagnetic dopants, threshold electron/hole
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concentrations and intrinsic defects [9]. Another report ascribed ferromagnetism in the materials
to exchange interactions between localized spin moments resulting from oxygen vacancies in the
surface of nanoparticles [2]. Thus, implying that surface magnetism could play a significant role
in ZnO nanostructured materials. As ZnO is used as electrode transport layer, its magnetic
properties could affect the photocurrent generated in organic photovoltaic devices. Hence
combining this effect with the probable evidence of triplet states in organic semiconductors, gives
the driving force for the renewed interest particularly in the consideration of triplet charge states
as recombination pathways during exciton dissociation. This idea is further anchored on the
prevalence of low energy triplet exciton states which confirm bimolecular recombination and thus
curtail the enhancement of photo conversion efficiency in organic photovoltaic devices. The
present study explores the effect of doping ZnO with a group Il and 11l element on the opto-
electrical and structural properties. Since doping changes the fermi energy levels and subsequently
introduces additional charge carriers, we thus study the magnetic properties of ZnO doped with
Ga and Mg using temperature dependence magnetization and isothermal magnetization field

curves at room temperature and after annealing at 500 °C.

5.2. Pristine co-doped ZnO (un-annealed)

The incorporation of ZnO either as an electron transport layer or as an electron acceptor in the
hybrid solar cell is used as a strategy to increase the performance and lifetime of organic solar cell
devices. Hence it is essential that their magnetic properties are investigated to determine whether
the presence of triplet exciton charge state of lower energy could be eligible for recombination
losses [10]. Therefore, we have investigated the magnetic properties of ZnO upon co-doping with
Mg and Ga at various sample conditions. The ferromagnetism in ZnO at room temperature remains
a topic of great interest for a wide variety of applications. The magnetic behavior of the co-doped
ZnO nanostructures is investigated from the field cooling curves which represent the temperature
dependence of magnetization in low and high magnetic fields 0.5 T and 2 T. These measurements

are intended to show magnetic transition at critical temperatures (Figures 5.1 a) and b).
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Figure 5.1 a) showing the magnetization dependence with temperature at 0.5T and b) 2T. It is evident that at

room temperature pristine co-doped ZnO exhibit diamagnetic behavior.
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It is evident that there is a diamagnetic to superparamagnetic transition at 3K. This is also
supported by the d?M/dT? which confirms a transition at 3K for lower magnetic fields.
Additionally, the isothermal magnetization versus the applied field curves were used to verify this
transition. These curves have been measured for room temperature (300 K) and 2 K as shown in
Figure 5.2 a) and b), respectively for the pristine (un-annealed) co-doped ZnO nano-powders. It is
evident that the un-annealed co-doped ZnO exhibits weak diamagnetic behavior at 300K while a
weak ferromagnetic behavior coupled with diamagnetic or antiferromagnetic correlations coexist
at 2 K. The source magnetization at low temperatures could be attributed to the presence of defects
that might introduce exchange interactions with delocalized free electrons due to oxygen vacancies
or zinc interstitials [12]. This associates defects with magnetism which increase with co-doping as
shown by Photoluminescence results. Additionally, the role of dangling bonds of surface oxygen
coupled with 2 Zn cations and dopants could also contribute to surface state driven magnetism
[11].
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Figure 5.2 a) Magnetization versus field dependence for pristine co-doped ZnO at 300 K. It is evident that the
ZnO nanoparticles exhibit diamagnetic behavior even at higher applied fields.
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Figure 5.2 b) Isothermal magnetization versus field dependence curves for pristine co-doped ZnO at 2 K
showing a mixed magnetic signatures of ferromagnetism with diamagnetic phases. The applied fields have

been ramped between +2 T.

