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ABSTRACT

This thesis starts with the reviewing of studies on the loading of noble metals and
nanostructured metal oxides into bulk heterojunction organic solar cell device
architectures. The reviews focused on the innovative developments in the use of
various fullerene derivatives as electron acceptors in organic solar cells. It
additionally reflected on the effect of metallic nanoparticles (NPs), such as gold (Au)
and silver (Ag), on the performance of organic solar cells. Besides the metallic NPs,
the effect of metal oxide nanoparticle loading, e.g. CuO, ZnO and TiO2, on the
organic solar cell performance, and the use of noble metals doped TiO2 on the gas
sensing application were reviewed. Though a significant amount of work has been
done in this area of study, much work still needs to be done on how to reduce the
doping temperature in order to minimize power consumption. The present
challenege is how the properties of nanostructured materials could be tweaked to
make them function as highly efficient light-harvesting materials for high performance
organic solarapplication, or as highly sensitive and selective layer for gas sensing
application. This forms the focus of the current study. Undoped and Au-, Ag- and Cu-
doped TiO2 nanoparticles were hydrothermally synthesised and incorporated into
poly(3-hexylthiophene-2,5-diyl) (P3HT) matrix. The solar cells derived from
P3HT:TiO2 (loaded with Au, Ag or Cu NPs) were tested under 100 mW/cm? (AM 1.5
G) irradiation. The findings showed that the solar cell performance and Voc were
dependent on the dopant and the doping level. Higher performance and superior Voc
of 3.88 % and 0.69V were observed for 0.5 mol. % Ag doped TiO2 blended in P3HT.
Furthermore, the 0.5 mol. % Ag doped TiO2 blended in P3HT displayed internal

series resistance (Rs) and shunt resistance (Rsn) values of 11.44 and 266.40 Q cm?,
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respectively. Consequently, based on the performance of the 0.5 mol. % doping of
Ag and Cu, the bimetallic Ag/Cu doped TiO2 nanoparticles were prepared and used
in gas sensing and solar cells applications. For gas sensing, the p-type bimetallic
Ag/Cu doped TiO2 nanoparticles-based sensor displayed a timely selective detection
of xylene vapour among the BTEX (benzene, toluene, ethylene-benzene and xylene)
and acetone vapours at low operating temperature. It was observed that the
bimetallic Ag/Cu doped TiO2 nanoparticles transformed from n-type to p-type at the
higher bimetallic Ag/Cu loading. Among the bimetallic Ag/Cu doped TiOz2
nanoparticles, the p-type 0.5% Ag/Cu doped TiO:2 displayed a remarkable response
(i.e. sensor resistance in gas/sensor resistance in air, Rg/Ra ~ 33.2) towards xylene
vapour at 150 °C. The sensor disclosed a greater selectivity, prompt
response/recovery speed and good repeatability and stability towards xylene vapour.
The heightened xylene gas sensing characteristics could be justified by the catalytic
activity and point defects induced by the loading of the bimetallic Ag/Cu in the p-type
TiO2. Besides, the incorporation of bimetallic Ag/Cu doped TiO2 and ZnO in the
poly(3-hexylthiophene) (P3HT) surface, was a promising approach for improving the
light-harvesting features of inorganic-organic P3HT:TiO2-Ag/Cu:ZnO for improved
performance. As a result, the higher plasmonic Ag/Cu loading -TiO2 in P3HT:ZnO
displayed a superior open circuit voltage (Voc) of 0.74 V., which resulted to a higher
power conversion efficiency of 4.1%. Therefore, the power conversion efficiency
(PCE) of bimetallic improved, compared to 3.88% efficiency observed for a single
metal loading in TiO2. The underlying mechanism to the rationalization of the
improved PCE for the bimetallic materials can be predominantly ascribed to the

strong synergistic influence of larger light scattering, light harvesting and charge
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generation and separation efficiency capability, and the plasmonic-enhanced effect

induced by the loading of p-type Ag/Cu-TiO2 nanoparticles
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CHAPTER ONE

BACKGROUND OF THE STUDY

1. INTRODUCTION

Semiconductor metal oxide titanium dioxide (TiO2) material has been considered as
a vital material because of its striking features, with respect to economic point of
view, like affordability, enormous availability and ecology, e.g. non-toxic, and
comprehensive physical and chemical possibilities. In the recent years, the
advancement of nanoscience and nanotechnology presented innovative prospects,
not only in an academic perception, nonetheless also with a vision to countless
applications. Thus, this chapter provides an overview on the application of TiO2 on
gas sensing and organic photovoltaic solar cells. Where in gas sensing, the TiO2 is
used as a sensing layer and while in solar cells is used as an electron acceptor or
donor when prepared as an n-type or p-type material, respectively. Thorough
discussion based on the structure, optical, surface and electrical characteristics of

TiO2 are also discussed.

1.2. BULK PROPERTIES OF TiO2

TiO2 is extremely imperative in research due to its very remarkable electronic
structures and wide band gap of approximately 3.2 eV that maybe tailored in various
synthesis methods. It possesses extensive range of industrial and high-tech
applications as photo catalyst, pigment, and ultra-violet absorption. Therefore, TiO2
is a vital material, which is very appropriate for fuel cells, solar cells, sensors, etc.
The properties such as nontoxicity, chemical stability, high refractive index, etc.

contribute strongly to its practical application.

http://etd Bwe.ac.zal



1.2.1. Structural and Optical Properties of TiO2

TiO2 is a certainly occurring mineral which occurs in three crystal structures, like
anatase, rutile and brookite (see Fig. 1.1) depending on the synthesis conditions [1-
3]. At low temperature, the anatase phase is stable. The brookite phase is
metastable and at high temperatures it changes to rutile. The anatase and rutile
phases possess P42/mnm tetragonal structure. Brookite possesses the
orthorhombic structure [4]. While at higher temperatures, it changes to rutile. Studies
have shown that anatase TiO2 reveals improved photocatalytic behaviour, leading in
enormous photocatalytic applications [5]. Furthermore, due to its stability, rutile
phase is extensively employed for high temperature applications in mining industries
for detection of methane gas. The rutile phase is the thermodynamically utmost
stable. The (110) face contains the lowest surface energy and is the most strongly
investigated surface. The (1x1) surface bulk-terminated is presented in Fig. 1.1d.
One noticeable instance of the effect of bulk defects on the surface structure is the
look of crystallographic shear planes on the surface. On very diminished, dark
samples, they evident themselves as half-height steps running alongside definite
crystallographic directions [6]. Only comparatively bright samples display entirely the
(1%1) surface structure, see Fig. 1.1. Diebold [6] presented a detailed discussion
related to the structure and reconstructions of other pertinent low-index rutile
surfaces is are deliberated elsewhere [7, 8]. Alongside the direction of the [001],
rows of six-fold-coordinated Ti atoms (as in the bulk) alternating with five-fold-
coordinated Ti atoms with one ‘dangling bond’ that is perpendicular to the surface.
The two types of oxygen (O2) atoms exist. The Oz that exists in the main surface

plane are three-fold-coordinated as in the bulk. The supposed bridging oxygen
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atoms are two-fold coordinated. Table 1.1 lists the crystal structure,

lattice

parameters, band gap values and associated parameters of various TiO2 phases.

[110]

[001]

I“_
._'%@f

_(

II",

mm,'l

E=
— —-

[170]

Fig. 1. 1: Crystal structures of TiO2 (a) anatase, (b) rutile, and (c) brookite phases [21]. (d) Ball and

stick model of the rutile (110) -

(1%1) surface. The large light balls correspond to O2, while the small

black balls are associated to titanium. Vacancies in bridging oxygen rows are common on vacuum-

annealed surfaces. The figure also displays two kinds of surface defects, i.e. O2 vacancies and Ti

interstitials which can influence the surface chemistry [6].

http://etd Hwe.ac.zal



Table 1.1: The the elementary characteristics of TiO, phases summary [7, 8].

Properties Anatase Rutile Brookite
Crystal structure Tetragonal Tetragonal Orthorhombi
c
Atoms per unit 4 2 8
cell
(2)
Lattice a= 0.3785 a= 0.4594 a=9.184
parameters
c=0.9514 c=2.9587 b=5.447
(nm)
c=5.145
mmm
Point group 4/mmm 4/mmm
Space group 141/amd P4>/mnm Pbca
Density (kg. m™) 3894 4250 4110
Hardness (Mohs) 55-6 6 -6.5 5.5-6
Bulk Modulus 183 206 245
(GPa)
Theoretical band g8.43 3.0 4.1
gap (eV)

1.2.2. Surface and electrical properties of TiO2

The surface plays an important role in nanomaterials, since it enables interaction
between reagents and the material. The surface chemistry of TiOz is swayed by the
circumstance that it contains a combination of ionic and covalent bonding. By
manipulating the surface characteristics of the TiO2, the material’'s performance or
behaviour can be enhanced. Studies have shown that incorporation of impurities or
either by doping of introducing another semiconductor metal oxide structure can

strongly influence the properties of the TiO2 on the surface [5], by sensitizing [9],
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and by controlling the size at the nanoscale. Usually, infiltration of impurities results
to a distortion of the lattice, which further lead to further defect states by replacing
the Ti** ions in the lattice. Studies have conveyed that the TiO2 nanomaterials
display considerably various physical and chemical characteristics in comparison to
bulk materials [10, 11]. This is due to the nanostructured grains are virtually depleted
of charge carries ever since utmost are trapped on the surface. Once they are
exposed to the tested target gases they display pronounced conductivity in
comparison to air [12]. The porosity of the manipulated nanomaterial is also
considered as a prompting factor, since it promotes the adsorption-desorption of
target gas. Moreover, the nanomaterials size and dimensions also play a vital
important part on the performance of both gas sensing and solar devices. Studies
have reported that small particle sizes or tailored structure are advantageous to
TiO2-based devices [9]. The quantum confinement influence directs the phonons
and photons transport features and consequently electrons and holes transport
within the nanostructures. For instance, the scanning electron microscopy (SEM)
micrographs displayed in Fig. 1.2 denote that the morphology of the TiO:2
nanostructures changes with annealing conditions [13]. Such changes played a vital
role on the gas sensing performance towards CHs4 gas is depicted in sensing
responses of the TiO2 sensors in Fig. 1.3. Tshabalala et al. [13] observed that
samples annealed at higher operating temperature, illustrated higher sensing
performance in comparison to those prepared at low temperature due to transformed
morphology, which further resulted to higher surface area [13]. Detailed discussion

on the TiOz2 for gas sensing application is given chapter 2 of this thesis.
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WD = 44 mm EHT = 5.00 kv
FIB Imaging = SEM __ Noise Reductio

Fig. 1. 2: SEM micrographs of TiO, nanostructures (a) P25-Degussa, (b) P25-Degussa
annealed at 700 °C, (c) as-synthesized TiO2 washed with 0.5 M HCI (d) 0.5 M HCI annealed
at 700 °C, (e) as-synthesized TiO2 washed with 1.0 M HCI, (f) 1.0 M HCI annealed at 700 °C.
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Fig. 1. 3: Selectivity histogram plots of the (a) as-synthesized and (b) annealed at 700 °C
TiO; tested towards 40 ppm CHa.

Additionally, with respect to photovoltaic (PV) application, studies have also noted
that the TiO2 physical and chemical characteristics are not only influenced by the
intrinsic electronic structure, nevertheless also by their size, shape, surface features,
etc. [14]. Various morphologies have been developed and applied in PV devices.

Commonly, it is critical to exploit the TiO2 specific surface area in order to enable the
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reaction at the TiOz interface and the interrelating media. In addition to superior
surface area, the nanostructures ought also to possess superior electron mobility in
a way that the ejected electrons in the TiO2 may be collected efficiently. Since the
defects in TiO2 tends to behave as electron traps and occur in grain boundaries at
the contacts between nanoparticles, the utilization of a network structure entailing of
TiO2 single nanocrystal, such as nanowires rather than nanoparticles are anticipated
to persuade a pronounced enhancement for prompt electron transportation.
Nonetheless, such proposal has not been established thus far and the TiO:2
nanostructure endures to deliver optimised findings in PVs, in spite of the existence
disorder. In addition, the TiO2 characteristics intensely convey on the alterations of
the nanomaterial host, such as organic molecules, ions, and inorganic materials) and
on the interfaces of TiO2 nanomaterials with the surroundings. The surface alteration
does not only influence the interfacial energy offset, nonetheless it also contains
substantial influence on the charge separation and transport, and as well as the
recombination processes [15]. Our recent review article has shown that when the
TiO2 is used as either buffer or an active layer it improved the solar cell performance.
Detailed discussion related to the use of TiO2 in photovoltaic solar cells can be found

in our published review article, which falls under chapter three [14] and ref. [15].

1.3 AIMS AND OUTLINES

1.3.1. Problem statement and Novelty

Though fabrication of semiconductor metal oxide (SMO) nanomaterials with various
properties has been realized in the past, nonetheless the fabrication of SMO
possessing multi-functional active structure properties that can be utilized in gas

sensing application and photovoltaic solar cells and still display superior sensing
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performances (such as superior sensitivity, quick response-recovery rates) and
photovoltaic performances (e.g. best light harvesting, rapid charge separation and
transport, etc.) still present significant scientific challenges. The on-going research
interest in the fabrication of such materials is motivated by the augmented emission
of toxic gases in the industrial processes that lead into detrimental threat to public
health and environmental sustainability. Thus, the current research aims to fabricate
the TiO2 nanomaterials that are doped with noble and transitional metals, such as
silver, gold and copper and also the fabrication of an n-type and p-type bimetallic
Ag/Cu doped TiO2 nanoparticles. The individual and bimetallic Ag/Cu doped TiO2 will
be used for solar cell application and gas sensing for selective detection of xylene
vapour among the BTEX (benzene, toluene, ethylene-benzene and xylene) and

acetone vapours at low operating temperature.

1.3.2. Objectives of the Study

Obijective of this dissertation:

e Synthesis and optimization of pure and Au, Ag and Cu doped TiO2 by
microwave assisted hydrothermal method.

e Study the structural properties of the materials using X-ray diffraction, X-ray
photo-electron spectroscopy and transmission electron microscope.

e Study the morphological and optical properties of the material by scanning
electron microscope and photoluminescence.

e Investigate the application undoped and doped TiO:2 in solar cells and gas
sensors

e Design, optimization and fabrication of TiO2 based sensor by introducing the

bimetallic Ag/Cu and their testing towards BTEX, i.e. benzene, toluene,
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ethylene-benzene and xylene and acetone for selective detection of xylene in
the presence of other interference gases, such as BTE and acetone and study

the electrical resistivity and gas response.

1.3.3 Thesis Outline

Chapter One: Structural, morphological and optical Properties of TiO2

e This chapter discusses the structural, morphological and optical properties of

TiOz2 and their effect on the gas sensing and solar cell applications.

Chapter Two: Background and Literature Review on Gas Sensing

e Chapter two focuses on the literature review of TiO2. The characteristics,
different properties, structure and particle morphology that can be achieved

and their effect on the gas sensing properties
Chapter Three: Background and Literature review on Solar Cells

e Chapter three focuses on the background and literature review of TiO2 on
solar cells applications. We discuss the effect of the noble metals and
transional metals doping on the TiO2 solar cells application and the use of

TiO2 as buffer layer and active layer.
Chapter Four: Characterization Techniques

e Chapter four deals with the theoretical background of analytical techniques

used in this thesis.

Chapter Five:

e Synthesis of pure TiO2 oxide the Cu, Ag and Au nanoparticles
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e Study the optical, morphological, and structural properties of the synthesized
doped TiOz2 nanoparticles using Cu, Ag and Au and their optimization in

photovoltaic solar cell application.

Chapter Six:

e Chapter six deals with the optimized and synthesis of bimetallic Ag/Cu doped
TiO2 nanoparticles.

e Study the effect of optimized bimetallic Ag/Cu doped on the structure,
crystallite size, morphological properties and their performance in gas sensing

and solar cell application.
Chapter Seven

e This chapter summarized all the work carried out in this thesis.
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CHAPTER TWO

BACKGROUND OF GAS SENSING

2.1 BRIEF HISTORY ON GAS SENSING

Chemical sensor is a device that alters chemical data ranging from concentration of
a particular sample component to total composition analysis into useful analytical
signal according to the International Union of Pure and Applied Chemistry (IUPAC)
[1]. Gas sensors monitor and detect leakages and fires. Suitable gas detector is of
outmost important requirement in various sectors such as food industries, which
uses gas sensor to detect volatile organic compounds released from rotten food [2].
The environmental sector detects the toxicity and pollutants released in the
environment such as carbon. Safety of employees in industrial sector is extremely
important hence the use of gas detector during and after production in gas
production, laboratory activities, fermentation, and mining [3, 4]. Health sector also
use breath analyzer for early detection of condition such as cancer and diabetes.
Recent applications in mobile phones are providing a platform that allows integrating

sensors and identifying harmful threads in personal environment [5].

2.2 EXAMPLES OF GASES OF CONCERN

Global warming is the main concern nowadays because of gas pollutants in the air
resulting in health hazards. Longer period inhalation of gases such as carbon
monoxide (CO), carbon dioxide (CO2), ammonium, nitrous oxide (N20), sulphur
dioxide (SO2) and Hydrogen sulfide (H2S) can result in fatality. Hence, monitoring

such gases is important to assist in prevent occurrence of fatal accidents such is fire
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and explosions. Industrial emission is the main cause of pollutants mostly in road
transport and maritime which results in nitrogen oxide (NOx) and carbon dioxide.
Wherefore, NOx contribute to depletion of ozone in stratosphere. Moreover, NOx and
SOz2 results in formation of acid rain [6]. The burning of carbon in coal industries
result in the by-product of carbon dioxide wherein excess can result in suffocation
and contribute to global warming. Also burning of coal oxidizes to yield CO, which
hinders supply of oxygen into body tissue causing seizures and death [7, 8] in
humanity. The Hydrogen sulfide (H2S) naturally in human body occurs as a waste
product. However, exposure to H2S greater than 10 ppm is poisonous to human

organ and can result in death [9].

2.3 GLOBAL DEMAND FOR SENSORS

European Union estimated 400 000 premature deaths due to urban air pollution
effect in European Union. Hence, European Commission adopted an edict in
December 2013 that determines the air objectives until 2030 that strictly permit
national emission for six pollutants [10]. Moreover, the industrial market in United
States of America has reported in 2009 the demand for sensors with annual average
increment rate of 4.6% since 2004. Occupational health and safety standard
implementation is becoming compulsory in many countries this positively influence
the demand of gas sensors. In 2013, the market report estimated $1.782 million for

gas sensors with a compound annual growth rate of 5.1% expected in 2020 [11].

2.4 CLASSIFICATION OF GAS SENSORS

Usually, a gas sensor comprises of electrode, substrate, heater and sensitive layer.

The sensitive layer is a made of material that is placed on the substrate. This
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sensitive layer interacts with target gas to measure the change in chemical or
physical properties. Whereas, the electrode measure the changes caused by analyte
present shown as analytical signal to give interpreted data. While, heater control the

temperature of sensor. A schematic diagram below shows gas sensor in Fig. 2.1.

(b)
Sensing Layer P
~TiN Back Electm- Y

_-ALO3Substrate~ ©
Pt-Heater \

l.‘;‘.h

Fig. 2. 1: Schematic diagram of sensing strip [12].

There are different types of gas sensors in terms of sensitive such as semiconductor
metal oxide that measures the electrical conductivity properties, Optical sensors that
measure luminescence, absorbance and refractive index properties, calorimetric for
temperature measurement, Piezoelectric sensor that measure mass properties and
Electrochemical sensor that measure the electromotive force properties among the

many list of gas sensors classification [13].

2.5 CHARACTERISTICS OF A SENSOR

The aim of research in gas sensing devices is overcoming the challenges of

sensitivity, selectivity, fast response time and recovery time, stability and low working

http://etd twc.ac.zal



temperature. Characteristic that governs the performance of sensing devices are as

follow [14, 15]

Sensitivity (S) is a measured signal change per analyte concentration unit
given by the relationship: S = [(Rair- Rgas)/Rgas]

Whereas the detection limit is the analyte smallest concentration that the
sensor can detect at a particular given temperature calculated as:

LOD = 3 [Noisems/S]

Selectivity refers to the sensor’s capability to respond to selective group
analytes or specific analyte.

Response time is required time for sensor to react to certain gas group.
Recovery time is time recovered by sensor signal back to initial state after
removal of target gas.

Working temperature is the temperature needed to heat sensor to its
maximum sensitivity.

Stability in sensor is the ability to generate reproducible results for a certain
period.

Lifetime is the period at which sensor will constantly operate.

2.6. SEMICONDUCTING METAL OXIDE GAS SENSORS

Semiconductors metal oxides (SMO) got attention ever since Brattain et al. in 1952

established a change in resistivity of germanium exposed in mixture of gases [16].

Subsequently, Seiyama et al. [17] in 1962 reported that ZnO thin films change

electrical conductivity when exposed to propane at 485 ©C. Moreover, Shaver in

1967 explain the effect of enhancing selectivity and sensitivity of noble metals on
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electrical properties of SMO [18]. Taguchi [19] became the first to develop

chemoresistive gas sensing devices using SnO2 as sensitive material.

Today advancement in material science and fabrication process allows improved
sensitivity and reliability that are cost effective [20]. The diverse applications of metal
oxide semiconductors in gas sensing, solar cells and photo-catalysis is due to good
thermal stability and high temperature operation. Most nanostructure SMO i.e.,
SnOz2, ZnO, TiO2, WO and CuO are advancing owing to their practical sensitivity to
various gases such as NO2, NHs, CO, H2 and CH4, H2S. The most used MOX as
sensing materials are SnO2, ZnO and TiO2 as shown in fig 2.2 on the flow chart

below.

Web of Knowledge |2013.7.15)

Fig. 2. 2: Research studies on SMO for gas sensors [21].

2.6.1 Size and Dimension

Tuning of material grain size during synthesis enhance sensitivity of SMO [22, 23].
Semi-quantitative model of high response material is obtaining with grain size (D)
greater than two times the thickness (L) of surface charge layer (D>>2L). The model
suggests that when D>>2L, the sensitivity is independent of D and the structure is
not sensitive. Nonetheless, when D = 2L influence the sensing material conductivity

and define size dependence of gas sensitivity. Extensive research in development of
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new material to improve gas-sensing performance is due of this model [24, 25, 26].

Figure 2.3 below shows a schematic model.
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Fig 2. 3: Schematic model on the sensitivity of metal oxide gas sensors [25].

2.6.2 Surface Modification by Additives

Diverse researches have used mixture of metal oxide as composite material to
enhanced properties of SMO sensors in order to attain higher sensitivity and
selectivity compared to the individual constituent of MOX [27, 28]. Application such
as light transistors and sensors use metal oxide dopants to advance dilute magnetic

semiconductors. Moreover, the application of solar cell narrows their band gap by
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introducing metal oxide such as ZnO and TiO2. Wherefore, new energy state
forbidden band are introduced that enable wide band range absorption of

electromagnetic spectrum resulting in enhanced efficiency of material.

Performances of sensor are influence by factors such as crystallite size, oxidation
state, dopant distribution and homogeneity [29, 30]. However, metal oxides are not
catalytically active enough hence the incorporation of noble metals (Ag, Au and Pt)
and transition metals (Cr, Mn, Fe and Cu) to enhanced their properties [31-35]. Joshi
et al [36] upon incorporating gold dopant on ZnO nanowires observed an enhanced
catalytic activity compared to the undoped ZnO nanowires. Furthermore, Ahmed et
al [37] observed that incorporation of Mn doped ZnO nanaorods in oxygen gas
sensing at room temperature results in high sensitivity compared to the undoped
ZnO nanaorods. The enhanced sensitivity was owing to the decrease in rod diameter

and greater surface to volume ratio.

2.6.3. Sensing Mechanism

Wolkestein et al [38] was the first to report the mechanism of metal oxide gas
sensors based on electron theory of chemisorption and catalysis in 1961. Later,
Morrison explores conditions for electric charge transportation of semiconductor
when exposed to target gases [39]. Hence, Yamazoe et al [40] elaborate the gas
sensing mechanism in semiconductor metal oxides in connection to their theories.
Two types of semiconductors are n-type and p-type. The n-type semiconductors
(SnO2, ZnO and TiO2) are electrons carrier charges while the p-type (CuO, TeOz2)
are holes’ charge carriers. Both n-type and p-type semiconductor when exposed to
reducing or oxidizing target gas an alteration in resistance is witnessed which is a

result of REDOX reaction [41].
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By exposing n-type to reducing gas causes adsorption of gas molecule on surface to
react with chemisorbed oxygen ions resulting in donor of electron in metal oxide.
Electron concentration increases with depletion layer becoming thin causing charge
flow repair, resulting in decrease electric resistance and the opposite happens in
oxidizing agent. In the event of p-type when exposed to reducing gas an increase in
electrical resistance is observe while in oxidizing gas a decrease in electrical
resistance occur. Gas sensors depend on geometry and size of crystallites including
their interconnection. Thin space region increase charge flow over small period
causing quick response time resulting in enhanced sensitivity and response of the

sensor [42].

2.7 APPLICATION OF TiO2 NANOMATERIALS IN GAS SENSING

Toxic gases such as carbon monoxide (CO), benzene (CeHs), toluene (CrHs) and
xylene (CsH10) have far reaching health effect which can lead to death due to
explosive and combustible effect they portray. The occupational safety and health
administration has set limit exposure of 35 ppm for an 8-hour shift. Thus,
semiconductor metal oxide (SMO) based sensors have capable properties such as
alteration in conduction resistance in the existence of analyte gas. Amongst the
SMOs, titanium dioxide (TiOz2) has unique characteristic such as large band gap,
chemical stability and potential technological applications in gas sensor and solar
cells [43]. Mabrook and Hawkins et al. [44] reported sensing performance of
undoped TiO2 based benzene sensor at room temperature with high detection range
of 150 ppm with moderately slow response and recovery times of 1 min and 5 min.
The single semiconductor oxide is weakly sensitive due to low chemical reactivity

thus limit their application and development.
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Dutta et al. [45] modified synthesis nanoporous p-titania thin film using sol gel
method towards detecting low concentration of benzene, toluene and xylene (BTX)
sensor at low temperature. The results indicated fast response and recovery rate to
be ~24 s/12 s, ~14 s/20 s and ~20 s/14 s for benzene, toluene and xylene
respectively at lowest concentration of 0.1 ppm with optimum operating temperature
of 75 °C. Hsu et al. [46] used the electrochemical method to synthesis TiO2
nanotubes whereas LSCNO perovskite film was prepared using sol gel method
process. Then both were fabricated together into p-n junction and measured in CO
gas sensor. The testing results indicated moderate response of 38.41% at 200°C
with concentration of CO at 400 ppm. Whereas, benzene gas sensor based on Pd-
decorated TiO2/MoS2 ternary nanocomposite upon exposure to 50 ppm
concentration, the response time was about 13s and the recovery time was about
10s which was ascribed to synergistic effect of the ternary nanostructures. The
response recovery time are 15s/13s and 17s/18s for MoS2 and TiO2 respectively
[47]. Fig. 1 below is the sensing performance. comparison of TiO2, MoS2 and Pd-
TiO2/MoS2. Nonetheless, TiO2-doped ZnO sensors showed a great sensitivity to
benzene and acetone with lower concentration of 100ppm at 370°C. The sensors
showed the respond and recovery time was around 10 and 5s respectively. While
the operating temperature for alcohol at 240°C still observed rapid response and
recovery [48]. Zhang et al. [49] successfully prepared the silver (Ag) loaded
hedgehog-like TiO2 architectures using hydrothermal method. The response of the
Ag loaded hedgehog like TiO2 to 100 ppm xylene measured at 375°C to be 5s and

recovery time of 2s.
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Fig. 2. 4: The sensing performance comparison of TiO2, MoS2 and Pd-TiO2/MoS; [47].

