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ABSTRACT

Metal oxide nanocrystalline thin films as buffer layers in organic/hybrid

solar cells
N. M. Bowers

MSc. Thesis, Department of Physics and Astronomy, University of the
Western Cape

Without reverting to encapsulation, organic bulk - heterojunction solar cells
can be protected from the oxidation of the highly reactive low work function
cathode metal electrode, by the deposition of metal oxide buffer layers onto
an indium-tin oxide (ITO) substrate. The zinc-oxide (ZnO) or titanium
dioxide (TiO2) layer can serve as an electron collecting contact. In such a
case the ordering of layer deposition is inverted from the traditional layer
sequencing, using an additional effect of the metal oxide layer acting as a
hole blocking contact. In this study an investigation of metal oxide layers
such as zinc oxide (ZnO) and titanium dioxide (TiO2) was performed. The
application of these nanocrystalline thin films was done by the sol-gel
process, and eventually thermal evaporation of powders. Solar cells were
manufactured with active layers of blends of poly (3-hexylthiophene)
(P3HT), as electron donor and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) as electron acceptor. The effect of the incorporation of these buffer
layers on the device efficiency was investigated with electrical
measurements. Molybdenum trioxide layers were utilized as electron

blocking layer.
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CHAPTER ONE

1 Introduction and Literature review

1.1 Solar energy utilized as an alternative energy source.

The demand for global energy has increased during the last century and
became a cause for concern. This is due to the expansion of the human
population and the advancement in technology which require an increased
supply of energy. During the last century, the consumption of fossil fuels
remained the primary source of energy. Unfortunately, the result of burning
fossil fuels for energy is increasing carbon dioxide (CO2) emission which
contributes to greenhouse gas (GHG) emission and is related to climate
change. By employing renewable energy resources on a larger scale in this
century, there is a potential for reduction of GHG emission, hence solving
or addressing the environmental problem of global warming and reducing
the depletion rate of fossil fuels as predicted (Shafiee and Topal, 2006) [1.1-
1.3].

Renewable energy  generation ' technology ~makes use of natural
environmental cycles to generate electricity, which includes solar energy,
hydropower, wind energy, biomass energy, etc. Renewable energy is
sustainable and non-polluting [1.4]. In order to address issues regarding
climate change and global warming, solar energy is an excellent alternative
renewable energy source due to its renewability, sustainability and
cleanliness. As shown in Figure 1.1, the annual solar irradiation in South
Africa is a good indicator as a possible source of energy for electricity
production since radiant energy is in abundance over this region [1.5-1.7].
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Figure 1.1: Solar irradiation across South Africa [1.6].

Solar energy can be harvested directly from the sun by utilizing light or
heat. The solar radiation can be gathered and used without converting it. On
the other hand, by using mechanical and electrical equipment the solar
irradiation can be converted into heat and electricity [1.8].

1.2 Photovoltaics

1.2.1 Discovery of Photovoltaics

In 1839, Alexandre-Edmund Becquerel, a French physicist made history by
discovering the photovoltaic (PV) effect. Becquerel found that when solid
electrodes (selenium) were immersed into an electrolyte a small electric
current arose when illuminated by white light. Later, in 1954 the first silicon
solar cell with 6% efficiency was developed in Bell Laboratories [1.9].
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Since then the efficiencies of solar cells have reached 24% for mono-
crystalline silicon solar cells (c-Si). Photovoltaics is becoming more
accepted as an important form of power generation due to its reliability and
very low operational and maintenance costs, as shown in Figure 1.2 [1.9,

1.10].
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Figure 1.2: Global PV production by technology [1.9].

1.2.2 Basic Principles of Photovoltaics

PVs makes use of the ability of semiconducting materials that exhibit the
PV effect for the conversion of sunlight into electricity. Semiconductors are
materials with photoconductivity which are suitable for photovoltaics.

A single atom contains atomic orbitals with discrete energy levels for
holding electrons. According to the Pauli exclusion principle, these levels
are allowed to only contain two electrons with different angular momentum
(spin up and spin down) as illustrated in Figure 1.3. In a solid, these discrete
energy levels merge to forms bands. This solid is known as a metal if the

valance band is partially full, or if it overlaps in the energy with the lowest
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unoccupied band. In semiconductors, we can distinguish between two
distinct energy bands. [1.10]. At low temperatures, one energy band is
completely filled with valence electrons, known as the valence band (VB).
This energy band is separated from a partially filled conduction band (CB)
by an energy band gap (Eg). Semiconductors are distinguished by their band
gap ranging from 0.5to 3 eV.

metal semiconductor or insuiator

Energy

valence band

1 2 N Crystal

Figure 1. 3: Energy levels and bands of semiconductors [1.11].

In order for an electron to be excited from the VB into the CB, they require
the energy of the incident photon to be equivalent to or greater than the band
gap energy of the semiconductor material. When the photon energy is
transferred to the valance electron it gains the required kinetic energy to be
excited across the band gap, at this instance an electron-hole pair; also
known as an exciton is created and the free electron can travel and transport
charge or energy. If the VB maximum and the CB minimum share the same
wave vector Kk, the photon of energy (Eg) is enough to form an exciton. This
material is known as a direct band gap material, as shown in figure 1.4. For
some materials the VB maximum and the CB minimum does not occur at
the same wave vector k. Now, the photon with energy Eg on its own is not
enough to excite the electron out of the valence band; extra momentum is
thus needed. To create the exciton, the electron needs the energy that is

absorbed from the photon, and momentum which is supplied by a lattice
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vibration (phonon), such materials are known as indirect band gap materials
[1.10, 1.11].

conduction hand
kK
N
valence band /\
direct gap indirect gap

Figure 1. 4: Direct and indirect band gap [1.11].

Theoretically, the band gap determines the position of the Fermi level,
described as the highest energy state occupied by electrons in a material at
absolute zero temperature. The Fermi level is usually midway between the
two bands for intrinsic semiconductors. The conductivity of intrinsic
semiconductors can be improved with increasing the temperature and
decreasing the band gap; electrons will then gain enough thermal energy to
cross the lower band gap easily and be utilized by the PV effect for
conducting electricity. Introducing impurities into the crystal structure
modifies the electrical properties of the semiconductor resulting in an

extrinsic semiconductor [1.11].

When doping a semiconducting material with an impurity atom the desired
controlled changes introduce either electron acceptors or donors. Electron
donors are formed when an extra electron is donated to the lattice, this
material is called a n-type semiconductor. The extra electron can be easily
stripped, leaving the donor atom positively charged. Donor electrons are
promoted from the donor level into the conduction band. Since the donor
states are filled at T = 0, the Fermi level (EF) lies between the donor level
and the conduction band. Another doping method is when an extra hole
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(electron acceptor) is donated to the material; the material is said to be p-
type. Here Er now lies between the valance band and the acceptor level.
Also notice from Figure 1.5, for an intrinsic material Er lies roughly in the

middle of the band gap.

.
EF

CB

donor level

acceptor level

intrinsic n type

Figure 1. 5: Position of Fermi level [1.11}.

Generation of excitons is known as an electronic excitation phenomenon
which increases the number of free charge carriers. This may be due to the
promotion of an electron from the VB to the CB which generates an exciton.
It may also be the promotion from the valence band into a localised state in
the band gap, which generates only a hole, or from a localised state into the
conduction band, which generates only an electron. Recombination is the
loss of an electron or hole through the decay of an electron to a lower state.
This may be from band to band, stripping an exciton, or it may occur from
the CB to a trap state or from a trap state to the VB; removing only an
electron or a hole, respectively. This release of energy can be given up in
the form of a photon (radiative recombination), as thermal energy through
phonon emission (non-radiative recombination), or as kinetic energy to

another free carrier (Auger recombination) [1.11].

1.2.3 Basic Photovoltaic device operation

A PV cell employs the PV effect by converting the energy of light directly

into electricity by means of a p-n semiconductor junction. A p-n junction is
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formed when we have an interface between n-type and p-type layers of
semiconductor material. When the two layers are brought together an
electrostatic potential is established. This occurs when electrons diffuse
from the n-type into the p-type side, leaving behind a positively charged
layer containing donors. Holes from the p-type side diffuse into the n-type
side which leaves a negatively charged layer stripped of holes; hence an
electrostatic potential is established. The interface region is left depleted of
charge carriers; this boundary region is now known as the space charge/
depletion region. When visible radiation illuminates the solar cell, as
depicted in Figure 1.6, the solar cell absorbs photons of wavelengths equal
to or greater than the band gap energy of the semiconductor. This absorption
leads to the creation of excitons on both sides of the junctions. The minority
carriers on each side of the junction are then swept away by the electric field

which in turn produces an electric current across the device [1.10].
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Figure 1. 6: Principle of photovoltaic device or charge transfer p-n junction
[1.1].
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1.3 Photovoltaic technologies

1.3.1 First Generation solar cells

The first generation solar cells are based on silicon (Si) wafers and this
includes single-crystal (c-Si) and multi-crystal (mc-Si) silicon solar cells.
Silicon cells account for nearly 90% of the solar cell market due to its
abundance, stability and absorption of photons in a wide range of the
electromagnetic visible spectrum [1.12]. For commercial use, first
generation solar cells have a high efficiency of over 20 % and with the
possibility of improving since they have a theoretical efficiency of up to 33
% [1.13]. However, the main disadvantages are due to the requirement of
high purity silicon crystals, high fabrication temperatures, high material cost
and the high manufacturing cost; as high as 70 % of the total manufacturing
costs [1.14, 1.15].

1.3.2 Second Generation solar cells

In the need to reduce manufacturing cost, second generation solar cells were
developed. These solar cells are based on thin film technology that provides
the potential for reduced manufacturing cost, ascribed to the device
requiring less material [1.13]. This generation mainly focusses on three
types of thin film solar cells namely amorphous silicon (a-Si), Cadmium
Telluride (Cd-Te) and copper indium gallium diselenide (CIGS). These thin
films can be deposited onto substrates such as glass or transparent film.
Also, these semiconductors require only 1-10um thickness of photo-active
material to absorb the solar spectrum much more efficiently compared to the
thickness required for c-Si and mc-Si, which is 100 times less. The
photovoltaic devices based on thin film technologies are much cheaper and
have shown good efficiencies but they are still less efficient than c-Si
technology devices [1.14, 1.16]. Therefore, further research and

improvement of these devices are still needed.
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1.3.3 Third Generation solar cells

Third generation technologies aspire to further enhance the poor electrical
performance and quality of the second generation thin film technologies
while maintaining very low production costs. The majority of the work on
third generation solar cells are being explored in the laboratory and are
being developed by new companies and most devices are still not
commercially available. Currently, the third generation applications being
investigated comprise of nanocrystal solar cells, photoelectrochemical cells
(PEC), dye-sensitized hybrid solar cells (DSSC), tandem cells, organic
photovoltaic cells (OPVs), and the cells constructed from the materials that
generate multiple excitons. These cells are based on low energy and high-
throughput processing technologies. For example, OPVs are chemically
synthesized and solution-processable with high potential for large area
deposition; they have low material costs and are lightweight and flexible.
The Graetzel (DSSC) cell is an attractive replacement for existing
technologies in low weight applications like rooftop solar collectors; they
are seen to be working even in low-light conditions. However, the
efficiencies of the first and second generation PV technologies still surpass
all third generation cells. Secondly, their efficiencies decay over time due to

the degradation effects under environmental conditions [1.16].

1.4 Organic photovoltaic devices

Amongst the various photovoltaic technologies that have been discovered,
OPVs are the most promising [1.17]. Organic PVs have emerged as a
promising PV technology due to its potential for low-cost production and
deposition on flexible substrates. Research concerning OPVs has
impressively improved over the past few years. Firstly, increasing the
efficiency of OPVs towards and surpassing 10 % is an always-pervasive
challenge. According to the National Renewable Energy Laboratory

(NREL), the efficiency of OPVs (for various types) has grown since the
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1980s from 0.8% to an efficiency of 11.5% in 2017, as shown in Figure 1.7
[1.18].

Best Research-Cell Efficiencies

Emerging PV
O Dy

Efficiency (%)
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Figure 1.7: Best research cell-efficiencies for different technologies [1.18].
1.4.1 Organic solar cell-structure

An organic solar cell (OSC) is usually comprised of a combination of
stacked layers with the active layer between two electrodes. A basic OSC
structure, depicted in Figure 1.8, consists of distinct layers for device
optimization. On top of the substrate, usually glass, is indium tin oxide
(ITO) which is used as an electrode for its transparent and conducting
properties that makes it suitable for light transmission into the photoactive
material. The hole transport layer (HTL) facilitates in the extraction of
dissociated holes and block electrons from diffusing backwards. Most
commonly the HTL used is a conductive polymer mixture made of poly
(3,4-ethylene dioxythiophene): poly (styrene sulfonate) (PEDOT: PSS).
Next, on top of the HTL is deposited the photoactive layer made up of a
donor and acceptor material and coated using a solution; responsible for
light absorption for exciton generation, dissociation and charge carrier
diffusion. Common donors are poly- (phenylene vinylene) derivatives and
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poly- (alkylthiophene); common acceptors are fullerene and its derivatives.
On top of the active layer is deposited an electron transport layer (ETL),
such as lithium fluoride (LiF), which facilitates electron extraction and
blocks holes from diffusing backwards. Finally, a metal contact (e.g.

aluminium (Al)), is evaporated on top of the ETL by thermal evaporation.

_Electron Transport Layer v

Active Layer
(Donor: Acceptor)

Hole Transport Layer

’{}hv

Figure 1. 8: Device architecture of a typical organic solar cell [1.23].

The first single-layered PV cell developed, Figure 1.9(a), consisted of an
organic semiconductor layer sandwiched between a metal contact, ITO and
a low work function metal such as aluminium. In this cell charge separation
was inefficient. For. the next type of cell, the efficiency of the donor/
acceptor bilayer cell, Figure 1.9(b), increased but only the light absorbed by
a thin layer next to the interface contributed to the photocurrent, the rest is
lost during recombination. For the third cell, as depicted in Figure 1.9(c),
the bulk heterojunction PV cell provided more efficient charge separation
since donor and acceptor materials are mixed [1.17,1.19].
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Figure 1. 9: The different architectures of organic photovoltaic cells: (a)
single-layer PV cell, (b) bilayer PV cell and (c) conventional bulk
heterojunction [1.17].

1.4.2 Hybrid solar cells

Hybrid solar cells (HSCs) consist of a combination of organic and inorganic
materials where the unique properties of inorganic nanocrystal
semiconductors are blended with the properties of organic/polymer
materials. In HSCs, inorganic semiconductor nanostructures from a variety
of metal oxides (e.g. ZnO, TiO) are commonly fabricated using various
synthesis methods. These metal oxide nanostructures can be tailored by
varying their sizes and shapes, crystallographic structure, or the
optoelectronic properties to induce tunability of the optical band gap and
absorption/ emission properties. The metal oxide also has higher mobility
compared to the organic material; this improves charge transfer when the
surface structure is modified. HSCs combine the excellent electronic
properties of inorganic molecules with the reduced cost and the
compatibility with flexible substrates. In order to achieve high HSC
performance, both the electron and hole mobilities have to be balanced and
optimized [1.20-1.23].