5.3. Magnetic properties of annealed co-doped ZnO.
The annealing of co-doped ZnO nanoparticles have not shown any significant changes in the grain
size (section 4.8). Thus any changes in magnetization cannot be attributed to grain boundaries

related effects as seen in Figure 5.3 a) and b).
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Figure 5.3 Magnetization dependence on the temperature for co-doped ZnO upon cooling at 2T.

Figure 5.3 shows the temperature dependence of the induced magnetization in the presence of an
applied field (20000 Oe). It is evident that upon annealing at higher temperature co-doped ZnO
behaves like a diamagnetic material up to very low temperatures for which the incidence of super
paramagnetism becomes apparent and fits to the Brillouin function at H < 1 T. This is seen when
the experiment is repeated at a higher field 2T in which transition temperature is further shifted to

higher values (2.5 x10™* emu) in the vicinity of 4 K.

Figure 5.4 a) and b) show the isothermal magnetization measurements of annealed co-doped ZnO
nano-powders. The measurements have been carried out at 2K by sweeping the field between £2T.
It is evident that there are competing interactions of super-paramagnetism and diamagnetism at
higher fields. At room temperature ZnO is diamagnetic as seen from the magnetic moment
dependence with applied field the magnetic susceptibility is negative and can be estimated to have

a magnetic permeability slightly less than 1.
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Magnetic moment dependence on field for annealed ZnO at 300 K
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Fig. 5.4 a) and b) Isothermal magnetization curves of co-doped ZnO annealed at 500C. At 2 K it is evident

that the hysteresis depicts paramagnetic behavior owing to the lack of the coercive field.
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At higher values of applied field the behavior does not change there is no incidence of alternate
magnetic center at 300K and higher field. The transition to super-paramagnetism is seen at lower
T possibly in the M(T) curves below at 2-3 K. It is also probable thatat H > 1 T leads to the
randomization of the magnetic moments due to the lack of exchange correlation.

Conclusion

At room temperature ZnO is diamagnetic as seen from the magnetic moment dependence on the
applied field where the magnetic susceptibility is negative and can be estimated to have a magnetic
permeability slightly less than 1. Temperature dependence of the induced moment in the presence
of a magnetic field (20000 Oe) was evaluated. It was evident that upon annealing at higher
temperature co-doped ZnO behaves like a diamagnetic material up to very low temperatures for
which the incidence of super paramagnetism becomes apparent. This is observed when the
experiment was repeated at a higher field 2T in which transition temperature shifted to higher
values (4K)
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Chapter 6 — Effect of Mg-Ga Co-doped ZnO nanoparticles on the
Photovoltaic Properties of P3HT:PCBM Based Organic Solar Cells

6.1. Introduction

Organic photovoltaic (OPV) cells usually show poor device stability due to two reasons: (i) metal
atoms diffusion from the top cathode electrode to the photoactive layer and (ii) use of low work
function and air-sensitive metals such as Al and Ca as the top cathode. As a result, metal oxides
nanoparticles such as ZnO have been inserted as a buffer layer between the top electrode and the
photoactive layer to block, simultaneously, the diffusion of atomic species from the top electrode
to the photoactive layer and holes from reaching the top electrode, and they also act as electron
transport layer due to their relatively high electron mobility. In addition, the ZnO nanoparticles
can also be blended with the photoactive layer to suppress charge recombination and enhance
charge collection at the top electrode-photoactive layer interface. Ferreira et al. reported improved
efficiency of a hybrid zinc oxide nanoparticle:poly(3-hexylthiophene) blended solar cells
attributed to improved interfacial morphology in the vicinity of the donor and acceptor molecules
[1]. A similar approach was adopted in this study, with Mg-Ga co-doped ZnO nanoparticles
blended with P3HT:PCBM molecules and their effect on the photovoltaic properties of the OPV
devices were investigated. In this respect, ZnO was used to replace the electron acceptor in the
bulk heterojunction at mass ratios of 3 to 7 mg with the active layer component PCBM. Important
to the function of the OPV device is the morphology of the interconnected network. Particle
morphology determines the efficiency of the exciton diffusion and dissociation and thus the
photocurrent after charge transport. Therefore, the co-doped ZnO nanoparticles have not exhibited
diamagnetic behavior at 300 K and the effects of the magnetic field on the photocurrent was not
investigated.