The Ag loaded hedgehog likeTiO2 exhibited better properties compared to the
response of other sensors to xylene. Compared to Shen synthesizing the
hierarchical ZnO rose architecture using hydrothermal method combined with
calcination process and fabricated the gas sensors. The gas sensing results showed
the response of the fabricated sensors to 20 ppm xylene at operating temperature of
206 °C is 2s and the recovery time is 24 s [50]. Whereas, ZnO nanoflower with high
concentration of 200 ppm xylene at 206 °C, showed response rate of 9s and
recovery time of 38s [51]. The response time for 5 wt% Fe-doped MoO3s and a-
MoOQOs/a-Fe203 at optimum temperature of 206 °C with moderate concentration of 100
ppm xylene results 20 s and 87s with recovery time at about 75s and 190s
respectively [52,53]. The sensing performance of the Ag-loaded TiO2 sensors
evidently showed the response of sensor to xylene was better compared to all tested
VOCs. As shown below in Table 2,1, the xylene sensing properties for various SMO

sensor.
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Table 2. 1: Xylene sensing properties of SMO sensor.

Sensing materials Xylene Operating T. (°C) Response Recovery Refs.

(Ppm) (s) (s)
0.5 at.% Ag/TiO2 100 375 5 2 [49]
Au-ZnO rose-like 20 206 2 4 [50]
ZnO nanoflower 200 200 9 38 [51]
5 wt.% Fe-doped 100 206 20 75 [52]
MoO3
a-MoOs/a-Fe203 100 206 87 190 [53]
2 at.% W-doped NiO 200 75 178 152 [54]
3 at.% Sn-doped 100 225 298 223 [55]
NiO

Wisitsoraat et al. [56] presented the progress of NiOx doped TiOz2 thin films prepare
by ion-assisted electron beam evaporator. The results showed the differences in gas
sensing response between the n-type and p-type NiOx doped TiO2. The n-type
response increasing with operating temperature and the p-type response decreases
with temperature. The p-type response showed significant enhancement on acetone
and ethanol gas at 300 °C. Fig. 2.5 below shows resistance of 1% TiOz thin film and
0% NiOx are reduced when exposed to reducing gas. The 1% NiOx behavior shows
no significant different from the undoped one. While the 10% NiOx and pure NiOx thin

film increased upon exposure to reducing gas.
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Fig. 2.5. Variation of the current flowing through NiO,-TiO- films for acetone gas.

However, modified TiO2 nanowires and sea-urchin-like hierarchically arranged TiO2
nanostructures (HHC) among the many structures were synthesized using
hydrothermal method resulting in high surface area with diameter ranging from meso
to macropores. The sensing performances of the fabricated sensors were measured
towards toluene and xylene gases at low operating temperature of 25 °C. The HHC
sensor display potential selectivity towards CO with response 2.38, while TNW
sensor showed a greater response of 6.57 and selective towards C7Hs at low
temperature. A more noticeable response toward 20 ppm CO was obtainable by
HHC with response and recovery times of 85 and 124 s due to active sites and
available surface area presented by structural morphology. The results showed that
the HHC sensor upon exposure to CO gas decrease as temperature increases.
While, the opposite behavior upon exposure to CsHio was observed wherefore
response increased with operating temperature. They further observed that TNW
sensor showed greater response towards CsHio followed by TNP sensor even

though it has smaller surface area compared to HHC [57]. Pozos et al. [58]
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synthesized TiOz2 thin films using ultrasonic spray pyrolysis and obtained response of

300 towards 300 ppm at operating temperature of 300 °C. Seekaw et al. [61]

fabricated the graphene carbon nanotubes loaded with TiO2 nanoparticles using

chemical vapor deposition and sparking methods. The results showed enhanced

response for 42.9% towards 500ppm toluene vapor at room temperature. Table 2.2

below presents TiO2 gas sensor on various VOCs gases.

Table 2. 2: Comparison study based on TiO» gas sensors for CO, C7Hg and CgH1o.

Gas Sensors Conc. (ppm) Operating T. (°C) Response  Refs.
CcoO TiO2/perovskite 400 200 38.41% [46]
TiO> thin film 300 300 300 [58]

Pd-TiO2 800 400 4.25 [59]

TiO2 hierarchical 20 25 2.46 [57]

C7He TiO> 400 50 12.5% [50]
Pt@ZnO-TiO: 5 300 11.1 [60]

3D TiO2/G-CNT 500 25 42% [61]

Au-loaded TiO» 100 375 7.3 [62]

TiO2 Nanowires 60 25 7.65 [57]

TiO2 nanotubes 400 50 16% [50]

CsHao Hedgehog-like Ag- 100 375 6.49 [62]

TiO2
Co304/TiO2 100 120 11.17 [63]
TiO2 Nanowires 100 125 36.26 [57]

Note: Conc. (ppm) and Operating T. (°C) correspond

temperature, respectively.
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CHAPTER THREE

Metal Oxides and Noble Metals Application in Organic

Solar Cells:

3.1. INTRODUCTION

Photovoltaic (PV) technology plays a major role in resolving the global energy crisis
in an eco-friendly and sustainable way. Currently, the mass production of 90%
worldwide market is silicon (Si) based PVs as opposed to the polymer solar cells
(PSCs) [1]. However, PSCs have been intensively researched due to their cost
effectiveness, flexible tuning properties, and appropriateness for mass production in
addition; they are not generating toxic substance or greenhouse gases and
necessitating little maintenance during operation [2-4]. The current efficiency
recorded to date of OPV cells is over 16.5%, owing to concurrently improved short
circuit current density and open-circuit voltage, as opposed to the state of the art Si
based solar cells [5]. Nonetheless, much attention is given to organic solar cells over
the single solar cell due to loss thermalization and narrow absorption spectra in
single solar cell PSCs. They are based on the synthesis of donor and acceptor
materials with different designs of interconnection layers [6]. Polymer: fullerene
blends showed that they can produce PCEs over 10% and integration of
nanostructures into their devices architecture for light manipulation can further
enhance these performances. Stabilization is established in this charge separated
state of fullerene based material as a prerequisite in artificial electron transfer

structures [7, 8]. Organic PSCs may also be enhanced by the integration of noble

"The contents of this chapter have been published in Solar Energy 207 (2020) 347-366
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metal nanoparticles (NPs), which display strong localized surface plasmon
resonance (LSPR) effect [9]. Excitation of LSPR within the noble metallic NPs arises
due to induced collective oscillation of the conductive electrons by the
electromagnetic radiation in the individual nanoparticle. The effect of the LSPR is
dependent on the geometry, dielectrically properties, size and spacing of the metallic
NPs [10]. Inclusion of metallic NPs in the charge transporting layer is favoured,
which extend the LSPR effect as opposed to the active layer that generates exciton
quenching [11]. Hence, the incorporation of noble metallic NPs that induces LSPR
has been reported to enhance optical absorption properties [12,13]; consequently,
matching the frequency of the incident photon to the frequency of the oscillation

excited electron in metal NPs that actuates the LSP as shown in Fig. 3.1.

v

electron cloud of
metallic nanoparticle

Glass

Incident Photon

Fig. 3. 1: a) LSP confined in the spherical metallic NP(s) with diameter (a). The SP(s) are
excited with the incident photon energy, hv. (b) Architecture of OPV with small spherical
NP(s) embedded on the CTL. (Reprinted with permission from [14] Copyright 2016:

Elsevier).

These LSPR enhanced solar devices have stimulated much recognition as an
alternative renewable energy source. Major studies have now focused on using

noble metal NPs with spherical morphologies. Nanostructures such as stars and
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rods result in a strong LSPR owing to their sharp structures, thereby elevating the
effectiveness of the cells [15-17]. Amongst studied NPs morphologies, the utmost
contributor of power conversion efficiency (PCE) were the usage of Au star-shaped
NPs. This was due to the superior optical properties of Au nanostars over
nanorods/sphere; according to surface enhanced Raman spectroscopy studies [18].
Nonetheless, optical engineering techniques using optical spacers such as TiO2 or
ZnO were reported to enhance photon absorption. This report was ascribed to the
maximum light intensity within the active layer caused by the spatial redistribution of
the optical electric field energy dissipation. The optical electric field energy
dissipation is proportional to the photon generation exciton, which in turn is
proportional to the free carrier generation rate. Influencing the local value of the free
carrier generation rate along the active layer has an overwhelming effect on the
overall device performance [19]. This review article is based on the theoretical

interpretation of the research and development of the P3HT: PCBM based solar cell.

3.2. INFLUENCE OF NOBLE METALS ON P3HT: PCBM

The noble metals of interest in this article are metallic NPs of Au and Ag. It is well
known that the incorporation of the above mentioned metallic NPs in polymeric
materials, such as the P3HT:. PCBM based solar cell, can trigger the surface
plasmon effect. Generally, a substantial quantity of light is lost in most organic solar
cells, due to the excessively thin film thickness of roughly 100 nm, which in turn
results in abundant incident light passing through the active layer and reaching the
cathode. Therefore, the effective approach to overcome this loss of light is through
the incorporation of noble metals that can enhance the light absorption capabilities of

the P3HT: PCBM solar within a broad wavelength range. Light absorption can be
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enhanced in three mechanisms; i.e. by light scattering, localized surface plasmon
resonance, and through surface plasmon polariton (see Fig. 3.2). These
mechanisms depend on the particular geometry and different structures of metal
NPs in the OPV: firstly, by entrenching metallic NP(s) in the active layer, secondly on
the outside of the active layer and thirdly, by back grating contact from the side of

active layer.

a b)

Fig. 3. 2. Schematic diagram displaying the plasmonic materials performance where the
light is scattered at different angles as to improve the effective optical path length and
absorbing light. a) Light trapping by scattering from metal nanoparticles at surface of the
solar cell. b) Light trapping by the excitation of LSPs in metal nanoparticles embedded in
semiconductor. c) Light trapping by excitation of surface plasmon polaritons at metal/
semiconductor interface. A corrugated metal back surface couples light to surface plasmon
polariton or photonic modes that propagate in the plane of the semiconductor. (Reprinted
with permission from [20] Copyright 2010: Nature Materials).

3.2.1. Effect of Au on P3HT: PCBM Solar Cell Performance

3.2.1.1 Metallic Au NPs embedded the buffer layer

The geometry of metallic nanostructures is another important factor that affects the
efficiency of the solar devices. Hence, inclusion of plasmonic nanostructures in the
buffer layer has been reported by various researchers to induce an optical effect,
which elevates light absorption in the active layer that results in actuating the rate of

exciton generation. This resulted in an elevation of exciton dissociation at the
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donor/acceptor interface, with an enhanced device photocurrent [21-23]. Previous
studies have shown that the integration of these plasmonic NPs induced the
electrical effect that increased the conductivity and surface roughness of the buffer
layer [24,25] and was attributed to the lateral distribution of light along the buffer
layer that induce field enhancement near the metallic NPs [26]. Inclusion of Au
nanocubes in the buffer layer of PTB7: PCBM based devices showed a PCE of
approximately 8.2% according to Ng et al., which was assigned to the forward optical
properties [27]. Otieno et al. highlighted a PCE of approximately 3.23% with an
increment of 32.4% on the cells, which was ascribed to greater charge injection of
AuNPs in a buffer layer [28]. Using laser generated NPs in PCPDTBT: C70-PCBM
based devices, an enhancement in the PCE to approximately 6.28 % was achieved,
which was ascribed to the scattering effect of the transmitied photons back to active
layer by the NPs [29]. Liu et al. reported a PCE of approximately 7.1% with 8.1%
increment, which was due to an improved exciton dissociation rate at the interface of
the buffer layer and light absorption enhancement of the active layer [30]. The
hygroscopic and acidic nature of the PEDOT: PSS layer caused degradation of the
solar device. Hence, replacement of PEDOT: PSS by self-assembled of 2-
Thenylmercapton on Au has demonstrated a significant advancement of 2.5%
efficiency, which Zhang et al. assigned to the design of 2-Thenylmercapton on gold
that inhibits charge recombination and decreases the contact resistance, which
increases PCE [31]. Qiao et al. showed that the coalescence of different diameters
of Au nanospheres (NS) in the buffer layer enhanced the efficiency of the solar
device showing PCE of 2.36%, while showing a 20% improvement and this was
attributed to strong SPR effect by larger AuUNS [32]. The use of seed mediated

growth to synthesise Au nanorods (NRs) according to the processes from Nikoobalth
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et al. was employed, to assemble interfacial Au NRs through thermal transformed
nanodots (ND) on ITO substrate, which was found to elevate the PCE to 3.65 %
[33]. Lee et al. assigned the increment to the strong coupling of Au plasmon effect
and organic exciton causing effective charge transfer of the solar device [34]. The
use of Au NPs in solar cells is due to a broader LSPR effect in longer visible
spectrum as compared to Ag NPs, whereas Ag NPs have a high scattering effect as
compared to Au NPs. Hence, combination of Au@Ag core shell nanocubes (NC) in
the buffer layer was found to enhance the PCE of various devices. Baek et al.
reported a PCE of 6.08 % in Au@Ag core shell NC as compared to PCE of 5.57% in
AuNPs of PCDTBT: PC7BM active layer [35]. They further displayed in the active
layer of PTB7:PC70BM an enhanced PCE of 8.74% in Au@Ag core shell NC as
compared to 8.14% in AuNPs, which was accredited to the high scattering efficiency
and broader LSPR, especially at longer wavelength in the visible spectra. The J-V
characteristics in Fig. 3.3 shows the enhanced Jsc in Au@Ag core shell NC
integrated devices compared to AuNP integrated devices; owing to their superior
scattering effect displaying the highest PCE. The authors observed low enhanced
EQE and absorption of the OSCs with the AuNPs incorporated in comparison to
AgNP embedded devices in spite of the enhanced incorporating concentration. The
low EQE and absorption improvement are related to the inferior scattering efficiency
of the AuNPs in comparison to the AgNPs. The scattering power of AgNPs is greater
than the absorption power, whereas the AuNPs display inferior scattering efficiency
and solid self-absorption power in spite of the broadband scattering response at the
visible range of the extended wavelength. Consequently, the improvement factor of
the absorption by active materials is restricted because of the intrinsically inferior

AuNPs scattering efficiency. Thus, the metal-metal core-shell construction
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overwhelmed the intrinsically weak scattering efficiency of AuNPs due to constructed
hybrid plasmonic structure consisting of both gold and silver, where a thin Ag shell
covered the Au core and acted as a scattering enhancer. Baek et al. showed that the
appropriate shell thickness should be less than 15nm Ag shell (blue region) to
minimize the blue shift of LSPR though maximizing the scattering effect throughout
the visible range. Thus, the PCE was enhanced due to improved Jsc and fill factor
and they noted that the charge collection efficiency was enhanced due to charge
enhanced mobility. Hence, Ag@Au NC showed a 2.2 fold higher external quantum
efficiency enhancement compared to AuNPs devices at wavelength of 450-700nm in

PCDTBT: PC-based organic cells.

o

| —=—Ref (PCDTBT)

=@ AUNPS =-b— Au@Ag NCs
> === Ref (PTB7)
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Fig. 3. 3. Device characteristics and spectral responses of plasmonic OSCs. Current
density-voltage (J-V) characteristics of control device (black squares) and the best
plasmonic OSCs with AuNPs (red circles) and Au@AgNCs (blue up triangles) embedded.
The filled and open symbols denote the PCDTBT:PC7BM (Type IlI) and PTB7:PC7BM
devices, respectively. (Reprinted with permission from [35] Copyright 2014: ACS

publications).
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Xu et al. used small molecular solar cells to integrate concurrently the Au silica NRs
in the active layer and Au nanospheres in the buffer layer, resulting in an efficiency
of 8.54% that was attributed to improved hole transport in the buffer layer and
broader optical absorption in the active layer. For the inclusion of Au nanospheres in
the buffer layer, an efficiency of 7.41% was reported [36]. The highest efficiency was
observed with the incorporation of Au@Ag in the buffer layer of PT7B:PC70BM
compared to buffer layer of PCDTBT: PC71BM [35]. Table 3.1 lists the device

characterization data of OSCs with AuNP(s) embedded into buffer layer.

Table 3. 1: Device characterization data of OPV with metallic AuNPs in buffer layer

ARCHITECTURE PCE (%) Voc Jsc FF Refs.
(%)
Glass/ITO/PEDOT:PSS:AuNPs/PTBY: oY P31 || 16.7 68 [27]
PC71 BM/Ca/Al
Glass/ITO/PEDOT:PSS+Au/P3HT:PCBM/AI 3.82 061 994 533 [28]
Glass/ITO/PEDOT:PSS:/ PCDTBT: 6.28 088 114 62 [29]
PC70BM/AI 7
Glass/ITO/PEDOT: PSS/ 7.1 0.75 15 64 [30]
AUAgNPprism/PTB7:PC;0BM/ZnO/Al
Glass/ITO/Au:PEDOT: PSS/ 2.2 0.54 8.1 50 [31]
P3HT:PCes:BM/LIF/Al
ITO glass/Au:2-Thenylmercapton/ 2.5 056 7.1 65 [31]
P3HT:PCes:BM/LIF/Al
Glass/ITO/PEDOT:PSS:AuNS(5nm)/MEH- 1.99 076 0.66 39.2 [32]
PPV:PCBM/AI
Glass/ITO/PEDOT:PSS:AuNS(15nm)/MEH- 2.36 0.78 0.74 4438 [32]
PPV:PCBM/AI
Glass/ITO/AuND (LD): PEDOT: PSS/P3HT: 3.65 0.58 11.1 57 [33]
PCBM/LIF/AI 3
Glass/ITO/PEDOT:PSS:AuNPs/PCDTBT: 5.87 0.87 10.7 63 [35]
PC7BM/TiO/Al 1
Glass/ITO/PEDOT:PSS:Au@AgNCs/PCDTB 6.08 0.87 11.1 63 [35]

http://etd we.ac.zal



T:PC70BM/TiO/Al 0

Glass/ITO/PEDOT:PSS:AuNP/PTB7:PC7BM 8.14 073 16.6 67 [35]
ITIOX/AI 4
Glass/ITO/PEDOT:PSS:Au@AgNCs/PTB7: 8.74 0.74 173 68 [35]

PC70BM/TiOL/Al 8
Glass/ITO/PEDOT:PSS:Au-SiO2/ p- 8.54 077 155 715 [36]
DTS(FBTTh2)2:PC7BM:Au/Ag/Ca 6
Glass/ITO/PEDOT:PSS:Au-SiO2/p- 7.41 077 135 712 [36]
DTS(FBTTh2)2:PC,0BM/Ag/Ca 3

3.2.1.2 Metallic Au NPs integrated in active layer of the OPV devices

Wang et al. demonstrated various polymer solar cells embedded with octahedral
AuNPs in the active layer that reduced the exciton quenching and cell resistance
[37]. The diverse solar devices of P3HT: PCBM, PCDTBT: PCBM and Si-PCPDTBT:
PCBM embedded with octahedral Au NPs resulted in a PCE of 4.36%, 6.45% and
4.54%, respectively. The enhanced PCE was assigned to the longer optical path
caused by the multiple light scattering of Au NPs in the active layer of these solar
cells. The emphasis was on the optimized thickness of the devices with Au NPs,
showing an increased PCE as compared to the optimised thickness of the devices
without AuNPs. Xu et al. integrated Au-silica NRs of various thicknesses in both
active layers of P3HT:PC71BM and a low bandgap polymer PCPDTBT:PC71BM,
which resulted in an increased PCE of 3.58% and 4.40%, respectively [39]. The
elevated PCEs were ascribed to light scattering of Au-silica NRs in the active layer of
both solar cells and was more pronounced in low bandgap polymer devices. Hence,
further studies were carried out to reduce the shell thickness of Au-silica to
effectively enhance both localized field and light scattering with reference to an
experimental study of Brown et al., using Au-silica nanosphere (NS) of 3-8 nm shell
thickness [40]. Xu et al. further reports that integration of Au-silica NS in active layer

of p-DTS (FBTTh2):PC70BM increased the Jsc from 12.04 to 12.69 mA/cm? without
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any change in the Voc and FF [41]. Whereas, inclusion of Au-silica NR in the active
layer of p-DTS (FBTTh2):PC70BM improved the Jsc to 15.14mA/cm? with no change
in Voc and FF. The pronounced Jsc was attributed to the enhanced absorption in Au-
silica NR as compared to Au-silica NS. The integration bare Au NR in the active
layer of p-DTS (FBTTh2):PC70BM resulted in PCE of 6.9%, whereas the one
integrated with Au-silica NR reached PCE of 8.2%, showing a significant
improvement due to the presence of a reduced shell thickness of Au-silica NR. The
enhanced absorption in both devices was accredited to the scattering and LSPR
effects. The small molecule BHJ of p-DTS (FBTTh2):PC70BM based solar cell
integrated with Au-SiO2 NR in the active layer yielded the highest PCE with a shell
thickness of 5 nm. They observed that a further reduction in the shell thickness
increases recombination, while a greater shell thickness decreases the electric field
intensity. The inclusion of nanostructured Au-SiO2 NR improved the Jsc significantly
in comparison to Au-SiO2 NS, as displayed in Fig. 3.4. They further revealed
absorption peaks at 520 nm and 680 nm for Au-SiO2 NR in chlorobenzene solvent
compared to single peak at 528 nm for Au-SiO2 NS. A high quality factor for LSPR in
Au-SiO2 NR ranging from 550 - 1000 nm was also observed, which matches the
absorption spectrum of the donor p-DTS (FBTTh2). The use of low band gap
polymer PCPDTBT: PC71BM and p-DTS (FBTTh2):PC7BM by Xu et al. yielded
efficiency of 4.4% and 8.2%, respectively, showing a more pronounced efficiency in

the low band gap polymer of p-DTS (FBTTh2):PC70BM based solar cells [41].
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Fig. 3. 4: J-V characteristics of the under AM 1.5G irradiation. (Reprinted with permission
from [41] Copyright 2015: Elsevier).

Tseng et al. reported various shapes of Au NP embedded in the active layer of solar
devices, which included cubes, rhombic dodecahedra (RD), edge- and corner-
truncated octahedral (ECTO), and triangular plates [42]. The absorption spectra of
the active layer remained the same after doping with these NPs. However, the
absorption intensity increased significantly, with the RD absorbance being the
highest, resulting to a PCE of 4.14% compared to the rest with ECTO, followed by
cubes and triangle NPs displaying efficiencies of 3.76%, 3.75% and 3.62%,
respectively. The increased absorbance in these various AUNPs was assigned to the
light scattering and LSPR effect. The use of P3HT-PCsoBM-Au as sensitizer in the
dye sensitizer solar cells displayed an increased in efficiency as compared to none
sensitizer solar cells and this was accredited to the plasmon induced effect by Au
NPs and the reduced change recombination in PCsBM. Hence, de Freitas et al.

observed an increase in the absorption and exciton generation in the device showing
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a further increased when combined with N719 dye [43]. Xie et al. showed that
coalescing of AuNPs in both P3HT: PCBM layer and PEDOT: PSS layer further
increased the PCE to 3.85% compared to an increase of 3.41% in only the active
layer or an increase of 3.61% in only the buffer layer [44]. This further increment was
attributed to the added NPs into the individual layers. Spyropoulus et al. reported on
the concatenation of surfactant-free AuNPs in the active layer, inclining the PCE to
3.71%, which was allotted to reduction in exciton quenching through recombination
process in the capped AuNP layer. The LPSR is induced by small sized AuNPs,
while multiple scattering is induced by larger sized AuNPs [45]. Table 2 shows the

device characterization data of OPVs with AuNP(s) incorporated into active layer.

Table 3. 2: Device characterization data of OPV with metallic AUNPs in active layer

ARCHITECTURE PCE (%) Voc Jsc FF (%) Refs.
Glass/ITO/PEDOT:PSS/P3HT: PC70BM 4.36 0.63 11.18 61.0 [37]
:Au/TiOx/Al cathode
Glass/ITO/PEDOT:PSS/PCDTBT:PC+o 6.45 0.89 11.16 65.0 [37]
BM:Au/TiO/Al cathode
ITO glass/PEDOT:PSS/Si- 454 0.57 13.13 61.0 [37]
PCPDTBT:PC7BM:Au/TiOy/Al
cathode
Glass/ITO/PEDOT:PSS/P3HT:PC+BM 3.58 0.62 8.73 66 [39]
:Au-SiO,/CalAl
Glass/ITO/PEDOT:PSS/PCPDTBT: 4.40 0.59 12.70 58.1 [39]
PC7oBMZAU-Si02/Ca/A|
Glass/ITO/PEDOT: PSS/ 6.90 0.78 12.58 70.2 [41]
p-DTS(FBTTh2)2: PC7BM: AuNR/
Ca/Ag
Glass/ITO/PEOT:PSS/ 6.80 0.77 12.69 70.2 [41]
p-DTS(FBTTh2)2:PC7BM:Au-SiO;NS/
CalAg
Glass/ITO/PEOT:PSS/ 8.20 0.77 15.40 70.4 [41]

p-DTS(FBTTh2)2:PC7BM:Au-
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SiO.NR/Ca/Ag

Glass/ITO/ZnO/P3HT:PCs:1BM: 4.14 0.61 10.39 65.3 [42]
AuRD/MoO,/Ag
Glass/ITO/ZnO/P3HT:PCs:BM: 3.76 0.60 9.94 63.0 [42]
AUECTO/MoO./Ag
Glass/ITO/ZnO/P3HT:PCs:BM: 3.75 0.60 9.95 62.8 [42]
Aucube/MoOx/Ag
ITO/ZnO/P3HT:PC61BM: 3.62 0.60 9.57 63.1 [42]
Autriangle/MoOx/Ag
FTO glass/TiO2:N719/P3HT: Au/Pt 3.51 071 9.22 54.0 [43]
FTO 4.90 0.72 11.57 59.0 [43]
glass/TiO2:N719/P3HT:PCesBM/Pt
FTO 5.94 0.74 14.24 56.0 [43]
glass/TiO2:N719/P3HT:PCsBM: Au/Pt
Glass/ITO/PEDOT:PSS/P3HT:PCs:BM 3.41 0.61 8.85 63.5 [44]
:Au/LiF
Glass/ITO/PEDOT:PSS:Au/P3HT: 3.85 061 9.74 65.0 [44]
PCBelMZAU/LiF
Glass/ITO/PEDOT:PSS/P3HT:PCs:BM — e 0.6 9.77 63.3 [45]

- AUNPs/AI

3.2.1.3. Effect of Au on P3HT: PCBM optical and structural properties

Wang et al. revealed that a 2 nm Au NP film incorporated in the P3HT: PCBM boost
the optical absorption in the spectral range of 350-1000 nm, attributed to photon
scattering and trapping in the Au NPs by their surface plasmon effect [46].
Namboothiry et al. also reported improved optical absorption within the spectral
range of 320 nm - 750 nm when Au NPs is at the ITO/MoOQOs interface [47]. Park et
al. reported that the integration of Au NPs of 5 nm - 10 nm in P3HT does not greatly
enhanced the solar cell, due to their close absorption spectra [48]. The optical
properties of metal NPs depend on its size and the shape, as shown by Chen et al.

where a red shift was observed with the increase in the spherical Au NPs size [49].
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Kozanoglu et al. observed in diverse metallic nanosphere, NRs and nanostars that
the PCE is greatly enhanced, especially in the morphology of the Nanostars [50].
They assigned the PCE improvement to the substantial light scattering and
enhanced electromagnetic field induced, due to the plasmonic effect. Scanning
electron microscope (SEM) micrographs (Fig. 3.5, insets) present an asymmetrical
branched structure of nanostars with UV-VIS showing absorption spectral range
within 600 nm- 900 nm. The NRs peaks appeared at 540 nm and 800 nm and that of
the NS at 525 nm. Hence, the nanostars showed a significant improvement in the J-

V characteristics with lower series resistance as compared to the NRs and NS.