1.4.3 Inverted organic solar cells
The normal device structure usually consists of a bulk-heterojunction (BHJ)

layer or planar heterojunction layer sandwiched between a high work

function (HWF) and transparent metal oxide as bottom anode and a low
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work function (LWF) metal as the top cathode [1.24]. Due to the instability
of OSC devices in air caused by the degradation of the hole transporting
layer (HTL), an inverted device, as schematically shown in Figure 1.10(b),
is proposed to improve the lifetime and stability of such devices [1.25,
1.26]. A thin film of electron blocking polystyrene sulfonate (PEDOT: PSS)
in such a structure is then used as a hole blocking layer (HBL) to match the
required reversal of polarities of the electrodes. Nowadays, this polymer is
replaced with a thin film of metal oxide, such as ZnO or TiO2 since it shows
superior atmospheric stability. The HTL is then made with oxides such as
Molybdenum trioxide (MoOs3), vanadium pentoxide (V20s), NiO and
tungsten oxide (WOz3) [27]. Also, high work function electrodes such as
silver and gold (Ag and Au) are introduced to minimise or avoid the
oxidation process [1.28]. The electrons are then extracted at the ITO while
holes are extracted at the metal electrode. This inverted configuration of the

OSCs presents long term stability [1.29].

High WF metal

I"vl_
Low WF Metal "
» PEDOT:PSS

LiF

Active Layer Active Layer

TiO, or ZnO
ITO

Substrate

PEDOT: PSS
ITO

Substrate

A A

Figure 1. 10: Schematic of (a) conventional device (b) inverted device
[1.23].

1.4.4  Operational mechanism in organic photovoltaic devices
Upon the absorption of a photon, an electron is excited from the highest

occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO), leaving behind a positive charge carrier in the HOMO,
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called a hole. The generation of the electron-hole pair is known as an
exciton [1.30]. As illustrated in Figure 1.11, the difference between the
HOMO and LUMO energy levels of the polymer is defined as the optical
band gap. After excitons are generated, dissociation is required for the
electrons and holes in order for each to be transported to their respective
electrodes. To achieve this charge separation an electric field is required
which originates from the differences in the work function of the electrodes.
Hence, electron flow is more favourable from the electrode with a low work

function to the electrode with a high work function.

Energy

hv
A 1 /J Vacuum
Y ———— 'I""""'("C"" T level

HOMO

ITO Al

Figure 1. 11: Energy levels and photoelectric conversion mechanism [1.31].

1.5 Device Efficiency

The graph of current vs voltage in Figure 1.12 illustrates the properties of a
solar cell in the dark and when exposed to light. When measured in
complete darkness there will not be a flow of current due to lack of
illumination. Only when the injection barrier is overcome can current start
to flow. When the device is exposed to light, maximum power is produced
[1.32, 1.33].
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Figure 1. 12: Graph of current vs voltage for photovoltaic device illustrating

device characteristics under illumination [1.32].

The photovoltaic power conversion efficiency n, is determined by the

following parameters:

Voo XIeXFF

Ne = e (1.1)
_ TInmpXVimmp
FF = ‘e o (1.2)

where Vo is the open-circuit voltage, Isc is referred to as the short circuit
current, which refers to current flow when there is no applied voltage. FF is
the fill factor, and Pin is the incident solar power density. When | = 0, Vo IS
the maximum voltage available from the solar cell. When V = 0, Iy is the

current that flows in the solar cell under illumination. The light intensity is

standardized at 1000 W/m2 with a spectral intensity distribution matching that
of the sun on the earth’s surface at an incident angle of 48.2°, which is called
the AML1.5G spectrum. Impp and Vmpp are the current and voltage which
represents the maximum power point on the I-V curve [1.32, 1.35].
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1.6 Material properties of individual layers within the solar cell.

In this section, key materials will be presented as they are important for
donor and acceptor characteristics. These material properties are necessary
to determine how different they are from each other and how they will
behave in response to each other and the environment. The stability,
operating conditions and functionality of the materials are important to
evaluate since they are beneficial for charge transport which can improve
the exciton dissociation, thus improving device performance. Furthermore,
the material properties give an indication of whether any chemical reactions
may occur between the layers in the device, as well as diffusion into the

active layer, which may restrict performance and stability.
1.6.1 Molybdenum Trioxide (MoQs) as a hole transport layer (HTL)

Molybdenum trioxide (MoQz3), is a transition metal oxide which can exist in
different crystalline polymaorphs such as thermodynamically stable
orthorhombic o- M0O3 and metastable monoclinic. - Mo0Os. The
orthorhombic structure, Figure 1.13, is composed of layers of distorted
MoOe octahedra [1.36, 1.37].
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Figure 1. 13: Crystal structure of orthorhombic MoOs [1.36].
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The lattice constants of the o- MoOs are as follows: a= 3.962A, b = 13.855A
and ¢ = 3.699A. Stoichiometric MoQs is an insulator with an indirect wide
band gap of (3.0 - 3.3 eV) and a high work function (>6 eV), with a
corresponding electron affinity value of 2.3 eV and ionization energy of
5.3-5.4 eV. Conductivity variations ranges from insulating MoOs to
semiconductor Mo1sOs, (p=78.1Q-cm) to the metallic M04O11 (p=1.66x10
Q-cm) [1.37- 1.40].

1.6.2 Titanium dioxide (TiO>) as an electron transport layer (ETL)

TiO2 also known as titania is a photosensitive semiconductor. It is a very
well-known and well-researched material because of its interesting
properties. TiO> can basically exist in three different crystalline phases as
shown in Figure 1.14. Rutile and anatase phases have a tetragonal crystal
structure while brookite has an orthorhombic crystalline structure. TiO; also
have an amorphous phase. When exposed to UVA light (320nm — 400nm)
the rutile and anatase phase has excellent photocatalytic and antibacterial
properties. Rutile is a stable phase, whereas anatase and brookite are
metastable phases and readily transformable to rutile phase under suitable
conditions [1.40, 1.41].

a) Rutile b) Anatase c) Brooite

Figure 1. 14: Representation of TiO> Crystal structures [1.45].
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As shown in Figure 1.15, the anatase phase of TiO. can be obtained at
temperatures below 600°C. It is then transformed to rutile phase above
800°C; Bakri et al. reported that the phase transition from anatase to rutile
occurs at 900°C [1.42]. These three phases are characterized by lattice
constants, rutile (a=4.59A, c=2.96A), anatase (a=5.36A, ¢=9.53A) and
brookite (a=9.15A, b=5.44A, c¢=5.14A). Amongst the three forms, there is
not much of a difference in terms of refractive index which is 2.61, 2.56 and

2.58 for rutile, anatase and brookite, respectively [1.44, 1.45].

Figure 1. 15: Crystal structure with respect to the annealing temperature
[1.43].

The mobility of TiO> lies within the range of 20 to 10° cm?V-s*! depending
on the structure [1.47]. The anatase phase of TiO2 with a band gap of 3.2 eV
is well known for its use as a photocatalyst due to its relatively low cost,
non-toxicity and high chemical stability. UV light with a wavelength shorter
than 400 nm can excite an electron from the VB to the CB and create an
exciton. When the photogenerated electrons interact with molecular oxygen
(O2), superoxide radical anions (¢O.-) are then produced; photogenerated
holes reacts with water resulting in hydroxyl (¢OH) radicals. These two
reactive radicals act together to decompose organic compounds. The longer
exposure time to UV light means more of the organic material will be
decomposed. This implies that even an oily stain would gradually disappear
when exposed to UV light [1.46].
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Figure 1. 16: Photocatalytic action of TiO2 [1.46].
1.6.3 Zinc Oxide (Zn0O) as an electron transport layer (ETL)

ZnO in its mineral form is known as zincite. ZnO is a member of II-1V
compound semiconductor material. ZnO crystallizes. mainly in two
structures: either the hexagonal wurtzite, cubic rock salt or cubic zinc blend.
These crystal structures shared by ZnO are schematically shown in Figure
1.17. The thermodynamically stable phase at room temperature is wurtzite.
The zinc blende structure can only be stabilized by the growth of a cubic
structure, while the rock salt (NaCl) structure can be obtained at relatively
high pressure. The ZnO hexagonal wurtzite structure has lattice parameters
a=3.25 A and ¢ = 5.19 A with a c/a ratio of 1.602, which is close to 1.633
for an ideal hexagonal closed-packed structure. The zinc atoms are
tetrahedrally coordinated to four oxygen atoms. The tetrahedral points are in
the same direction along the hexagonal axis and this gives the crystal its
polar symmetry [1.48, 1.49, 1.51].
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Rocksalt (B1) Zinc blende (B3) Wurtzite (B4)

(a) (b) (c)
Figure 1. 17: Stick and ball representation of the ZnO crystal structures (a)
cubic rock salt (B1), (b) cubic zinc blende (B3), and (c) hexagonal wurtzite
(B4). Shaded grey spheres (Zn atoms) and black spheres (O atoms) [1.48].

ZnO has a direct and wide band gap of 3.44 eV at low temperatures and
3.37 eV at room temperature; it also has a large exciton binding energy of
60 meV allowing for efficient UV stimulated emission. This makes ZnO a
promising material that exhibits UV attenuation characteristics blocking
95% of all UV radiation. It also exhibits excellent transparency in the long
wavelength region and shows strong luminescence in the green-visble
wavelength region of the spectrum, with an emission peak at 495 nm and
half-width of 0.4 eV [1.53-1.55]. The importance of ZnO, among other
metal oxides, is increasing due to many applications, such as transistors,
optical waveguides, solar cells, ultraviolet detectors and gas sensing [1.56-
1.58]. Thin films of zinc oxide combine interesting properties like excellent
substrate adherence, radiation hardness which is good for high altitude
application, and large piezoelectric behaviour [1.54]. ZnO also has good
electrical properties, a wide range of resistivity (10* -10'? V.cm), high
electron Hall mobility (200 cm?. V. s?) and it is highly transparent at room
temperature. It also has high thermal conductivity for the removal of heat
during device operation [1.56]. Moreover, ZnO is a very cheap and stable
material that is abundant and non-toxic. Various processing techniques have

been used to fabricate ZnO thin films such as physical vapour deposition
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(PVD) [1.57], spray pyrolysis [1.58], thermal evaporation [1.59] and the sol-
gel technique [1.52]. Amongst the various techniques the sol-gel spin
coating method provides a simple, low cost and large area thin film coating.
The sol-gel process also provided the ability to optimise thin films and

produce a uniform film thickness [60,61].
1.6.4 Poly(3-hexylthiophene) P3HT

P3HT is a conjugated polymer; organic macromolecules characterized by a
backbone chain of alternating double- and single bonds. These conjugated
polymers possess overlapping p-orbitals which enables useful optical and
electronic properties. They originate from polythiophene which is a
monomer structure, as depicted in Figure 1.18. P3HT is built-up from
asymmetric monomers which can couple since the thiophene is a 5-
membered ring that is polymerised at the 2- and 5-positions; substitution
leads to directionality in the polymer which brings about regioregularity
[1.62]. This coupling results in efficient packing and higher crystallinity. It
iIs a commonly used polymer in OSCs and acts as the light-absorbing and
electron donor material. P3HT is a low band gap polymer absorbing light of
wavelength corresponding to the band gap energy of 1.8 — 2.0 eV, providing
an improved overlap of the absorption spectrum and the solar spectrum,
potentially absorbing more photons that may lead to making P3HT capable
of improving the current as well as enhancing the efficiency of OPVs. The
absorption of P3HT that overlaps with the solar spectrum depends on its
molecular weight, thus by increasing the molecular weight the maximum
absorption wavelength will also increase and this will result in a broader
absorption spectrum of up to 600 nm. Regioregular P3HT exhibits increased
absorption whereby regioregularities of head-to-tail (HT) couplings are
usually obtained in excess of 90%. In highly regioregular P3HT, the
majority charge carriers which are holes exhibit high field-effect mobilities
of up to 0.1 cm?vis?t; directly correlated to the microcrystalline
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microstructure [1.62-1.64]. The regularity of P3HT is thus of great
importance to achieve a higher efficiency of OPV devices.

/ \

Figure 1. 18: Structural representation.of P3HT [1.62].
1.6.5 Phenyl-C61-butyric acid methyl ester (PCBM)

PCBM, shown in Figure 1.19 is a derivative of a fullerene based molecule
that is commonly used as an electron acceptor and transporting material in
organic solar cells due to its solubility and other properties inherent to all
fullerenes. Fullerenes are very high electron affinity molecules owing to
their high energy LUMO of 4.4 eV. The electron mobility in the PCBM is
between 2x10° and 2x102 cm? Vs, while the hole mobility is negligibly
small. All these fundamental properties contribute positively to the choice of
using PCBM as an acceptor material [1.64, 1.65].
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Figure 1. 19: Structural representation of PCBM [1.62].

Newer alternatives for replacing the active material blend of P3HT:PCBM
are used nowadays, but ours study is not about the development of new
active materials, but about the need to develop our lab workable devices.

Once this is achieved, we can move on to newer and better materials.

1.7 Aims and outline of the study

OSCs are very promising organic-based devices for low-cost solar
conversion, compatible with solution process methods such as spin coating
and roll to roll or printing, for mass production. However, many issues still
need to be addressed. The performance of OSCs is constrained by the
limited light absorption, and poor stability under ambient conditions. Apart
from this, high charge collection efficiency at the electrode interface is also
critical for the device performance. One way to overcome these issues is to
implement the so-called inverted OSC, a device structure in which the
charge collection is reverted in comparison with the conventional structure;
it thus allows for the HWF top metal electrode, like silver and gold, to avoid
fast oxidation and degradation. The inverted geometry can also eliminate the
use of acidic PEDOT:PSS on ITO as a hole transport layer. The use of a
metal oxide interlayer between the organic active layer and the electrodes

can thus potentially improve the cell performance. In addition, the surface of
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the metal oxide layer can be modified to facilitate enhanced charge
collection.

In this thesis, the objective of the study is to optimise the solution
processing of metal oxide (ZnO, TiO2 and MoQz) nanocrystalline thin films
for use in an organic/ hybrid solar cell. These metal oxides will act as ETLs
and HTLs. The optimisation of these metal oxides will be in terms of the
concentration of the solution and the thickness of the thin films. By making
use of the sol-gel process and thermal evaporation method (in cases where
sol-gel processing fails to deliver a feasible thin film), metal oxide thin films
will be synthesised. The fully optimised metal oxide layers will be
combined with the active layers of P3HT and PCBM and will be used in the
manufacturing of inverted hybrid organic solar cells. Finally, the
effectiveness of the metal oxide/ organic active layer interface will be

studied for enhanced performance in the inverted OSCs.

Chapter one of this study introduces information on the energy status and
how photovoltaics has developed over the decades as potential renewable
energy technology in order to assist in preventing the depletion of our coal
resources and to aid in reducing greenhouse gas emission. An overview of
the photovoltaic technologies that have been explored over the decades is
also given, together with a brief process of the mechanisms of device
fabrication and characterization. In addition, the basic properties of the
materials employed in the manufacturing of the organic hybrid OSC are

reviewed, followed by the objectives of this researched work.

Chapter two focusses on the description of the deposition methods that were
used in this study. More specifically the solution-processed spin coating and
thermal evaporation is covered. This chapter also discusses the analytical
techniques used to characterise the fabricated thin films as well as the solar
cells.
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Chapter three introduces a review of the ZnO ETL. In addition, it will
describe the experimental detail and processes. This is followed by the
results and discussion on the surface morphology, structural, chemical and
optical properties of the prepared ZnO thin films obtained during the
optimisation of this study.