6.2. Experimental

6.2.1. Device Fabrication
The procedure for fabricating organic photovoltaic devices on patterned ITO substrates (30 - 60

Q-square) is outlined as follows: etched indium tin oxide (ITO) coated glass substrates were first
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cleaned by sonication using acetone and ethanol in that order to remove any organic contaminants
on the surface. This was followed by repeated rinsing of the ITO coated glass slides with distilled
H20. The hole transport layer (PEDOT:PSS) was subsequently spin coated on the ITO at 2000
rpm for 1 minute and annealed over a hot plate at 100 °C for 2 minutes to remove any residual
water. This was followed by spin coating of a layer of P3HT:PCBM blend mixture at 2000 rpm
for 1 minute. The blend composition ratio was fixed by mass at 1.1 in a concentration of 20 mg/ml.
The synthesized nanoparticles were added to the PCBM at mass ratio of 3 to 7 mg. Finally, an
aluminum top electrode (100 nm) was thermally evaporated at a pressure of 2 x107° Pa. The devices
were then annealed at 100 °C for 15 minutes under Ar ambient to remove any organic solvents and
further promote the intermixing of the donor and acceptor polymers. This device is referred to as
the reference device. Similarly, three other devices with blends of ZnO:P3HT:PCBM (ZnO
device), Ga/ZnO:P3HT:PCBM (Ga/ZnO device) and Mg-Ga/ZnO:P3HT:PCBM (Mg-Ga/ZnO
device) were fabricated. The concentration of ZnO, Ga doped ZnO (Ga/Zn0O) and Mg,Ga co-doped
ZnO nanoparticles was maintained at 3 mol%. The schematic diagrams of these devices are
depicted in Figures 6.1 (a - d).

The devices were characterized by Raman spectroscopy, UV-vis spectroscopy and photo
luminescence spectroscopy. To measure the current density-voltage (J-V) characteristics of the
devices, a HP 4141B source measure unit (SMU) under 100 mW/cm? illumination was used. All

measurements were carried out under standard conditions at room temperature.
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Figure 6. 1. Schematic diagrams of the layered device architecture.

6.3. Raman Spectroscopy

The observed Raman spectra of undoped and Mg-Ga co-doped ZnO nanoparticles incorporated
P3HT:PCBM devices shown in figure 6.2 contains all Raman modes similar to those reported by
S. Falke et.al. [2]. The most intense peak is located at 1444 cm™ and is attributed to aggregated
P3HT C, — Cp stretching of a thiophene ring. The peak at 1377 cm™ is assigned to has Cgp - C
stretching mode and is consistent with result reported by Giulianini et al. [3]. Other less intense
peaks observed at 1004, 1080, 1184, 1210 and 1516 cm™ are attributed to Cp — Caiyi Stretching
mode [4], a combination of Cg — H [5] and C, — C, stretching modes, and the C, = Cg antisymmetric
stretch modes, respectively [6]. The peak observed at 727 cm™ is attributed to an antisymmetric
Co — S — Cq in-phase deformation in thiophene ring of the P3HT polymer [7]. The insets are the
surface micrographs taken with Raman camera showing the distribution of nanoparticles over
device surface. The area measured is from -10 to 10 um on the x-axis and -10 to 10 um on the y-
axis. Since the P3HT surface layer is smooth (inset (d)), it is reasonable to assign the particles
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distributed on the surface of the other three Raman micrographs to ZnO and Ga-Mg co-doped
Zn0.

Reference device
ZnO device
Ga/ZnO device
Mg-Ga/ZnO device

(d) Reference device

Intensity (a.u.)