F
:
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Absorbance (a.u.)

400 500 600 700 800 800 400 500 600 700 BOO 500
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400 500 600 700 @800 S00
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Absorbance (a.u.)

Fig. 3. 5: UV-vis absorption spectrum of Au (a) NSt(s), b) NR(s) and (c) NS(s). Insert shows
the SEM image of the nanostructure. (Reprinted with permission from Ref. [50]. Copyright
2016: Elsevier).
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3.2.2. Effect of Ag on P3HT: PCBM solar cell performance

3.2.2.1 Ag NPs embedded in the buffer layer

Studies have shown that the incorporation of silver nanostructures into solar cells
enhanced the device efficiency, owing to their higher degree of order of the
enhanced local field and the ease of altering the absorption spectrum in the near
infrared and visible spectral range [51, 52]. Hence, Noh et al. reported on the
plasmonic effect of Ag shaped nanoprism (NPSs), which coalesced in the buffer
layer of P3HT: PCBM device to enhance the efficiency of the bulk heterojunction
organic solar cells (BHJ-OSCS) [53]. The modified seed mediated growth method
was used to synthesis AQNPSs through the addition of aqueous AgNOs to a mixture
of poly sodium styrene sulfonate, aqueous trisodium citrate and aqueous NaBHa.
The use of AgNPSs displayed an increased PCE of 5.21% in the absence of PEDOT
layer as compared to the reference with PCE of 4.66%, while an increase in the
inter-distance by addition of buffer layer decreased the PCE to 4.91%. However, the
Jsc and FF in the presence of the PEDOT layer improved, which was attributed to the
enhanced near field of LSPR from AgNPSs. Wang et al. disclosed that the
integration of Ag nanowire (NW) mesh transparent electrode on polyethylene
terephthalate (PET) substrate with an acrylic resin buffer layer on the P3HT:PCs0BM
solar devices improved the efficiency to 4.45%, as opposed to ITO on glass
substrate device with efficiency of 3.37% [54]. For PTB7:PC70BM devices, the
incorporation of the AQNW mesh transparent electrode on polyethylene terephthalate
(PET) substrate with an acrylic resin buffer layer exhibited a PCE of 7.58%,
compared to device with ITO on glass substrate, displaying an efficiency of 7.12%.
The higher efficiency was interrelated with the trapping effect and light scattering

induced by AgNW mesh. Hao et al. denoted that the inclusion of Ag@SiO2 NPs in
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the buffer layer increased the efficiency of solar devices to 3.35% compared to its
pristine with PCE of 2.81% [55]. The enhanced efficiency was correlated with the
large size Ag@SiO2NP due to LSPR by the near and far field scattering effect.
Further studies by Baek et al. concurred that the size of the AgNPs influences the
scattering efficiency, which affects the performance of the device, exhibiting an
efficiency of 7.6% in the PCDTBT: PCBM device, compared to the pristine device
with a 6.4% efficiency [56]. An efficiency of 8.6% for the PTB7: PCBM device was
further realized, compared to its reference with a PCE of 7.9%. Their method
revealed the best J-V characteristics displayed in Fig. 3.6 with improved Jsc and FF,

due to the improved optical properties.
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Fig. 3. 6: The J-V characteristics and spectral responses ot plasmonic OPVs with various
size of AnNPs. (a) The J-V curves of the plasmonic OPV (red circles) and the OPV (black
squares). The filled and open symbols denote the PDCTBT:PC7BM and PTB7:PC7BM

devices, respectively. The plasmonic devices were optimized in terms of size and

concentration. (Reprinted with permission from [56] Copyright 2013: Springer Nature).
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Jageler-Hoheisel et al. articulated the spacer layer introduction to adjust the distance
between AgNPs and the active layer [57], thereby divulging an efficiency of 2.65%
compared to reference of 1.93% on ZnPc:Ceo device. They further pronounced an
efficiency of 3.4% in comparison to that of pristine (i.e. 2.7%) in the device of Fs-
ZnPc:Ceo. Xu et al. corroborated the AgNPs in the buffer layer to better improve the
efficiency compared to the AUNPS on the PTB7:PC70BM device [58]. The efficiency
reached 7.52% in the AgNP doped TiO2 compared to the 7.02% in the AuNP doped
TiO2. The high efficiency for the AgNP doped TiO2 was ascribed to exciton
dissociation increment, which reduces the recombination rate. Thin film evaporation
was used to integrate the Ag nanoisland on the buffer layer of P3HT: PCBM, thereby
extending the PCE from 1.3% to 2.2%, which was credited to the enhanced optical
absorption by the LSPR of the AgNPs [59]. Thermal deposition of silver on the buffer
layer of the P3HT: ICBA device was used to attain the nanostructured rear electrode,
which Chen et al. publicised to enhance the efficiency of the inverted polymer solar
cells to 7.21%, compared to the flat electrode cell with efficiency of 6.26% [60]. This
was imputed to the light trapping of AgNps in the MoOs rear electrode by surface
plasmonic and backscattering effects, owing to the fact that the Ag nanostructured
rear electrode is on top of the active layer compared to flat electrode cell. Jung et al.
reported on the assembly of nanobumps (NBA) on MoOs buffer layer concealing the
AgNPs to further intensify the PCDTBT:PC70BM device’s performance to 6.07%,
compared to the device with a flat PEDOT:PSS buffer layer with efficiency of 5.63%
[61], while both of their reference cells without AgQNPs presents similar efficiency of =
5.20%. The enhanced performance was assigned to the multi-reflection and strong
forward scattering effect in the NBA structure and further inhibits recombination

losses due to the fully covered AgNPs by MoOs, which makes it isolated from the
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active layer. However, in the flat PEDOT:PSS layer; due to its hygroscopic and
acidic nature; it leads to instability of the device and moreover exposed AgNPs,
which were directly in contact with active layer promote recombination losses and
exciton quenching thereby deteriorating the performance of the device. Table 3.3
shows the device characterization data of Os with AgNP(s) incorporated into buffer

layer.

Table 3. 3: Device characterization data of OPV with metallic AgNPs in buffer layer

ARCHITECTURE PCE (%) Voc Jsc FF (%) Refs.
ITO 491 053159~ 60.9 [53]
glass/PEDOT:PSS:AgNPSs/P3HT:PCs1B
M/Al
PET substrate/Acrylic 4.45 0.60 12.1 60 [54]
resin/AgNW:PEDOT:PSS/P3HT: 5
PCesoBM/LIiF/Al
Glass/ITO/PEDOT: PSS/P3HT: -z 0.61-8.79 61 [54]
PCeoBM/LiF/Al
PET substrate/Acrylic 7.58 0.68 -19.1 58 [54]
resin/PEDOT:PSS/PTB7:PC70BM:AgNW/ 6
LiF/Al
ITO/PEDOT: PSS/PTB7HT: 712 0.75 16.3 59 [54]
PC70BMAQ/LiF/Al 5
Glass/ITO/PEDOT:PSS:Ag@SiO2/P3HT: 3.35 0.59 9.67 58.3 [55]
PCeoBMI/LIiF/A
Glass/ITO/PEDOT:PSS:AgNP- 7.6 0.89 12.6 67 [56]
67/PCDTBT: PC70BM/TiO,/Al 7
Glass/ITO/PEDOT:PSS:AgNP- 8.6 0.75 16.3 70 [56]
67/PTB7:PC70BM/TiO«/Al 3
Glass/ITO/W?2 (hpp) 4/Ceo (hpp) 4/ 2.65 050 9.4 557 [57]

Ceo/ZNPc: Ceo/ ZnPc/ BF-DPB: F6-TCNNQ/
V20s/Ag: BF-DPB: F6-TCNNQ/AI

Glass/ITO/W?2 (hpp) 4/C60(hpp)4/ C60/F4- 3.4 067 93 539 [57]
ZnPc:C60/ F4-ZnPc/ BF-DPB: F6-TCNNQ/
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V205/Ag: BF-DPB: F6-TCNNQ/AI

Glass/ITO/TiOz: Ag (or Au) 7.52 0.71 16.8 63.0 [58]
NPs/PTB7:PC70BM/M0oOs (8 nm)/Al 0

Glass/ITO/ZnO/P3HT: 7.21 0.85 128 66.0 [60]
ICBA/AgNPs:MoOs/Al 6

Glass:ITO/Ag NPs-MoO3; (NBA)/PCDTBT: 6.07 0.88 104 65.0 [61]
PC7BMI/LiF/AI 8

Glass/ITO/PEDOT:PSS:AgNP/PCDTBT:P 5.63 0.89 102 62.0 [61]
C0BMI/LiF/Al 4

3.2.2.2 Ag NPs embedded in the active layer

Various shapes of Ag nanostructures yield different properties such as its
absorbance and reflective effect. Diverse research works have authenticated that Ag
nanomaterials have an effective light scattering effect compared to Au
nanomaterials. Hence, a comparative study of Ag nanoplates and AgNPs displayed
different levels of optical reflectance and absorption spectra in the active layer of
various devices [62]. Wang et al. revealed an efficiency of 4.4% for P3HT:PC71BM
device integrated with Ag nanoplates compared to its pristine cell with an efficiency
of 3.3% and the one with AgNPS reaching 4.0%. The improved performance was
due to effective light scattering of the Ag nanoplates, which increased the optical
path length thereby hindering recombination losses. They further detailed an
enhanced efficiency of 6.6% in the PCDTBT:PC71BM layer of the Ag nanoplate-
based device as compared to the AQNPs based device and reference with efficiency
of = 5.9% and 6.4% respectively. This affirms the Ag nanoplates positive effect in
the OSC devices. Kim et al. presented a relative study of AQNPs and AgNWs in the
active layer of P3HT: PCBM to elevate the performance of the device to efficiency of

3.56% and 3.91% respectively, owing to the electron/hole carrier mobility in AQNW's
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based devices, which are 1.5 times larger than AgNPs based devices [63]. This
results in an increased electrical conductivity with an increase in Jsc and PCE. Chen
et al. synthesised various ratios of AuAg alloy NPs with several stabilizing ligands to
intermingle with P3HT:PCes1BM layer exhibiting PCE of 4.73% and 3.53% compared
to AgNPs based device with 4.60% efficiency [64]. Li et al. corroborated the seed
mediated growth method to synthesis AQNPSs from previous studies to enhance the
performance of the devices [65]. The blends of different nanostructured material, i.e.
AgNPSs and AgNPs gave rise to different LSPR peaks resulting in broader
absorption enhancement. The mixed nanostructured based device presented a
higher performance of ~ 4.30% compared to the cell with AgNPSs only and AgNPs
only displaying efficiency of 4.07% and 3.99%, respectively. The improved
performance of the device was assigned to the simultaneously excitation of high
order and low order resonance, resulting in the observed broadband resonance.
Jang et al. employed sol gel method to synthesis the Ag@SiO2, which entails a
mixture of aqueous silver nitrate added to aqueous CTAB solution and aqueous
ascorbic acid [66]. This is followed by accelerating the reaction with addition of
sodium hydroxide and controlling the thickness of the SiO2 by adding
tetraethoxysilane and finally washing and centrifuge with ethanol and acetone. The
use of core/ shell in the Ag@SiO2 was to hinder the recombination losses. The
inverted solar devices with blends of P3HT: PCBM and Ag@SiO: in the active layer
reached a PCE of up to 3.94% compared to Ag@SiO2 placed on top of the buffer
layer or active layer displaying efficiency of 3.66% and 3.38%, respectively. They
ascribed the fine tune performance to the LSP and scattering effect by Ag core and
SiO2 respectively, resulting in D/A electron-hole carrier in the active layer. Yao et al.

exploited the AgNPSs owing to the strong optical effect with large local field and
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scattering enhancement effect compared to NS [67]. Photo induced (PNP) and
thermal induced (TNP) method to synthesis AQNPSs were used and integrated in
different locations of the PIDTT-DFBT: PCBM devices to enhance its performance.
The front type device with TNP AgNPSs in the PEDOT: PSS layer improved up to
8.35% and the PNP AgNPSs in the buffer layer reached up to 8.50% efficiency. The
higher efficiency in the PNP was attributed to the sharper triangular geometry and
the consistence size distribution. The rear type device with TNP AgNPSs in Ceo-bis
was enhanced to a PCE of about 8.30%. The dual type devices resulted in a much
improved efficiency of around 9.02%, which is in agreement with several research
reports. This enhanced efficiency was ascribed to the combination of dual doped
interfacial layer and the tuning of AgNPSs. They further substantiated their flexible
approach with different polymer based devices leading to efficiency of =7.06% in the
dual type of PCDTBT: PC71BM based devices, while in PIDT-PhanQ device the
efficiency reached 7.85%. Table 3.4 illustrates the device characterization data of

OPVs with AgNP(s) incorporated into active layer.

Table 3. 4: Device characterization data of OPV with metallic AgNPs in active layer

ARCHITECTURE PCE Voc Jsc FF Refs.
Glass/ITO/PEDOT:PSS/P3HT:PC71BM:Agnanop 4.4 0.61 13.58 52 [62]
lates/TiO«/Al cathode
Glass/ITO/PEDOT:PSS/P3HT:PC71:BM:AgNPs/T 4.0 0.62 1295 50 [62]
iIO«/Al cathode
Glass/ITO/PEDOT:PSS/PCDTBT:PC7:BM:Agna 6.6 0.87 13.19 57 [62]
noplates/TiOx/Al cathode
Glass/ITO/PEDOT:PSS/PCDTBT:PC7:BM:AgNP 6.4 087 1212 61 [62]
s/TiOx/Al
Glass/ITO/PEDOT:PSS/P3HT:PCeiBM:AgNWs/  3.91 066 9.32 639 [63]
Al
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Glass/ITO/PEDOT:PSS/P3HT:PCs:BM:AgNPs/A  3.56 0.65 9.28 59.1 [63]
I
Glass/ITO/PEDOT:PSS/P3HT:PCs:BM:Au11Ages  4.73 0.63 1221 615 [64]
/CalAl
Glass/ITO/PEDOT:PSS/P3HT:PCs1BM: Au2sAg 72 3.53 0.60 11.38 517 [64]
/Cal/Al
Glass/ITO/PEDOT:PSS/P3HT:PCs:BM:Ag/Ca/Al 4.60 0.64 1196 60.1 [64]
Glass/ITO/PEDOT:PSS/P3HT:PCs:BM: 4.30 0.64 10.61 63.3 [65]
Agblends/Ca/Al
Glass/ITO/PEDOT:PSS/P3HT:PCs:BM: 4.07 0.64 9.93 64.1 [65]
Agnanoprisms/ Ca/Al
Glass/ITO/PEDOT:PSS/P3HT:PCBes:M:AgNPs/ 3.99 0.64 9.80 635 [65]
Ca/Al
Glass/ITO/P3HT:PCBM:Ag @SiO2/MoOs/Ag 3.94 0.61 9.72 66.5 [66]
Glass/ITO/P3HT:PCBM/Ag @SiO2/MoO3/Ag 3.38 0.58  9.54 605 [66]
Glass/ITO/ZnO/Ag@SiO./P3HT:PCBM 3.66 0.58 9.63 658 [66]
/MoOs/Ag
Glass/ITO/PEDOT:PSS/TNP-535 (front)/PIDTT- 8.35 0.96 13.5 62 [67]
DFBT:PC+:B M/Ceo-biS/Ag
Glass/ITO/PEDOT:PSS/PNP-535(front)/PIDTT- 8.50 0l96:113.72 62 [67]
DFBT:PC7BM/Ceo-bis/Ag
Glass/ITO/PEDOT:PSS /PIDTT-DFBT:PC 7 8.30 096 1347 62 [67]
BMCso-bis/ TNP-450 (rear)/Ag
Glass/ITO/PEDOT:PSS/PNP-535(front)/PIDTT- 9.02 096 1436 63 [67]
DFBT:PC71BM/Ceo-bis/ TNP-450(rear)/Ag
Glass/ITO/PEDOT:PSS/PNP- 7.06 090 1221 62 [67]
535(front)/PCDTBT:PC7:BM/Ceo-bis/ TNP-450
(rear)/Ag
Glass/ITO/PEDOT:PSS/PNP-535(front) /PIDT- 7.58 0.88 13.18 67 [67]

PhanQ:PC71BM/Ceo-bis/ TNP-450(rear)/Ag
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3.2.2.3. Effect of Ag on P3HT: PCBM optical and structural properties

Shen et al. introduced the core shell Ag@SiO2 and Ag nanoplates (Ag-nP1) to avoid
electron quenching, due to direct contact with active layer of PBDTTT:PCBM cell
[68]. They reiterated that blends of different Ag nanostructures can harvest light in
different wavelength regions to elevate the performance of the devices. Inclusion of
capsulated Ag@SiO2 to active layer and bare Ag-nP1 on ITO substrate was
demonstrated to enhance the cell. The Ag-nP1 was widely distributed, revealing a
strong absorption peak at 750 nm that was accredited to the AgnP1 in plane dipole
resonance. The Ag@SiO2 were homogenously dispersed with an absorption peak at
425 nm. The blend of these Ag nanostructures therefore covers the full wavelength
range in the visible spectra. Li et al. employed a room temperature vacuum assisted
nanoimprinting method in the inverted solar devices [69], by reiterating the use of
dual metallic nanostructures involving back reflector of Ag nanograting electrode and
the AuNPs located under the PBDTTT-C-T:PC71BM active layer. They noted that
mask grating that occurred during nanoprinting revealed a Rayleigh anomaly peak of
750 nm that is red-shifted to around 800 nm. They ascribed the red-shift to the Ag
nanoprinting by the surface plasmonic resonance (SPR) effect, which contributed to
the absorption enhancement of the cell. The absorption enhancement in the AuNPs
was in the region of 400-600 nm and was accredited to the localised plasmonic
resonance (LSPR) of AuNPs. Xue et al. demonstrated a P3HT: PCBM based
devices incorporated with AgNPs to enhance the device, resulting in absorption of
350- 600nm, which was accredited to the LSPR within the AgNPs [70]. Yoon et al.
displayed the self-assemble layer of Ag nanosphere uniformly distributed in the
P3HT: PCBM layer enhancing the absorption within the spectral range of 350-

650nm, which was ascribed to the electric field accumulating in the active layer
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around the Ag nanosphere by LSP [71]. However, Pei et al. integrated the Ag
nanodisks synthesised by a solution processed method, where control of the size
and shape was used to fine-tune the LSPR within the entire visible range [72]. Their
approach displayed enhanced absorption within the spectral range of 400-650 nm,
which was assigned to the matched spectral overlap among the plasmon resonance
of Ag nanodisks and the P3HT. Wang et al. demonstrated that AQNPS clusters that
are randomly dispersed in the active layer of PCDTBT/PC7BM, can effectively
increase the optical absorbance within a spectral range of around 350 nm - 550 nm
[73]. This is due to the scattering effect of the incident light by the plasmon
resonance of AgNPs clusters in the active layer and the electron-hole pair generated

around the excited field of AQNPs clusters.

3.3.  INFLUENCE OF TiO2 METAL OXIDE

3.3.1. Effect of TiO2 on P3HT: PCBM solar cell performance

3.3.1.1 TiO2 embedded in the buffer layer

Metal oxides such as ZnO and TiO2 are used mostly as electron transport layers,
whereas hole transport layer are commonly MoO3s, WO3 and V205 [74]. The use of
metal oxides, such as TiO2 and ZnO in various applications is due to their superlative
optical translucency across the whole visible spectral range and their wide band gap
with easy doping ability to active ions [75, 76]. Hence, the extensive investigation of
TiO2 as interlayer in the inverted organic solar cell has been widely reported.
Hadipour et al. disclosed that the use of temperature solution processed TiOx as a
low work function in the inverted solar cell to function as a buffer layer yield higher

performances with processable advantages as compared to the evaporated buffer
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layer such as Ca [77]. Baek et al. replaced the buffer layer of PEDOT:PSS due to its
instable, hygroscopic and acidic nature, which had a negative impact on the
performance of the solar cells [78].The method of nanoimprinting lithography with
PMMA nanopoles was used to fabricate nanoporous TiO2 that was integrated into
the buffer layer of P3HT:PCBM based devices. The efficiency of 1.49% for
nanoporous TiO2 compared to 1.19% for flat TiO2 was attributed to the increased
interface area of P3HT-TiO2 from its effective charge separation and reduced series
resistance. Gopinath et al. synthesized cost effective NPs of TiO2, Au and Pt from
plant extraction of Terminalia arjuna bark [79]. The T. Arjuna bark functions as a
reducing and capping agent, due to its rich bioactive components showing a
homogenous distribution of particles. The innocuous synthesised NPs were
employed using the doctor blade technique in the application to enhance the
performance of the devices. A pristine TiO2 displayed an efficiency of approximately
2.79%, whereas in the presence of AuNPSs, the efficiency reached 3.44% and in the
presence of Pt it reached 3.14%. The increased Voc in Au and Pt doped-TiO2 was
attributed to the reduced recombination rate by the metallic NPs. Ornek et al.
explored the interfacial layer of Eu doped-TiOz2 in the P3HT: PCBM based inverted
solar cell, reporting an efficiency of ~ 2.47%, compared to the pure TiO2 reaching to
an efficiency of 1.16% [80]. The enhanced performance was credited to the
accumulation of electron transport of doped Eu in TiO2 as compared to pure TiOz2.
Xie et al. applied several NP doped-TiO2 in various active layers of solar cells to
display that charge accumulation is the reason for enhanced electron extraction;
andas a result, the performance of both P3HT and PBDTTT-C-T based solar devices
improved [81]. They further displayed that plasmonic resonance of the small NPs

showed no significant improvement in the optical absorption. They projected

http://etd Gwe.ac.zal



improved PCE of =4.26% in Au-TiO2 and =4.01% in Ag-TiO2 of P3HT active layer.
They substantiated the improvement with low bandgap polymer of PBDTTT-C-T
reporting efficiency of =8.20 in Au-TiO2 and =7.87 in Ag-TiO2. The Jsc and FF were
improved in the presence of either AUNPs or AgNPs incorporated in the TiOz2 in the
active layer of P3HT inverted solar cells. However, a significant improvement was
noticed in the Jsc and FF of the low bandgap polymer in both Au-TiO2 and in Ag-TiO2
of PBDTTT-CT active layer. The J-V characteristic of the inverted solar cells under
AM 1.5 G illumination is displayed in Fig 3.7. Lin et al. presented the method of

polymer assisted deposition (PAD) method to produce metal-organic films [82].

The PAD method involves binding of polymer to metal ions simultaneously
controlling the viscosity to yield a homogenous distribution of metal precursor and
forming uniform metal-organic films. Hence, different processes for metal oxide films
preparation were reported [83, 84]. They divulged that the polymer assisted
deposition (PAD) method produces smooth and uniform high quality thin films,
displaying the versatility of PAD method in TiO2 and ZnO films as buffer layer and
MoOs film as anode buffer to yield a relative high efficiency compared to those
synthesised through other methods. Table 3.5 shows the device characterization

data of OPVs with TiOz incorporated in the buffer layer.
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Table 3. 5: Device characterization data of OPV with TiOz in buffer layer

ARCHITECTURE PCE Vo Refs.
Glass/ITO/ nanoporous TiO2/P3HT:PCs:BM/Au 149 045 7. [78]

Glass/ITO/Eu: TiOo/P3HT:PCsiBM/Ag 247 058 9.4 [80]

- of the
Glass/ITO/AG:TiO, / PBDTTT-C-T: PC7lBM/M003/ Ag 7.87 076 1632 634 [81]

Glass/ITO/ZnO-TiO/P3HT:PCBM/Ag 332 064 995 516 [85]
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3.3.1.2. TiO2 embedded in the active layer

Yang et al. concurred with the hypothesis of TiO2 nanotubes aggregates to decrease
the device's absorbance, nonetheless collection and transportation of charges
increases with impeded recombination rate [87]. The presence of TiO2 nanotubes
aggregates yielded efficiency of about 3.2% as a result of electron transport
enhancement. Mcgehee et al. reported that the side chains of P3HT effect
stacking in the conjugated backbone due to their regular arrangement results in high
carrier mobility [88]. Hence, the study of different molecular weight in solar devices
by Wu et al. showed that a distinct molecular weight of P3HT can be formed by
changing the ratio of Ni(dppp)Cl2 and as a result; the high the molecular weight the
high the carrier mobility [89]. Thus, incorporation of TiO2 in high molecular weight of
P3HT (66kDa) resulted in efficiency of around 0.60%, whereas the lower molecular
weight of P3HT (10kDa) was around 0.56% efficiency. The difference in PCE was
accredited to dissimilar conformation and packing manner, which influences the
electrical and optical properties. Tai et al. employed electrospinning technique to
fabricate the nanofibrous films of TiO2 blending with active layer of P3HT based
hybrid solar cells [90]. They observed that the designed electrospun nanofibers with
controllable alignment and size increase the electrical contact between the cathode
electrode and the TiO2 NPs, owing to their continuous carrier pathway and large
interfacial area. They further enhanced the performance by co-modification of 3-
phenylphronic acid (PPA) and ruthenium dye (N719) on the surface of TiO2
nanofibres, which influenced the ordered backbone of P3HT layer. They spin coated
the sol gel solution of a TiO2 compact layer onto a ITO substrate to intensify the
adhesion of the electrospun TiO2 nanofibres and infiltrated the P3HT layer in each

cross aligned TiO2 nanofibrous film by spin coating it with P3HT solution.
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Modification of ruthenium dye could not cover the whole TiO2 nanofibrous films due
to the steric effect and hence PPA was added for better surface coverage. The co-
modification increased the performance of the hybrid solar cell from PCE of around
0.59% to 1.09%, which was assigned to the enhanced coupling of electrons among
the TiO2 and absorbed dye and to the hindered recombination rate of carriers that
reduce the trap density at the interface. Tu et al. promulgated that a stable
P3HT:TiO2 based solar cell with its lower efficiency can be enhanced by doping with
boron to increase electron mobility or doped with Bismuth to increase electron
density of the anatase TiO2 [91]. The sol gel method was used to synthesise three
types of TiO2 NRs from hydrolysis of TTIP, boron and bismuth named as TiO2 (as-
synthesised), TiO2 (B-doped) and TiOz (Bi-doped), respectively. The W4-dye
modified TiOz2 for B-doped and Bi-doped TiOz2 displayed a PCE of around 0.87% and
0.89%, respectively. The improved performances in the B-doped TiO2 was ascribed
to the higher electron mobility and the improved crystallinity due to smaller ionic
radius of B3* compared to Ti**. However, in the Bi-doped TiO2, the highest Voc and
Jsc was due to improved electron density due to the Bi electron lone pairs. Kogo et
al. created the amorphous TiOx combined with brookite TiO2 at a low process
temperature to enhance the performance of the CH3NH3Pbls perovskite solar cell
[92]. The synthesised TiOx was spin coated on ITO substrate as a blocking layer,
followed by spin coating the brookite TiO2 as an electron collector. Subsequently the
CHsNHsPbls was spin coated. They reported an efficiency of about 20.2% in
backward scan mode, which was ascribed to superior alignment of the electron band
of TiOx in reference to brookite TiO2. The device with the brookite TiO2 only
displayed a PCE of around 13.0%. The reduced efficiency was attributed to the

higher recombination rate of the carriers in the interface. The device with blocking
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layer of TiOx only exhibited an efficiency of around 13.2%, which was attributed to
the inefficient collection of the electron by the TiOx layer. They further demonstrated
that TiOx/brookite TiO2 based devices resulted in a higher efficiency compared to
SnOx/brookite TiO2 based devices. The higher efficiency in the TiOx/brookite TiOz2 is
due to the superior band alignment for electron collection compared to the
SnOx/brookite TiO2. The amorphous SnOx layer’s inability to collect electron, results
in a higher recombination rate, thereby deteriorating the cell performance. The J-V
characteristic of solar cells under illumination and in the dark is displayed in Fig 3.8,
including the forward and backward scans. According to Fig. 3.8, perovskite solar
cells employing the amorphous TiOx layer yield a higher Voc than the Brookite TiO2
only ones. In fact, Table 1 and Fig. 2 from the work of Kogo et al. exhibit similar Voc
for solar cells employing TiOx only and TiOx/Brookite TiO2 bilayers. Voc in solar cells
are complex parameters that can be influenced by several factors, such as an
increase in Rs or the intrinsic energy levels of the charge collecting layers. Here,
upon insertion of a thin 8 nm amorphous TiOx layer between the ITO electrode and
the Brookite TiO2 porous layer, the series resistance decreases (Fig. 3.2 and Fig. S2

in the referenced paper).