Chapter four introduces background information of the oxide layer TiO. In
addition, we deal with the experimental detail and processes to produce the
TiO; thin films similar to that of the ZnO thin film. This is followed by a
discussion of the results on the surface morphology, structural, chemical and

optical properties of the prepared TiO thin films which are used as ETLs.

Chapter five finally describes the inverted geometry of the OSC and
demonstrates how the ZnO and TiO; thin films can be used as buffer layers
and be incorporated in the inverted OSC device. We also describe the
preparation and fabrication of the inverted OSC devices; including substrate
cleaning, thin film deposition by spin coating and thermal evaporation. This
is followed by lamella preparation in order to inform discussion of the
results on the morphology of the layers and the I-V characteristics of the
inverted OSCs.

Chapter six gives an account of the summary and conclusion of the major

findings in this researched work. Finally, the outlook of possible future

work to improve device performance is recommended.
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CHAPTER TWO

2 Deposition Methods and Analytical Techniques

2.1 Introduction

In this chapter, an overview will be given of the deposition techniques used
in this study to produce ZnO and TiO thin films and to construct inverted
OSCs incorporating both of these as buffer layers. Section 2.2 gives the
background of the spin coating technique that was used to produce solution-
processed thin films under specific experimental conditions. Section 2.3
covers the thermal evaporation technique that was used to deposit the
electrode in the final step of the manufacturing process of the lab-scale
OSC.

The preparation methods for the thin films are described in the results
chapters reserved for each ZnO and TiO2 thin films respectively. However,
the different analytical techniques required to extract the relevant
information such as the surface, structural and optical properties of the
above-mentioned materials and the manufactured solar cells will be
described in section 2.4. Table 2.1 presents the different characterization

techniques and the information obtained from each.
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Table 2. 1: Analytical techniques used for characterization.

Technique

Information obtained

X-ray diffraction (XRD)

Crystallinity, grain size and

orientation

High-resolution transmission

electron microscopy (HR-TEM)

Morphology of the device

High-resolution scanning electron
microscopy (HR-SEM)

Morphology, topography and

chemical of individual thin films

Dektak Profilometry

The thickness of thin films

Fourier transform infrared (FTIR)

spectroscopy

Chemical bonding

Ultraviolet-visible (UV-Vis)

spectroscopy

Optical properties of thin films

Current - Voltage (I-V)

measurements

Electrical characterization of

devices

2.2 Deposition methods

2.2.1 Spin coating

2.2.1.1 Introduction

An Ossila spin coater was used for the deposition of solution-processed
Zn0O, TiO2, P3HT: PCBM and MoOxy thin films. The Osilla spin coater
comes with an innovative chuck that does not require a vacuum; substrates

are held in place by a hollow square in the chuck. The spin coater is a multi-
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function system with spin speeds range from 120 - 6000 rpm, covering
different spin coating conditions. Moreover, it contains an inbuilt control
system which allows for 10 recipes with up to 50 steps [2.1]. Spin coating is
a procedure that has been used for several decades to deposit uniform thin
films of materials onto substrates [2.2]. A typical process of spin coating
involves depositing a small amount of solution onto the centre of the
substrate and utilizing the centrifugal force to spread the solution evenly and
leave a thin film ranging from a few nanometres to hundreds of micrometres
in thickness. The homogeneity and thickness of the thin films depends on
factors like the viscosity and concentration of the solution, type of solvent
used, evaporation and drying rate. The thickness of the thin film is also
dependent on the angular speed and the interaction between the coating
material and the substrate [2.2-2.4]. Due to several advantages namely the
simplicity and relatively low manufacturing cost, repeatability and its ability
to quickly and easily produce very uniform thin films, easy control and
handling of chemicals and substrates the spin coating method is frequently

used in photovoltaic research [2.2, 2.3].

a) b)
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Figure 2. 1: Stages of the spin coating process to fabricate thin films [2.4].

The spin coating process consists of depositing a small amount of coating
material onto the surface of the substrate. The solution is then evenly spread
onto the substrate by utilizing the centripetal force. The substrate is then

continuously rotated while the solution spins off the edges of the substrate
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and the solvent evaporates to achieve a desired thickness of the film. The
simple process can be divided into distinct stages, as shown in Figure 2.1.

The first stage is depositing the coating material onto the surface of the
substrate, as in Figure 2.1 (a). Two methods of deposition are commonly
used, static dispense or dynamic dispense. Static dispense is usually used to
spread the coating material on the entire sample before starting the spin
process-to ensure complete substrate coverage. Dynamic dispense is
commonly used to deposit the coating material while the substrate is
rotating at low speeds of about 500 rpm. This method allows for better
coverage of the coating material on the substrate as well as reducing waste
of source material since not much of it is required to wet and cover the
entire surface of the substrate. Dynamic dispense is-also used when the

coating material or substrate has poor wetting abilities.

In the next stage of spin coating the substrate is rotationally accelerated,
depicted in Figure 2.1 (b), to its desired speed while expulsing some of the
coating material from the substrate, as shown in Figure 2.1 (c). Note that
spiral vortices might present themselves due to the initial depth of the fluid
on the substrate. They might form as the acceleration of the substrate
provides a twisting motion attributed to the inertia of the fluid. During this
stage the excess of fluid is expelled under rotational motion and the fluid
becomes thin enough to be completely co-rotating with the substrate.
Ultimately, the coating material is thin enough that the shear drag equals the

rotational acceleration [2.2, 2.4].

The final stage of the spin coating process is the evaporation process, as
shown in Figure 2.1 (d). During this stage, further fluid thinning occurs
while the solvent is drying due to airflow leaving behind the desired
material on the substrate in an even coverage, forming a thin film [2.4]. The
drying rate of the fluid depends on the number of factors including solvent

volatility, air temperature and humidity around the coated substrate [2.4].
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Post deposition annealing is used to further evaporate the excess solvent and

evoke structural and physical changes to the thin films.
2.2.2 Thermal evaporation

The MoOx thin film and Ag back contact were deposited in the Vacutec-
designed multi-chamber high vacuum deposition system in the CADAR lab
at the University of the Western Cape. It is an interconnected five-chamber
system allowing for transport of samples during different stages of
deposition. Thermal evaporation is the process whereby materials such as
metal, organic materials and semiconductors are evaporated by passing a
high current through the crucible containing the material inside a high
vacuum chamber. For the evaporated material to be deposited directly onto
the substrate, it has to be positioned several centimetres from the source.
This is a useful method for depositing numerous layers of different materials
without chemical interaction between the respective layers. The control of
materials evaporated depends on several parameters such as vacuum
chamber pressure, material purity, deposition current and evaporation rate.
Specifically, the pressure of the vacuum chamber must be low enough in a
range (10 — 10> mbar), otherwise the hot vaporized material particles may
react with existing oxygen molecules forming an oxide [5]. The hot
vapourized material can also create holes in the film due to the shadowing
phenomenon, which causes features like bulges and spirals, making it
difficult to coat uniformly. This can reduce contact between layers which
can excessively increase the series resistance of the device and thus reduce
the short circuit current. Moreover, the materials left on the wall of the
chamber during depositions may contaminate future depositions. Sometimes
problems with regards to the thin film thickness and uniformity may arise
over large scale substrates. These problems can be addressed by varying the
distance between the source material and the substrate. A second example to

consider is to rotate the substrate to even out the distribution of the source.
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Two principal methods for optimizing the uniformity of a thin film over
large areas are to vary the geometric location of the source and rotating
shutters between evaporation sources and substrates [2.6]. Moreover, the
angular position of the target with respect to the source can also be varied.
The overall thickness is typically measured by a crystal monitor connected
to the deposition system.

2.3 Analytical techniques

2.3.1 X-ray diffraction (XRD)
2.3.1.1 Introduction

X-ray diffraction (XRD) reveals the structure, crystal orientation and
spacing between the atomic planes of particles and thin films; hence it was
used to verify the crystallinity as well as the orientation and size of
crystallites present in ZnO, TiO2 and MoOx metal oxide thin films. X-rays
are electromagnetic radiation with small wavelengths lying in the range of
0.5 to 2.5 A. These x-rays are produced in an x-ray tube, a vacuum tube that
maintains a high voltage to accelerate the electrons released by a hot
cathode at very high velocity. These electrons collide with a metal target or
the anode, resulting in x-rays. Upon collision with the target, x-rays are

created by two different atomic processes [2.7]:

X-ray fluorescence: Here electrons with sufficient kinetic energy can knock
an orbital electron out of the inner electron shell of an atom, and as a result
an electron from higher energy levels emits an x-ray photon and then fills up
the vacancy. During this process, an emission spectrum also known as
spectral lines of x-ray frequencies is produced. Usually these are transitions
from upper shells into the K shell (called K lines), or into the L shell (called

L lines).
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Bremsstrahlung: The radiation released by the electrons being scattered
and rapidly deaccelerated by the strong electric field near the High-Z
(proton number) nuclei produce a continuous spectrum These wavelengths

are known as X-rays.

Diffraction refers to the various phenomena that occur when waves interfere
with a structure whose reoccurring distance is equivalent to that of the
incident wavelength. The incoming wave scatters upon interaction with the
structure resulting in constructive and destructive interference. X-rays can
be diffracted by three-dimensional crystalline structures since the inter-
atomic spacing within these crystalline structures have a similar range of
wavelengths to x-rays. Moreover, each atom in the crystalline structure
serves as a scattering centre for the incident wavelengths [2.7]. This
phenomenon known as x-ray diffraction (XRD) can be used to investigate
the fine, crystalline structure of matter. One of the most important purposes
of this study is the identification of any crystalline phases present in ZnO
and TiOz thin films. It can also supply information on the orientation and

sizes of the crystal grains of the aforementioned thin films.
2.3.1.2 Theory
2.3.1.2.1 Crystal Structure and Bravais Lattices

The atoms within some materials are arranged periodically in three
dimensions, thus resulting in crystalline material. These atoms can also be
randomly distributed, making the material amorphous. Figure 2.2 illustrates
the atomic arrangement found in a crystal, it is best to imagine the atoms as
a set of imaginary points with a fixed relation in space. This concept can be
referred to as a point lattice and is defined as an array of points in space, so

arranged that each point has identical surroundings [2.8].
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Figure 2. 2: Schematic of (a) its point lattice and (b) primitive cell and the
angles between the translation vectors [2.8].

Three vectors a, b and ¢ drawn from any lattice point produces a point
lattice unit cell. These vectors are known as the crystallographic axes of the
unit cell. It can also be described in terms of their lengths (a, b and c) and
the angle between them (o, . and A), known as the lattice constants or lattice
parameters, as shown in Figure 2.2. The crystallographic axes also define
the whole point lattice, which can be produced by repetitive translation of
the vectors. There are fourteen different point or Bravais lattices, as
described in Table 2.2., which are dependent on the relationship between the
lattice parameters (i.c. a, b, ¢, a, p and A). The direction of any vector within
the Bravais lattice is given as a linear combination of the three

crystallographic axes as:
X = ua + vb + wc, (2.1)
where a, b or ¢ is any vector in the Bravais lattice and u, v and w are the

coordinates of any point on the vector. Equation (2.1) can be written in short

as [u v w]. However, [u v w] are always converted to a set of smallest
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integers, e.g. [2 2 4] and [%2%21] which represents the same direction, with [1
1 2] being the preferred notation. All of these vectors form the reciprocal

space of the lattice, or reciprocal lattice.

Table 2. 2: The fourteen Bravais lattices [2.8].

Axial length and angles Bravais lattice
Cubic Three equal axis at right angles  Simple
a=b=c,a=B=y=90° Body-centred
Face-centred
Tetragonal Three angles at right angles, Simple
two equal Body-centred
a=b#c,a=p=y=90°
Orthorhombic ~ Three unequal axes at right Simple
angles Body-centred
azb#c,a=p=y=90° Face-centred
Base-centred
Rhombohedral  Three equal axes, equally Simple
inclined
a=b=c,a=p=v#90°
Hexagonal Two equal co-planar axes at Simple

120°, third axis at right angles
a¥b A<, =F F90F $4209

Monoclinic Three unequal axes, one pair Simple
not at right angles Base-centred
azb#c,a=7=90°#p

Triclinic Three unequal axes, unequally ~ Simple

inclined and none at right
angles
azb#c,a£P#y# 90°

Given any Bravais lattice, a lattice plane is defined as any plane containing
at least three non-collinear lattice points. A family of lattice planes is a set

of parallel planes, when combined they contain all the points of the three-
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dimensional Bravais lattice. For cubic systems, there is an intrinsic
relationship between the family of lattice planes and the vectors in the
reciprocal lattice, which provides a convenient way of specifying the

orientation of the lattice planes in space.

2.3.1.2.2 Bragg’s Law of Diffraction.

The basis for x-ray diffraction is described by the Bragg equation, named
after Bragg who discovered that diffraction could be pictured as a reflection
of the incident beam from the lattice planes. Bragg then developed a
mathematical equation for the condition of reflection, which is equivalent to

simultaneously solving the three Laue equations which are as follows:

Ak = 2mh, (2.2)

Ak = 27k, (2.3)
and

Ak = 27l (2.4)

where (h, k, I) are Miller indices and must be integer numbers as they
determine the scattering vector Ak. The vector Ak = kyyr — kin, ki 1S the
wave vector of the incoming beam, and k,,; the wave vector of the
outgoing beam. By means of mathematical derivation, a simpler and more
workable expression of diffraction is provided [2.9]. A beam of parallel X-
rays penetrating a stack of planes of spacing d can be considered, at a
glancing angle 0 as depicted in Figure 2.3. Each plane must be considered as

reflecting a fraction of the incident beam [2.9].
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Figure 2. 3: Schematic depiction of the condition of reflection for Bragg’s
law [2.9].

The reflected rays combine to form a diffracted beam if they happen to be in
phase by an integer number of wavelengths — that is if their path difference

AB - AD =nA, wheren=1, 2, 3.

AB and AD is given by:

AB = ——
Sin6

and
AD = ABcos 260 = _i(cos 20).
Sin6
Therefore
nl = Siie — ﬁ (cos20) = ﬁ (1 —cos20) = ﬁ(zmze),
leading to
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nA = 2dsinf. (2.5)

This is the Bragg condition for reflection [9]. Equation (2.5) gives the angle
0, at which a set of planes of spacing d constructively reflects x-radiation of
wavelength A in the nth order. The interplanar spacing d, of a set of parallel
crystallographic lattice planes, is defined by the dimensions of the crystal
unit cell. There exist an infinite number of such families of parallel planes in
a given crystalline lattice, and each is associated with a particular Bragg
angle 0, as indicated in Figure 2.3. Each set of planes is characterized by the
three Miller indices hkl, and the resultant diffracted beam is termed the hk

Miller indices.
2.3.1.3 Grazing incident X-ray diffraction (GIXRD)

X-ray diffraction experiments for fairly thick films and bulk samples are
generally performed in the symmetric Bragg-Brentano (BB) diffraction
geometry. The BB geometry is highly penetrating (10 — 100 um) [2.10] and
is most often not useful for analysing thin thin films (nm range) because of
the correspondingly low diffraction volume within the thin film that results
in a very low peak-to-noise ratio and poor structural information about the
film [2.11]. When an X-ray diffraction experiment is performed in an
asymmetric geometry employing a low fixed grazing incidence, it is referred
to as GIXRD. A schematic of the GIXRD configuration is shown in Figure
2.4 (a).
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Figure 2. 4: A schematic diagram of (a) the diffractometer configuration and
(b) the experimental configuration for GIXRD. [2.10].