L| L} 1 L}
1500 2000 2500 3000

Raman Shift (cm™)

1
1000

Figure 6.2. Raman spectra of the reference, ZnO, Ga/ZnO and Mg-Ga/ZnO devices. The insets are the Raman
micrographs of these devices. The presence of the dark spots is indicative of the lack of solubility of ZnO in the
solvent and hence the presence of hillocks and pinholes.

6.4. UV-Vis spectroscopy

Figure 6.3 shows the absorption spectra of the layered OPV devices. The spectra are characterized
by a broad absorption peak ranging from 438 — 570nm with a maximum at 513 nm, and a minor
peak at 600 nm. An increase in absorption is seen in the Ga/ZnO and Mg-Ga co-doped ZnO
devices. This increase in absorption with introduction of dopants in ZnO indicates that defect

emissions augment the absorption of P3HT through reabsorption to enable the n-n" transitions in
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P3HT [8]. The Mg-Ga/ZnO device ZnO shows relatively high absorbance. This can be attributed
to increased interchain interactions between P3HT chains from more delocalized electrons [9]
induced by the presence of Mg?* and Ga**. The undoped ZnO containing device shows the least
absorbance with a maximum absorbance at 515 nm. All film thickness were constant in devices

and in accordance with Beer’s law and optical density.

1
—— Mg-Ga/ZnO device
Ga/ZnO device
ZnO device
e Reference device

Absorbance (a.u)

0.2 -

1 - 1 v I v
400 500 600 700
Wavelength (nm)

Figure 6.3. Absorbance measurements of fabricated devices. The step at 350 nm is an artifact of measurement
due the switch over from Tungsten to deuterium lamp

6.5. Photoluminescence spectroscopy

Figure 6.4 shows the PL emission spectra of the reference, ZnO, Ga:ZnO and Mg-Ga:ZnO devices
measured when exciting the samples at the wavelength of 517 nm using a monochromatized xenon
lamp thereby exciting the P3HT and the defect emission centres in ZnO. All the spectra consist
of two distinct emission peaks at 651 nm and 702 nm and a minor emission peak at 663 nm.

Kabongo et al [10] have attributed the major emission peaks at 651 nm and 702 nm, respectively,
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to (0-0) and (0-1) transitions of H-aggregates in regio-regular P3HT.  The highest PL intensity
was recorded from the ZnO and Mg,Ga/ZnO device compared to the reference and Ga/ZnO
devices. The increase in the PL intensity suggests that the exciton dissociation was suppressed and
that both Mg, Ga/ZnO and ZnO acted as recombination centres leading to increased generation
and emission of visible photons. Considerable quenching of the PL emission intensity of the
reference and Ga/ZnO devices points to enhanced exciton dissociation and subsequent charge
carriers transfer to both the cathode and anode. Similar observation and explanation are reported
in [11]. In addition, the PL data is consistent with the PCE values where the lower values were
recorded from the samples with higher PL intensities, while the samples with lower PL intensities

gave higher values of the PCE (see Table 6.1).

5000
Reference device
ZnO device
4000 4 Gal/ZnO device
—— Mg-Ga/ZnO device
S
& 3000
2
(1]
c
9
2000 -
1000 -
0

T v L v I v T v L v | v 1
600 650 700 750 800 850 900
Wavelength (nm)