Using photoelectron yield spectroscopy and the optical bandgap of the hole blocking
layers, the authors estimated that compared to the frontier energy levels of Brookite
TiO2 (3.9 eV and 7.3 eV), those of TiOx are downshifted by 0.2 eV. However, such
shift is inconsistent with the higher Voc observed when employing the amorphous
TiOx layers. In fact, the authors ascribe the higher Voc to a better hole blocking
capacity of the amorphous TiOx layer which would reduce the leak current in the
devices. Despite the fact that shunt resistance values were not provided by the

authors, this seems to be a reasonable explanation when carefully analysing the
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data presented in Fig. 3.2(c). From a theoretical point of view (see equation 3.1)
[93], in the equivalent circuit model of solar cells suggests that Voc is associated
with In (1/lo), where lo is the reverse saturation current of the devices.

q In 3, (3.1)

VOC

where ks is the Boltzmann constant, T is the temperature, Jo is the reverse saturation
current density, Jph is photo-current density and n is the ideality factor of the diode.
Less leak current (and a lower reverse saturation current) is thus consistent with the
increase in Voc observed upon insertion of the thin TiOx as hole blocking layer.
The Voc may also be influenced by Jsc, but in this case we can consider that the
minor changes in Jsc have a relatively low impact on the Voc.
We should also mention here that the authors did not provide any other experimental
data that would allow us to further analyse their results and thus additional
discussion would only be based on. speculations. Table 3.6 shows the device

characterization data of OPVs with TiOz incorporated in the active layer.

http://etd $we.ac.zal



a) b)

3]
E 25 T T T T T o 10 T T T T T
o P . E ,
< 20 4 @
E | TT—1" <L
— 15 E -1'D =
% -E‘ 20
S 10 - . —
8 " Tio +brookite TiO, @ 30F E‘Ewﬁge TIO,
= & |_brookite TiO, only N b ] B | brookite TiO; only
D : ' = TiO, only
a TiO, only \ o X : . | :
5 0 1 | i = .50
O 00 02 04 06 08 10 12 3 00 02 04 06 08 10 12
c) Voltage / V > d) Voltage / V
| =
“-‘E 25 T T T T T 1.0 T T T T T
o
ﬂ —
'E 20 E 0e -
31 5 06} -
— =
o %04k Integrated Jge value -
i = =21.1/mA em?
= —
- 5 m 0.2 .
s |
o
t 0 I I i 1 @ 0.0 1 | 1 1
S 00 02 04 06 08 1.0 1.2 5 300 400 500 600 VOO 8O0 900

Voltage /' V

Wavelength { nm

Fig. 3. 8: (a) Under 1 sun illumination and (b) in dark. Forward (-0.1 V — 1.2 V) and backward (1.2 V

— —0.1 V) scans are indicated as solid and dashed lines, respectively. (c) J-V curve and (d) EQE

spectrum of the best solar cells with TiOx (thickness ~8 nm)/brookite TiO2 electron collector stored in

dry air for 2 days. (e) Cross-sectional SEM image of CHsNHsPbls perovskite solar cells with TiOx

(thickness ~8 nm)/brookite TiO2 electron collector. (Reprinted with permission from [92] copyright

2018: ACS Publications).
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Table 3. 6: Summary of device characterization data of OPV with using TiO- in the active

layer
ARCHITECTURE PCE Voc Jsc  FF Refs.
Glass/ITO/ZnO/PSiF-DBT:PCe:BM/M0O3/Au 3.8 0.90 5.03 60 [87]
Glass/ITO/PEDOT:PSS/P3HT(66kDa):TiO/Al  0.61 0.60 2.8 36.5 [89]
Glass/ITO/PEDOT:PSS/P3HT(10kDa):TiO./Al  0.20 0.56 1.2 29.3 [89]
Glass/ITO/TiOz/ P3HT /Au 0.59 0.62 1.89 50 [90]
Glass/ITO/TiOz/ N719/P3HT /Au 0.90 0.67 253 53 [90]
Glass/ITO/TiO2/N719+PPA/ P3HT /Au 1.09 069 292 54 [90]
ITO/PEDOT:PSS/as-TiO2:P3HT/TiO2 NRs/Al.  0.67 0.86 1.80 42 [91]
ITO/PEDOT:PSS/(B-doped)-TiO2:P3HT/TiO,  0.87 0.83 2.67 39.2 [91]

NRs/Al
ITO/PEDOT:PSS/(Bi-doped)-TiO2:P3HT/TiO, 0.89 0.89 2.81 35.5 [91]
NRs/Al
Glass/ITO/TiOx/brookite 202 114 225 79 [92]
TiO2/CH3NHsPbls/spiro-OMeTAD/Au
Glass/ITO/TiOx/CHsNHsPbls/spiro- 13.2 1.14 19.2 60 [92]
OMeTAD/Au
Glass/ITO/brookite TiO2/CHsNH3Pbls/spiro-  13.0 0.98 21.1 63 [92]
OMeTAD/Au

Glass/ITO/SnOx/brookite 181 1.14 217 73 [92]

TiO2/CH3NHsPbI3/spiro-OMeTAD/Au

Glass/FTO/compact TiO2/ nanoparticle 035 0.26 847 16 [94]
TiO2:N 719:P3HT/Au

Glass/FTO/compact TiO2/nanofiber ATiO,:  0.15 0.17 3.26 28 [94]
N 719:P3HT/Au

Boroomandnia et al. demonstrated that anatase crystalline TiOz2 is highly conductive
compared to the rutile crystalline phase and further displayed that TiO2 NPs exhibit
an enhanced interface area compared to TiO2 nanofibres [94]. Hence, modifications

of N719 dye on anatase crystalline TiO2 NPs increased the efficiency to = 0.353%,
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due to improved electronic coupling among the TiO2 and absorbed dye and the
reduced density of trap states of TiO2/PH3T interface area that hinders the

recombination effect.

3.3.1.3. Effect of TiO2 on P3HT: PCBM optical and structural properties

Lin et al. uncovered the 3D nanostructured solar cell based on thicker ZnO NRs that
developed perpendicularly to the substrate with thinner TiO2 NRs integrated in the
P3HT active layer of the device [95]. TEM analyses showed the growth direction of
the synthesised TiO2 nanorods was in the longitudinal direction. The UV-vis
absorption spectra of pristine P3HT ranged from 350 nm-650 nm with weaker
vibronic structure and a blue shift of P3HT band, which was due to infiltration of
P3HT/TiO2 hybrid into ZnO nanorods array. Lim et al. observed that ordered TiO2
nanotubes arrays when infiltrated with P3HT polymer, using the dip coating method,
shows well aligned tubes with absorption spectrum around 500 nm for P3HT/TiO2
nanotubes. This was ascribed to the fact that the pores of the TiO2 nanotube array
are entrenched with the polymer [96]. However, Bartholomew et al observed a low
infiltration of 0.5% of the polymer in the random nanocrystalline TiO2 networks
(RNTNSs), which is contrary to Lim’s observation [97]. The degree of polymer
infiltration was increased using heat treatment, but resulted in a low 3% infiltration of
the polymer and this was attributed to the thick RNTNs with internal voids that were
not easily accessible. However, it was revealed that pores of mesoporous TiO2
network were accessible with a uniform pore size, from SEM imaging, and that
infiltration of the polymer volume into film is dependent on the temperature [98].
They noted a red-shift of the absorption, attributed to the crystallised polymer chains.

Hence, they emphasised that the effective charge carrier mobility and electron

http://etd $we.ac.zal



transfer originate in the stacking of polymer chains into the TiO2 film. Diverse
research on vertical oriented TiO2 nanotubes array has been established by
numerous researchers owing to its continuous electron-accepting network.
Therefore, Shankar et al developed a double heterojunction solar cell through a
blend of P3HT: PCBM infiltrated into a transparent and non-transparent TiO2
nanotube array that can be illuminated either on the front- or back side [99]. They
demonstrated an enhanced performance in the front side illumination, which was

ascribed to the lower photonic losses as compared to the backside illumination.

3.2.2. Effect of ZnO on P3HT:. PCBM performance

3.3.2.1. ZnO embedded in the buffer layer

ZnO is an n-type semiconductor with a bandgap and conduction band position
similar to TiO2. However, the carrier mability of ZnO is higher than that of anatase
TiO2 [100]. Doping ZnO with aluminium at low temperature can increase its carrier
density and different ways of ZnO film preparation make it an attractive selection
choice to enhanced efficiency better in the organic solar devices [101-103]. Chen et
al. fabricated P3HT:PCes1BM and PBDTTBO: PC71BM based solar devices using the
sol gel method by incorporating PEI-blend ZnO in the buffer layer, perpendicularly
aligned to the ITO substrate, to enhance the efficiency of the devices [104]. They
observed an increase in both devices that where integrated with ZnO:PEI layer as
compared to ZnO/PEI layer and the one without PEI. The enhanced performances in
the ZnO:PEI was assigned to the distribution of the N atoms on the surface of the
buffer layer, which increased the carrier mobility, band alignment and the surface
smoothness of the interfacial layer. Their results concurred with the hypothesis of

Woo et al. concerning the distribution of N moieties on the buffer layer surface [105].
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They witnessed an increased in the short-current density of the devices. Tan et al.
established the performance of P3HT: PCBM layer integrated with crystalline ZnO
NP in the buffer layer of heterojunction solar cell through the sol gel method (Tan et
al., 2013). They accomplished an increased efficiency of =3.72% in the inverted cell
of ZnO NP buffer layer as compared to normal 1 of MoOs buffer layer and normal 2
of PEDOT:PSS buffer layers with efficiency around 2.07% and 3.04%, respectively.
The improved efficiency was attributed to the improved matching of the energy level
of the ZnO NP to the PCBM, whereas in the absence of ZnO buffer layer resulted in
an S curve shape accompanied with decreased Voc. Fig. 3.9 displays the J-V

characteristics and device data for different device architecture.
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Fig. 3. 9: J-V characteristics under AM 1.5 G illuminations for different device architecture.
(Reprinted with permission from [106] Copyright 2013: ACS Publications).

Ambade et al. explored both the P3HT:PCBM and PTB7-Th:PCBM based solar
devices incorporated with thiophene-S doped planar Zn NRs (Thio-S Zn NRs) as an

electron transport layer to improve the performance of the inverted solar devices
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[107]. The increased efficiency was around 3.68% and 8.15%, respectively, which
was assigned to the improved alignment of the energy level and the induced doping
effect, which resulted in four-fold increase of electrical conductivity as compared to
the undoped planar Zn NRs devices with PCE of around 2.38% and 6.5%. Mohan et
al. compared the influence of the sol gel method and mixed solvent on ZnO buffer
layer of both P3HT and PTB7 based solar devices [108]. The mixed solvent method
on both active layer of P3HT:PC71BM and PTB7: PC71BM displayed an improved
efficiency of 5.6% and 9.1% respectively. However, the sol gel method at high
temperature on both P3HT:PC71BM and PTB7: PC71BM based solar cells resulted in
PCE of around 4.1% and 6.5%, respectively. The enhanced J-V characteristic in the
mixed solvent method is attributed to enhanced charge extraction and free carrier
transport as a result of the high fill factor (FF) with enhanced charge collection,
resulting from the low sheet resistance [109,110]. The high ordering as a result of
well blending in mixed solvent has been observed in the AFM images, which
contributed to the enhanced performance and influenced the longevity and carrier
mobility of the cells in both P3HT:PC71BM and PTB7: PC71BM active layer, as
opposed to the sol gel method. Sharma et al. explored the PffBT4T-20D:PC70BM
based solar devices modified with a buffer layer of Ga-doped ZnO (GZO) using sol
gel method [111]. They observed an enhanced Voc, despite the low process
temperature prior to the spin coating of the active layer, which is contrary to previous
studies. They further displayed an increase in the FF due to the highly ordered
crystalline PffBT4T-20D with efficiency reaching = 9.74%, owing to GZQO’s increased
transport properties as opposed to pristine ZnO. Table 3.7 reveals the device

characterization data of OSCs with ZnO incorporated in the buffer layer.
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Table 3. 7: Device characterization data of OSCs with ZnO in the buffer layer.

ARCHITECTURE PCE Voc  Jsc FF Refs.

Glass/ITO/ZnO:PEI(3%)/P3HT:PCs:BM/M00O3/Ag 43 0.60 10. 66 [104]

Glass/ITO/ZnO/PEI(2nm)/ PBDTTBO: [104]
PC7lBM/M003/Ag

Glass/ITO/PEDOT:PSS/P3HT:PCBM/nc-ZnO/Al 3.04 053

Glass/ITO/ZnO (mixed

solvent)/P3HT:PC7:BM/M0oO3/Ag

Glass/ITO/ZnO (sol gel)/P3HT:PC7:BM/MoOs/Ag 4. 54.7 [108]

Glass/ITO/ZnO/PffBT4T-20D:PC70BM/MoO«/Al 8.72 076 17.3 659 [111]
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3.3.2.2. ZnO embedded in the active layer

The ability of ZnO to crystallize at low temperature has attracted much attention as
opposed to high crystallization temperature of TiO2. However, ZnO with its wide
bandgap absorb only in the UV light [112-114] and therefore the modification of ZnO
is required to absorb in the visible region [115-118]. Kim et al. and Zhang et al.
explored the electrospinning of ZnO nanofibres in dye sensitized solar cells, reaching
efficiency of 3.02% [119-120]. Hence, the use of this electrospun ZnO nanofiber by
enhancing the performance of hybrid solar devices was studied [121]. They
observed that ZnO nanofibers with no surface treatment displayed a performance of
0.51%. Fig. 3.10 shows the fabrication of elctrospun ZnO nanofibers in the P3HT

hybrid solar device.

Au

ZnO/P3HT laye
dense ZnO layer

[ i

ITO glass

Fig. 3. 10: The structure of the hybrid solar cell based on electrospun ZnO nanofibers and
P3HT. (Reprinted with permission from [121] Copyright 2010: ACS Publications).

Later, Spoerke et al. employed the method of CdS modified electrospun ZnO
nanofibers on ITO substrate of the P3HT based solar cell [122]. They demonstrated
an efficiency of around 0.65% in the presence of a three-layered modified CdS, in

contrast with the 0.3% efficiency for devices without CdS. This was assigned to the
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elevated CdS absorption in the visible region and its inhibited recombination effect.
Oh et al. studied the performance of P3HT: PCMB based devices by inclusion of
ZnO in the active layer by reducing the resistivity of PEDOT: PSS buffer layer with
N,N-dimethyl formamide (DMF) (Oh et al., 2013). The reduced resistivity elevated
the J-V characteristics of the cells resulting in an efficiency of around 3.39% as
opposed to the cell without ZnO or DMF with an efficiency of 2.79% and 1.91%,
respectively. The improved efficiency was attributed to increase in conductivity,
which increases the diffusion length of the carriers with a reduced recombination

(see Fig. 3.11).

0 . . y . - . . : : y

—_ = PEDOT:PSSIP3HT:PCBM "’
N * PEDOT:PSS/P3HT:PCBM:ZnO =

& -2 PEDOT:PSS+DMF/P3HT:PCBM N LR
(&) 1| v PEDOTPSS+DMF/P3HT:PCBM:Zn0O m
e ® L * v
< -4+ amu™ bl o * ( L v 7]
E g guumn® | b
~— gupumunmmas | | Ll A

-6 4 s * v ]
é‘ ‘i.ol"...- "L v
n 1 .

e ‘ Fy 'v
-.D- 10- gt 24 i
c A 1
()] vV"vv‘r
: _12 F'va'VV
3
o T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Voltage (V)

Fig. 3. 11: The J-V characteristic ZnO: P3HT: PCBM thin films with PEDOT: PSS and DMF-
modulated PEDOT: PSS. (Reprinted with permission from [123] Copyright 2013: ACS

Publications).

Ajuria et al. exploited the effect of synthesised ZnO NPs that were spin coated on the
ZnO nanowire arrays in the active layer of P3HT: PCBM solar devices [124]. The
SEM imaging the observed a poor blending on the infiltration of different ZnO

nanostructures on P3HT: PCBM surface, yielding low efficiency of 3.63%. This was
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accredited to the fact that ZnO nanostructure was covered by P3HT: PCBM only, on
the top surface resulting in potential loss of optoelectronic properties of the
photovoltaic cell. However, good infiltration of P3HT: PCBM ensued an efficiency of
=4.1%, owing to the smooth coverage of the nanowire array by the blended P3HT:
PCBM that enlarged the dissociation area, resulting in an increased exciton splitting
as alternated to planar structured. The approach of infiltrating the mesoporous ZnO
network with conjugated polymers displayed a limited efficiency owing to its interface
quality [125-128]. Hence, Olson et al. investigated the effect of vertically aligned ZnO
nanofibres infiltrated with conjugated polymers in the P3HT: PCBM solar devices
[129]. They observed a fourfold increase in the Jsc of the modified ZnO contrary to
the planar structures, which was ascribed to the increased interfacial area with
efficiency reaching to 0.61%. Sung et al. assembled the combination of vertical and
single crystalline ZnO nanosheets (NS) with petite branches, using chemical bath
deposition at room temperature, by infiltrating with P3HT to improve the efficiency of
the hybrid solar cells [130]. They noted an increase in J-V characteristics as
opposed to the ZnO NRs array. They attributed the improved performance of 0.88%
to the fast transport rate of the electrons and the significant absorption peak owing to
the suitable free space within the ZnO NS as opposed to 0.76% efficiency of ZnO
NRs array owing to insufficient interfacial area. Lin et al. evaluated the fabrication of
ZnO NS coated with TiO2 NPs in dye sensitized solar cells (DSSC) using chemical
deposition method in contrast with ZnO NPs or ZnO NS electrodes [131]. They
observed in the SEM imaging that ZnO-NS are uniformly distributed and
perpendicularly aligned to the FTO substrate with the efficiency reaching up to
6.06% as opposed to efficiency in ZnO NPs amounting to 2.92%. They further

displayed enhanced performance in TiO2-NP/ZnO-NS film reaching to 7.07%
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efficiency, which was ascribed to increased surface area induced by TiO2 loading.

Table 3.8 demonstrates the device characterization data of OSCs with ZnO

incorporated in the active layer.

Table 3. 8: Device characterization data of OPV with ZnO in the active layer.

ARCHITECTURE PCE Voc Jsc FF Refs.
Glass/ITO/ZnO/ZnOnanofiber: 0.23 0.66 0.64 38 [112]

P3HT/Au
Glass/ITO/ZnO/ ZnO nanofiber/P3HT/Au 0.3 0.39 1.91 39.4 [112]
Glass/ITO/PEDOT: PSS/P3HT: PCs:BM:ZnQ/LiF/Al 1.91 0.57 7.27 459 [123]
Glass/ITO/PEDOT:PSS(DMF)/P3HT:PCeBM/LiF/Al 2.78 0.54 10.9 47 1 [123]
Glass/ITO/PEDOT:PSS(DMF)/P3HT:PCBM:ZnO/LiF/Al . 3.39 057 119 492 [123]
ITO/ZNnONW+NP: P3HT:PCBM (poor blend)/MoO3/Ag 3.63 0.57 11.8 57 [124]
ITO/ZNONW+NP: P3HT: PCBM(good blend)/MoO3/Ag 4.1 0.57 13.7 52 [124]
Glass/ITO/ZnO fibres: P3HT/Ag 0.53 044 22 56 [125]
Glass/ITO/ZnO NS62-P3HT/PEDOT: PSS/IAu 0.88 042 3.85 54 [130]
Glass/ITO/ZnO NR-P3HT/PEDOT: PSS/Au 0.50 0.33 2.84 53 [130]
Glass/FTO/ZnO-NP:D-149/Pt 2.92 048 138 433 [131]
Glass/FTO/ZnO-NS:D-149/Pt 6.06 0.53 18.0 634 [131]
Glass/FTO/TiO,-NP/ZnO-NS: D-149/Pt 7.07 0.57 19.5 62.8 [131]

3.2.2. Effect of ZnO on P3HT: PCBM optical and structural

The simple solution process of ZnO at low temperature and its higher transparency

and effective electron mobility has attracted much attention for its application in solar
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cells. As a result, Yun et al. examined the effect of low density ZnO NRAs infiltrated
with P3HT through solution process in the inverted hybrid solar cell as shown in Fig.
3.12 [132]. Motaung et al. synthesized ZnO nanorods using hydrothermal method,
and they observed that incorporation of ZnO nanorods on the on the surface of
P3HT and blended films result to complete PL quenching justifying a charge transfer
along the ZnO/P3HT and ZnO/P3HT:fullerenes. The nanorods worked as an
effective electron collectors by reducing the average electron diffusion distance in

the P3HT and fullerenes network [133].

different
densities
ZnO
NRA:
’ Compact ZnO Layer
ITO

Fig. 3. 12: Schematic  structure of an ITO/ZnO seed layer/ZnO
nanorod/P3HT:PCBM/MoQO3/Ag photovoltaic device. (Reprinted with permission from [132]
Copyright 2011: Elsevier).

The SEM imaging displayed vertically aligned ZnO NRAs on the ZnO seed layer with
the polymer fully infiltrated in the low density ZnO NRAs. The well-arranged
morphology of low density ZnO NRAs resulted in an improved interfacial interaction
that induces efficient charge transport. The UV absorption spectra of PCBM and
P3HT were displayed at 386 nm and 510 nm, respectively, with ZnO NRAs shoulder

peak blue-shifted to around 360 nm. Ibrahem et al. employed a method of wet
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grinding using ethylyne glycol solvent to synthesise ZnO NPs that were spin coated
on the ITO substrate of the P3HT: PCBM based device [134]. The grinding method
induces stability in the ZnO NPs with a well-organized morphology. Below a
wavelength of 400 nm, they observed a peak reduction in the IPCE with a slight
improvement in UV region. Wang et al. examined the method of electrochemical
deposition using DMSO to synthesise mesoporous ZnO films, which were infiltrated
with P3HT to improve the performance of the solar cells [135]. They observed from
the SEM imaging a smooth film surface of closed packed pores with high
crystallinity. The optical transmittance of the porous ZnO film and reference ranged
from 300-900 nm. Chou et al. introduced a prolonged drying method to study the
effect it has on the polymer and its inclusion in the spacing of ZnO NRs of the hybrid
solar cells [136]. The slowly dried films were reported o have a high molecular
weight polymer due to the reduced spin rate. They reported a 4.7 times increase in
absorption of the slowly dried films as opposed to fast dried films owing to the high
polymer density. The absorption peak of the slowly dried films red shifted to 513 nm,
which was attributed to the high degree of crystallinity of the polymer [137,138]. The
prolonged dried method displayed the full infiltration of the polymer in the ZnO NRs
spacing with an increased interfacial layer. AFM imaging revealed a rough surface
morphology. Thus, an increase in hole mobility was observed resulting in an
improved FF. Huang et al. reconnoitred the infiltration of ZnO NRAs with PCBM
interlayer in dicloromethane solvent to enhance the hybrid solar devices [139]. SEM
imaging confirms the vertical aligned ordered ZnO NRAs that were fully infiltrated
with the PCBM interlayer. The AFM imaging revealed a rough surface in the
presence of PCBM interlayer as a result of the highly ordered polymer. They

observed an absorption peak of P3HT molecule at 515 nm from both devices with
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and without the interlayer, which was ascribed to the highly crystalline polymer chain
of P3HT. Fig. 3.13 presents an improved J-V characteristic of device A with a
fullerene interlayer, as opposed to device B without the fullerene interlayer. The
contact area was minimized by the presence of the interlay among the ZnO NRAs

and P3HT,; resulting in anticipated increased Voc.
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Fig. 3. 13: (a) The current-voltage characteristics of the photovoltaic devices under 100
mW/cm? AM 1.5G irradiation. Inserts: Device A represents the hybrid solar cells with the
solution processed fullerene interlayer. Device B denotes the hybrid solar cells without the
fullerene interlayer. (b) Energy ban diagram for P3HT: PCBM/ZnO nanorod arrays hybrid
solar cells. (Reprinted with permission from [139] Copyright 2010: Elsevier).
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3.3.3 Effect of CuO on P3HT: PCBM solar cell performance

3.3.3.1 CuO NPs embedded in the buffer layer

The use of a PEDOT: PSS buffer layer has been reported to cause instability in the
solar cells due to their acidic and hygroscopic nature. Substitution of PEDOT:PSS
with p-type semiconductor CuO NPs was explored owing to its innocuous naute, low-
cost and its influence on the optoelectronic properties of the photovoltaic cells [140-
145]. Xu et al. corroborated the effect of CuO buffer layer in the conjugated polymers
of P3HT and PBDTTT-C based solar devices with interchangeable acceptors [147].
They observed an increment in the open-circuit voltage (Voc) and short-circuit current
density (Jsc) of the PSCs in diverse solar cells containing a CuO buffer layer
compared to the PEDOT: PSS buffer layer. The increased J-V characteristics in the
active layer of P3HT: PCBM interfaced with CuO NPs in Fig 3.14 was attributed to
hole collection increase, which impede the recombination rate, thereby resulting in
an efficiency of around 4.10% as opposed to the buffer layer of PEDOT: PSS with
efficiency reaching 3.70 %. The consistency of the interlaying CuO NPs in the solar
cells was further substantiated with the low band gap PBDTTT-C copolymer and
displayed an efficiency of up to 7.14%. They also reported an enhanced
performance in substituting PCBM with ICBA owing to its high LUMO level. They
exhibited an increased efficiency of = 6.72% in the P3HT: ICBA based solar cells
containing CuO buffer layer, contrary to the PEDOT: PSS buffer layer with a PCE of
around 6.29%. The enhancement was credited to greater visible absorption of ICBA
material. The buffer layers remediate the stability of solar devices significantly as
opposed to cells without buffer layers in the active layer of PSHT:PCBM, P3HT:ICBA
and PBDTTT-C, which were reported to have an efficiency of around 2.80%, 4.49%

and 5.83%, respectively.
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Fig. 3. 14: J-V characteristics of single and double layer polymer solar cells. (Reprinted with
permission from [147] Copyright 2013: ACS publications.