As in the symmetric (BB) case, the configuration is still coplanar with wave
vectors Ko, K and Sz all lying in the same plane, where Ko is the incident
wave vector, K is the scattered wave vector and Q the scattering wave
vector. However, here the incident angle is kept fixed near the critical angle
and the detector scans the 26 circle. The crystalline planes scattering the X-
rays are now the planes perpendicular to the Q vector as shown in Figure 2.4
(b). The advantage of using a low and fixed incidence angle is to limit the
penetration of the X-ray beams and maximize the diffraction volume within

the thin films by increasing the path length as well as foot prints of the X-
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ray beam within the thin film specimen. The path length of the X-ray beam
within a film of thickness t becomes 1 = t/sina. which can be multiple times
the actual thickness of the film and the foot print (of the X-ray beam with
width d) = d/sina. The penetration depth of X-ray in a material has a linear

absorption co-efficient p given by the equation

sinasin

- u (sina + sin B)’ (2.6)

where a, B are the incident exit angle of the X-ray respectively. The essence
of this depth is that about 63 % of the diffracted beam originates from depth

T below the sample surface.

In GIXRD, the penetration depth varies strongly for values of a near the
critical angle according to the above expression, but if a is not too close to
the critical angle i.e., if Ona IS NOt In the vicinity of 0 or 90°, it can be

approximated to the expression

sina

2.7)

A reliable choice of o is guided by the criteria that the average path length

(2.8)

TR

2.3.1.4 Experimental set-up

X-ray diffraction (XRD) patterns were collected using a Panalytical
Empyrean X-ray powder diffractometer, with reflection geometry at 20-
values ranging from 10 — 90°, with a step size of 0.02°, operating at 45 kV
and 40 mA. Monochromatic Copper (Cu) Kay radiation with a wavelength

of 0.154 nm was used as the X-ray source. Grazing angle x-ray diffraction
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was also performed using Cu K alpha radiation, an acceleration voltage
of 45 kV and a current of 40 mA with a fixed divergence slits, solar slits and
Ni Cu K beta filter. A Parabolic mirror with collimator was used for grazing
incidence. All XRD measurements were performed at the National
Metrology Institute of South Africa (NMISA, Pretoria). The (hkl) values
and the angles at which the peaks for the experimental data were observed
were determined by computer software (X’Pert High Score) and compared

with patterns from a data base.
2.3.2 High-resolution transmission electron microscopy (HR-TEM)
2.3.2.1 Introduction

The electron microscope utilizes an electron beam that is focused by an
assembly of electromagnetic lenses, with the beam only enclosed in an
evacuated column. It is an improvement of the light microscope especially
as far as resolution is concerned since electrons have much shorter
wavelengths (in the range of 10ths of pm depending on the accelerating
voltage between the cathode and anode in the electron gun) than light,

which is of the order five times longer.
2.3.2.2 Theory
2.3.2.2.1 Basic operation

A basic TEM consists of an electron gun which provides electrons, a series
of electromagnetic lenses, a viewing screen coated with a layer of electron-
fluorescent material, and a camera which must work in the vacuum within
the microscope [2.12, 2.13]. These components are assembled into a vertical
microscope column. A typical example is shown in Figure 2.5. The electron
gun emits a diverging beam of electrons through the anode aperture. This

beam can be deflected to be aligned parallel to the optical axis of the lens
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system. The deflector coils are controlled by the gun alignment controls, and
the electron beam is focused down to a fairly small spot by the first
condenser lens. The setting of this lens controls the ultimate spot size
attainable by the condenser system, which is generally less than 1 um. The
second condenser lens projects the beam at the specimen in such a way that
the area illuminated and the convergence angle can be controlled. Below
this lens is a moveable aperture that cut out any scattered beams, allowing
the primary beam to give a clear diffraction image. The best resolution and
image sharpness is obtained by working with the smallest condenser lens
aperture (<300 um) while exiting the second condenser lens more strongly.

However, this reduces the illumination level considerably.

The condenser stigmator placed below the condenser aperture compensates
for astigmatism in the illumination system. In this same region are the
wobbler coils for aiding focusing and two sets of alignment coils in order to
bring the beam exactly onto the optical axis in the crucial part of the
microscope near the specimen. The specimen, objective aperture and
objective stigmator coils are all placed inside the objective lens windings.
The objective lens focuses on the specimen and forms an intermediate
image at a magnification of about 50X. The objective aperture sits in the
back focal plane of the objective lens and enables the operator to allow
particular groups of electrons to contribute to the final image. In the plane of
the first intermediate image is the selected area aperture, which allows a
particular part of the image to be selected for examination and diffraction
analysis. Below this aperture are three or four lenses whose function is to
magnify the image or diffraction pattern and project it into the fluorescent
screen. The electronics needed to control the electron gun, six or seven
lenses and a vacuum system is quite complex. For this reason, there is a
tendency for modern electron microscopes to be controlled by a built-in
computer, which results in a reduction in the number of manual controls
[2.12, 2.13].
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Figure 2. 5: A cross-section of the basic components of HR-TEM. The

optical analogue is also provided [2.13].
2.3.2.2.2 Electron Diffraction

In all microscopes, a diffraction pattern of crystalline specimens inevitably
forms in the back focal plane of the objective lens. In this plane all parallel
rays leaving the specimen in a specific direction pass through a point in the
diffraction pattern [2.13].

During normal imaging, the diffraction pattern is unseen because the first
intermediate lens is focused on the first intermediate position in Figure 2.5,
and the image is what is finally projected onto the screen. In diffraction
mode the first intermediate lens diffraction mode is activated so that the
projector lens displays the diffraction pattern in the back focal plane of the
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objective lens and projects magnified versions of this pattern instead to the
projector system. There are two fundamentally different ways of examining
the diffraction pattern from a selected area of the specimen. In the selected
area diffraction technique, a small area of the specimen is selected, although
a larger area is being illuminated. In the alternative micro-diffraction
technique, the beam is condensed into a small spot so that the diffraction
pattern comes from the whole of the (small) illuminated area. In this case
the diameter selected on the specimen is the same as the diameter of the
beam at the specimen. This is the only way to obtain a diffraction pattern
from a region smaller than 1 um in diameter (down to a few nanometres). A
diffraction pattern is obtained when the electron beam encounters crystalline
material, resulting in strong preferential scattering in certain well-defined

directions governed by the Bragg’s Law in equation (2.10).

The Bragg condition is said to be satisfied when a crystal is orientated in
such a way that the incident electron-beam satisfies the diffraction angle for
the specific plane. Since most of the diffracted electrons are concentrated in
these Bragg directions, a crystal grain will appear bright if the diffracted
beams pass through the objective aperture and dark if stopped by the
objective aperture. Thus, In a polycrystalline material some grains will
appear bright and some dark, depending on their orientation with respect to
the electron beam, Figure 2.6(b). Different types of diffraction patterns arise
from different specimen microstructure as can be seen in Figure 2.6(a) that
shows a single crystal (i.e. a specimen consisting of a single repeating array
of atoms) orientated in such a way that several sets of planes are parallel to
the beam. This gives rise to a diffraction pattern consisting of a regular array
of bright spots. The arrangement of these spots depends upon the orientation
of the atomic planes in the electron microscope. If the specimen contains
several crystals of different orientations as in Figure 2.6(b), then the
diffraction pattern is the sum of the individual patterns. The spots are not
randomly distributed but tend to fall on rings of constant radii.
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If the specimen consists of a large number of small crystallites (grains) of
similar crystal structure, but at different orientations to one another (i.e. a
polycrystal as in Figure 2.6 (c)) the diffraction pattern will consist of a
series of sharp concentric rings. This pattern evolves from a large number of
single crystal diffraction patterns, each rotated by a small amount with
respect to one another. In the case of an amorphous material, the constituent
atoms are arranged entirely randomly and without any distinct repeating
structure. For such materials, the diffraction pattern will contain no discrete
maxima. It rather consists of diffuse diffraction rings around the bright
central spot of unscattered electrons [2.12, 2.13].

l

(a) ®) (©

Figure 2. 6: Types of diffraction pattern which arise from different specimen
microstructure: (a) A single perfect crystal, (b) A small number of grains —
notice that even with three grains, spots begin to form circles, (c) A large
number of randomly orientated grains, the spots have now merged into rings
[2.13].

Using the standard Miller index notation to define the plane and directions
in the crystal, diffraction patterns can be interpreted. Using this notation for
a cubic crystal, for example, the interplaner spacing of planes of the type
(hkl) is given by:
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a

it = Frmesre (2.9)

where a is the lattice parameter of the unit cell and h, k and | the Miller

indices. For first order diffraction i.e. n =1, Bragg’s law reduces to:
A = 2dsiné. (2.10)

For small angles of 6, which is typical of electron diffraction, we can write

sin O = 6, and equation (2.10) further reduces to:
A = 2d6. (2.11)

Consider now a beam of electrons impinging on a crystalline specimen as in
Figure 2.7. Some of the electrons pass through the specimen without
interaction and hit the screen or film, which is a distance L from the
specimen, at O. Other electrons are diffracted through an angle 6 by the
crystal planes of spacing d, and these electrons hit the film at A, which is a
distance r from 0. From simple geometry, it can be seen that for small

angles of diffraction:

T

- =20 (2.12)
Combining equations (2.11) and (2.12), we find:

rd = LA, (2.13)
where AL is called the camera constant and is determined by analysing a
known crystal. From equation (2.13) it can be seen that the distance of a
diffraction spot from the undiffracted spot, r, is therefore inversely

proportional to the d spacing of the diffracting planes. A table of the AL/dnki
values for different (hkl) planes can be drawn up. By measuring r directly in

http://etd .5u4wc.ac.za/



the pattern and comparing it with the values in the table, the pattern can be
indexed, i.e. the respective h, k and | values can be determined [2.14].

Incident beam
/ Specimen

Diffracted beam

Undiffracted beam

AL-O

Figure 2. 7: Schematic diagram showing the geometry of diffraction pattern
formation [2.12].

The HR-TEM has the edge over other conventional low-resolution
transmission electron microscopes because it provides excellent analytical
performance pertaining to nanoscale imaging for daily use in a multi-user
environment. In addition, modern TEMs takes into account the control and
displaying of matter at a scale of 1-100 nm and are operated at intermediate
of 200-400kV [2.15]. The utilization of such high accelerating voltages,
compared with the 1-30kV utilized in SEM and electromagnetic focal points
with adjusted spherical and chromatic distortion coefficient, has improved
the resolution to a fraction of a nanometre [2.16]. This allows for the
operation of high-resolution TEM, resulting in an imaging tool of thin
specimens; whereby the atomic planes can be probed and informative
information can be extracted from the transmitted sign. Moreover, TEMs
together with modern spectrometers allows for the investigation of
elemental analysis by method of electron energy-loss spectroscopy (EELYS)
as well as investigating the chemical bonding nature utilizing electron

energy-loss near edge structure (ELNES) at the nanometre scale. The
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precedence of EELS can be ascribed to the fact that the technique can be
utilized for the identification of light elements, which are not easily detected
by customary examination during EDS. Additional information, for
example, the crystal structure and fine structure can be acquired by
operating the TEM in selected-area electron diffraction (SAED) mode and
by performing EELS imaging combined with scanning TEM (STEM-
EELS), respectively [2.16].

2.3.2.3 Experimental set-up

The Focussed lon beam lamella sample of the prepared device was
investigated using an FEI Tecnai G2 20 field-emission gun (FEG) HR-
TEM, operated in bright field mode at an accelerating voltage of 200 kV,
located at the University of Western Cape (UWC) in the Electron
Microscope Unit (EMU).

2.3.3 High-resolution scanning electron microscopy (HR-SEM)
2.3.3.1 Introduction

The SEM is a characterisation tool used to study the surface or near surface
structures of samples. This technique is widely utilised in many research fields
where the investigation of smaller materials; typically, at the micrometre scale,
requires high magnification imaging. The utilization of electrons as a light
source in SEM allows for imaging at relatively high magnifications at
resolution typically between 1 and 10 nm. The high quality three-dimensional
images obtained from SEM can be used to extract useful information at
nanometre scale about the morphological and topographical aspect of the
specimen surface. In modern SEMs, the incorporation of high-efficient
spectrometers allows high spatial resolution chemical analysis by means of

energy or wavelength dispersive x-ray spectroscopy (EDS/WDS) [2.15, 2.17].
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The basic operation of a SEM is the heating of a cathode, which in turn
produces electrons. Tungsten and Lanthanum hexaboride (LaB6) filaments
are most commonly used as an electron source due to their relatively low
work functions and high melting points [2.18]. The energy of the electrons
produced range from a few hundred eV to 40keV. The beams of electrons
are accelerated towards an anode with the aid of an applied voltage, and
eventually make its way through an aperture in the anode into the vacuum
chamber of the microscope. The condenser lens is the primary lens
influencing the motion of the beam, as it passes through the pole piece. The
beam is deflected by the condenser lens, resulting in the formation of a
focused beam through the focal point situated above the condenser aperture
[2.18]. Below the condenser aperture, the divergence of the beam occurs
once more, thus a final objective lens is introduced to focus the beam even
further by converging it to a focal point at the surface of the specimen
through an objective aperture. The surface of the specimen is then scanned
by an electron beam with scanning coils. With the aid of positioning
detectors, the signals that are emitted can be utilized for the formation of an
image of the scanned near-surface of the specimen. Figure 2.8 shows the
schematic diagram of a SEM [2.18].
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Figure 2. 8: Schematic diagram of a typical scanning electron microscope
(SEM) [2.19].

2.3.3.2 Resolution

The concept of resolution can be defined as the closest spacing of two
objects which can be seen through the microscope to be separate entities.
Obtaining images at high magnifications without adequate resolution is not
the desired result when operating the SEM since no additional valuable
information can be obtained from the images. The limit of resolution, which
is the smallest spacing at which two objects are resolved, can be described

mathematically by Abbe’s equation [2.13].

06121
" nSina’

(2.14)
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where r is the limit of resolution, A is the wavelength of the incident beam, n
is the refractive index of the medium between the object and the objective
lens, and a is the aperture angle. The best resolution (i.e. the smallest r) can

be achieved by decreasing A or increase n or a.

2.3.3.3 Depth of field and working distance

The depth of field (DOF) can be defined as the range of positions for the
objects at which our eye cannot resolve a change in the sharpness of the
image. The working distance in the SEM can be defined as the distance
between the final condenser lens pole and the top part of the specimen
[2.13]. This impacts the DOF for certain samples. A long working distance
decreases the angle of the aperture, resulting in greater DOF, whereas a
shorter working distance results in the sample being scanned with a wider

angle decreasing the DOF (aperture solid angle, a); see Figure 2.9.