Figure 6.4. ZnO nanoparticle incorporated P3HT:PCBM devices

6.6. Current density — Voltage (J-V) curves
Figure 6.5 — 6.8 show the current-voltage (J-V) curves used as a proof of concept for the

application of magnesium and Mg-Ga co-doped ZnO as electron extracting compound in organic
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solar cells, of the architectural structure: ITO/PEDOT:PSS/ Mg,Ga/ZnO:P3HT:PCBM/AI. The
devices were annealed at 100°C for 15 minutes after fabrication to decrease the correlation length
and thus improve the interconnected network within the exciton diffusion length. Annealing
improves the diffusion of PCBM into the P3HT. Table 6.1 shows the performance parameters of
the solar cells. It can be observed that the reference and ZnO devices have similar values for Vi,
which implies that the ZnO did not affect the amount of charge carriers dissociating in the active
layer. Similarly, the value of Vo, though much lower, is the same for the Ga/ZnO Mg,Ga/ZnO
devices. Depicted in figure 6.9 are the power conversion efficiencies (PCE) of each device. The
reference device shows the highest efficiency at 7%, followed respectively by ZnO, Ga/ZnO and
Mg,Ga/ZnO devices at 0.13, 0.0062 and 0.0008%. As mentioned earlier (section 6.5), the
relatively lower values of the PCE for devices incorporating ZnO and Mg,Ga co-doped ZnO
nanoparticles is attributed to poor exciton dissociation in such devices. The introduction of ZnO
nanoparticles to the active-layer blend is seen to act in a counter-productive manner in greatly
reducing the PCE of the devices [17]. This drop can be attributed to the nanoparticles causing
cracks probably due to differing particle sizes and non-homogeneous distribution which form
alternative pathways for current to flow in the device, and they can also affect the contact between
the active layer and the top aluminum electrode. The latter is justified by the low shunt and high
series resistances observed in the J-V curves. The nanoparticles could have also caused defect
centers that act as carrier trapping sites, increasing the diffusion lengths making it difficult for
excitons to travel. Incorporating the ZnO nanoparticles in the device by spin coating the blend has
a limitation by not ensuring homogeneous distribution of nanoparticles over the active-layer and
may be a contributing factor as particles may have formed agglomerations and not dispersing

evenly over the device area.
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Figure 6.5. J-V curve for the reference device with only the P3HT:PCBM active layer blend.
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Figure 6.6. J-V curve of ZnO:P3HT:PCBM device
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Figure 6.7. J-V curve for 3% Ga doped ZnO:P3HT:PCBM device
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Figure 6.8. J-V curve for 3% co-doped ZnO:P3HT:PCBM device.
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Table 6. 1. Summary of performance parameters for the fabricated devices

Device Jsc Voc Rs Rsh FF PCE
(mA/cm?) (mV) KQ cm? KQ cm? (%) (%)

Ref. 3.92+0.01 440+2 53.3+04 3572 41.2+0.6 7.02 +0.05

Device

Zn0O 0.195+0.004 460+2 5127.1+12 893+1.1 14.4+0.2 0.13

Zn0:Ga 0.0075+0.004 150+2 17.3*04 364+02 224+06  0.0062+ 0.0004
ZnO:Mg:Ga 0.012+0.002 150+3 1177.2+03 3224+11 154+03 0.0008 +0.0002

—u8—ZnO np:P3HT:PCBM

% PCE

'1 I 1 || I
reference  Undoped ZnO 3% Ga doped 3% co-doped

Organic Device

Figure 6.9. Power conversion efficiencies of the fabricated devices.
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Conclusion

By incorporating doped ZnO nanoparticles in the active layer P3HT:PCBM blend, our aim was to
improve the power conversion efficiencies in bulk hetero junction solar cells. However, it turned
out that the incorporation of the nanoparticles affected the PCE values negatively and this was
attributed to non-homogeneous distribution and poor exciton dissociation. Raman spectroscopy
studies identified all modes of P3HT. Absorption measurements shows the greatest absorbance
from the Mg,Ga/ ZnO in the visible region. The highest photoluminescence intensity was recorded
from the Mg,Ga/ZnO device. Due to this device giving the lowest PCE and it is reasonable to

conclude that Mg-Ga/ZnO nanoparticles acted as recombination centres for photoemission.
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Chapter 7 - Conclusions and Future Work