Kim et al. indicated that the gap state near the Fermi level can be influenced by the
distinct oxidation state of CuO [148]. Other researchers explored the solution
processing treatment for improved quality and smooth surface for CuO films to better
the performance of solar cells [149,150]. Hence, Lien et al. perused the oxidation
state of copper oxide using vacuum thermal evaporation in the active layer of P3HT:
PCBM solar cells [151]. They displayed from the normalized UV-vis absorption that

the band gap of CuO and Cu20 are 1.50 eV and 2.58 eV, respectively. An increase

L

I

—=— Device D
—— Device E
—— Device F

0.0 04 0.8

Voltage (V)

Device |

-

A
o~
&
- g = 0
< <
—=— Device A £
Device B '3'.'
—+— Device C g
[
o
ey E
;M g
) . -
0.0 0.3 0.6 o
Voltage (V)
(c)5
NA
=
L o B
< =
£ —=— Device G
S— _5_ e
,§‘ ——=— Device H
e
€ -10}
o
E _15M
e M
= 20 .
O "o2 0.0 0.2
Voltage (

0.4
V)

06 08

http://etd Hwe.ac.zal



in the J-V characteristic of CuO buffer layer was reported with an efficiency reaching
up to 4.06% as compared to PEDOT: PSS and Cu20 buffer layer with a PCE value
of 3.29% and 2.52%, respectively. The increase in efficiency was ascribed to the
correct band alignment of CuO to the active layer of P3HT, which induced easy

transport of holes to the anode electrode.

However, a low valence band of Cu20 was observed compared to the Ag anode
band edge, which resulted in carrier transport inhibition. Shen et al. reconnoitred the
effect of the integrated CuOx buffer layer in the solar cell of PSHT and PBDTTT-C
polymers [152]. They used the sol gel method for the synthesis of the CuO films and
spin coated it on the ITO glass, which revealed a high film transparency in contrast
with the reference of PEDQOT: PSS buffer layer. The Jsc improved significantly in the
CuOx buffer layer of P3HT device, which was assigned to the desirable band
alignment and high film transparency as opposed to the PEDOT: PSS buffer layer.
The processing solution therefore plays a significant role in the stability of the solar
devices. Table 3.9 reveals the device characterization data of OPVs with CuO

incorporated in the buffer layer
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Table 3. 9: Device characterization data of OPV with metallic CuO in buffer layer.

ARCHITECTURE PCE (%) Vo Jsc FF (%) Refs.
Glass/ITO/ZnO/P3HT: PC61BM:CTSe NCs/Ag 1.35 048 6.95 41 [146]
Glass/ITO/PEDOT: PSS/P3HT: ICBA/Ca/Al 3.70 0.59 9.11 68.9 [147]

Glass/ITO/CuO-NPs/PBDTTT-C:PCzBM/Ca/Al 4.10 0.62 10.81 61.2 [147]

Glass/ITO/PEDOT: PSS/P3HT: ICBA/Ca/Al 6.29 0.86 10.27 71.3 [147]

Glass/ITO/CuO-NPs/PBDTTT-C:PCzBM/Ca/Al 6.72 0.87 11.08 69.7 [147]

Glass/ITO/PEDOT: PSS/PBDTTT-C: 6.70 0.69 15.67 62.0 [147]
PCBM/Ca/Al

Glass/ITO/CuO-NPs/PBDTTTC: PCBM/Ca/Al 7.14 0.71 16.86  59.7 [147]

Glass/ITO/ZnO/ P3HT: PCBM/CuO/Ag 4.06 0.63 10.98 57.9 [151]

Glass/ITO/ZnO/ P3HT: PCBM/PEDOT: PSS/Ag 8.29 0.61 10.27 49.9 [151]

Glass/ITO/ZnO/ P3HT: PCBM/Cu20/Ag 2.52 0.50  8.96 55.8 [151]

Glass/ITO/CuOxP3HT: PC61BM/Ca/Al 4.14 0.63'110.10 64.7 [152]

Glass/ITO/PEDOT: PSS/P3HT: PCBM/Ca/Al 3.63 0.62 = 8.67 67.3 [152]

Glass/ITO/CuO/PBDTTT-C: PCBM/Ca/Al 5.84 0.71 15.03 548 [152]

Glass/ITO/PEDOT: PSS/ PBDTTT-C: 5.90 0.72 14.41 56.7 [152]
PCBM/Ca/Al

3.3.1.2 CuO NPs embedded in the active layer

The inclusion of CuO NPs was extensively studied owing to their intrinsic electrical
properties and ideal energy gap, which influenced the performance of the solar cells
[153-155]. Wanninayake et al. probe the effect of CuO NPs in the active layer of

P3HT: PCBM hybrid solar cells [156]. They reported an increase in the J-V
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characteristics of cells containing CuO NPs with an efficiency of = 2.96 % as
opposed to the cell without CuO NPs displaying a PCE value of 2.10 %. The
enhanced performance was ascribed to the potent charge injection of CuO NPs,
resulting in higher optical absorption. Wanninayake et al. advanced his analyses by
including the Au NPs in the PEDOT: PSS buffer layer to further enhance the
performance [157]. They obtained a PCE value of approximately 3.51% with
increased Jsc owing to free charge collection from the absorbed light. From their SEM
analyses, they observed a homogenous distribution of CuO NPs that induced charge
collection and photon absorption. Wanninayake et al. further explored the
performance in contrast to single and double junction PSC, by incorporating CuO
NPs in the P3HT:PC70BM active layer [158]. They reported an efficiency of
approximately 2.93% and 1.10% in the single and double junction cell, respectively,
and by annealing the device the efficiency increased to 3.70% and 1.46% in single

and double junction, respectively.

Voltage (V)

0.0 0.1 0.2 0.3 0.4 0:5 0.6 0.7
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Fig. 3. 15: J-V characteristics of single and double junction solar cells [158]. Reproduced
with permission from [157] Copyright 2015: JETNSR publication).
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The low efficiency in the double junction cell is due to the high photocurrent in the
front sub cell instead of the back sub cell, which hindered current flow that resulted in
the poor J-V characteristics. The use of a low band gap in the front cell also has a
negative effect, resulting in a high resistivity that decreases the fill factor, thereby
deteriorating the optoelectronic properties. The use of a high band gap material in
front sub cell and a low band gap material in the back sub cell were recommended to
maximize performance of the PSC. Igbal et al. studied the effect of Fe doped CuO
nanotubes (NT) synthesised from copper acetate, NaOH and a ferric chloride
solution, to enhance the performance of the hybrid solar cells [159]. A significant
change in the Fe doped CuO morphology was observed as opposed to undoped
CuO, which they assigned it to the ionic radius of Fe3* in contrast with Cu?* ion. They
reported an efficiency of approximately 0.47% in undoped CuO, whereas for the Fe
doped CuO the efficiency decreased to roughly 0.41%. The reduction in efficiency
was due to photo-induced hindrance of the charge carrier, which triggered charge
recombination. Lee et al. employed a sol gel synthesis method, because of its low
cost and low temperature usage for modification of CuxO film in enhancing the
efficiency of the P3HT: PCBM inverted devices [160]. They observed an increment
PCE in the CuxO films formed from Cu (ll) acetate solution at 250 °C annealing,
which was attributed to higher optical absorption. A PCE value of up to 1.45% was
achieved, as opposed to the CuxO films formed from Cu (l) acetate solution. Ikram et
al. demonstrated the integration of CuO NPs in the P3HT: PCBM based solar
devices to effectively improve the optical properties of the devices [161]. They
revealed from SEM studies the non-linear dispersion that increased charge carrier
transport, while the AFM analyses exhibited an increased surface roughness due to

doped CuO active layer. The highest efficiency of 3.7% was reported with an
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increment in the J-V characteristics. Table 10 reveals the device characterization

data of OPVs with CuQ incorporated in the active layer.

Table 3. 10: Device characterization data of OPV with metallic CuO in active layer.

ARCHITECTURE PCE Voc Jsc FF (%) Refs.
(%)
ITO/PEDOT: 296 0.67 6.48 68 [156]
PSS/P3HT/PCBM/CuONP/Al
ITO/PEDOT:PSS/Au/ 3.51 0.67 7.49 69.2 [157]
P3HT:PCBM/CuONP/Al
P3HT:PC7BM/CuONP/Al (single) 2.96 .- 0.67 6.48 68 [158]
P3HT:PC7,BM/CuONP/AI (double)  1.10 0.65 2.70 63.3 [158]
P3HT:PC70BM/CuONP/Al amm iem 9.14 67.3 [158]
(single/annealing)
P3HT:PC70BM/CuONP/Al 143 0.66 3.47 64.7 [158]
(double/annealing)
ITO/PEDOT: PSS/P3HT-CuO/Al 0.47 0.39 2.18 54.0 [159]
ITO/PEDOT: PSS/P3HT-CuO: Fe/Al 0.41 0.36 2.01 56.0 [159]
ITO/P3HT: PCBM/CuxO/Ag 1.45 " "0.51 6.82 42.0 [129]
ITO/ZnO/P3HT: 3.7 0.60 11.9 51.7 [161]

CuO:PCBM/Mo0Os/Ag

3.3.3.3. Effect of CuO on P3HT: PCBM optical and structural properties

Savva et al. explored the incorporation of CuO NPs as a buffer layer in the
CHsNHsPbls perovskite solar cell, showing enhanced light absorption compared to
PEDOT: PSS layer [162]. Light absorption was found to be enhanced by the
increased grain size of the perovskite, which facilitated a large surface area, thereby

reducing the recombination rate. They demonstrated that the external quantum
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efficiency increased in the wavelength range of 400-800 nm in the CuO NPs based
devices compared to PEDOT-PSS devices. In addition, an increase in transmittance
in the range of 600-800 nm was observed, which was ascribed to the light scattering
effect in the CuO NPs. Yu et al. reconnoitred the integration of Cu20 as a buffer
layer in the P3HT: PCBM solar devices displaying an enhanced efficiency and
stability of the devices [163]. They observed high optical transparency in Cu20 thin
films that allowed for improved absorption in the active layer, leading to an increased
cell efficiency. An increase in Cu20 concentration caused agglomeration, which led
to low optical transparency, thereby resulting in a poor performance of the cell. Sabri
et al. investigated ZnO/P3HT: PCBM based hybrid devices with CuO nanoparticles
integrated as a buffer layer using solution dispersed method [164]. They observed
an increase in cell efficiency for CuO based devices, irrespective of the solvent. In
the CuO based devices the IPCE spectra were reported to reach a peak maximum of
roughly 84% at 515 nm, whereas without CuO, the peak reached approximately
56%. The hole collection improved in the presence of CuO, which in turn blocked the
reverse flow of electron towards the Ag. This in turn results in an increased shunt
resistance and a reduced series resistance. Shun et al. observed that the
combination of graphene oxide doped with CuCl2 (GO:CuCl2) as a hole transport
layer in PTB7:PC71BM solar devices enhances its efficiency [165]. They reported an
enhanced EQE of GO: CuClz in the range 400-800 nm, owing to improved hole
injection that led to an increased PCE. The GO: CuCl2 based cells displayed a
superior interfacial contact, which was ascribed to the enhanced interaction of Cu?*
and GO. A significant PL quenching, indicative of improved charge transfer, was
noted for the GO: CuCl2 based cells GO: as opposed to GO and PEDOT: PSS

based devices.
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3.3.4. Influence of bimetallic metal oxide on polymer: PCBM solar cell performance

Bimetallic usage of nanostructured doping in the matrix of TiO2 have been reported
to evince improved properties and interaction as opposed to their monometallic
counterparts. Their interaction brings a diversity of properties related to two
individual metals and to new properties owing to their coordination [166-168]. Tonui
et al. conveyed that the integration of Ag/Cu NPs using polyvinyl pyrrolidone (PVP)
as a capping agent in the P3HT: PCBM based cell expand the range of the optical
absorption [169]. They showed TEM images with core-shell Cu@Ag excited by
LSPR in small NPs, while that in the photoactive layer is due to multiple light
scattering, resulting in an efficiency of 4.7%. Dlamini et al. explored the bimetallic of
Ag@Cu20 incorporated in the P3HT: PCBM devices using PVP surfactant, which
displayed an enhanced PCE of 3.87% that was accredited to the near field on the
site of metal NPs and the hole mobility effect [170]. Sah et al. displayed the
integration of different size bimetallic Ag-Au-Ag NRs in P3HT:PC71BM and PTB7:
PC71BM based solar cell devices [171]. They disclosed an increased efficiency of
7.36% in the PTB7 based cell and 4.34% in the P3HT based cell device, which was
attributed to scattering absorption effect in the active layer and the broad absorption
range by the LSPR. Arbab et al. reported the bimetallic Ag/Zn NPs coalesced in the
P3HT: PCBM cell using the chemical reduction method to increase the PCE to 5%

efficiency [172].

3.3.5. The role of noble metals and metal oxides in organic solar cell stability

The stability and efficiency of organic solar cell are important aspect of the device to
perform at is best. Hence it is important to have a compatible energy level of

interfacial layer and successful morphological modification. The efficiency of the cell,
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the hole/electron mobility and its resistance to humidity must be aligned in order to
slowdown the process of photo degradation to obtain a long-term stable device. The
use of P3HT in various studies have been reported, owing to its cost effectiveness
and high hole mobility notwithstanding its HOMO energy level, which hinder
maximum effectiveness of the device [173-177]. Jeong et al. substantiated the
stability problem of solar cells using the deep HOMO energy level of fluorinated
polythiophene derivative (FEH) that displays additional effective charge-extraction
capability at the interface of the perovskite/HTL in comparison to P3HT. This is
associated to the electron-withdrawing behaviour of the fluorine atoms in FEH and its
capability to create further even films on the perovskite layer [178]. They proved that
FEH hole layer under water contact has a more hydrophobic surface, which
enhanced the stability compared to P3HT hole layer. Exposure of FEH based cell to
over 500 hrs in their studies, resulted in the FEH based cell preserving more than
80% of its initial efficiency. They reported a PCE of 18.0% in the FEH fabricated cell
compared to 10.8% in P3HT based cell. Yang et al. interrogated the addition of high
boiling point solvents 1,8-diiodooctane and o-chlorobenzaldehyde in the presence of
PT7B-Th:PCBM solar devices yielding a PCE of greater than 10% compared to no
solvent solar cells with PCE of 3.8% [179]. Jayan et al. probed the nc-TiO2-P3HT
cell fabricated with various kind of positive electrode of Cu, Ag and Au for light
harvesting [180]. The stability and efficiency of an inexpensive Cu based cell were
better enhanced compared to expensive Ag and Au based electrode, owing to
chemical bond formation of copper-sulphur complex in nc-TiO2-P3HT cell. They
revealed that copper-sulphur complex acts as a scavenger of free electrons in the
absence of oxygen hindering the decaying of TiO2, which results in the slowing down

of the decomposition of the nc-TiO2-P3HT solar cell. Kadem et al. scrutinized the
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integration of PEDOT: PSS treated with ammonium hydroxide (NH4OH) in the P3HT:
PCBM based cell compared to pristine PEDOT: PSS based cell [181]. They reported
better stability showing only about 43% reduction in efficiency after 58 days in
comparison to 66% decrease in efficiency observed in the pristine PEDOT: PSS
based device. Recent study [182] have shown that the devices using the
Zn0O:ZnWOs4 layer also displays an excellent long-term stability in air retaining
roughly 95% of their PCE original value after being stored for 500h that is associated

with the reduction of zinc interstitial defect density in the ZnO:ZnWOx4 film.

3.4. CONCLUSION AND REMARKS

This review paper was centred around the fundamental aspects of incorporating
noble metals and metal oxides nanostructures in the BHJ PSCs, with the emphasis
on the solar cell performance, structural and optical properties. The use of noble
metals and metal oxides reported in this review displayed emancipated possibilities
of enhancing the photo absorption among BHJ PSCs relative to its stability,
efficiency and cost effectiveness. Light harvesting was enhanced owing to
single/dual plasmonic effect of multiple light scattering and/or LSPR effect, without
cell thickness increased and irrespective of the position of integration. A comparison
of the effect of metallic NPs of Au, Ag based devices according to the theoretical
interpretation were highlighted and the influence of metal oxide of CuO, ZnO and
TiO2 on the performance of the solar cells. Though the noble metals are readily
incorporated into OSCs irrespective of their position inside. Nonetheless,
incorporation of the noble metals in the photoactive layer is a vital space
arrangement for creating the greatest of plasmonic near-field effects which result

maximum improvement of IPCE% and enhanced PCE. It also enhances the photo
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absorption by whichever enhancing the light scattering process or near-field
improvement without increasing the thickness of the active layer. Additionally,
embedded plasmonic nanomaterials at various layers/dual interface instead of a
single layer for each device as to trigger dual plasmonic properties, i.e. stronger
scattering efficiency has been considered as effective way for OSCs. Though,
misalignment at the conduction and valence band of plasmonic NPs that result to
charge trapping region and degradation in Voc should be avoided. It was further
observed that the control and prepared size of the noble metals have significant
influence on the scattering efficiency that affects the device performance. However,
the limitation exists with several studies is the consistency in variation of noble
metals and metals oxides and size incorporated in OSCs. Finally, in OSC, the
plasmonic-aided architecture has proven to be promising alternative to significantly
enhance the device performance, more specifically if they are applied in low band
gap polymer OSCs, which the low band gap polymer absorption could be extended
to infrared region. Nonetheless, careful fabrication and optimization of noble
nanostructures is compulsory to achieve a significant influence on the PCE in OSCs.
Moreover, this review highlighted on the important aspects of photo degradation,
hole/ electron mobility effectiveness and misalignment of the energy levels to obtain
a long term stable device. With the recent breakthrough of an efficiency of >16% by
Cui et al. and the current research effort on the long-term stability and cost effective
fabrications, an enthusiastic near future can be anticipated for the commercialization

of PSCs.
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CHAPTER FOUR

CHARACTERIZATION TECHNIQUES

4.1 INTRODUCTION

The principles and theories behind various characterization techniques such as X-
ray diffraction, X-ray photoelectron spectroscopy, scanning electron microscope,
Transmission electron microscope and gas sensing station used to determine the
chemical, electrical, optical, morphological and structural properties of the

synthesized materials are discussed in this chapter.

4.2 X-RAY DIFFRACTION

The use of X-ray diffraction (XRD) technique to define structural properties including
crystallite size, crystalline structure, lattice strain, and lattice parameter of the
synthesised materials was studied to acquire detailed information. XRD is an
effective technique for identifying the crystalline structure of compound by their
diffraction pattern as shown in figure 4.1. Each crystalline material provides a unique
XRD pattern which identifies its crystal structure. The observed XRD patterns
denotes the arrangement and orientation of a specific set acknowledged by Miller
indices (h,k,l) [1]. Wherefore, production of the peaks must satisfy the Bragg's

condition (equation 4.1).

nA. = 2d sinB, (4.1)
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Where n is a positive integer equated to 1 and A is a wavelength at 1.5418 A
corresponding to Cu Ka emission. Fig 4.1 below shows the schematic diagram

based on the conditions for Bragg’s law [2].

This study used the PANalytical X'Pert Pro diffractometer fitted with CuKa
monochromated radiation source. Fig 4.2 displays the schematic diagram for the
XRD system, showing X-rays from the anode to sample set at desired angle to the

incident beam and to measure the scattered rays by the detector.
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Fig. 4. 1: Schematic diagrams based on conditions for Bragg’s law (cited from wikepidia).
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Fig. 4. 2: The schematic diagram for the XRD set-up [3].

4.3. ELECTRON MICROSCOPE

Electron microscopes are beneficial in this study due to beam of accelerated
electrons used as probing source. The highly energetic electrons enable the
microscope to operate at a high resolution and magnification to study surface
morphology and topography using scanning electron microscope (SEM) and

transmission electron microscope (TEM) [4].

4.3.1 Scanning Electron Microscope

SEM emits electrons from field-emitter into the electron gun located at the top
column. Electrons are focused and directed by electromagnetic lenses using
condenser, objective lenses and apertures. Then electrons are accelerated in
vacuum at high voltage into fine probe, scanning the surface of material to release
information from interaction between the beams of electron with the sample. The lost

energy is converted into heat emitted as secondary or backscattered electrons and
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the detector convert them into signals. Thus signals are directed to screen with
intensity corresponding to the beam on samples [5]. Prepared samples on stubs are
coated by conducting layer to obtain non-conductive image. SEM also gives
information using the energy dispersive X-ray spectrometer to display the qualitative
and quantitative elemental analyses of the material. In this study, Auriga ZEISS SEM
was used to obtained images of TiO2 powders. Fig 4.3 displays the schematic

diagram of the SEM.

SCANNING
ELECTRON ELECTRON
N MICROSCOPE
ANQRE BEAM OF
ELECTRONS
FOCUSING R
MAGNETS '

SCANNING (S
CoILS s

TV SCANNER

STAGE " . FEATHER

Fig. 4. 3: Schematic diagram of SEM [6].
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4.3.2 Transmission Electron Microscope

Transmission electron microscope (TEM) is a vital tool used to characterize
nanomaterials to obtain the size of particles, crystallinity and shapes. In TEM, the
primary electron beam is transmitted through the sample unlike the backscattering of
electron in SEM [4]. Excited beam of electron from Tungsten source is focused
through the very thin sample to release information about the crystalline structure
from interaction between the electrons and atoms. High accelerated electrons are
emitted from the hot cathode in the electron gun through an anode. Electrons are
then focused into a thin and coherent beam through a condenser lens to form
parallel beam before passing through samples. While condenser aperture precludes
high angle electrons from interrelating with sample. Information about samples is
magnified by the objective lens in order to view image on the screen [5]. In this
study, JEOL JEM 2100 transmission electron microscope (HR-TEM) of 200kV
acceleration voltage was used. The powder samples were dispersed in ethanol and
ultra-sonicated till completely dissolved. Then the solution was deposited on holey-
carbon copper grid and dried in room temperature. The selected area electron
diffraction patterns were obtained from TEM. Fig. 4.4 displays the schematic diagram

of TEM.
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Fig. 4. 4: Schematic diagram displaying the TEM set-up [7].

4.4 PHOTOLUMINESCENCE SPECTROSCOPY

Photoluminescence spectroscopy technique is used to study the surface defects

state of the material and induced states present within the band gap of the material.

Photo-excitation process causes valence electrons within the material to transit to

the conduction band. The excited electron returns back to the ground state with
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excess energy emitted as photon in the form of radiation [8]. The excess energy can
disintegrate through luminescence by the sample. This luminescence may occur due
to recombination radiation of excitons. Horiba Jobin-Yvon IHR 320 nanolog
spectrometer with symphony cryogenic detector using Xenon lamp as a continuous
energy supply excited at 325 was used in this study. Fig.4.5 display the schematic

diagram of PL spectrophotometer

450 W xenon source
(UV lo near-IR)

o Double-grating excitation monochromator
4 (UV 1o near-IR)

InGaAs array detector

320 mm spectrograph
-L with double-grating turret

Fig. 4. 5: Schematic representation of Nanolog [9].

4.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

X-ray photoelectron spectroscopy’s usage is to study the chemical, electronic,
elemental and surface state of elements in the material. The mechanism involves the
photoelectric effect which refers to the ejection of electron from metal surface once is

irradiated by light [10]. For ejection of an electron to occur, the photon energy must
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be greater than the material work function (¢). If the energy is less, the electron will

not be ejected. Hence, the photoelectric effect equation (4.2) is define as
Ek (max) = hv- ¢ (42)

where Exmax is the maximum kinetic energy of the electron ejected, h is the planck
constant and v is the frequency. Once the electron is excited it advances from the
core state into continuum resulting to form an ion (X*). Wherefore the detector
measures the kinetic energy of the electron ejected. XPS technique depends on
photoemission because of X-ray. The binding energy from the ejected electron of a

specific orbital can be evaluated by Einstein equation (4.3) of photoelectric effect:
BE= Ep-Ek (max) — ¢ (43)

where Ep is the X-ray photon irradiated energy of a material. The XPS detector
measures only ejected electron that reach the detector. The excited electron can
undergo recombination and loose kinetic energy resulting in less electron escaping
within the material. The electronic configuration in the atoms correspond to the
characteristic of spectral peaks on the XPS spectrum and each peak illustrate the
amount of element contained [11]. PHI 500 Versaprobe-scanning ESCA
microscopes with monochromatic Al-Ka X-ray source was used in this study to
analyse the XPS measurements. Fig.4.6 shows a schematic diagram of XPS

technique.
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Fig. 4. 6: Schematic diagram of XPS technique [12].

4.6. BRUNAUER-EMMETT-TELLER

Brunauer-Emmett-Teller (BET) studies the adsorption of gas molecules on the
surface of the material such as pore diameter and pore volume. The Langmuir theory
presumed that the adsorbate behaves as an ideal gas at isothermal conditions and
holds on each layer, while the BET theory denotes to infinite—layer adsorption with

no interaction between each layers. BET adsorption isotherm equation 4.4 is:

|4 1 +c—lp
Vipo—p) Ve VinC po

(4.4)

where N is the adsorbed gas quantity, Nm is the monolayer adsorbed gas quantity, p

is the partial vapour pressure of the adsorbate gas in equilibrium and po is saturation
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pressure of the adsorbate gas. Wherefore C is constant and related to enthalpy of

the adsorption. The BET surface area is given by equation 4.5 which is:

Sbet = NmNa/Va (4.5)

where Nm is the monolayer adsorbed gas, Na is the Avogadro’s number and Va is the
molar volume [13,14]. BET surface area used in this study is the Micromeritics
TRISTAR 3000 surface area analyser. Fig. 4.7 displays the schematic diagram of

BET.

Uniform femperature maniiold

Daa
acquisiiion

Injection Liquid
Piston Nitrogen

Fig. 4. 7: Schematic diagram of BET system [15].