1°Beam 1° Beam

Figure 2. 9: Schematic diagram of the enhancement of the depth of field
with an increasing WD, (A) a short working distance (B) a larger WD,
showing an increase in in the depth of field (DF) [2.18]
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2.3.3.4 Electron beam specimen interaction

In SEM, incident electrons hitting the specimen, might encounter both
elastic and inelastic scattering by the atoms in the specimen. Elastic
scattering is a process when the electrons trajectory changes, but their
incident kinetic energy and velocity remain unchanged. This type of
scattering produces backscattered electrons (BE). Another contribution to
the backscattered signal arises in the form of low-energy BEs, which are
generated by interactions of the incident electrons with the inner atoms of
the specimen. Due to a large number of collisions encountered by these
inner BEs, electrons emanates from the specimen with little energy, because
of the energy transfer to the surrounding atoms; hence secondary electrons
(SE) are generated which in turn are easily absorbed by the specimen atoms.
In the case of inelastically scattered electrons, energy is lost during
interaction with the atoms of the specimen, which gives rise to signals such
as SEs, x-rays, auger electrons, and cathodoluminescence. However, some
incident electrons, known as transmitted electrons, pass through the
specimen; they carry information about the specimen. Such signals are used
in TEM. Figure 2.10 below illustrates the signals produced during beam-
specimen interaction with signals such as SEs and BEs of importance in the
SEM; providing information about the morphology and topography of the
sample, whereas the Auger electrons, x-rays and cathode luminescence
provide information about the chemical composition of the specimen [2.12,
2.21].
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Figure 2. 10: Signals produced during Beam-Specimen Interaction [2.12].

The region into which the primary electrons enter and interact with
specimen atoms is known as the interaction volume and is shown in Figure
2.11. Inside the interaction volume, signals are generated at different depths.
BEs and SEs generated near the surface are of great importance in image
formation since they provide information at good spatial resolution.
Ilustrated in Figure 2.11 are the three most important SEM signals, used for
imaging and chemical analyses, and the different depths in the interaction

volume from which they are generated [2.12, 2.21].
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Figure 2. 11: The interaction volume between the electron beam and the

specimen [2.12].
2.3.3.5 Detection of secondary and backscattering electrons

In SEM, the most commonly used signal for imaging is SE signals since
they have a smaller sampling volume than the BEs which is needed for good
spatial resolution. SEs. are normally detected by use of a scintillator-
photomultiplier known as an Everhart-Thornley detector (ETD). This
detector consists of (a) collector which is held at positive bias responsible
for collecting SEs from all directions towards the surface of a (b) scintillator
that contains phosphor which produces light when electrons fall on it, and is
covered with a thin aluminium film held at a potential of a few kV to give
electrons excess energy to excite the phosphor, and finally (c) a
photomultiplier which amplifies the generated signal into measurable
electronic pulses, which are then used to modulate a cathode ray tube with
the brightness proportional to the collected SEs [2.12, 2.21]. Figure 2.12
shows a simplified schematic of a typical ETD system [2.12].
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Figure 2. 12: Schematic representation of the components of the Everhart-
Thornley detector [2.12].

Evidently, BEs travelling towards the ETD are also detected; BEs contribute
to the formation of the image. However, due to the scattering direction of
the BEs, a large portion are not detected; hence a scintillation detector with
a large cross-sectional area known as a Robinson detector, is placed near the
specimen for efficient collection of a large number of BEs as shown in
Figure 2.12. For high-resolution SEM a detection system known as the in-
lens detector, special for its reduced spherical aberration coefficient, is
placed within the strong magnetic field of the objective lens. This allows for
the operation at very short working distances (distance from specimen to
objective pole piece) owing to the efficient collection ability of both SEs
and BEs [2.12, 2.21, 2.22, 2.23]

2.3.3.6 Characteristic X-ray and energy dispersive spectroscopy
Energy Dispersive Spectroscopy (EDS) makes use of the X-ray spectrum
emitted by a solid sample bombarded with a focused beam of electrons to

obtain a localized chemical analysis. All elements from atomic number 4

(Be) to 92 (U) can be detected in principle, though not all instruments are
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equipped for light elements (Z < 10). Qualitative analysis involves the
identification of the lines in the spectrum and is fairly straightforward owing
to the simplicity of X-ray spectra. Quantitative analysis (determination of
the concentrations of the elements present) entails measuring line intensities
for each element in the sample and for the same elements in calibration

standards of known composition [2.24].

Beam interaction with low accelerating voltages of 5 kV provides more
detailed information of the area near to the surface; in comparison with the
usage of higher accelerating voltages (15-20 kV) which supplies
information of the interior of the sample due to the beam penetrating

beneath the specimen surface [2.25].

When an electron in the inner shell is excited to leave an atom or to be
promoted into a higher unoccupied level, characteristic X-rays are emitted.
The electron will be replaced by one of the electrons in the outer shell by
emitting an X-ray photon. If an electron is removed from the K-shell (1s) it
can be replaced by an electron from either 2p, 3p or any higher occupied
state. The transition energy will be released as X-radiation and the emission
lines labelled as Ka, Kp, etc. [2.26]. The X-ray emission for any specimen
can provide an analysis of specimen elements constituents, normally in the
regions of 1um diameter and 1um depth under normal operating conditions.
The Ka and Kf lines have the highest energy X-ray photons from each atom
because the energy is nearly closely equal to the binding energy of the 1s

electron (see the representation in Figure 2.13).

Characteristic x-rays can be detected with a wavelength dispersive
spectrometer which measures accurately the wavelength and energy of the
x-ray and alternatively, modern SEMs use EDS detection systems but these
are associated with loss of precision and resolution. An EDS detector
consists of a piece of semiconductor material (silicon or germanium) held in

a position where many x-rays emitted by a specimen will fall on it. For
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efficient collection of x-rays, it is required that the detector must be as close
as possible and in the line of sight of the specimen. These x-rays are
converted to measurable signals within the detector which forms the EDS

spectra.

Figure 2. 13: Characteristic x-ray emission by an atom [2.25].
2.3.3.7 Focussed lon Beam Scanning Electron Microscopy (FIB-SEM).

Focused lon Beam (FIB) preparation is a method to prepare ultrathin
samples by making use of a function called ion milling for the final phase
studies with TEM. A beam of focused ions strikes and removes material
from the specimen surface by a physical sputtering process. This ion beam
is generated by a gallium (Ga") ion source at the top of the ion beam
column. lons are emitted as a result of a high excitation field and
accelerated down the FIB column towards the specimen. When Ga* ions are
accelerated towards the specimen they can penetrate beneath the surface up
to 10 nm. During ion milling, the SE vyield is much higher than secondary
ion yield, hence secondary ions are used to image and mill the specimen, as
illustrated in Figure 2.14. The FIB is a tool utilized for tasks such as cross-
sectioning for interfacial microstructure studies, preferential removal of

certain metals or oxides, semiconductor device alterations, site-specific
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TEM sample preparation, and grain imaging. By introducing gases or an
organic gas compound, the FIB can specifically etch one material much
faster than the surrounding materials, or deposit a metal or oxide. The FIB
instrument combined with SEM allows simultaneous monitoring of the
process. The deposition mechanism is where the accelerated highly
energetic gallium ions decompose the precursor gas molecules to metal
deposits and volatile products leaving the metal deposits like platinum on
the surface of the substrate [2.27-2.30].

FIB beam . . Gallium ion
@] (O Sputtered material
@ e Secondary electron
Generation of secondary electrons, 5 & i
5 Secondary ion
Tons and sputtered material -~ - . ’

Material

Figure 2. 14: Ga* ions upon striking the surface of the material generate

electron, ions and sputter material {2.27].
2.3.3.8 Experimental set-up

Scanning electron microscopy (SEM), combined with energy dispersive x-
ray spectroscopy (EDS) was used to study the morphology and elemental
composition of the thin films. A Zeiss Auriga field-emission gun (FEG)
SEM operated at 5kV using an in-lens secondary electron detector was used
for high-resolution imaging, whereas an Oxford Instruments X-Max solid-
state silicon drift detector was used for the EDS analyses (University of the
Western Cape, UWC).
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A Zeiss Cross Beam 540 Focused lon Beam Scanning Electron Microscope
(FIB-SEM) operated at acceleration voltages of 1-5 kV (NMISA, Pretoria)
was used for the ion milling in preparation of a TEM lamella sample of the
devices and also the transfer and mounting of the cut lamella to a FIB TEM

grid.
2.3.4 Stylus Profilometry
2.3.4.1 Introduction

The Dektak 6M stylus profilometer was employed to measure the nominal
thickness of the various samples discussed in this work. The Dektak 6M
stylus profilometer is an advanced thin and thick film measuring tool. It
makes use of a 12.5 pm diamond-tipped stylus with a programmable stylus
force ranging from 1 mg to 15 mg; allowing for soft or hard surfaces [2.31].
The instrument comes with a high-resolution video camera attached to the
scan head. This allows for sample viewing and magnification possibilities
during the measuring process. In addition, it comes with software which

allows for profile levelling, zero referencing and magnification [2.31].
2.3.4.1.1 Principle of operation

The profilometer takes measurements electromechanically by moving the
sample underneath the stylus. Here, a high precision stage moves together
with the sample underneath the stylus-based on the user-programmed
parameters [2.31]. As the stage moves the sample, the stylus which is
mechanically connected to a linear variable differential transformer (LVDT)
is translated in the vertical motion relative to the sample surface. The LVDT
as depicted in Figure 2.15, detects and produces electrical signals according
to the stylus movement by comparing the alternating current (AC) reference
signal proportional to the position of change. This analogue signal is then

conditioned and digitally converted for imaging and analysis.
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Figure 2. 15: Block Diagram of Dektak 6M Architecture [2.31].

2.3.5 Fourier transform infrared (FTIR) spectroscopy
2.3.5.1 Introduction

FTIR Spectroscopy: is a non-destructive analytical technique that uses the
photons in the infrared region of the electromagnetic spectrum. These
photons have sufficient energy to induce amplified molecular vibrations in
the infrared (IR) - active side of the sample’s molecules. During this
process, there is a change in the dipole moment of the infrared (IR) active
molecule, which results in a signature spectrum of the molecule under

investigation when measured [2.32].
2.3.5.2 Theory

When a beam of electromagnetic radiation is incident on a material, the
beam can be absorbed, transmitted or reflected depending on its frequency,
and the molecular structure of the material being irradiated. Beams of
different frequency can have different effects on the molecules of the

substance that is being irradiated. When a beam of electromagnetic radiation
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which has a frequency in the 1.2 x 10" Hz to 1.2 x 10 Hz (infrared
frequency) band is passed through a sample, it affects a transition from one
molecular vibrational energy to the next on the IR active molecule [2.33].
The photons of electromagnetic radiation possess energy, hence when a
molecule absorbs electromagnetic radiation it gains energy to make a
quantum transition from energy level E; to E>. The frequency v of the

absorbed radiation is associated with the transition energy by Planck’s law:

B —E=hv=" (2.15)

If there exists an allowed transition that is related to the frequency of the
incident radiation by Planck’s constant, then the radiation will be absorbed:;
if the transition is forbidden (does not satisfy the Planck’s equation) then the
incident radiation will be transmitted. When molecules vibrate, they do so
with a frequency characteristic to the constituent elements. Only certain
molecular vibrational motions are allowed as permitted by quantum
mechanics. For example, in the case of thin films of hydrogenated silicon
(Si:H) irradiated by an IR radiation, different IR active hydrogen silicon
bonding configurations will absorb IR photon energy in different specific
regions of the spectrum. The hydrogen atom that is bonded to silicon in the
Si matrix produces a local vibrating dipole, this is because of the difference
in the electronegativity between the hydrogen atom, which is negatively
charged, and the silicon atom which is positively charged [2.33]. In this
harmonic oscillator of Si-H, the dynamic dipole moment changes when an
IR photon is absorbed by a Si-H oscillator. This result in a vibrational state
with a larger vibrational dipole moment; this change in dynamic dipole
moment and the concentration of the bonded hydrogen atoms will contribute
to the spectral band and its intensity in the IR spectra [2.32]. A similar
analogy can be made for IR-active bonds in other materials.
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2.3.5.3 Experimental Setup

FTIR transmission spectra were collected from 400 — 4000 cm™ with a
spectral resolution of 1 cm™, using a Perkin-Elmer Spectrum 100 FTIR
spectrophotometer (UWC, Chemistry department). Unlike glass,
semiconductors like silicon have superior infrared transparency; hence
mono-crystalline silicon (mc-Si) wafers are used for characterization.
Infrared transmission T(w) as a function of vibrational frequency ® was
measured by first collecting a background spectrum of the c-Si substrate
which is used to correct the background signal; hence the resultant plot is

the spectrum obtained for the thin film layer only.
2.3.6 Ultraviolet-visible (UV-Vis) spectroscopy
2.3.6.1 Introduction

UV-Vis spectroscopy is a technique that utilizes visible, near-infrared and
near-ultraviolet light for analysis. The region absorbed by the material
extends from 190-400 nm which corresponds to the ultraviolet range, whilst
ranges from 400-780 nm correspond to the visible range. When this kind of
electromagnetic radiation interacts with molecules, the electrons of the
molecules undergo transitions [2.34]. Absorption spectroscopy is the
process whereby transition occurs from the ground state, whereas in the case
of emission spectra the transition occurs from the excited state to the ground
state. The optical properties of the light being absorbed by material are
crucial to the power conversion efficiency. The optical band gap is
particularly studied for solar cell application; since the electronic structure

of the material is related to it.
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2.3.6.2 Theory

When light impinges on a film, molecules within the film can undergo
electronic transitions from the ground state to the excited state. The ratio of
the radiation intensity transmitted by the film of thickness x (lx) to that
transmitted by a known reference (lo) is known as the transmittance (T) of

the film and is given by:

T =1 (2.16)

Io

In practice, we often measure percent transmittance (%T), because many
instruments are calibrated with its very convenient scale of 0 to 100. A more
useful quantity is the amount of radiation absorbed, referred to as the

absorbance (A), given by:
A=In (’—0) =In (%) . (2.17)

There is also a variety of energy absorptions possible depending upon the
nature of the bonds within a molecule. For instance, electrons in organic
molecules may be in strong sigma (o) bonds, in weaker pi (xr) bonds or non-
bonding (n). When energy is absorbed all of these types of electrons can be
elevated to excited anti-bonding states that can be presented as in Figure
2.16, the anti-bonding states being represented with an asterisk as o* and
*. Most 6 — o* absorptions for individual bonds occur below 200 nm in
the vacuum/ultraviolet region and compounds containing just the ¢ bonds
are transparent in the near-ultraviolet/visible regions. The 1 — n* and n —
n* absorptions of organic compounds mostly occur in the near-
ultraviolet/visible region and result from the presence in molecules of

unsaturated groups providing = electrons [2.35].
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Figure 2. 16: Bonding and anti-bonding energy transitions [2.35].
2.3.6.3 Band gap analysis

The band gap is generally obtained from the absorption edge energy;
defined to be the minimum photon energy required to excite an electron

from VB to the CB. There are two types of transitions - direct and indirect.