The crystal structure, particle morphology, optical, luminescence and magnetic properties of
magnesium and gallium doped zinc oxide nanoparticles were investigated. Structural, optical,
luminescence and efficiency parameters of organic solar cells incorporating the ZnO nanoparticles
were also analyzed. Magnesium and gallium were chosen as dopants due to their unique abilities
of improving the optical and electrical properties of ZnO. Tuning the properties of ZnO in this
manner offers potential in improving power conversion efficiencies of organic photovoltaic
devices that incorporate ZnO either as an electron transport layer or in hybrid devices where ZnO
nanoparticles are added to the photoactive layer blend to facilitate electron extraction. Enhancing
the magnetic properties of ZnO offers further benefits in potentially aiding exciton dissociation in
OPV active layers.

XRD measurements confirmed that the synthesized powders are of the hexagonal wurtzite
structure of ZnO. SEM studies confirmed powders to be made of rod-like structures agglomerated
together to form nanoflowers and nanospheres. Elemental mapping studies showed elements to be
distributed homogeneously over the nanoparticles while the elemental composition studies
revealed the weight percentages of elements in the samples. Raman spectroscopy further
confirmed all modes corresponding to hexagonal wurtzite structure of ZnO. Peak shifts and
broadening was seen on incorporating Mg and Ga dopants into ZnO matrix. The band gaps
energies of the samples determined from diffuse reflectance data were found to be in the range of
3.11 - 3.18 eV. A decrease in the band gap values was noticed as the samples were annealed from
room temperature to 500°C. The decrease in these values was ascribed to increase in crystallinity
which was confirmed from the XRD data.

Photoluminescence studies revealed similar spectral characteristics to those from literature with
near band edge and broad band emissions in the visible region. This implies that emissions
originate from similar defects transitions. These transitions broad band emissions were mostly due
to oxygen related defects. Addition of dopants varied the emission properties, with the Ga doped
sample predominately displaying near band edge emissions with minimal emission in the broad
band. TEM images were consistent with SEM images showing that the particles together to form

nanoflowers.
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The ZnO nanoparticles were then incorporated into the active layer blend of the BHJ organic solar
cells and the efficiency parameters were investigated. A large decrease in the PCE was seen upon
introduction of the doped nanoparticles into the active layer blend. This drop was attributed to the
nanoparticles causing cracks probably due to differing particle sizes of the nanoparticles and non-
homogeneous distribution which form alternative pathways for current to flow in the device, and
they can also affect the contact between the active layer and the top aluminum electrode. This was
confirmed by low shunt and high series resistances determined from the J-V curves.The poor
device performance was also attributed to ZnO nanoparticles that failed to completely dissolve in

the chlorobenzene and thus formed hillocks and pinholes in the active layer of the device.

Future Work

The quality of ZnO incorporating Mg and Ga dopants can be improved by refining the synthesis
methods, e.g. monitoring closely the reaction time homogenous and monodispersed particles. Also
by monitoring the pH and temperature during the synthesis in order to achieve suitable morphology
to improve harvesting of photogenerated charge carriers. More devices can be fabricated to
promote the overall device repeatability as well as optimization of precursors in order to fabricate
as many devices as possible in the cheapest possible way. The devices need to be fabricated in

clean environment (like clean room) to avoid contamination and subsequent photo-degradation.

Doped ZnO has shown high potential owing to its excellent optoelectronic properties thus making
it as a suitable candidate for charge transport and extraction. These dual functions are essential in
the enhancement of the photoconversion efficiency of organic photovoltaic devices. We thus
propose that the effect of ZnO addition as an acceptor in the hybrid device on the morphology and
subsequently on the bulk heterojunction be investigated. This should follow the optimization of
the mass ratio of ZnO and PCBM. Additionally, the suitable device architecture essentially in the
inverted geometry should also be investigated in detail in which doped ZnO will be functionalized
on the transparent conducting electrode (ITO) for efficient electron transport and hole blockade of
the resulting PV device.

Page | 126