4.7. ELECTRON PARAMAGNETIC RESONANCE (EPR)

Electron paramagnetic resonance (EPR) is an unpaired electron of an atom causing
resonant absorption of microwave radiation when placed in the strong magnetic field.
The technique is used to give information concerning paramagnetic centres on
several oxide surfaces which includes diamagnetic oxides and transition metal ions

among the list.
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An unpaired electron of a compound, when involved in spin interaction with a strong
magnetic field, the unpaired electrons spin permit alignment in two possible
orientations. These two orientations result in different magnetic potential energy,
thus inducing a lift in degeneracy of the state of electron spin. The spin of unpaired
electron can be either in the direction similar to magnetic field with low energy sate
ms= -1/2 or antiparallel to the magnetic field with high energy state ms=+1/2. Fig 3.8

shows the energy level for the electron spin.
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Fig. 4. 8: Energy level for an electron spin in applied magnetic field B [16].

Samples in EPR are exposed to fixed microwave irradiation which induces a change
in orientation of some unpaired electrons at certain magnetic field which result in
separation of energy state as shown in Fig 4.9. In this study the JEOL electron
paramagnetic resonance spectrometer was used and operated at 9.4GHz X-band at

room temperature.
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Fig. 4. 9: Schematic diagram of electron paramagnetic resonance [17].

4.8. GAS SENSING STATION

Gas sensing instrument detect and monitor different types of gases. In this study
KENOSISTEC UHV gas sensing instrument was used for gas sensing experiments.
The system comprises of sensing chamber with sample stage, an air mixer, and gas
inlet for different test gases. There’s two thermostatic bath which supplier wet air in
the mixer for measuring humidity and the other one for measuring volatile air. And

also includes six heaters and six KEITHLEY picoammeter.

The sensing films were conducted from homogenous paste at room temperature.
Then drop-coated on aluminium substrate interdigitated with Au/Pt electrode and
secured the sensing films on sample stage in the chamber. Samples were exposed

to the gases and humidity in chamber and the picoammeters recorded the
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concentration of gas and humidity. Figure 4.10 display the gas sensor station setup

diagram [18].

1: Gas testing chamber
2: Immersion condenser

.| 3: Solenoid valves
4: Pressure sensor

5: Condensation collector

6: Humidity and temperature
sensor

7: Sensors testing sockets

8: Interdigitate electrodes
9: Alumina substrates

Fig. 4. 10: KENOSISTEC KSGASGS ltaly gas sensing station. (Reprinted with permission
from Ref. [19]. Copyright 2019: Elsevier).
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CHAPTER FIVE

Superior Open Circuit Voltage Induced by Metals Doping in
TiO2 as a Non-Fullerene Material Towards Organic Solar

Cells Performance

5.1. INTRODUCTION

Polymer solar cells (PSCs) offer an economical and advantageous alternative as
opposed to silicon based solar cells owing to its low cost of synthesis, low
temperature preparations, etc. [1-9, 10]. However, the current efficiency of the state
of the art materials, poly (3-hexylthiophene) (P3HT) and [6, 6]-phenyl-Cs1-butyric
acid methyl ester (PCBM), is limited around 6% [11, 12]. Most recent, an efficiency
around 11 % has been reported ['® 4. While an efficiency of approximately 13 %
was disclosed by Raynergy Tek and Heliatek companies for tandem solar cells [15].
PSC'’s efficiency is influenced by charge carrier mobility of donor/acceptor (D/A)
materials, illumination intensity, D/A energy gap, potent charge extraction in the
photoactive layer and charge collection to their appropriate anode and cathode.
Photoexcitation can be enhanced further by inclusion of hole transport layer (HTL)
and electron transport layer (ETL) between photoactive layer and the electrodes [16-

18].

Common application of zinc oxide (ZnO) nanoparticles as ETL is due to their
thorough arranged band gap distribution and high electron mobility. Effective charge
extraction obtained by incorporation of 3D structure in the ETL between the cathode

and photoactive layer. The presences of ZnO nanoparticles in the blend of P3HT and
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PC71BM intensify surface roughness that effect light absorption in the active layer
[19-22]. This surface roughness resulted from the deep band of ZnO, which enable
the radiative recombination of electron-hole pair. The deep band is formed because
of doping of ZnO nanoparticle that interferes with the arrangement of oxygen ion,
hence, the formation of oxygen vacancy. The oxygen vacancy conducts itself as both
shallow and deep trap state, thereby promoting diffusion of carriers and enhancing
recombination of carriers respectively [23]. Incorporation of metal nanoparticles,
such as silver (Ag), gold (Au) and copper (Cu) with ZnO nanoparticles impedes
recombination of electron-hole pair and encourage electron-hole pair separation.
These metal nanoparticles exhibit localized surface plasmon resonance (LPSR),
which influences light absorption capability of organic photovoltaic devices within a
broad spectrum range [24-27]. The particle size and shape of the metallic
nanoparticles have been reported to have a significant role in the exciton-plasmon

coupling and influence the performance parameters in OSC [28-30].

TiO2 is desired in solar cells application due to its high electron mobility, lower
density and low dielectric. Integration of TiO2 nanoparticles in the blend of P3HT:
PCBM reported to enhance stability and charge transfer owing to its excellent charge
transport and highly stable properties thereby increase efficiency of the devise.
Combination of TiO2 and PCBM as electron acceptors in the active layer has shown
preference of electron flowing to TiO2 due to its wide band gap and high electron
mobility. Nonetheless, the presence of PCBM acts as a surfactant thereby inhibiting
segregation of TiO2 nanoparticles. Previous studies displayed an enhanced
absorption observed in rough surface of an active layer due to increase content of
TiO2 nanoparticles [31]. In this work, we report on the superior open circuit voltage

(Voc) induced by the incorporation of non-fullerene Au and Ag and Cu doped in TiO2
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nanoparticles on the polymer material matrix for improvement on the solar
performance. The structural, optical and paramagnetic properties of the Au and Ag
and Cu doped in TiO2 nanoparticles are investigated in detail and correlated with the
solar cells performance. We showed that the PCE and Voc are dependent on the

particular metal doping and its content.

5.2. EXPERIMENTAL

5.2.1. Materials

P3HT regioregular, indium tin oxide (ITO) coated glass on a 1 mm glass substrate
(resistivity of 8-12 Qsq™' and transmittance = 83%) substrates were purchased from
Sigma-Aldrich, while the 1, 2-Dichlorobenzene solution (purity 99.9 %) was

purchased from Merck.

5.2.2. Synthesis of undoped and doped TiO2 nanoparticles

All chemicals were purchased from Sigma Aldrich and used without any further
purification. To synthesize TiO2 and then doped with Ag, Au and ad Cu, about 1.0g
of P25 Degusa titanium dissolved in 100 mL of deionized water. For doping, 0.1, 0.5,
1.0 and 2.0 mol.% of Au, Ag and Cu, respectively were added to the solutions. About
0.5 M of NaOH was added in the solution to reach the desired pH, and was
continuously stirred for 5 h. The solutions were then placed in a 125 ml Teflon® liner
made to fit inside a stainless steel acid digestion vessel (purchased Parr Instrument
Company). The solutions were placed for 12 h in an oven at a temperature of 200
°C. After the synthesis, the vessels were allowed to cool to room temperature. The
white precipitates were collected by filtration and washed 10 times with distilled
water to remove impurities. The final products were dried in an oven at 90-C

overnight to obtain undoped and doped TiO2 nanoparticles.
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5.2.3 Characterization

Structural analyses were carried out using the x-ray diffraction (Panalytical XPERT
PRO PW 3040/60) equipped with Cu monochromatic radiation source and
transmission electron microcospy (JEOL-2100) operated at 200 KeV. The surface
morphology is investigated using the Auriga- Zeiss instrument, fitted with the energy
dispersive spectroscopy. The optical properties of Au and Ag and Cu doped in TiO2
nanoparticles were studied using UV-VIS Perkin Elmer Lamba 750 spectrometer in
the wavelength range of 350-800 nm. The specific surface area and the pore volume
of the samples were analyzed by nitrogen (N2) physisorption using a Micromeritics
TRISTAR 3000. The paramagnetic defects were probed using a JEOL X-band EPR

spectrometer (JEOL, Japan) at room temperature.

5.2.4. Fabrication of Photovoltaic Solar Cell devices

The solar cell devices were devised using the ITO coated glass substrates
employing the following configuration: ITO/PEDOT:PSS/P3HT:TiO2-Au or Ag or
Cu/MoOQOs/Al. Prior to device fabrication, ITO was cleaned in boiled ethanol, then
rinsed with deionised water and blow dried with nitrogen gas. A buffer layer
(PEDOT:PSS) with a thickness of roughly 50 nm was spin-coated onto the ITO
substrate at 2500 rpm for 30 s and annealed at 100 °C for 1 h. Active layers of P3HT
blended in various concentrations of Au and Ag and Cu doped in TiO2 nanoparticles
(i.e. P3HT:TiO2-Au, P3HT:TiO2-Ag and P3HT:TiO2-Cu) were weighed in 3 mg:3 mg
(1:1 w/w) and dissolved in 1 mL solvent of 1, 2-dichlorobenzene with a boiling point
of 180 °C and spin-coated ontop of the PEDOT layer. The developed films were
afterwards annealed at 150 °C for 15 min to boost the polymer ordering. The hole

transport layer containing molybdenum oxide (MoO3s) onto the photoactive layer was
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deposited using a sputtering system (AJA international INC, USA). Lastly, an Al
electrode was evaporated on the top of the MoOs layer by means of a shadow mask,
producing an active area of 0.15 cm?. Current density-voltage (I-V) analyses were
carried out using a Keithley 4200 (USA) source measurement unit using Newport
solar simulator at 100 mW/cm? (AM 1.5 G) irradiation. For reproducibility, three

devices were measured.

5.3. RESULTS AND DISCUSSION

5.3.1. Structural properties of Au, Ag and Cu doped TiO2 nanoparticles

The accomplishment of XRD measurements was to identify the effect of
incorporation of noble and transitional metal on the TiO2 structural properties. The
diffraction peaks at crystal planes (101), (004), (111), (200), (105), (211) and (118),
which can be indexed as relatively polycrystalline of TiO2 phase anatase were
observed. While, rutile crystal plane (110) was observed at 26 = 27.5° in pristine
TiO2 patterns [32]. Upon doping, with Au, Ag and Cu, the XRD patterns showed no
impurity peaks, revealing dopants were successfully inserted in the TiO2 crystal
lattice. Nonetheless, the rutile peak at 27.5° shifted slightly to higher angles (see the
magnified spectra in Fig. 5.1b, d, f) and this behaviour is more visible for Cu doped
TiO2, which can be assigned to the closeness of ionic radius of Cu?* and Ti*".
Moreover, the intensity is reduced at 0.5 and 1 % mol doping concentration, which
further increased at 2.0 mol.% owing to saturation [31, 33]. From Table 5.1, it is very
clear that the crystallite size decreased with an increase in doping concentration.
This is clearer for the sample doped with Cu, especially at 0.5 and 1.0 %. mol.
However, an increase in lattice strain (¢) was observed upon doping TiO2 with Au, Ag

and Cu concentration.
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Table 5. 1: Crystallite size and crystal lattice of Au, Ag and Cu doped TiO3,

Doping Au Ag Cu
concentration

Lattice  Crystallite Lattice Crystallite Lattice Crystallite

strain, ¢ size (hm), strain, e  size (nm), strain, € size (nm),
(x10%) L (x10™) L (x10) L
Pure TiO2 0.003 16.3 0.003 16.1 16.1
0.0002
0.1% mol 0.002 18.84 0.008 18.88 18.59
0.00755
0.5% mol 0.002 16.55 0.765 16.27 16.52
0.003
0.002 18.70 0.766 20.01 0.00988 17.00
1.0% mol
2.0% mol 0.541 19.67 0.926 20.78 1.00 18.66

5.3.2. Morphology analyses of Au, Ag and Cu doped TiO2 nanoparticles

Fig. 5.2 displays the detailed analyses on the surface morphology of various
concentrations of Au, Ag and Cu doped TiO2. SEM micrographs of pure TiO2
illustrate small nanoparticles which upon incorporating the initial dopants
concentration (i.e. 0.1 mol.%) in the TiO2 matrix, the size of nanoparticle increases.
This is probably due to the agglomeration as depicted in Fig. 5.1b, e and h.
However, upon increasing the doping concentration, a slight decrease is witnessed
and this confirmed by XRD analyses. At higher doping concentration, further
agglomeration is noted, especially for the 2.0 mol.% Cu doped TiO2 nanoparticles
shown in Fig. 5.2j. Additionally, cracks or porous behaviour on the surface
morphology is also noted to most of nanostructures, more specifically on the 2.0

mol.% Au and Ag. Larger porosity could be beneficial for gas sensing applications.
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Fig. 5. 2: SEM images of various concentration of Ag, Au, Cu and pure TiOo.

The internal structure of 0.5 mol.% Au, 0.5 mol.% Ag and 0.5 mol.% Cu doped TiO2
nanostructures was probed using TEM, see Fig. 5.3. The low and high-resolution
TEM analyses in Fig. 5.3a and b demonstrate that Au nanoparticles are
homogenously distributed across the TiO2 matrix. The SAED patterns indicate that
Au doped TiO2 are highly crystalline. The interlayer spacing of 0.350 nm, which
corresponds to (101) lattice planes of anatase TiO2 is observed. Whereas, the d-
spacing of 0.233 nm matched the (111) lattice planes of Au nanoparticles, which is
consistent with the results reported by Zhu et al. [25]. The Ag doped TiOz displays
lattice fringes with d-spacing of 0.351 nm corresponding to (101) plane of anatase
phase. Whereas, The TEM image in Cu doped TiO2 shows lattice fringes with d-

spacing of 0.349 nm.
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0.233 nm
Au (111)

Fig. 5. 3: TEM micrographs of (a-b) 0.5 mol.% Au, (d-e) 0.5 mol. % Ag and (g-h) 0.5 mol.%
Cu doped TiO2 samples. Note: (c, f and i) correspond to SAED patterns of 0.5 mol.% Au, Ag
and Cu doped TiOg, respectively.

Fig. 5.4 displays the N2 adsorption-desorption curves of TiO2 doped with various
concentrations of Au, Ag, and Cu. As shown in Fig. 5.4 the curves shift up upon
incorporating the dopants within the TiO2 matrix. Moreover, the BET surface area

(SeeT) plot versus doping concentration shows that the Sget increases with doping
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concentration, disclosing a higher Sger for 0.5 mol.% Cu compared to its

counterparts. Such higher Sget can be justified by smaller crystallite size and smaller

particles observed from XRD and SEM analyses.
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5.3.3. Chemical state analyses of Au, Ag and Cu doped TiO2 nanoparticles

XPS analyses were conducted on evaluating the elemental composition and the
oxidation state of TiO2 doped with varies concentrations of Au, Ag and Cu
interaction. The high resolution Ti2p of the 0.1 Au, Ag, and Cu doped is shown in the
appendix A. The Ti 2ps2 could be fitted into two peaks located at 458 and 461 eV.
While the 2p1/2 of the 0.1 mol.% Au doped could be fitted into one peak centred at
466.3 eV. As for the 0.1 mol.% Ag doped, the Ti 2p3s2 could be fitted into one peak
located at 458.9 eV. And the Ti 2p12 of the Ag doped TiO2 maybe fitted into two
peaks positioned at 463.8 and 464.5 eV. The Ti 2p3/2 and 2p1.2 of the Cu doped
could be fitted into two peaks positioned at 457.6 and 458.4 eV and 463.9 and 464.7

eV [34].

The high resolution XPS spectra of the 0.1, 0.5 and 2 mol.% Au doped TiO2 samples
displayed the Au 4f spectrum in Fig. 5.5a-c containing two peaks owing to Au 4f7;2
and 4fs2 levels. The Au 4f72 and 4fs2 of the 0.1 mol.% are deconvoluted into one
peak located at 85.4 eV and 88.8 eV. While, the Au 4f72 and 4fs2 of the 0.5 mol.%
doped Au is deconvoluted into one and two peaks located at 84.8 and 87.5 and 88.8
eV, respectively [35]. The intensity of the 2 mol. % increases in comparison to that of
lower doping, where the peas related to Au 4f72 and 4fs2 are more resolved,
confirming the existence of AuNP on surface of TiO2 [26, 35]. The XPS survey
spectra of the 0.5 and 2 mol.% Ag doped TiO2 samples exhibited the Ag 3d
spectrum in Fig. 5.5d-f, which comprised two peaks due to Ag 3ds2 and Ag 3dse2
levels. Nonetheless, for the 0.1 mol.% Ag shown in Fig. 5.5d, no peaks related to Ag
could be found. The peak assigned to Ag 3ds.2 is positioned at the binding energies
of 367.9, and 367.9 eV for 0.5 and 2 mol.% Ag doped TiOz2, respectively. Likewise,

peak assigned to Ag 3ds2 is positioned at the binding energies of 375.5 and 373.9
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eV for 0.5 and 2 mol. % Ag doped TiOz2, respectively [27]. The XPS survey spectra
of the 0.1, 0.5 and 2 mol.% Cu doped TiO2 samples in Fig. 5.5g-i, showed that the
Cu (2p) spectrum is comprised of two individual peaks allocated to Cu (2ps/2) and Cu
(2p112) levels, which are from Cu?* ions. The peak assigned to Cu (2p3/2) is positioned
at binding energies of 932.51 and 932.36 eV and 932.9 for 0.1 and 0.5 and 2 mol.%
Cu doped TiOz2 respectively. Similarly, the peak assigned to Cu (2p12) is positioned
at 952.16 and 952.12 eV for 0.1 and 0.5 mol. % mol Cu doped TiOz2, respectively.
While that of the 2 mol.% could be fitted into peaks, which showed peaks of the Cu
(2p3r2) at 931.8 and 932.1 eV; whereas the Cu (2p12) showed peaks at 951.7 and
952.3 eV. This sustenance the fact that doping of copper in TiO2 was successful.
The process of hydrothermal shows that Ti ions were substituted by Cu ions in TiO2

lattice. While, formation of Cu-O bonds replaced the Ti-O bonds in TiO2[28].

Fig. 5.6g-i illustrates peaks position of O 1s core levels of 0.1, 0.5, 1 and 2 mol.% of
Au, Ag and Cu doped TiO2 nanoparticles. The peaks position of O 1s core level as
Ag and Cu concentration increases, a shift to higher binding energy is noted.
Nonetheless, Au concentration increased with a shift to lower binding energy. The
O1s peaks of the Au can be fitted into three peaks located at 530.1, 532.3 and 533
eV associated to to Oz~ ions in the TiOz crystal lattice, hydroxyl groups absorbed on
the surface [34]. It is noted that for the 0.5 mol.% Ag and Cu doped, the O1 peaks
are very broad in comparison to their counterparts. Such broadness could be due

higher amount of point defects in TiOx2.
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Fig. 5. 5: The XPS analyses of (a-c) 0.1, 0.5 and 2.0 mol.% Au, (d-f) 0.1, 0.5 and 2.0 mol.%
Ag and (g-i) 0.1, 0.5 and 2.0 mol.% Cu doped TiO, samples.
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5.3.4. Paramagnetic properties of Au, Ag and Cu doped TiO2 nanoparticles

To investigate the paramagnetic properties of the pure and Au, Ag and Cu doped
TiO2 nanostructures, the EPR studies were performed as demonstrated in Fig. 5.7.
The pure TiO2 displays a single broad resonance peak related to ferromagnetism
positioned at the magnetic fields of 100 and 350 mT. Which corresponds to a g-
factor of 1.8706, corresponding to Ti®* in rutile as shown in Table 5.2, which
summarises all the g-factors and number of spins associated to the material. Upon
doping with Au, a small shoulder is observed at 340 mT, and its intensity slightly
improves with increased Au doping. Additionally, higher number of spins are
witnessed for the 0.5 mol. % Au. By doping TiOz with 0.1 mol.% Ag, a signal
transforms to sharper peak in comparison to that of the pure TiO2, where the
paramagnetic signal dominates the ferromagnetic signal. Such behaviour may be
related to clustering of the metals on the TiOz surface. However, at 0.5 and 1 mol.%
Ag, a broad signal is further observed, showing the g-values of 1.9582, 2.1084,
2.3826, corresponding to attributed to unpaired electrons trapped in singly ionized,
superoxide radical O2~ and associated with Ag?* in TiO2, respectively [36-38]. At
higher doping of 2 mol.%, a sharper peak and hyperfine structures related to Ag are
noted. The doped Cu TiO2 nanoparticles in Fig. 5.7c also display sharper peaks and

hyperfine structures that were previously observed for the 2 mol.% Ag.
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Fig. 5. 7. EPR measurement of TiO, doped with various concentration (0.1, 0.5, 1 and 2

mol.%) of (a) Au, (b) Ag and (c) taken at room temperature with microwave power of 5mW.
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Table 5. 2: Summary of EPR data related to number of spins, g-factor and assignments of
the peaks for the Au, Ag and Cu doped TiO2 nanoparticles [39-41].

Sample Nsx 10° g-factor Assigned to
Pure TiO; 14.87 1.8706 Surface Ti**in colloidal TiO-
0.1% mol Au 6.62 2.3842 Associated with Ag?* in TiO,
1.9595 Ti**in rutile
0.5% mol Au 7.55 2.3944 Associated with Ag?* in TiO>
1.9584 Ti**in rutile
1.0% mol Au 7.01 2.3843 Octahedral distortion
1.9596 Ti**in rutile
2.0% mol Au 5.68 2.4412 Associated with Au?* in TiO;
1.9581 Ti**in rutile
0.1% mol Ag 3.5 2.4789 Associated with Ag?* in TiO;
1.9904 Unpaired electrons trapped in Vo
0.5% mol Ag 8.06 2.3826 Associated with Ag?* in TiO>
2.1084 superoxide radical Oz~
1.9582 Unpaired electrons trapped in Vo
1% mol Ag 3.1 2.4675 Associated with Ag?* in TiO;
1.9911 Unpaired electrons trapped in Vo
2% mol Ag SN 20 ol Rhombic distorted
2.0070 Colioidal anatase TiO2
0.1% mol Cu 9.72 2.3390 Cu ?* in octahedral
2.0070 Colloidal anatase TiO2
0.5% mol Cu 2.1 2.4190 Cu ?* in octahedral
2.3171 Cu 2" in octahedral
1.9909 Unpaired electrons trapped in Vo
1% mol Cu 1.70 2.4186 Cu 2* in octahedral
2.3167 Cu 2* in octahedral
2.0070 Colloidal anatase TiO;
2% mol Cu 2.82 2.4303 Cu %" in octahedral
2.3276 Cu %" in octahedral
1.9986 Unpaired electrons trapped in Vo
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Weight %

5.3.5. Incorporation of Au, Ag and Cu TiO2 blended in P3HT
3.5.1. Thermo-gravimetric analyses of Au, Ag and Cu doped TiOz2 blended in P3HT

To study the thermal stability and crystallization aspect during thermal processes of
the gold, silver and copper TiO2 blended in P3HT, the TGA profile was carried out
from room temperature to 1000 °C (see Fig. 5.8). The TGA graph of P3HT polymer
reveals a mass loss of 5% at temperature of 440 °C, which is ascribed to water
removal and the last step that display crystallization phase was observed at a mass
loss of 70% around temperature of 513 °C. However, upon addition of different
concentrations of Au, Ag and Cu doped TiO2, we observe crystallization phase
taking place at a mass loss of 60-50% at temperature range of around 600 °C. The

presence of metal oxides doped with TiO2 enhanced the thermal stability of the

P3HT polymer.

1 L L L L 1
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] ——0.1% mol Au] 1903 0.1% mol Ag7 |/ ;100 - ——0.1% mol Cul
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Fig. 5. 8: TGA graphs of Au, Ag, Cu doped TiO».
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5.3.6. UV-VIS absorbance spectra of Au, Ag and Cu doped TiO2 blended in
P3HT

Fig. 5.9 displays the UV-VIS spectra of P3HT blended with TiO2 doped with various
concentrations of Au, Ag and Cu nanoparticles. For optimization, the TiO2 with
various weight ratios was blended in P3HT as shown in the appendix. From the
Figure, the 1:1 wt. ratio display improved absorption. Thus, for P3HT blended with
various concentrations of Au, Ag and Cu nanoparticles, the 1:1 wt. ratio was
adopted, based on the findings of the P3HT:TiO2 blend. Nonetheless, in comparison
to the P3HT:TiO2, the P3HT blended with various concentrations of Au, Ag and Cu
nanoparticles show pronounced peaks at 520 and 563 nm and one shoulder at
612 nm. The first two bands are associated to the n—=* transition, while the shoulder
at 612 nm is associated with the inter-chain interactions [42, 43]. The arrow pointed
in at around 380 denotes absorption peaks of TiO2, while the arrow positioned at
around 450 nm displays peaks associated to either Au or Ag absorption. Their
absorption increases with doping amount. It is evident from Fig. 5.9a that the 0.1
mol.% displays improved absorption for the Au, while for the Ag and Cu doped, the

0.5 mol.% is more dominating in terms of absorption.
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Fig. 5. 9: UV/vis absorbance spectra of (a) P3HT blended with various concentrations of (a)
Au, (b) Ag and (c) doped in TiO,. The blended materials are prepared in a 1:1 wt. ratio of
P3HT:TiO.-dopants (i.e Au, Ag and Cu)

3.7. Photovoltaic Solar Cells Devices

Fig 5.10 shows the short current density (Jsc), open circuit voltage (Voc) curves of
blended P3HT:TiO2 doped with various concentration of Au, Ag and Cu. As shown in
Fig. 5.10 and Table 3, the Jsc, Voc of the P3HT:TiO2-Au (0.1 mol.%) devices

enhanced from 4.01 mA/cm? and 0.58 V to 11.08 mA/cmZ? and 0.64 V for P3HT:TiO2-
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Ag, respectively. While the power conversion efficiency (PCE) increased from 1.15
% for the P3HT:TiO2-Au to 3.77 % for the P3HT:TiO2-Ag. Nonetheless, when using
the P3HT:TiO2-Cu, the PCE efficiency increased drastically to about 0.07%. Such
decrease could probably due to limited charge transport due possible recombination
of charge carriers. More remarkably, upon increasing the loading of the Au (to 0.5
mol.%) in TiO2 blended in P3HT, the PCE increased to 1.79%, while that of the 0.5
mol.% Ag loaded in TiOz increased to the higher PCE of 3.88 %. At higher doping
concentration of 2 mol.% in TiOz2, blended in P3HT, the PCE reduced drastically in

comparison to that of 0.5 mol.% as depicted in Table 5.3.

To comprehend the reason behind the improved PCE with increased doping of
metals in TiO2 blended in P3HT, the series resistance (Rs) and shunt resistance
(Rsn) were estimated by fitting the J-V plots as recorded in Table 5.3 [44, 45]. The
0.5 mol.% Ag doped TiO2 blended in P3HT displayed higher Rsh and smaller Rs in
contrast to other solar cells [46, 47]. This could be justified by enhanced hole
transport to the molybdenum oxide layer and reduced the carrier recombination in
the absorption layer. It is further clear in Table 5.3 that the Jsc and Voc are
dependent on the metal doping and the content of the doping. This is due to the fact
that both the Jsc, Voc increase with particular doping level, more especially that of
0.5 mol.% Ag. It is well known that the Voc is one of the main aspects towards

facilitating improved PCE of the solar cells.
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Fig. 5. 10: J-V curves of the doped TiO2 blended in P3HT solar cells. (a) 0.1 mol.%, (b)

0.5 mol.% and (c) 2 mol.%.