The optical band gap of the thin films was evaluated from the transmission
spectra of the thin films coated on quartz glass substrates. Then, the
determination of the optical band gap is done by extrapolation of Tauc’s
plot [2.36] from

(ahv)Y/™ = B (hw — Eg). (2.18)

In the above equation, n=1/2 for direct allowed transitions, n=2 for indirect
allowed transitions, where B is a constant independent of energy and h is
Planck’s constant, hv is the photon energy and o is the absorption
coefficient. To determine the bandgap by extrapolation of Tauc’s plot the
value of a should be known. The optical absorption coefficient can be
calculated using equation (2.16):
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a= (%) In (%) , (2.19)

where t is the film thickness and T is the transmittance. A graph is plotted of
(ahv) Y versus (hv), n = 1/2 for direct allowed transitions. The extrapolation
yields a good straight-line fit to the absorption edge and provides the optical

band gap value from the hv axis.
2.3.6.4 Diffuse reflectance spectroscopy

Figure 2.17 illustrates the interaction of incident light reacting with optically
scattering surfaces which may contain roughness. This incoming light can
be partly reflected specularly, partly scattered diffusely, and partly enter the
substrate. Some of the incoming light may also be absorbed within the
particles, undergo diffraction at grain boundaries, re-emerge at the sample

surface and intermingle with reflected parts.

/ o
Wi bt 6
A B |JII { .: II".
\\\-\ A /
AR SRR ) N Y

Figure 2. 17: Light scattering at smooth non-absorbing surfaces after
irradiating the particle surface with light I: specular reflected light (A) and
diffuse reflected light (B) [2.37].

When the dimensions of the particle is smaller than the beam cross-section

but relatively larger than the light wavelength, then diffraction phenomena
occur due to the incoming rays striking and/or passing by the crystal,
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resulting in interference among elementary waves. In powders of randomly
oriented particles of such size, part of the incident light goes back at all
angles into the hemisphere of provenance of the light. The phenomenon
resulting from the reflection, refraction, diffraction, and absorption by
particles oriented in all directions is called diffuse (or volume) reflection, in
contrast with regular (or directional) reflection from a plane phase
boundary. The basic equation for the phenomenological description of

diffuse reflection is the radiation transfer equation:

—-dl j
pds I - (2.20)

where | is the incident light intensity of a given wavelength; dlI/dS the
change of the intensity with the path length dS; p the density of the medium;
K an attenuation coefficient corresponding with the total radiation loss due
to absorption and scattering and j is the scattering function. Equation (2.20)
can be solved by introducing simplifications which are related with easily
attainable experimental conditions. These ideas, first suggested by Schuster
and further developed by Kubelka and Munk, simplify the solution of the
radiative transfer equation (2.20), known as the Schuster-Kubelka-Munk (S-
K-M) theory [2.37-2.39]. In this theory, the incident and scattered light flux
are approximated by two fluxes I and J perpendicular to the surface of the
powdered sample, but in the opposite direction. This is illustrated in Figure
2.18.
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Figure 2. 18: The S-K-M approximation: the incident and remitted light
fluxes are approximated by two opposite fluxes | and J, perpendicular to the

surface of the infinitely thick sample layer [2.37].

I is the flux of monochromatic diffuse illumination and J is the flux of
diffusively scattered light. For an infinitely thick sample, the diffuse
reflection is related to an apparent absorption (K) and apparent scattering
coefficient (S) via the S-K-M or Kubelka-Munk (K-M) function:

(1-Ro)® _ k
2R . ;, (2.21)

F(Rs) =

where F(Rx) is usually the remission or K-M function. The bandgap can be
obtained from the plots of [F(R») hv]*2 versus hv, as the intercept of the
extrapolated linear part of the plot at [F(R«) hv]¥? = 0, assuming that the
absorption coefficient o is proportional to F(R«). Equation (2.21) is valid
under the following conditions [2.37]:

1. diffuse monochromatic irradiation of the powdered sample;

2. isotropic light scattering;

3. an infinite layer thickness;

4. a low concentration of powders;

5. a uniform distribution of powders;

6. absence of fluorescence.
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2.3.6.5 Experimental

The absorbance and transmission spectra were recorded with a Semiconsoft
UV-vis spectrometer over a spectral range of 200 nm to 800 nm. The
spectrometer used has two independent radiation sources, namely UV
(deuterium lamp) and visible (halogen lamp). A monochromator is
employed to filter the incident radiation of a single wavelength to reach the
detector, which then converts the incident electromagnetic radiation into
electrical energy. Diffuse reflectance measurements were performed using a
Cary 5000 in the range of 200 to 800 nm. Diffuse reflectance makes use of
an integrating sphere with a white coating inside to obtain measurements.
The light that reaches the detector are scattered diffusely and reflects

multiple times inside the integrating sphere.
2.3.7 Current — VVoltage characterization
2.3.7.1 Introduction

A solar cell can be summarized as a combination of both, a current source
and a voltage source, as shown in Figure 2.19. This device is effectively
known as a diode. In an ideal cell the series resistance, Rs, would be zero
and the parallel or shunt resistance, Rsn, infinitely large. However, in reality
this is not the case. The series resistance is composed of the electrical
resistances of the different materials in the cell and the interfaces between
them; the resistance of the transparent conducting oxide layer is the biggest
contributor to the series resistance of the cell. The shunt resistance indicates
the resistance between the electrodes through undesirable routes, hence in a

highly efficient cell the shunt resistance must be as high as possible [2.40].
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Figure 2. 19: Illustration of an equivalent circuit a solar cell [2.40].

A typical current density - voltage (J = V) curve of a solar cell is shown in
Figure 2.20. In general, the current density, defined as the current (I) per
unit area, and labelled j, is plotted against the voltage, V. The important
features in Figure 2.20 are the short-circuit current density Jsc, the open-
circuit voltage Voc and the maximum power point Pmax (or MPP) with its
corresponding current-density and voltage (Jmp, Vimp).
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Figure 2. 20: Typical J-V curve of a solar cell [2.40].

The fill factor, FF, of the solar cell is defined as the squareness of the J-V
curve and is given by
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FF = —fmax _ JmpXVmp (2.22)

JseXVoc JseXVoc

with Pmax (maximum power density) given in W/cm?. The efficiency of the

cell, n is given by
= Dmax _ pp (M) (2.23)

where Pin (power density) is the power of the incident irradiation given in
W/cm?,

The power output of a solar cell is highly dependent on the power of the
incident irradiation. The standard is an incident spectrum of AM 1.5 G, an
international standard for incident power density of 100 m\W/cm?2 or 1000
W/m?2 is used while at room temperature [2.40].

The one - diode model can be modelled by figure 2.19, where the diode

equation becomes

eV
mpkgT

I(V) = Isqt [exp 1] 1IN (2.24)

where lszt = the diode saturation current,
I, = photocurrent,

o = electron charge,

mp = diode ideality factor,

ks = Boltzmann constant and

T = temperature
The diode has an ideality factor of 1 from semiconductor theory. However,

real diodes deviate from the ideal diode equation where mp = 1. In real

silicon diodes, the ideality factor is 2 for low currents and 1 for high
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currents. The one-diode model is sometimes also called the standard solar
cell equation. In a real solar cell, the series, Rs and shunt, Rs» resistances
have to be taken into account, as shown in Figure 2.20. The current then

becomes

V—egRsl V—Rl

I(V) = Isat [exp% - 1] + Isc + R_sh (225)

with the quantity, % known as the shunt current, Ish. The influence of the
sh

series and shunt resistances on the J-V curve of a solar cell is shown in
Figure 2.21.
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Figure 2. 21: Effect of Rs and Rsh on the J-V curve of a solar cell [2.40].

It can be seen from Figure 2.21 that low shunt resistances (typically in the
region of 100 Q) increase the slope of the flat part of the J-V curve, whereas
high series resistances decrease the slope of the ascending part of the curve.
Hence, a direct measure of these two quantities can be obtained from
calculating the inverse of the slope of the tangent line at these two parts of
the J — V curve. At infinitely high shunt and zero shunt resistances, Ish in
equation (2.25) becomes negligible and the J — V relation tends towards that
of the ideal diode, i.e. equation (2.24).
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2.3.7.2 Experimental set-up

The | — V characteristics of the OSCs were analysed under the illumination
of AM1.5G spectrum. The devices were irradiated at 100 mW/cm? using a
xenon lamp-based Sciencetech SF150 solar simulator equipped with an
AML.5 filter as the white light source. The power intensity at the sample
was measured with a Daystar light meter. A bias voltage is swept from 0 V
to 0.8 V, using a Keithley 2420 source meter unit. The dark I-V curve is
recorded while the testing device is not under illumination. All the
photovoltaic properties were evaluated at room temperature in ambient

conditions.
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CHAPTER THREE

3 Investigation of the influence of annealing treatment
on the morphology, structural and optical properties
of Zinc Oxide (ZnO) thin film layers.

3.1 Introduction

This chapter provides a general review of the experimental procedures used
for the preparation and characterization of the ZnO thin films based on two
post annealing treatment processes. Two types of annealing, conventional
annealing and ramp-annealing have been investigated, respectively. In
addition to the ramp-annealing, adjustments to the ZnO precursor
concentration are also discussed as it exhibits additional changes in the

formation of nanostructures on the surface of the ramp-annealed thin films.

Previous studies on ZnO showed it to be a versatile semiconducting
material, with a vast variety of applications in electronics such as
optoelectronic devices, thin film transistors, sensors and solar cell
technology [3.1, 3.2]. In addition, ZnO thin films, with a wide band gap of
(3.37 eV) and a large excitonic binding energy of (60 meV) allows efficient
exciton emission even at room temperature; which can ensure high-
efficiency photonic devices [3.3, 3.4]. ZnO possesses a unique position
amongst materials owing to its superior and diverse combination of
interesting properties such as excellent chemical, physical and thermal
stability in different environments, nontoxicity, high transparency in the
VIS/near IR spectral region, good electrical properties, excellent substrate
adherence, good contacts to the active semiconductors, chemical stability
and it is abundant and inexpensive [3.1-3.12]. Moreover, thin films of ZnO
can be prepared by various techniques; amongst them are sputtering [3.5],
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chemical vapour deposition (CVD) [3.6], molecular beam epitaxy [3.7], sol-
gel process [3.1, 3.2, 3.3], and spray pyrolysis [3.8].

Owing to the previously mentioned advantages of the sol-gel spin coating
method in (chapter 2.2.1.1), sol-gel ZnO thin films are customarily used as
the ETL [3.12]. However, the quality of the ZnO thin film is still affected
by many factors [3.4], hence in this work, the effects of the ZnO precursor
concentration and the post annealing procedure on the ZnO thin film were
studied for its application in organic/ hybrid solar cells. The effects of
annealing on the surface, structural and optical properties were investigated
to establish to which extent the light scattering from the conventionally
annealed and ramp-annealed ZnO thin films affects the efficiency of the

organic/ hybrid OSC device.

3.2 Experimental details

3.2.1 Sample preparation

The ZnO precursor: solution was prepared using Zinc acetate dihydrate
(ZAD), 2-methoxyethanol and ethanolamine (MEA) as the starting material,
solvent and stabilizer, respectively. All the materials were purchased from
Sigma Aldrich.

In this work, ITO coated on a 1 mm-thick glass substrate, with a resistance
of 8 — 12 Q/square, and 300 pm-thick single-side polished <111> crystalline
silicon (c-Si), with a resistivity of 1-30 Q.cm, as well as quartz glass were
used as substrates. This allows for the execution of various characterisation
techniques. These substrates were cut into the desired dimensions prior to
the spin coating process and then ultrasonically cleaned with organic
solvents to rid their surfaces of impurities. The cleaning sequence was as
follows: 10 minutes in acetone followed by 10 minutes in ethanol. Lastly,
deionised water was used to rinse off the substrates to remove any traces of
the solvents and subsequently dried using compressed air.
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3.2.2  Preparation of ZnO thin film by conventional annealing.

This study employed the commonly used conventional annealing process to
produce a compact crystalline ZnO thin film layer. We adopted and
modified the deposition method developed and reported in the literature
[3.13, 3.14, 3.23]. In a typical process, 658 mg of ZAD is dissolved in 5 ml
of 2-methoxyethanol. Then, the mixture is magnetically stirred for 1 min,
resulting in a milky solution. This is followed by adding 180 pl of MEA
dropwise in the solution until it turns clear. The molar ratio of MEA and
ZAD was maintained at 1 and the obtained concentration of zinc acetate was
0.6 M; the optimal concentration suggested by Kim et al. [3.13] for growing
ZnO thin films. The resulting solution was then vigorously stirred using a
magnetic stirrer operated at room temperature for the duration of 12 hours to
yield a clear and homogenous solution. Thereafter, the prepared solution
was allowed to age for 24 hours at room temperature. This mixture served

as the coating solution.

Following the cleaning of the substrate, 200 pl of the ZnO precursor
solution was dropped on the ITO substrate until the entire surface was
covered. The substrate was then rotated using an Ossila spin coater; the spin

coater reached 4000 rpm which was maintained for 40 seconds.

After coating, the coated thin film was placed on a Chemat hot plate that
was pre-heated at 250 °C for 10 min in order to evaporate the residual
solvent completely and decompose the zinc acetate, resulting in the
formation of the thin film. After the deposition and drying procedure, the
resulting thin film was placed into a tube furnace where it was annealed in
air at 500 °C for 1 hour to form crystalline ZnO. During the annealing
process, the furnace was ramped up at 10 °C/ min to the desired 500 °C and
dwelled there for 1 hour before cooling. The thin film sample was then

removed.

http://etd .8l§wc.ac.za/



3.2.3 Preparation of ZnO thin film by ramp-annealing

We proposed a fundamental and complete study of the surface, structural
and optical properties of the ZnO thin film based on a slightly modified
version of the commonly used annealing process and compare it with the
ramp-annealed ZnO thin film. Thermal annealing treatment is a common
process to achieve a modified surface morphology for improving surface
roughness and enhancing the thin film properties by changing their
microstructures. In addition, the preparation of the ZnO thin films was
carried out in three different concentration regimes to control the
morphology. A total volume of 5 ml of 2 — methoxyethanol solution was
used for each concentration. The chemical composition for the ZnO
precursor solution with different concentration parameters is summarised in
table 3.1 below.

Table 3. 1: Chemical composition for the ZnO precursor solution with
different concentration determined by the various volume of MEA and
different mass of ZAD.

ZAD (mg) MEA (ul) 2 — methoxyethanol (ml)
494 137 5
658 180 5
832 229 5

The first solution was prepared by dissolving 494 mg (0.45 M) of ZAD in 5
ml of 2-methoxyethanol before adding 137 pl of MEA. The second solution
consisted of 658 mg (0.60 M) of ZAD, 180 pl of MEA and 5 ml of 2-
methoxyethanol. Lastly, the third solution consisted of 832 mg (0.75 M) of
ZAD, 229 ul of MEA and 5 ml of 2-methoxyethanol.

The resulting solution was vigorously stirred with the hot-plate magnetic

stirrer for the duration of 3 hours at an elevated temperature of 60 °C to
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yield viscous, clear and homogenous solution in accordance with the work
done by Ohyama et al. [3.15], The solution was then cooled down to room

temperature and served as the coating solution.

Initially, 5 drops of the ZnO precursor solution is dropped on the substrate
until the surface is covered. The substrate is then rotated using an Oscilla
spin coater; the spin coater reached 2000 rpm which is maintained for 40

seconds while continuously dropping 21 drops of the solution.

After coating the substrate, the coated film is placed on a Chemat hot plate
furnace that was initially at room temperature while the spin-coated
substrate is still wet. The spin-coated substrate is dried by ramping up the
temperature to 275°C, with-a ramping rate of 25°C/ min. The prepared
samples were subsequently removed when the hotplate reached the final
temperature. After the completion of the deposition and drying, the resulting

film was then left to cool down to ambient temperature.

3.3 Results and discussion
3.3.1 Morphological analysis of the ZnO thin film layers.

It is well known that the performance of OSCs is highly dependent on the
surface morphology. Therefore, surface morphologies were observed by a
SEM in order to evaluate the effect of the annealing procedures on the ETLs
prepared on an ITO substrate. The SEM micrograph of the ZnO thin film is
shown in Figure 3.1 and the presence of small tightly packed grains with a
relatively smooth and transparent surface can be discerned similar to those
observed by Kadem et al. [3.16].
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Figure 3. 1: SEM micrograph of ZnO thin film conventionally annealed.

The surface morphologies for the ZnO thin films for the 3 prepared samples
reveals a more ridge-like structure, as shown in Figure 3.2. The surface of
the spin-coated samples appears to be relatively uniform. It was explained
by Sekine et al. [3.17] that due to the slow drying process, the ramp-
annealing increased the surface roughness forming ZnO nano-ridges with
thickness ranging from 130 nm (0.45 M concertation) to 670 nm (0.75 M
concentration). These features are formed during the slow drying due to the
structural relaxation and reformation of the particles of ZAD [3.16]. The
decomposition of the Zn precursor and evaporation of the solvent occurs at
different heating conditions, hence the morphology of the solution-
processed ZnO thin film can be sensitive to the rate of annealing as well as
the annealing temperature. The formation of different thicknesses in ridges
for each sample is also attributed to the concentration of the ZnO precursor
material. It is fundamental for the ridges to be as thin as possible to increase
the light scattering capability which in turn may enhance photon absorption
of the incident light, thus improving the photocurrent of the solar cell [3.18].
The ZnO nano-ridge film in figure 3.2 (c) showed ripple-shaped
morphology of thicknesses ranging from 130 nm to 160 nm; due to the
formation of these ridges on the ZnO thin film the light—scattering capability
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of the thin film is thus enhanced compared to the conventionally annealed
ZnO thin film as well as the ramp-annealed ZnO thin films with precursor
concentration greater than 0.45 M. The ZnO nano-ridge film thus functions
as light trapping structures; enhancing the optical path and photon
absorption probability of the incident light and prevent the formation of
shunt paths [3.19].

http://etd .guzwc.ac.za/



Figure 3. 2: SEM images of ZnO thin films ramp-annealed for different
concentration of (a) 0.75 M, (b) 0.60 M and (c) 0.45 M.
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EDS analysis was used to confirm the chemical composition of the prepared
thin films. The presence of ZnO was observed for both annealing conditions
of the ZnO thin films. The energy peaks for the Zn element and oxygen
could be seen as presented in Figure 3.3(a) and 3.3(b). The EDS indeed
confirmed the purity of ZnO and also confirmed that there were no
undesirable chemical residues in the prepared samples. The signal presence
of sodium (Na), calcium (Ca), potassium (K), silicon (Si), indium (In) and
tin (Sn) were from the substrate. Due to some peak broadening of the In
signal in Figure 3.3(b), no potassium signal was detected. The detected
carbon is related to the carbon coating sputtered on the surface of the sample
in preparation for SEM analysis. The sample has to be carbon coated prior
to being inserted into the SEM in order for the sample to be conductive to
avoid charge build-up during analysis. In Figure 3.3(a) the signal for sodium
was not detected, this might be due to the EDS detection limits of the

instrument.
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3.3.2 Structural analysis of the ZnO thin film layers.

The samples were studied with GIXRD, using an Empyrean diffractometer
with Cu Ka radiation (wavelength A = 1.542A). The GIXRD patterns were
taken for the analysis of the phase and crystalline structure. For the ZnO
thin films the GIXRD pattern in Figure 3.4(a), exhibits diffraction peaks
(100), (002), (101), (110) and (103) which compares well to the peaks of the
reference code (01-079-2205). For the ZnO thin films the GIXRD pattern in
Figure 3.4(b), exhibits diffraction peaks (100), (002), (101), (102), (110),
(103) and (112) which compares well to the diffraction database peaks of
the reference code (01-079-2205). Previous studies revealed that the ZnO
thin film has a hexagonal wurtzite crystal structure [3.8]. The analysis of
both patterns indicates that the ZnO thin film represented in Figure 3.4 have
sharp and narrow diffraction peaks indicating a pure and crystalline material
[3.1]. The shaper peaks are due to grain growth with the annealing

temperature.
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The average crystallite sizes were calculated using the Debye—Scherrer’s

formula:

_ KA
- Bkt Cosb’

3.1)

where D = crystalline size, K = shape factor (0.9), and A = 1.542A and By,
= corrected broadening in radians. By applying the Williamson-Hall (W-H)
analysis a plot is drawn with equation (3.2) [3.20, 3.21]:

BriiCos =52 + 4¢ Sine. (3.2)

From the linear fit of the data, the crystalline size D was estimated from the

y-intercept, and the strain ¢ calculated, from the slope of the fit.
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The crystalline sizes and lattice strain is shown in Table 3.2 below.

Table 3. 2: Crystalline sizes and lattice strain by the Williamson-Hall (W-H)

analysis.
Calculated
ZnO D (nm) £ (x10%)
Conventionally
29.07 9.00
annealed
Ramp-annealed 23.91 5.00

It is clear from the table that for conventionally annealed ZnO thin film
there is an increase in both grain size and strain compared to the ramp-
annealed ZnO thin film. The increased grain growth with temperature
contributes to the sharper peaks seen in Figure 3.4(a). As is seen from the
W-H analysis, the strain is very small and thus their effect can be negligible

on the broadening.

From the interplanar spacing and the set of lattice parameters (hkl), the
lattice constants for a hexagonal wurtzite structure a and ¢ was calculated
from [3.2]:

d?

+L (3.3)

1 4(h2+hk+k2) 12
T3 c?

a?

The values of the experimental parameters were compared to the standard

parameters as shown in Table 3.3.
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Table 3. 3: Summary of the lattice constants of ZnO thin films.
Ref. code: 01-079-

Calculated
2205
ZnoO a (A) c(A) a(A) c(A)
Conventionally
3.2487 5.2102
annealed 3.2501 5.2071

Ramp-annealed 3.2495 4.9537

The difference in the c-axis lattice constant has to be attributed to the

occurrence of stress in the films [3.3].
3.3.3 Chemical analysis of the ZnO thin film layers.

FTIR has been identified as the technique of choice to obtain more insight
into the transformation in the chemical structure of ZnO ETLs. The raw
(untreated) FTIR transmission spectra of the ZnO thin films prepared via
conventional annealing and ramp-annealing are depicted in Figure 3.6. In
addition, Table 3.4 gives a summary of the absorption bands for the ZnO
thin films. The FTIR measurements were performed on layers spin-coated

on silicon substrates.

The first spectrum for the conventionally annealed sample was characteristic
of ZnO, see Figure 3.6. After the samples were thermally annealed it could
be observed that a conversion from the ZAD precursor to ZnO has occurred
since the absorption band in the 400 to 500 cm™ wavelength range were
visible; this may be attributed to the stretching modes of Zn-O [3.22];
similarly, for the ramp-annealed sample. The band positions and the number
of absorption peaks observed are not only depending on crystalline structure
and chemical composition but also on the thin film morphology attributed to

the variation in stress acting on the thin films [3.23].
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Table 3.4 shows a summary of the absorption bands for the ZnO thin films.
The IR spectra for the conventionally annealed sample shows a
characteristic ZnO absorption feature at 409.98 cm™ (see inset of Figure
3.6(a)) corresponding to the wurtzite structure which is theoretically
confirmed [3.23], whereas the ramp-annealed sample shows band at 436.66
cm* which corresponds to Zn-O bonds [3.24]. The band attributed to ZnO
exhibits a more intense band for the conventionally annealed ZnO thin film
also showing improved crystallinity. The rest of the peaks seem to dominate
compared to peaks observed for the ZnO information. The peak around
1053.43 cm? for the ramp-annealed sample is assigned to the C-O
stretching vibrations [3.25]. The bands in the spectral range from 1423.91
cm? — 1586.77 cm™ are attributed to C=0 stretching mode [3.26]. The
peaks around 2913.46 cm™ and 2919.38 cm™ are due to the existence of C-
H bonds in the thin film [3.27]. Lastly we observe O-H stretching bonds
around 826.19 cm™ and 3373.60 cm™ [3.28, 3.29]. It can be noted that the
O-H stretching bond is not visible for the conventionally annealed ZnO thin
film. Also, it is evident that the conventionally annealed thin film shows
weaker absorption bands for the C=0 stretching mode and the C-H bonds.
These are vibrations due to organic residuals and water which becomes less

apparent due to higher temperature annealing.

Table 3. 4: FTIR absorption bands and assignments of ZnO.

Peak wavenumber (cm?) Assignment
409.98 Wourtzite ZnO
436.66, 826.19 Zn-0 stretching mode
1053.43 C-O stretching mode
1423.91 C=0 stretching mode
1585.53, 1586.77 O-H bending mode
2913.46, 2919.38 C-H stretching modes
3373.60 O-H stretching mode
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Evidently the FTIR spectroscopy measurements confirms that the ZnO
precursor was completely converted into crystalline ZnO; supporting the

results obtained from the XRD analysis.
3.3.4 Optical properties of the ZnO thin film layers.

Generally, the high optical transmittance of the ZnO layers is suitable for
the preparation of organic solar cells. Since the photoactive layer of the
P3HT: PCBM blend exhibits good absorption in the visible range the optical
properties of the ZnO ETL is crucial to ensure that incoming light crossing
the ETL is absorbed in the photoactive layer. The transparency of the ZnO
ETL layers on glass/ITO were thus probed by UV-vis spectroscopy. The
transmittance of the two metal oxide thin films acting as ETLs were
measured and their spectra are shown in Figure 3.7. Both thin films show
good average transparency in the visible range, where the highest
transmittance is for the conventionally annealed ZnO thin film. The ZnO
ramp-annealed thin film is less transparent with respect to the conventional
annealed thin film which is consistent with the white foggy appearance of
the thin film which shows a light scattering effect. The other difference is
the shift in the absorption edge for the ZnO thin film for the two contrasting
annealing methods. 1t is well known that the absorption edge is closely
related to the properties of the material. Generally, a narrower band gap for
metal oxides indicates a higher degree of crystallinity [3.30], which may be
the case for our ZnO thin film when it is conventionally annealed compared

to ramp-annealed.
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Figure 3. 7: Transmission spectra of ZnO thin film conventionally annealed
and ZnO thin film ramp-annealed on ITO substrate and bare ITO on the
glass.

Absorbance measured from the glass side of the sample with the active layer
deposited on the ETLs indicates that the polymer films with the ramp-
annealed ZnO and thin film showed increased absorption in the visible
range of the spectrum, which is indicated with the light blue curve in Figure
3.8. This measurement was performed to probe whether the active layer
behaves differently for the different ETLs when incident light crosses the
ETL and is absorbed by the active layer.
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The optical band gap of the thin films was evaluated from the transmission
spectra of the thin films, coated on quartz glass substrates. Then, by
extrapolating the linear portion of the curve presented by (ahv)? as a
function of (hv) one can estimate the optical band Eg (Tauc’s model [3.31])
from

(ahv)? = A (hv - Eg), (3.4)
where A is a constant independent of energy and h is Planck’s constant, hv
is the photon energy and a is the absorption coefficient. A plot of (chv)? vs

(hv) yields a good straight-line fit to the absorption edge and provides the

optical band gap from the hv axis.
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A good linear relationship was obtained and fitted by means of equation
(3.4); the results are shown in Figure 3.9. The optical band gap for ZnO is
3.25eV and 3.35 eV, respectively, which indicates a direct band gap. The
band gap in the present study is in fair agreement with the E4 value of bulk
ZnO of 3.37 eV [3.32]. The discrepancy in the band gap values for ZnO thin
films could come from the different film preparation methods used or
variations in annealing type and annealing temperature [3.33], yielding
different microstructures [3.34]. The optical band gap for both ZnO thin
films red shifted from 3.37 eV to 3.35 eV and 3.25 eV for the ramp and
conventionally annealed ZnO thin films, respectively. This red shift is due
to decreasing quantum confinement with increasing crystallite size as
temperature increases [3.35]. The changes in the optical band gaps with
respect to the ZnO morphology leads to the band gaps smaller than its bulk
value. Overall, the modification of the band gap can be attributed to
improved crystallinity of the conventionally annealed thin film, due to

reduction of strain and defects, as well as crystallite sizes [3.36]
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Reflectance spectroscopy was used to probe the ZnO thin films; specifically,

diffuse reflectance. An integrating sphere in combination with a

spectrometer was used to capture and measure the reflected and scattered

light from the surface of each sample. On a rough and irregular surface, the

collection of the back reflected and diffusely scattered light are commonly

collected. Figure 3.10 presents the diffuse reflectance plots for the

conventionally annealed and ramp-annealed ZnO thin film. Evidently, the

diffuse reflectance for the conventionally annealed ZnO thin film is much

less than that for the ramp-annealed ZnO thin film. We observed that the

maximum diffuse reflectance is largely dependent on the roughness of the

thin film. This directly relates to the differences in the growth morphologies

observed in the SEM analysis. Decreased roughness leads to less diffuse

reflection.
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Figure 3. 10: Diffuse reflection spectroscopy of the ZnO thin films.
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3.4 Conclusion

The structural and optical properties of ZnO were investigated using, high-
resolution scanning electron microscopy (HR-SEM), x-ray diffraction

(XRD) and ultraviolet-visible (UV-vis) spectroscopy.

The SEM results have shown that the ridge structures are dependent on the
concentration of the precursor materials. The morphology of the thin films
prepared using a sol-gel method can be easily controlled through adjusting
the concentration of the precursor solution as well as the post thermal
treatment. XRD results confirmed that the thin films are ZnO without any
impurities and have a hexagonal wurtzite structure. UV-vis absorption
spectra showed that the absorption band of the ZnO is around 320 - 360 nm,
which red-shifted relative to the bulk exciton absorption (373 nm). This red-
shift is due to film strain during the annealing procedure. The optical
properties of ZnO thin films make it suitable to serve as ETL in an inverted
OSC device. Furthermore, electrical characterization will be explored in the

operation of inverted solar cells with an ITO/ ZnO in chapter 5.
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CHAPTER FOUR

4 Investigation of the influence of annealing treatment
on the morphology, structural and optical properties

of Titanium Dioxide (TiOy) thin film layers.

4.1 Introduction

This chapter provides experimental findings for the TiO: thin films prepared
with conventionally annealed and ramp-annealed treatments. Initially, these
conditions are investigated to observe and control the morphological
induced changes; here different nanostructures are observed. These
differences observed on the surface of the TiO; thin films from
conventionally annealed and ramp-annealed treatments are characterized to

study their influences.

TiO2 is an attractive n-type semiconducting material, with a variety of
applications such as gas sensors, dye-sensitized solar cells, photocatalysis,
photoelectrochemical cells, self-cleaning glasses, paints and wave guiding
[4.1, 4.2]. Many of these important applications of TiO, depends on its
unique structural, optical and electrical properties owing to the
biocompatibility, chemical and physical stability, non-toxicity and long term
photo-stability [4.1-4.3]. TiO> possesses attractive properties; some of them
are high refractive index, high dielectric constant and high transparency to
the visible and near-infrared light [4.3]. There are several factors such as
particle size, crystallinity and morphology which determine important
properties in the performance of TiO2[4.4, 4.5].