We further compared the Voc with the PCE and we found that for the Au doped TiO2,

the PCE is not dependent on the Voc as depicted in Fig. 5.11. While for the Cu and

Ag doped TiOz2, the PCE is highly dependent of the Voc, as result, higher PCE was
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observed. In over all, it was noted that the Ag doped possessed remarkable Voc of

0.69 V, which result to higher efficiency of 3.88%.
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Fig. 5. 11: PCE and Voc

solar cells.

as a function of doping level of metals in TiO, blended in P3HT

According to previous studies, the observed superior Voc of the non-fullerene based

solar cells devices in Fig. 5.11 and Table 5.3 is due to the existence of inferior

interfacial traps in active layer. From our XPS and EPR results, we observed that the

doping of Ag in TiOz2 surface for instance led to transformation of Ti%* from Ti** ions,
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producing oxygen vacancies (Vo). Commonly, the Vo behaves as both as shallow
and deep trap states. Thus, studies have pointed out that the inherent features of
shallow and deep trap states and their influence on the solar cells performance [48].
The shallow trap states activate the charge carriers’ diffusion to the surface; while
the deep trap states enhance the charge carriers’ recombination [49]. The improved
in Agx-TiO2 light absorption was witnessed by Fakharan et al. [49], because of the
increased content of Ag loading, induced by higher formation of Vo. As a result, from
the UV-vis absorption spectra in Fig. 5.9b, the 0.5 mol.% Ag demonstrated enhanced
absorption properties in comparison to its counterparts. As a result, the superior Voc
of 0.69 V for 0.5 mol.% Ag doped TiO2 blended in P3HT solar cells support the
positive influence of the plasmonic nanoparticles on the generation of exciton,
dissociation of exciton and charge transport in active layers. This accomplished
superior Voc is linked to the enhanced ratio of shallow to deep traps of 0.5 mol.% Ag
doped TiO2 nanoparticles, motivating the carriers’ diffusion to the surfaces and

obstructing charge carrier recombination.
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Table 5. 3: Summary of the solar cells parameters.

Films Jsc Voc | FF | Rs(Qcm?) | Rsh (Qcm?2) | PCE (%)
(mA/cm?) | (V)
P3HT:TiOz- 4.01 0.58 | 0.49 13.29 201.76 1.15 (0.38)*
© Au
£ P3HT:TiOz- 11.08 064 | 0.53 6.54 134.04 3.77 (3.68)
= Ag
o
P3HT:TiO2- 0.43 048 | 0.33 15.66 28.45 0.07 (0.03)
Cu
P3HT:TiO2- 5.99 0.55 | 0.52 23.38 242.70 1.79(1.58)
© Au
g P3HT:TiO2- 10.08 0.69 0.56 11.44 266.40 3.88 (3.78)
0 -Ag
o
P3HT:TiOz- 8.64 0.60=|-~0'57 e 168.96 2.93 (2.81)
Cu
P3HT:TiOz- 4.20 043 | 0.24 13.06 181.96 0.43(0.25)
Au
S | P3HT:TIO--
° Ag 5.03 0.52 0.43 433 99.92 1.10(0.88)
N
P3HT:TiO2- 8.60 0.52 | 0.40 6.08 88.85 1.80 (1.44)
Cu

Note: the values in parentheses stand for the average efficiency extracted from over 3 solar
cell devices.

5.4. CONCLUSION

In summary, we have synthesised undoped and Au, Ag and Cu doped TiO2

nanoparticles using hydrothermal method and incorporated into P3HT matrix as to

form a blend. The XRD showed that the peaks of the TiO2 shift when the Au, Ag and

Cu were inserted. The HR-TEM micrographs showed the Au, Ag and Cu inserted in

the TiO2 surface. The paramagnetic and XPS studies showed that incorporation of

Au, Ag and Cu led to a formation Vo, which could be very beneficial for solar cells

performance. EPR signals also transformed based on the doping level, which could
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probably be due clustering of the metals on the TiO2 surface. The solar cell
performance and Voc were dependent on the doping content and the level, showing
higher efficiency performance and superior Voc of 3.88% and 0.69 V, respectively for
the 0.5 mol.% Ag doped TiO2 blended in P3HT. Furthermore, the 0.5 mol.% Ag
doped TiO2 blended in P3HT displayed an internal series resistance (Rs) and shunt

resistance (Rsh) values of 11.44 and 266.40 Q cm?, respectively.
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CHAPTER SIX

Fabrication of P-type Bimetallic Ag/Cu doped TiO2 Nanoparticles
for Dual Application for Selective Detection of Xylene Vapour and

Their use in Organic Solar as Non-Fullerene

6.1. INTRODUCTION

The world today is facing serious health risks from global warming due to air
pollutants such as carbon dioxide (CO2) and hydrocarbons like benzene, toluene,
xylene (BTX) gases emitted from industries and auto motive vehicles [1, 2]. These
pollutants, if inhaled in high concentration cause neurotoxicity that result in fatality [1,
2]. Thus, timely detection of such pollutants is of immense important and requires
gas-sensing devices that regulate air quality in industrial emission and combustible
developments. The fundamental characteristics of gas sensors are better sensitivity
and selectivity for specific type of gases which providing short response-recovery

time at low temperature for early detection of gases to prevent fatality [3].

Amongst the semiconductor metal oxide (SMO), n-type titanium dioxide (TiO2)
possessing a wide optical band gap of ~3.6 eV at 300 K has attracted significant
attention for possible commercial gas sensor applications, due to its superior
sensitivity, low-cost, and low toxicity [4]. Nonetheless, the shortcomings of the
pristine TiO2 have fundamentally restricted their real-world applications in the market
because of their limited selectivity and tall operational temperature. Studies have
shown that doping of TiO2 with noble metals (e.g. Pt, Au, Pd and Ag) or transitional
metals (Cu, Zn, etc.) enhances the sensing characteristics, since they can regulate

the morphology, enable surface reactions, transforms the space charge distribution,
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and hence, advanced the gas sensing characteristics [5- 8]. Amongst the noble
metals, Ag has appealed much attention for being considered as a perfect candidate

for commercial purpose, because of its low cost.

Amongst different volatile organic compounds (VOCs), benzene, toluene, ethylene-
benzene and xylene (BTEX) are exceedingly cancer-causing inherent features [9].
Since BTEX are natural components of coal and crude oil, they are released to air
via vehicles exhaust and various industrial developments, such as paints, cosmetics,
glue, etc. [10]. In risky situations, BTEX breath, oral intake and/or skin absorption
could influence nervous and blood manufacture system [9, 10]. Furthermore, BTEX
monitoring and detection could be profitable for agricultural since they are released
from orange at various phases of maturity (or ripening) [11]. Therefore, appropriate
and selective detection of BTEX vapours, predominantly in minimal concentrations,
is very vital and efficient farming with capable conveyance and storage may be

realized.

Up to now, the organic solar cells power conversion efficiencies (PCEs) have
surpassed 14% in single junction cells [12-14]. While more than 17% of PCE in
tandem solar cells have been realized [15], which is mostly attributed to the prompt
advance of chemically tailored, vastly absorbing donor polymers and non-fullerene
acceptors with improved optoelectronic features. Nevertheless, these pleasing
findings are mostly established on expensive donor-acceptor copolymer, in
comparison to the low cost synthesis state of the art poly(3-hexylthiophene) (P3HT)
[16-18]. With respect to the non-fullerene acceptor in P3HT, studies have used TiOz,

replacing the fullerene derivative [6, 6]-phenyl-Cs1-butyric acid (PCBM) [19]
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However, due to its wide band gap and inability to harvest light in the visible region
the use of metals, non-metals or co-doping of TiO2 were reported by many
researchers to enhance the visible light activity in the photovoltaic cells [20]. The use
of monometallic nanostructure doping in the lattice of TiO2 were reported by many,
which included the likes of Abdel-Wahab et al. [21] that the rate of electron-hole
recombination can be slowed down by electron trapping of Ag nanoparticles, which
was ascribed to localized surface plasmon resonance (LSPR). Strong near field
caused by LSPR that surround the Au nanoparticles to enhance the light absorption
has been reported [22]. Hernandez et al. [23] made a comparative study of Cu
doped TiO2 to act as charge carrier traps in order to reduce recombination effect.
While enhancement of electromagnetic field at the interface by Ag doped TiO2 limit
the process of recombination rate. Whereas, the presence of Eu dopant supressed

TiO2 nanoparticles growth.

Further studies have been reported in the use of bimetallic nanostructure doping in
the TiO2 matrix, which exhibit better properties attributed to their interaction over
their monometallic counterparts and were found useful in many applications. Their
interaction not only displayed the properties related with the two individual metals but
also brought in new properties owing to their coopetition [24]. Gao et al. [25]
displayed a transformed morphology of mixed layer of Au:Ag having both small and
large nanoparticles with a broader LSPR band compared to the Au counterpart,
Whereas the Ag counterpart has lower fill factor, which limits its PCE compared to
the mixed Au:Ag layer. Therefore, herein we report on the low temperature gas
sensing characteristics of a p-type bimetallic Ag/Cu TiO2 nanoparticles based sensor
for detection of xylene vapour at a low operating temperature. We demonstrate that

by increasing the loading of Cu and Ag, the material transforms from an n-type to a
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p-type, which resulted to an improved xylene sensing performance. We further
reveal the influence of LSPR in non-fullerene bulk heterojunction (BHJ) organic solar
cells by infiltrating bimetallic Ag/Cu doped TiO2 nanoparticles into the P3HT: ZnO
layer. At a lower loading doping the bimetallic Ag/Cu in TiO2 nanoparticles acted as
an electron accepter material in the fabrication of the BHJ, displaying a lower PCE,
while at higher doping it acted as a donor, which illustrated an enhanced short circuit

current density, superior open circuit voltage, and thus improved efficiency.

6.2. EXPERIMENTAL PROCEDURE

6.2.1 Materials

All chemicals, P3HT regioregular, copper nitrate, silver nitrate (>99.0), TiO2 P25
Degussa, indium tin oxide (ITO) coated glass on a 1 mm glass substrate (resistivity
of 8-12 Qsq™' and transmittance = 83%), 1, 2-Dichlorobenzene solution (purity 99.9

%), sodium hydroxide (NaOH, purity 99%) were purchased from Sigma-Aldrich.

6.2.2. Synthesis of TiO2 and ZnO nanoparticles

Synthesis of TiO2 was done by dissolving about 2g of TiO2 P25 Degussa in 100 ml
distilled water and stirred for 2 h to achieve homogenous mixture. Then, a pH of 8
was maintained using an appropriate amount of NaOH solution. As for the ZnO
nanoparticles, a precursor of zinc acetate dehydrate (Zn(CH3COO)2. 2H20) was
dissolved in distilled water and stirred for 2h. Then, an appropriate amount of NaOH
was used to maintain the pH at 8. After stirring, both solutions were added into two
separate Aton Parr autoclaves and heated at 200 °C for 12 h. After the autoclave

reaction, the solutions were cooled down to room temperature, the precipitates were
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collected and washed several times with distilled water and then dried at 90 °C for 15

h. The final products were calcined at 250 °C in air for 2 h.

6.2.3. Synthesis of bimetallic Ag/Cu doped TiO2 nanoparticles

The bimetallic Ag/Cu doped TiO2 nanoparticles were synthesized by dissolving an
appropriate amount of TiO2 P25 Degussa and different ratio of mixed 0.1 and 0.5
mol.% interchangeable of Ag and Cu nanoparticles and dissolved in 100 ml of
distilled water and stirred for 2 h to achieve homogenous solution. Then, 0.5 M
NaOH was added in the solution to reach a pH of 8 and continued stirring to a total
of 5 h. The solutions were added in a Teflon liner made to fit inside the stainless
steel pressure vessel for 12 h at 200°C. Before washing the solutions, they were
permitted to cool to 25 °C. Then, the filtrates were thoroughly washed with distilled
water to eliminate impurities. Final products were dried at 90 °C for 12 h, then

calcined at 250 °C in air for 2 h.

6.2.4. Characterization

The X-ray diffraction (Panalytical XPERT PRO PW 3040/60) equipped with a Cu
monochromatic radiation source was used to analyse the structures. The surface
morphology was determined using the Auriga Zeiss scanning electron microscopy
(Zeiss). The internal structure was probed using the JEOL, 2100 transmission
electron microscopy (TEM) operated at 200 keV. The optical characteristics were
probed using a UV-VIS Perkin Elmer Lambda 750 and Nanolog photoluminescence
(PL) spectrometer (Jobin Yvon, Horiba). The surface area and N2

adsorption/desorption isotherms were probed using a Brunauer-Emmett-Teller (BET)

http://etd?ﬁ%vc.ac.za/



(Micromeritics TRISTAR 3000). A PHI 5000Versaprobe-Scanning ESCA Microprobe

was used to carry out X-ray photo-electron spectroscopy (XPS) analyses.

6.2.5. Fabrication of Photovoltaic Devices and Characterization

The organic solar cell devices were constructed based on the following configuration:
ITO/PEDOT: PSS- buffer layer/P3HT:TiO2 (or Cu/Ag doped TiO2) active
layer/ZnO/MoOs hole transporting layer/Al. Before the deposition, ITO substrates
were washed carefully in organic solvents and dried using a pure nitrogen gas
(purity, 99.99%). A buffer layer (PEDOT:PSS) with a thickness of roughly 50 nm was
spin-coated onto the ITO substrate at 2500 rpm for 30 s and annealed at 100 °C for
1 h. Then, active layers fabricated from 0.1 mol. % Cu/Ag, 0.5 mol. % Cu/Ag, 0.1
mol. % Cu/0.5 mol.% Ag, 0.5 mol. %Cu/0.1 mol.% Ag doped TiO2 nanostructures
were mixed with P3HT:ZnO and dissolved in 1,2 dichlorobenzene in an enhanced
wt. ratio of 1:1:1 ternary structure and spin-coated on top of the PEDOT:PSS layer. It
basically consisted out of four types of Ag/Cu- TiO2 nanoparticles with different Ag
and Cu contents. At higher Ag/Cu loading in TiOz, the structure transformed to p—
type, while at lower Ag/Cu loading, it remained as an n-type, which was used as an
electron donor and accepter, respectively in fabrication of the BHJ P3HT: ZnO
devices. The developed films were subsequently annealed at 150 °C for 15 min to
improve the polymer blends ordering. The hole transport layer containing
molybdenum oxide (MoOs3) onto the photoactive layer was deposited using an ATC
Orion 8-T sputtering system (AJA international INC, USA). Finally, an Al electrode
was evaporated on the top of the MoOs layer using a shadow mask, causing an
active area of 0.15 cm?. Current density-voltage (I-V) analyses were carried out

using a Keithley 4200 (USA) source measurement unit using Newport solar simulator
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at 100 mW/cm? (AM 1.5 G) irradiation. For reproducibility, three devices were

measured.

6.2.6. Fabrication of Gas Sensor Devices and Characterization

The fabrication of TiO2 gas sensors were done according to ref. [26]. Pure TiO2 and
bimetallic nanostructures were rinsed and ultrasonically dispersed in ethanol
(Analytical Reagent) to attain a 2.5 mol/L TiO2 suspension. The suspension was
sonicated for 30 min to achieve a uniform paste or slurry. The paste was carefully
coated onto platinum (Pt) inter digital pattern designed in an area on an alumina
substrate. The sensor resistance was measured by using a KSGAS6S
KENOSISTEC gas testing station. The fabricated sensors were placed in an airtight
chamber and exposed to several volatile organic compounds (VOCs), such as
benzene, ethylene-benzene, toluene, xylene (BTEX), and acetone. The analyses

were carried at various operating temperatures, ranging from 25, 100 and 150 °C.

6.3. RESULTS AND DISCUSSION

6.3.1. Structural properties and surface morphology

6.3.1.1. Incorporation of bimetallic of Cu and Ag nanopatrticles doped TiO2

Fig. 6.1 displays the XRD patterns of the bimetallic Ag/Cu doped TiO2 nanoparticles.
As seen in Fig. 6.1, upon adding 0.1 mol.% of Ag and Cu, the peaks shifted to higher
angles. Peak intensities increased with increasing concentration of bimetallic Ag/Cu
doped TiO2. This behaviour was also witnessed by Reddy et al. [27]. At the doping

level of 0.1 mol.% Ag/0.5 mol.% Cu bimetallic, no peak shifting was noted, instead
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the peaks intensity reduced strongly. Such behaviour was also witnessed for the 0.5
mol.% Ag and 0.1 mol.% Cu. When increasing the concentration of Cu, the peaks
marginally enlarged and the crystallite sizes decreased (see Table 6.1), representing
an alteration in the crystal structure. The creation of point defects because of the
substitution of Ti** by Ag?* and Cu?' result to the decreased intensity when

increasing the Ag and Cu content.

9x10* 3 — PureTiO, a E 1 6 3 b — Pure TiO,
3 - o E x10 3
8 104_5 b —— 0.1 mol.% AgiCu ( ) E 4 ( ) — 0.1mol.% Ag/Cu 3
W3 F  —— osmoluagCu 1 10 3 —— 0.5mol.% Ag/Cu
3\7)(104'; —— 0.1 mol.% Ag/0.5 mol.%Cu '; —5-8)(104'; 0.1 mol.% Ag/0.5 mol.%Cu ;
o 6x10° 3 _. —— 05mol% Agl.1 mol Y Cume el T DD —— 0.5mol.% Agl0.1 mol.%Cu
— 3 2 T g¥8Tc g8 T5g 53— 4 3 = 3
>oc10'] | £ 2 23TF ER—FEN K/ >OH0S : s
- 4 3 ®* ¥ III¥ e ETIE II3F 5x10° < = 7
@ 4x10° 3 s : 7 3
£ 3x10° - E
~ 2x10* 3 =
1x10* 3
0
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Fig. 6. 1: (a) XRD patterns of bimetallic Ag/Cu aopea 11Uz nanoparucies ana (p) magniriea

patterns showing (101) and (110) peaks.

Table 6. 1: Summary of the crystallite size and lattice strain of bimetallic Ag/Cu doped TiO»

Materials Lattice strain, £ (x10%)  Crystallite size (nm), L
Pure TiO2 0.0002 16.1
0.1% mol Ag/Cu 0.0005 13.1
0.5% mol. Ag/Cu 0.0004 17.2
0.5% mol Ag/0.1% mol Cu 0.0009 8.5
0.1% mol Ag /0.5% mol Cu 0.0053 9.8
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The surface morphology of the pure TiO2 and bimetallic Ag/Cu doped TiO2 was
investigated using the scanning electron microscopy, as presented in Fig. 6.2. The
SEM micrograph of the pure TiO2 shows nanoparticles. Upon doping with the 0.1
mol.% Ag/Cu in TiOz2 surface, revealed that the nanoparticles size decreased. At 0.5
mol.% with increased concentration from 0.1 mol.% Ag/Cu bimetallic content to 0.5
mol.% Ag/Cu. This observation is consistent with the XRD analyses, showing smaller
crystallie sizes for the 0.5 mol.% Ag/0.1 mol.% Cu bimetallic. The EDX spectrum of
0.1 mol.% Ag/Cu shown in the appendix B indicated that only Ti, O, Ag and Cu
existed on the surface. The elemental mapping also showed that the Ag and Cu are

evenly dispersed on the TiO2 surface.
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Fig. 6. 2: SEM micrographs of the (a) pure TiO2, bimetallic Ag/Cu doped TiO. nanoparticles
(b) 0.1 mol.% Ag/Cu, (c) 0.5 mol.% Ag/Cu, (d) 0.1 mol.% Ag /0.5 mol.% Cu and (e) 0.5
mol.% Ag/ 0.1 mol.% Cu.
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It is recognized that the operational temperature has a pronounced effect on the gas
sensing characteristics [28]. Fig. 6.3a shows the sensor electrical resistance in air
(Ra) versus the operating temperature (25-150 °C). The Ra of all the sensing
materials declined when the operational temperature increased. The plot basically
displays a behavior of negative temperature coefficient of the electrical resistance,
this is in-line with an n-type semiconductor manner. This behaviour follows exponent
law approximately, which is due to the ionization of donor impurity and defects.
Basically, movement of electrons from the valence band to the conduction band of
the sensing material occurs and consequently further electrons are accessible for
transporting the current, leading in a decrease in the sensor resistance. As noted in
Fig. 6.3, the Ra increased with additon of either Ag or Cu. More interesting, at higher
loading of Ag and Cu (i.e. 0.5 mol. % AuCu), a higher Ra was observed. This
behaviour was also witnessed by Motsoeneng et al. [29] at higher Au loading in
SnO2/NiO/Au (2.5wt.%), because of the nanoscale formation of p-n nanojunctions in

NiO and SnO2 phases.

Fig. 6.3b presents the response of the various sensors versus the operational
temperature towards BTEX and acetone vapour. As demosntrated in Fig. 6.3b, as
the the sensors were exposed to benzene vapour, the bimetallic 0.5 mol.% Ag/Cu
doped TiO2 nanoparticles based sensor displayed higher response at 100 °C, which
decreased at 150 °C operational temperature. Such behaviour was also noted for the
toluene vapour, where the bimetallic 0.5 mol.% Ag/Cu doped TiO2 nanoparticles
displayed higher response at 100 °C. Upon exposing the sensors to ethylene-
benzene and toluene vapours, the the bimetallic 0.5 mol.% Ag/Cu doped TiO:2

nanoparticles based sensor still showed better response. It is interesting to point out
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that when the sensors were exposed to xylene vapour, the bimetallic 0.5 mol.%
Ag/Cu doped TiO2 nanoparticles displayed a response of 21.2, which is almost twice
times higher than other gases at 100 °C. Nonetheless, at higher operational
temperature, the sensor revealed a remarkable response of 33.2, which is about
three times, higher than other gases. Since the TiO2 is know as an n-type
semiconductor, thus the higher sensing response could be justified by the formation
of a p type behaviour observed for the bimetallic 0.5 mol.% Ag/Cu doped TiO2
nanoparticles. This behaviour is witnessed on the real time resistance plots shown in
Fig. 6.4a and b. As noted in Fig. 6.4a and b, as the loading concentration of Ag was
increased to 0.5 mol.%, while that of Cu was kept at 0.1 mol.%, the TiO2 strucutre
transformed to p-type. Such beaviour was noted when the sensor was tested in both
operational temperatures of 100 and 150 °C towards xylene. Furthermore, when
increasing the concentration of Ag and Cu to 0.5 mol.% in TiOz2 (i.e. bimetallic 0.5
mol.% Ag/Cu), p-type behaviour was still observed, though the change in resistance
improved more in comparison to that of 0.5 mol.% Ag /0.1 mol.% Cu based sensor. It
is worthy to point out that this behaviour was also witnessed to other target gases,
such as benzene, toluene and ethylene-benzene, see Fig. 6.S1 of the supporting

information.

http://etd?ﬁZNC.ac.za/



. [T e e P, PO R P N W p A T T T T T
3 3 18 H 35 Benzene .
1000000 4 1 1 23 @100ppm (b)
100000 4 (@ 6] == .
1 o qal == A
G 10000, 127 5=, <
~ E E D: Q o Q ~—
= 10005 1 &) 2292 = :
© ] ] = 104 =88
c 1001; L o ] Bssss
o 104 1 € 815- e
:C; y _; _; % 6—- F cococo
] e | & °Inii
3 U1 1-@-01mo%agcy 1 X 44
[V} ] 0.1 mol.%. Ag 0.5mol.% Cu : i
Y 0.01 . 0.5 mol.% Ag 0.1 mol.% Cu 3 2 §
1E-3 05moI%AgCu 1‘ O- ; .o' ;
L}
20 40 60 80 100 120 140 160 0 50 100 150
Operating Temperature (°C) Operating Temperature (°C)
8 T 10 +———————
. 3 2 Toluene . | B Tio, -
74 ° 5(13 @100 ppm (C) . B8 0.1 mol.%. Ag 0.5mol.% Cu (do)o
1 E’ E’ . 1 . 8-{EM05mol%Ag0.1mol%Cu  «
6 . o B8 0.5 mol.% AgCu ~
~ 8= > gm ] & ;
gw 5 2o 4 or® g Ethylene-benzene
o - < 2 ‘q—; @100 ppm
= 41 33 -}t
w5 EEE S 44
§ 31FEsco &
2 2|l NS Y
@ 24 1 ||
r 1.~ el
14 & S
1~ Qo
gl= o-L (=] )
0 50 100 150 0 S0 100 - 10
. (o]
Operating Temperature (°C) Operating Temperature ("C)
40 . ; . : T : :
] T 8 S| Xylenel T o ] |-Tio T T T
i 7z
35 2R @100 (@) 93 A 6 | [l 0.1 mol.% AgCu () -
3 o o i -~ B 0.1 mol.%. Ag 0.5mol.% Cu
—~, 307 uEvE v 5 - B8 0.5 mol.% Ag 0.1 mol.% Cu i
o 25_‘ é, ggé Em | B8 0.5 mol.% AgCu
i i <<<< ‘q‘)’ 4 H Acetone o] 9 -
e REARR o3 ™
g 20 1 s553 2 1 @100 ppm
b 1 .EEEE S 34
0 15648 ——uuw o |
Q. oo oo [72]
¢ o I HNEE £ ]
o ] J
54 B 17
] oo, .
04— (.:'OD, 0-
0 50 100 150 0 50 100 150
Operating Temperature (°C) Operating Temperature (°C)

Fig. 6. 3: (a) Resistance in air of various bimetallic Ag/Cu doped TiO. nanoparticless ensors
at various operational temperature, (b) benzene, (c) toluene, (d) ethylene-enzene, (e) xylene
and (f) acetone.

http://etd?ﬁ%vc.ac.za/



(b)

-

o

o
|

o 1—Tio,

= 10'5—0.1 mol.% AgCu

5, }—— 0.1 mol.%. Ag 0.5mol.% Cu

% 1 J=——0.5mol.% Ag 0.1 mol.% Cu
i k7 1— 0.5 mol.% AgCu

14 '% ] M
il 0.1 EE E 2
1 0.1 mol.% AgCu i E S 88 8¢9
+—0.1 mol.%. Ag 0.5mol.% Cu 2 oo 8 5
(C\)I < ©

+——0.5mol.% Ag 0.1 mol.% Cu
1000 2000 3000 1000 00000 3000
Time (s)

o
<
wl 1
5 ppm
10 ppm

Time (s)

Fig. 6. 4: Real-time resistance plot of various sensors tested to xylene vapour at (a) 100 and
(b) 150 °C.

The responses of the various bimetallic AgCu doped TiO2 based sensors tested
towards different concentrations of BTEX and acetone vapours ranging from 5 ppm
to 100 ppm at 150 °C are displayed in Fig. 6.5. As noted in Fig. 6.5, among all the
sensors tested to all these target gases, the bimetallic 0.5 mol.% Ag/Cu doped TiO2
nanoparticles displayed improved response in all the gases. Additionally, among all
the tested gases, the bimetallic 0.5 mol.% Ag/Cu doped TiO2 nanoparticles displayed
improved response towards xylene, see Fig. 6.5d. Its response increased
exponential without disclosing any point of saturation, and at 100 ppm, its response
was about 33, which is almost three times higher than that of other gases. The
exponential behaviour with the gas concentration is clearly observed in the real time
response plot in Fig. 6.5f. In this plot, the sensor indeed responded when the xylene

was introduced in the chamber and further recovered when the xylene was released.
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Fig. 6. 5: Response curves for pure TiO2 and bimetalic Ag/Cu nanopartices based sensors

tested towards (a) benzene, (b) toluene, (ethylene-enzene, (d) xylene and (e) acetone. Note

(f) corresponds to real-time response curve of bimetallic 0.5 mol.% AgCu doped TiO- based

sensor towards xylene.
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Apart from an excellent response to the xylene vapour, the gas selectivity is also
another vital parameter to be considered for practical application of gas sensors. As
a result, gas selectivity of the undoped and bimetallic Ag/Cu doped TiO2
nanoparticles based sensors were performed towards five different vapours, which
include the BTEX and acetone (i.e. is letter A in the radar plot) vapour at 100 ppm
and an operational temperature of 150 °C. Fig. 6.6 demonstrates that among the
sensors bimetallic 0.5 mol.% Ag/Cu doped TiO2 nanoparticles based sensor was
extremely selectivity towards xylene among other gases and sensors. The sensor
displayed a response of 33.2, which was almost three times higher than that of other
gases in the same conditions. As known, xylene is a harmful indoor aromatic
hydrocarbon vapour, which is found in several domestic products. Thus, the
breathing of xylene causes different symptoms, like headache, dizziness, nausea,
serious diseases in the memory and nervous systems, etc. As a result, the current

selectivity could be useful for its timely detection.

Constant gas detection for a sensor is essential to assess its reproducibility, linearity
and stability. Fig. 6.6b exhibits five cycles of the reproducibility plot of the sensor on
successive exposure to 80 and 100 ppm xylene gas and air. The sensor was
exposed to five cycles at 80 ppm, then 100 ppm and then 80 ppm xylene for 30 days
as to observe their stability too. As noted in Fig. 6.6a, the sensor shows a clear
response and recovery characteristics (i.e. repeatability) towards xylene and air from
day 1 to day 30 without collapsing or showing any poisoning, it only reduced by 15%.
This behaviour denotes that the sensor was indeed stable and this is validated by
the response versus number of days’ plot in Fig. 6.6b. Thus, in summary, these
findings demonstrate that the bimetallic 0.5 mol.% Ag/Cu doped TiO2 nanoparticle

based sensor presents a good reproducibility and stability towards xylene vapour.
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Fig. 6. 6: (a) Radar selectivity plot (a-b) repeatability and stability plot of bimetallic 0.5 mol.%
Ag/Cu doped TiO2 nanoparticle based sensor towards 80 and 100 ppm xylene over seven
days at 150 °C and (c) Response versus number of days (i.e. stability) plot of bimetallic 0.5
mol.% Ag/Cu doped TiO2 nanoparticle based sensor towards 100 ppm xylene vapour at 150

°C. Note letter A correspond to acetone, while others are BTEX in radar plot, i.e Fig. 6.6a.

The gas sensing characteristics comparison of bimetallic p-type 0.5 mol.% Ag/Cu

doped TiO2 nanoparticle based sensor in the current study and other p-type and n-
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type sensing materials in literatures are listed in Table 6.2. Matched to xylene gas
sensing characteristics of Ni-TiO2 submicron [32], 0.5 at. % Ag/TiO2[30], Co304-TiO2
[33], Co30s-TiO2 [34], SDBS-TiO2 [35], TiO2/ a-Fe20s3 [36], In-TiO2 [37], our current
sensor, i.e. the bimetallic p-type 0.5 mol.% Ag/Cu doped TiO2 displays a competitive
response and timely selectivity towards xylene, more especially when it compared

those operated at higher temperature.

Table 6. 2: Summary of pure, doped and heterostructure derived from TiO, sensors for

detection of xylene vapour.

Sensing Conc (ppm) T es/Tiec () Response — Temp (°C) Refs.
element
TiO2 NPs 0.1 20/14 - 75 [30]
0.5 at% 100 5/2 6.49 375 [31]
Ag/TiO>
Ni-TiO- 100 9/12 2 302 [32]
submicron
C0304-TiO2 50 - 113 115 [33]
C0304-TiO2 50 <23/- 6.21 120 [34]
SDBS-TiO; 0.001 4/61 - R/IT [35]
TiO2/ a-Fe,03 100 4/3 27.5 370 [36]
In-TiO, 50 2.2/3 127.2 200 [37]
0.5 mol.% 100 33.2 150 Current
Ag/Cu-TiO> work
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6.3.2. Xylene gas sensing mechanism

A bimetallic 0.5 mol.% Ag/Cu doped TiO2 based sensor as a p-type semiconductor
metal oxide (SMO), the sensing mechanism is established on the resistance
variation when exposed to the target gas. The adsorption-desorption mechanism is
associated with the oxygen species (0% O-, and O2") that become adsorbed on the
metal oxide surface [38, 39]. The p-type surface, such as bimetallic 0.5 mol.% Ag/Cu
doped TiO2 based sensor adsorbs the ionized oxygen molecules by conduction band
electrons, resulting in increased charge carriers in the hole (h*) accumulation layer

(HAL), and consequently forms lower sensor resistance.

Os(gas) € Oafags) (Operating temperature of 25 °C) (1)
Oz(ads) +e — Og(ads) (Operating temperature < 100°C] (2)
Ojas) t26~ > 20 (Operating temperature 100°C < T < 300°C) (3)

When bimetallic 0.5 mol.% Ag/Cu doped TiO2 based sensor is exposed to VOCs,
such as BTEX vapours, they interact with the chemisorbed oxygen ions (O, and

O"at 100 and 150 °C, respectively), resulting to releasing of electrons, which in turn
increases the sensor resistance, because of the decreased holes concentration in
the HAL caused by the electron-hole recombination. Thus, the improved
performance of BTEX, more especially xylene vapour, could result from the possible
speculations. Generally, the n-type SMO responses to a lesser amount of responsive
BTEX vapours are inferior in-line to those that are highly reactive, such as ethanol or
formaldehyde [40]. Contradictorily, p-type SMO tend to produce superior catalytic
activity to enable and speed up the BTEX vapour oxidation due to their plentiful

oxygen adsorption and multi-valent features [41]. Even though BTEX retain
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comparable structures, they are dissimilar by the total of methyl groups. For
instance, xylene contains one and two more methyl group in comparison to toluene
and benzene respectively, causing to be more reactive with a greater oxidation,

hence superior sensing was observed for xylene vapour towards p-type [42- 45].

(C6H4CHSCH3)gas (—)(CGH4CHSCH3)ads (4)

(CeH,CH,CH,),,, +210°——8CO, +5H,0 ) +21€” (5)

gas

To complement the sensing results, the XPS, BET and in-situ PL measurements
were conducted. For a clear association, in-situ PL analyses were conducted at the
temperatures matching to the operational sensor temperatures ranging from 30-150
°C at an excitation wavelength of 320 nm. Fig. 6.7 demonstrates the PL spectra of
the pure and bimetallic AgCu doped TiO2 nanoparticles. A broad emission ranging
from 1.5 to 3.5 eV and a broadening, and as well as a shift of the peaks to higher
energy when increasing the concentration of Ag to 0.5 mol.% are observed. The
significant in the PL energy is probably due to increased relative concentration of
defects such as oxygen vacancies and Ti%* ions. It is clear that the shift is mostly
dependent on Ag concentration, while the intensity (i.e. at 2.5 eV) is dependent on
the Cu concentration. It is further observed in Fig. 6.7b-c the intensity of the peaks
decreased with the PL temperature from 100 to 150 °C. Such decrease was more
significant for the samples doped with low concentration of Ag. Additionally, the width
of peaks becomes narrower with operational temperature. The deconvoluted graphs
using Gaussian fit illustrated four peaks centred at 3.42, 3.24, 2.99, 2.72, 2.42 and

2.0 eV for pure TiO2. The peaks located between 3.4 and 3.0 eV ascribed to direct
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electronic evolution from the bottom of the conduction band to the top of the valence
band were witnessed for all the samples [46]. The broad visible PL emission was
related to an increase in the point defects, such as oxygen vacancies. Electronic
transitions from defects levels within the band gap led to in further peaks located at
2.7 eV, which were associated to self-trapped excitons in the octahedral [46-48]. The
peaks at approximately 2.6 eV and 2.4 eV are related to shallow and deep oxygen

vacancy correlated trap states (i.e. Ti** and F* centres, respectively) [47- 49].
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Fig. 6. 7: Room temperature PL spectra of (a) undoped and bimetallatic AgCu doped TiO

nanoparticles, and (b-e) In-situ PL spectra of bimetallic AgCu doped TiO- nanoparticles
conducted from 25 to 150 °C.
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Fig. 6. 8: In-situ PL fitted spectra of at different temperatures (a-c) 0.1 % mol. Ag/Cu (d-f)
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100 and 150 °C, respectively.
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Fig. 6.9. presents the high resolution XPS spectra of O 1s of bimetallic AgCu doped
TiO2 nanoparticles. The deconvoluted spectra of the bimetallic 0.1 mol.% Ag/Cu, 0.1
mol.% Ag/ 0.5 mol.% Cu, and 0.5 mol.% Ag/ 0.1 mol.% Cu doped TiO2 nanoparticles
in Fig. 6.9a-c show three peaks O1 and Oz and Os centred at 529.80, 530 and 531.30
eV ascribed to Ti**, O?-ions in the TiO2 crystal lattice [50-52] and Ti** oxygen
vacancies on the surface. It is remarkable to point out that the bimetallic 0.5 mol.%
Ag/Cu doped TiO2 nanoparticles shows a broad peak, with a tail (shoulder)
extending towards higher energies in comparison to its counterparts, which displays
three deconvoluted peaks at 528.5, 530.6 and 531.8 eV. In general, O? is
deliberated to be stable, which may not contribute to the gas performance, while the
O™ and Ti** oxygen vacancies components contain a considerable influence in the
gas sensing characteristics [53, 54]. Thus, the relative concentration of the Ti%*
oxygen vacancies constituent for the bimetallic 0.5 mol.% Ag/Cu doped TiO2
nanoparticles shows a maximum value of 63.9 %, as listed in Table S1, validating

the reduction of Ti** to Ti*.

Fig. 6.9a-d illustrates the XPS spectra of Ti2p peaks of the bimetallic AgCu doped
TiO2 nanoparticles. The deconvoluted spectra of the 0.1 mol.% AgCu and 0.1 mol.%
Ag 0.5 mol.% Cu were fitted into four peaks. For the 0.1 mol.% AgCu, the peaks
were located at 457.8, 458.9, 464.3 and 465.2 eV, while for the 0.1 mol.% Ag 0.5
mol.% Cu, the peaks were located at 456.1, 458.1, 461.3, 464.1 eV. The peaks
around 458 eV and 463 eV are associated to Ti*" 2p32 and Ti%* 2p12 [55, 56].
Whereas, for the 0.5 mol.% Ag 0.1 mol.% Cu and 0.5 mol.% AgCu, the spectra were
fitted into five peaks. It is further observed that the 0.5 mol.% AgCu spectrum shows
a strong shoulder at lower binding energy, probably induced by higher doping

concentration of Ag and Cu, resulting to defects, such as Ti®* and this is consistent
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with the PL analyses. Such behaviour was previously reported by Tshabalala et al.

[56] associating it to Ti%*.
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Fig. 6. 9: Ti2p XPS spectra of (a) 0.1 mol.% Ag/Cu, (b) 0.1 mol.% Ag/0.5 mol.% Cu, (c) 0.5
mol.% Ag/ 0.1 mol.% Cu ad (d) 0.5 mol.% Ag/Cu. Note (e-h) correspond to O 1s spectra of
(e) 0.1 mol. % Ag/Cu, (f) 0.1 mol.% Ag /0.5 mol.% Cu, (g) 0.5 mol.% Ag/ 0.1 mol.% Cu and
0.5 mol.% Ag/Cu bimetallic doped TiO nanoparticles.
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The peaks in XPS spectra of Cu2p were fitted using Gaussian function as shown in
Fig. 6.10a-d. The Cu 2ps/2 profiles of the 0.1 mol.% Ag/Cu and 0.5 mol.% Ag/0.1
mol.%Cu of the bimetallic Ag/Cu doped TiO2 nanoparticles in Fig. 6.10a and b
display minimal peaks located at 952.6 eV and 952.9 eV, respectively. While that of
the Cu 2p12 peak for both samples displays peaks at 932.6 eV and 933.1 eV,
respectively. At higher doping concentration of Cu (i.e. 0.1 mol.% Ag/0.5 mol.% Cu
and 0.5 mol.% AgCu doped TiO2 nanoparticles), the intensity of both Cu 2p peaks

increased.

The XPS Ag 3d peaks of the bimetallic Ag/Cu doped TiO2 nanoparticles are
illustrated in Fig. 6.10e-h. While the high resolution XPS clear confirms that the
incorporation of Ag in the TiO2 surface. However, at lower doping the intensity of
peaks related Ag 3ds2 and Ag 3dsp2 is very minimal and this observation is similar to

that of Cu in Fig. 6.10a and b at lower doping concentration.
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doped TiO2 nanoparticles.
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To understand the sensing performance, we conducted the nitrogen adsorption
measurements as depicted in Fig. 6.11. The N2 adsorption/desorption isotherms of
NiO structures exposed that materials are mesoporous and macroporous based on
IUPAC classification type V. The NiO nanostructures showed H3 type hysteresis
loop associated with slit-shaped pores. The surface areas of the bimetallic
nanoparticles are 34.9736 + 0.0458 m?/g for 0.1 mol.% Ag/Cu, 34.2224 + 0.1629
m?/g for 0.1 mol.% Ag 0.5 mol.% Cu, 36.1635 + 0.1917 m?/g for 0.5 mol.% Ag 0.1
mol.% Cu, 32.0335 + 0.3842 m?/g 0.5 mol.% Ag Cu. Additionally, the pore volume of
different contents calculated by Barret-Joyner—-Halenda (BJH) method were
0.243931 cm?3/g for 0.1 mol.% Ag/Cu, 0.295374 cm?3/g for 0.1 mol.% Ag 0.5 mol.%
Cu, 0.245314 cm?/g for 0.5 mol.% Ag 0.1 mol.% Cu, 0.291393 cm?3/g 0.5 mol.% Ag
Cu, respectively. It is well adopted that the large surface area can deliver more
active sites that are beneficial to enhancing the gas sensing performance [57]. Since
the structures displayed almost similar surface areas and pore volumes, thus it is
very clear that the surface area plays a minimal different in the current sensing
performance of the bimetallic structures. Such similar surface area could be justified

by minimal difference in crystallite sizes as witnessed on the XRD analyses.
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Fig. 6. 11: N2 adsorption-desorption isotherms of the (a) 0.1 mol. % AgCu, 0.1 mol.% Ag0.5
mol.%Cu, (c) 0.5 mol.% Ag /0.1 mol.% Cu and (d) 0.5 mol.% Ag/Cu of the bimetallic Ag/Cu

doped TiO2 nanoparticles

6.3.3. Characterization of Solar Cells Devices

The current-voltage (J-V) features of the fabricated P3HT: bimetallic AgCu doped
TiO2 solar cells and photovoltaic parameters are displayed in Fig. 6.12 and Table
6.3, respectively. The short current density (Jsc), open circuit voltage (Voc), and PCE
of the devices enhanced from 0.45 % to 2.26 % upon loading 0.1 mol. % Ag/Cu
bimetallic doped TiO2 nanoparticles on polymer matrix. When increasing the loading
of Cu to 0.1 mol.% Ag/ 0.5 mol.%Cu, the PCE efficiency further increased to 3.30 %.
Nonetheless, at Ag loading of 0.5 mol.% Ag /0.1 mol.% Cu, highest PCE of 4.11 %
was witnessed and this value is almost comparable to that of the 0.5 mol.% Ag/Cu,

which was 4.01%. Clearly the increased loadings of Ag and Cu have significant
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influence on the solar cell performance of the bimetallic Ag/Cu doped TiO2
nanoparticles. Such increase could be due to a transformation of p-type bimetallic
0.5 mol.% Ag 0.1 mol.% Cu or 0.1 mol.% Ag 0.5 mol.% Cu doped TiO2 nanoparticles
incorporated in P3HT matrix, which acts now as a donor instead of an acceptor,
since at the low bimetallic loading the material acts as an acceptor. Siddiqui et al.
[58] have reported improved efficiency upon introducing a p-type CuO in the matrix,
which also acted as donor. Their solar cell photocurrent density enhanced from 9.43
mA/cm? to 11.32 mA/cm? and the external quantum efficiency also increased. While

the PCE increased from 2.85% to 3.82%.

To understand the increased PCE with increased loading of the bimetallic Ag /Cu
doped TiO2 on the P3HT:TiO2-AgCu, we estimated the series resistance (Rs) and
shunt resistance (Rsn) by fitting the J-V plots as listed in Table 6.3 [59, 60]. It was
observed that the 0.5 mol.% Ag/ 0.1 mol.% Cu and 0.5 mol.% Ag/Cu displayed
higher Rsh and smaller Rs in comparison to other solar cells [61, 62]. This was due
to improved hole transport to the molybdenum oxide layer and decreased the carrier

recombination in the absorption layer.

Furthermore, we compared the deviation of Voc and Isc of devices versus the Ag
and Cu content of the bimetallic doped TiO2 incorporated in P3HT matrix. As
demonstrated in Fig. 6.13b, the Jsc and Voc can be tweaked by varying the content
of Ag and Cu in TiO2. It is well known that the Voc is one of the main aspects
towards facilitating improved PCE of the solar cells. Studies have reported that the
Voc of bulk-heterostructure solar cells relies on the donor/acceptor energy band gap;
charge-carrier recombination rates; the extent of energetic disorder, etc. [63, 64].
Blakesley et al. [62] have reported that a great amount of active disrupt, or a high

density of traps, induces substantial drops in Voc. Street et al. [65] have suggested a
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Shockley Read-Hall (SRH) recombination at the interfacial traps as the prevailing
mechanism. Furthermore, Cowan et al. [66] also pointed out that impurities that may
exists in the polymer or fullerene and partial phase-separation, i.e. interfacial defects

which act as traps are expected to play a role to a trap-based recombination.

As a result, the perceived superior Voc of the non-fullerene based solar cells devices
in Fig. 6.12 and Table 6.3 may be associated to the existence of inferior interfacial
traps in active layer. PL and XPS analyses showed that the doping of Ag and Cu in
TiO2 surface resulted to Ti®* from Ti** ions, releasing oxygen vacancies (Vo).
Generally, the Vo act both as shallow and deep trap states. Hence, Wang et al. [67]
have reported the inherent features of shallow and deep trap states and their
influence on the solar cells performance. The shallow trap states stimulate carriers’
diffusion to the surface; whereas the deep trap states improve the carriers’
recombination [19, 67, 68]. Most recent study by Fakharan et al. [19] have reported
that the Agx-TiO2 light absorption was improved due to increased Ag loading,
because of the creation of higher Vo. Such behaviour was witnessed in our UV-vis
absorption spectra in Fig. 6.12c, where the 0.5 mol.% Ag/0.2 mol.% Cu and 0.5
mol.% Ag/Cu nanoparticles displayed improved absorption. The bimetallic Ag/Cu
displayed excellent properties compared to the monometallic due to the LSPR
influence of Ag and the co-catalytic role of Cu. The synergy between Ag and Cu
results to metal sites, by acting as electron traps, moreover facilitates electron-hole

separation resulting in successful utilization of wide range absorption.

This observation was further witnessed by Choudhury et al. [68] by noting that
increased Ag content resulted to a variation in the ratio of shallow to deep traps.
Thus, the increased Voc of 0.5 mol.% Ag/0.1 mol.% Cu and 0.5 mol.% Ag/Cu based

solar cells advocates the positive impact of the plasmonic nanostructures on the
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generation of exciton, dissociation of exciton and charge transport in active layers.
This attained superior Voc is associated to the increased in the ratio of shallow to
deep traps of 0.5 mol.% Ag/0.1 mol.% Cu and 0.5 mol.% Ag/Cu doped TiO2
nanoparticles, stimulating the carriers’ diffusion to the surfaces and hindering charge

carrier recombination.
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Fig. 6. 12: |-V characteristics of the P3HT blended with 0.1 mol. % Ag/0.5 mol.%Cu, (c) 0.5

mol.% Ag /0.1 mol.% Cu and (d) 0.5 mol.% Ag/Cu of the bimetallic Ag/Cu doped TiO-

nanoparticles recorded under illumination (AM1.5G), (b) Isc and Voc as a function of Ag and

Cu contents, and (c) UV-Vis spectra of P3HT incorporated with TiO. doped with Ag/Cu

concentrations.
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Table 6. 3: Summary of photovoltaic properties extracted under illumination (AM1.5G).

Films Jsc Voc FF Rs(Qcm? Rsh(Qcm?) PCE (%)
(mA/cm?) (V)
TiO> 2.40 0.45 0.42 4.41 70.68 0.46 (0.38)*
0.1 mol. % 5.95 0.66 0.57 8.42 73.40 2.26 (2.18)
Ag/Cu
0.1 mol. % 8.13 0.68 0.60 12.55 138.82 3.30(3.03)

Ag/0.5 mol.%Cu

0.5 mol.% Ag 9.56 0.74 0.58 14.29 947.04 4.11(3.98)
/0.1 mol.% Cu

0.5 mol.% Ag/Cu 9.11 0.76 0.58 13.86 801.66 4.01(3.88)

Note: the values in parentheses stand for the average efficiency extracted from over 3 solar
cell devices.

6.4. CONCLUSION AND REMARKS

In summary, we have successfully synthesized n-type and p-type bimetalic Ag/Cu
doped TiO2 nanostructures via the hydrothermal method. The structural and surface
analyses validated that the bimetallic Ag/Cu where inserted in the TiO2 surface. The
real-time resistance analyses confirmed that at lower loading, the nanostructures
were n-type and at higher loading they transformed to p-type behaviour. The sensing
anlyses further demonstrated improved response towards xylene vapour at 150 °C
for the p-type 0.5% bimetallic Ag/Cu doped TiO2. The sensor further dislcosed
excellent repeatability and stability towards xylene. These findings validate that
depending on the doping degree, appropriate selectivity can be realized. More
precisely, xylene was selectively detected through doping of bimetallic p-type 0.5

mol.% Au/Cu doped TiO2, denoting that bimetalic doping is yet additional
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methodology not only to improve their sensing response, nonetheless also to adjust

selectivity.

The findings further revealed the influence of LSPR in a non-fullerene BHJ solar cells
by adding bimetallic p-type Ag/Cu doped TiO2 nanoparticles into the P3HT:ZnO
layer. It was obseved that at lower doping of bimetallic Ag/Cu in TiO2 nanoparticles,
they behaved as electron acceptor material in the fabrication of BHJ, displaying
lower PCE, while at higher doping, they acted as donor and illustrated superior short
circuit current density and open circuit voltage, which resulted in improved efficiency
of 4.1%. These remarks suggest new prospects in the design of innovative multi-
functional materials with noticeable superior gas sensors and photovoltaic

performances, which can indeed lead to self-powered gas sensors devices.
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CHAPTER SEVEN

SUMMARY/CONCLUSION AND FUTURE WORK

In final remarks, undoped and Au, Ag, Cu and bimetallic Ag/Cu doped TiO2
nanoparticles were sucesfully prepared. Au, Ag, Cu doped TiO2 nanoparticles were
incorporated in P3HT matrix and tested for solar cell performances. Among the
fabricated devices, the 0.5 mol.% Ag doped TiO:2 displayed remarkable efficiency of
3.88 % under 1.5. G due to higher Voc of 0.69 V. While the 0.5 mol.% Cu displayed

an efficeny of 2.93%.

With respect to the bimetallic Ag/Cu doped TiO2 nanoparticles, the nanostructured
displayed unique properties, by switching from n-type to p-type at higher plasmonic
doping of Ag/Cu bimetallic. Such switching played vital role in solar cells and gas
sensing performance. The ptype Ag/Cu bimetallic displayed improved solar cell
performance in comparison to n-type. Such behaviour was also noted for the gas
sensing properties of these materials. Though for gas sensing, the p-type bimetallic
0.5 mol.% Ag/Cu doped TiO2 nanoparticles based sensor displayed a timely
selective detection of xylene vapour among the BTEX (benzene, toluene, ethylene-
benzene and xylene) and acetone vapours at low operating temperature. The
improved xylene gas sensing behaviour was justified by the catalytic activity and
point defects induced by the loading of the bimetallic Ag/Cu in the p-type TiO2. While
for the solar cell performance, 0.5 mol.% Ag /0.1 mol.% Cu doped TiO2 blended in
P3HT displayed improved solar cell performance, revealing an efficiency of 4.11 %.
Besides, the higher plasmonic Ag/Cu loading -TiO2 in P3HT: ZnO displayed a

superior Voc of 0.76 V. The fundamental mechanism to the rationalization of
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improved PCE can be chiefly attributed to the strong synergistic effect of superior
light scattering, light harvesting and charge generation and separation efficiency
capability and the plasmonic-enhanced effect persuaded by the loading of p-type

Ag/Cu-TiOz2 nanoparticles.

FUTURE WORK

Therefore, the future work ought to intensely endeavour to improve the efficiency of
the non-fullerene materials. And focus on investigating the stability of the non-
fulerene acceptor materials. The work should further try to enhance the sensing
paramters of these materials, by reducing the operating to 25 °C, while maintaining
the sensing performance. The long-term stability of these materials should also be
investigated in the presence of relative humidity in order to reach commercialization.
The approach of intergrating these materials into self-powered sensors should be
investigated in detail. The influence of the applied bias voltage, and various
exposure times (short and/or long term) should also be considered in order to
minimize the drift in response curves on the sensing performance. This might benefit

to close the breach between the research and practical exploitation.
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APPENDIX SECTION

APPENDIX A: Corresponding to Chapter 5:
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Fig. Al: XPS analyses of Ti2p of (a) 0.1 mol.% Au, (b) 0.1 mol.% Ag and (c) 0.1
mol.% Cu.
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APPENDIX B: Corresponding to Chapter 6:
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Figure B1: EDX spectra of NiO nanostructured material.
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Fig. B2: EDS elemental mapping of 0.1 mol.% Ag/Cu doped TiO2 nanoparticles.
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Table S1:

Materials
529 eV 530 eV 531 eV 532 eV
% % % %
Pure TiO2 65.5 11.1 23.4
0.1 mol.% Ag/Cu 64.0 28.9 7.1
0.1 mol.% Ag /0.5 mol.% Cu 68.0 27.7 4.3
0.5 mol.% Ag/0.1 mol.% Cu 83.2 12.0 4.8
0.5 mol.% Ag/Cu 20.0 63.9 16.1
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