TiO; exists in three crystalline forms which are anatase (tetragonal), rutile
(tetragonal) and brookite (orthorhombic) phases. Due to these different
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phases, TiO2 exhibit a wide band gap (3-3.3 eV) [4.6, 4.7]. Moreover, thin
films of TiO2 can be prepared by various techniques; amongst them are
sputtering [4.8], chemical vapour deposition (CVD) [4.9], molecular beam
epitaxy [4.10], hydrothermal [4.11] and sol-gel process [4.4-4.6].

The properties of most metal oxides depend on the chemical synthesis
method employed for fabrication. Thus, the material can be modified for the
final application. The sol-gel technique has emerged as a new processing
route due to its many advantages like, ease to obtain high-quality thin films
and homogenous nanostructures [4.5, 4.12, 4.13]. However, the quality of
the TiOz thin film is still affected by many factors [4.14]; hence in this work
the objective of the investigation is to study the effects of the concentration
on the thin film properties by preparing it using the sol-gel technique in
order to deposit the precursor material of TiO2 on ITO substrates, followed
by two different post-annealing treatments. The influence of the
nanostructured thin films will be investigated by utilizing them for
application in organic/ hybrid OSC to establish to which extent the device

efficiency is affected.
4.2 Experimental details
4.2.1 Preparation of TiO thin film by conventional annealing.

The TiO2 sol-gel was prepared using Titanium (V) Isopropoxide (TTIP),
Acetic Acid (AA) and Ethanol (all from Sigma Aldrich) as the starting

material, catalyst and solvent, respectively.

TiO2 thin films based on the conventional annealing have attracted much
attention as a promising ETL since it has good transparency in the whole
visible region. Post-annealing treatment is required to achieve optimum
quality and morphology after spin coating. In this work the traditional

compact TiO> thin film was prepared by adopting a procedure by Senthil et

http://etd%z/vc.ac.za/



al. and Ranganayaki et al. [4.13, 4.16]. Traditionally the compact TiO thin
films are prepared using the following procedure. Initially, 1.5 ml of TTIP is
dissolved into 10 ml of ethanol and 0.1 ml of AA added dropwise into the
mixture at room temperature. The mixed solution is magnetically stirred for
4 hours at room temperature to obtain a transparent solution. The final
composition of the solution in volume ratio is TTIP:Ethanol:AA = 1:10:0.1

ml. This mixture served as the coating solution.

After cleaning the substrate using the sample preparation method discussed
in chapter 3.2.1, a volume of 200 pl of the resulting solution is carefully
dropped on top of the ITO substrate until the surface is covered. The
substrate is then rotated using an Ossila spin coater; the spin coater reached

4000 rpm which is maintained for 40 s.

After coating, the coated film is removed and dried at 100°C for 10 min on a
pre-heated Chemat hot plate. Thereafter, the resulting film is inserted into a
tube furnace and annealed in air at 500°C for 1 hour. The tube furnace was
ramped up to 500 °C at a ramping rate of 10 °C/ min, where it dwelled for 1

hour before being cooled down to ambient temperature.
4.2.2 Preparation of TiO> thin film by ramp-annealing.

In the previous chapter a strong dependence of the ZnO thin film properties
could be attributed to the ramping rate with which the film was annealed.
Here in this chapter we replaced the ZnO thin film with a TiO thin film to
investigate whether the same effects can improve the conversion efficiency,
thus enhancing the overall efficiency. In order to achieve the
aforementioned, we changed from the traditional furnace annealing to the
controlled ramp-annealing procedure for the TiO> thin film preparation. The
morphology of TiO> the thin was also manipulated using different solution
concentrations. The TiO thin films were fabricated using TTIP as a

precursor material. The concentration of the prepared solution was prepared
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for different proportions of AA. Initially, TTIP is dissolved into ethanol and
then AA was added dropwise into the mixture at room temperature. The
final composition of TTIP:Ethanol:AA for the precursor solution is
summarized in Table 4.1. The first solution was prepared by adding 1.5 ml
of TTIP into 10 ml of ethanol and then adding 0.1 ml of AA to make the
final solution. The second solution consisted of a volume ratio of 1.5:10:0.2

ml.

Table 4. 1: Chemical composition for the TiO> precursor solution with

different concentration determined by various volumes of acetic acid.

TTIP (ml) AA (ml) Ethanol (ml)
15 0.1 10
15 0.2 10

Both of the mixed solutions were magnetically stirred for 4 hours at room
temperature to obtain a transparent solution.  This mixture served as the
coating solution. Then the precursor solution is carefully pipetted on top of
an ITO substrate initially dropping 5 drops on the surface until it is covered.
The substrate is then rotated using an Ossila spin coater; the spin coater
reached 2000 rpm which is maintained for 40 s while continuously dropping

21 drops of the precursor solution.

After coating, the coated film is placed onto the Chemat hot plate and dried
by ramping up it from room temperature to 275 °C, with a ramping rate of
25 °C / min. When the hot plate reaches the desired temperature of 275 °C,
the resulting film is immediately removed and left to cool down to ambient
temperature. The low-temperature procedure used minimizes inter-diffusion
between the Ti (titanium) and the In (indium) at the ITO/TiO; interface;
maintaining the conductivity of the ITO substrate [4.17].
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4.3 Results and discussion

4.3.1 Morphological analysis of the TiO2 thin film layers.

SEM is a very important tool to study the surface morphology and the
crystals of sample since the organic solar cell performance is highly
dependent on the surface morphology. Therefore, SEM was used to
investigate the effect of the annealing procedures on the ETLs prepared on
ITO substrate. The conventionally annealed TiO> ETL shows a crack-free
film with superior surface flatness, well defined fine structure and small
grains as shown in Figure 4.1, covering the whole surface without any

visible pin holes.

Figure 4. 1: SEM micrograph of the TiO. thin film conventionally

annealed.

From Figure 4.2 we surmise that TiO2> mesoporous structures were obtained
during the ramp-annealed process. Mesoporosity refers to sponge-like
structures with partially interconnected pores formed by the accumulation of
particles. We surmise that the slow evaporation of the TiO. solution results
in self-assembly and structural transformation, leading to the formation of
porous structures. Light diffusion efficiencies within the interconnected
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mesopore network is thus enhanced due to the multiple scattering of light in
the interpenetrated mesopores [4.18]. Mesoporous TiOz thin films with
different morphologies by adjusting the solution concentration are shown in
Figure 4.2. Different concentrations (a) 0.1 ml and (b) 0.2 ml are deposited
by spin coating. Both samples were ramp annealed to 275 °C. From Figure
4.2(a) and (b) it can be seen that the TiO> thin film has a morphology with
porous structures covering the substrate. It was found that the thin film in
Figure 4.2(a) is denser due to the concentration of acetic acid. The size of
the pores in Figure 4.2 (a) ranges from 100 nm to 600 nm. The pore size of
the TiO> thin film significantly increases in diameter reaching approximate
sizes up to 1um in diameter due to conventional annealing. The porous
nature of the thin film is thus proportional to the concentration of the
precursor solution. The high porosity and high pore volume is favourable to
improve light absorption. Larger pore sizes provide a more favourable
pathway for the exciton diffusion at the interface when applied to OPVs

which contributes toward enhanced efficiency [4.19].
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Figure 4. 2: SEM images of TiO; thin films ramp-annealed for different

acidic acid concentrations of (a) 0.1 ml and (b) 0.2 ml.

EDS was used to confirm the presence of TiO2 and to confirm that there
were no undesirable chemical residues in the sample. The EDS indeed
confirmed the purity of TiO. represented by the presence of Ti and O
elements. The presence of Sn, Ca, In and Si are from the substrate that was
used. The detected carbon is from the carbon coating used during the

preparation of the sample.
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4.3.2 Structural analysis of the TiOz thin film layers.

X-ray diffraction (XRD) patterns of the samples were taken and analysed
for phase and crystalline structure, using an Empyrean diffractometer with
Cu Ko radiation (wavelength A = 1.542A). For the TiO> thin film annealed
at 500 °C the x-ray diffraction pattern in Figure 4.4, exhibits diffraction
peaks (101), (004), (211), (204) which compares well to the peaks of
(JCPDS 21-1272) and (101), (111), (200) which compares well to the peaks
of (JCPDS 21-1276). The prepared film shows a mix of rutile and anatase
phases represented by r (JCPDS 21-1276) and a (JCPDS 21-1272),
respectively. The presence of both anatase and rutile phases indicates high
crystallinity and also exhibits improved photocatalytic performance that was
investigated by Hurum et al. [4.20] to explain this enhancement. The peaks
marked by a (*) are due to the presence of ITO from the substrate. In Figure
4.4(b) no crystalline peaks are observed for the TiO2 material, only ITO
peaks are visible, this may be due to the method of producing the thin film
as well as the film being too thin to be detected. Another explanation might
be that the ramp-annealed thin film is still in the amorphous state due to the

low processing temperature.
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The average crystallite sizes were calculated using Debye-Scherrer’s

formula:

_ KA
- ,BhleOSB,

(4.1)

where D = crystalline size, K = shape factor (0.9), and A = 1.542A and By,
= corrected broadening in radians. The average crystal size D calculated for
each anatase and rutile phases are shown in Table 4.2.

Table 4. 2: Crystallite size, phase composition of the conventionally

annealed sample.

Calculated
“TiOz thin film ~ D(nm) B
_Anatase“_ A, __4_5.81__ N

“Rutile 56.80

From the interplanar spacing and the set of lattice parameters (hkl), the
lattice constants for a tetragonal structure a and c¢ was calculated from
[4.11]:

== (25 +5 (4.2)

The values of the experimental parameters are compared to the standard

parameters in Table 4.3.

http://etd%%vc.ac.za/



Table 4. 3: The values of the experimental parameters will be compared to
the standard parameters.

Ref. code: 21- Ref. code: 21-
1272 1276

Calculated

TiOzthinfilm  a() ¢ (A a(d) cA al) cA

Conventionally

annealed 3.7583 9.4892 3.7852 9.5139 - -
(anatase)

Conventionally

_ 41159 3.1802 - - 45933 2.9592
annealed (rutile)

4.3.3 Chemical analysis of the TiO2 thin film layers.

The chemical structure of the deposition of TiO2 thin films were analysed
using FTIR spectroscopy. Figure 4.5 shows the FTIR spectra of thin films

spin coated on Si substrates after conventional and ramp-annealing.

As can be seen in Figure 4.5, the features in the band range 400-900 cm™ is
characteristic of TiO2 [4.21]. It can also be .observed that the 400-500 cm™
peak becomes sharper due to the higher deposition temperature used for the

conventionally annealed treatment.
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From the inset of Figure 4.5 the weak bands around 431.45 cm™ and 437.25
cm™ may be assigned to the Ti-O-Ti stretching vibration [4.22]. The 796.04
cm peak is related to the titanium isopropoxide which is ascribed to the Ti-
O stretching mode [4.22]. The bands at 1053.14 cm™ and 1561.55 cm™ are
due to the respective C-O and C-C stretching modes [4.23]. Weak bands in a
region 2937.16 cm™ can be assigned to the C-H stretching of hydrocarbon
contamination at the TiO> surface, which could not be removed by the heat
treatment at 500 °C in air [4.24]. The 1639.26 cm™ band is assigned to the
O-H stretching mode and finally the broad absorption band centred at
3319.90 cm™ (also O-H stretching mode) is only observed in the ramp-

annealed sample due to lower annealing temperature [4.25].

Table 4. 4: FTIR absorption bands and assignments of TiOx.

- Peak wavenumber (cm™) Assignfnent
431.45, 437.25 Ti-O-Ti stretching modes
796.04 Ti-O stretching modes
1053.14 C-O stretching mode
1561.55 C-C stretching mode
2937.16 C-H stretching mode
1639.26, 3319.9 O-H stretching mode

4.3.4 Optical properties of the TiO- thin film layers.

The TiO2 ETL is crucial to ensure that incoming light crossing the ETL is
absorbed in the photoactive layer. The transparency of the TiO2 ETL layers
on glass/ITO were thus probed by UV-vis spectroscopy. From the spectra, it
was observed that the two metal oxide thin films acting as ETLs were
transparent in the visible region and showed absorption in the UV region.
The highest transmittance is for the TiO> thin film conventionally annealed.
The TiO2 ramp-annealed thin film is less transparent with respect to the

conventional annealed thin film. The change in transmittance might be
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attributed to differences in the surface microstructure. It is also consistent
with the hazy appearance of the thin film which shows a light absorption
and light scattering effect. The other change in the transmittance can also be
due to the two contrasting annealing methods. The maximum transmittance
for the two samples ranges between 75% to 85% in the visible range. As can
be seen in Figure 4.6, an increase in annealing temperature improves the
film’s optical transmission. Ahmed et al. [4.26] showed that the ITO thin
film exhibits enhanced crystallinity with increasing temperature. From this
statement the optical transmittance increase can be correlated with improved
crystallinity of both the ITO substrate and the TiO> thin film [4.27].
Moreover, the TiO> thin film indicates an improvement in the crystalline

quality when conventionally annealed.
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Figure 4. 6: Transmission spectra of TiO> thin film conventionally annealed

and TiOz thin film ramp-annealed on ITO substrate and bare ITO on glass.

We used absorbance measured from the glass side of the sample with the

active layer deposited on the ETLs that indicates that the polymer films with
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the ramp annealed TiO> thin film showed increased absorption, which is
indicated with the orange curve in Figure 4.7. This measurement was
performed to probe whether the active layer behaves differently for the
different ETLs when incident light crosses the ETL and is absorbed by the
active layer.
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Figure 4. 7: Absorbance spectra of the active layer on TiO; layers (ca —

conventionally annealed, ra — ramp-annealed) from glass side.

The optical band gap of the thin films was evaluated from the transmission
spectra of the thin films coated on quartz glass substrates. The extrapolation
of the optical band gap was performed using (ahv)*™ = B(hv —Eg) (Tauc’s
model described in chapter 3.3.4).
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Figure 4. 8: (ahv)? versus photon energy (hv) plot of (a) TiO2 thin film ramp

annealed and (b) TiO- thin film conventionally annealed.

A good linear relationship was obtained and fitted by means of equation
(3.4); the results are shown in Figure 4.8. Indication of a direct band gap of
3.27 eV and 3.29 eV for TiOy is also in fair agreement with the literature
value of 3.20 eV [4.2]. The optical band gap for both TiO- thin films blue-
shifted from 3.20 eV to 3.27 eV and 3.29 eV, respectively [4.28]. Overall,
the modification of the band gap can be attributed to improved crystallinity
of the thin films [4.29].

In order to confirm the effect of different annealing methods diffuse
reflectance spectroscopy (DRS) were carried out. Figure 4.9 shows plots of
the diffuse reflectance (DR) spectroscopic investigations to give further
insight into the scattering properties of the TiO- thin films. It was observed
that compared to the conventionally annealed TiO> thin film, the DR was
higher for the ramp-annealed TiO2 thin film. The low reflectance as
observed for the conventionally annealed thin film suggests most of the
visible light is transmitted through the film, clearly shown in Figure 4.6. The
ramp-annealed thin film exhibits nearly 20% improved DR compared to the
conventionally annealed thin film due to a higher amount of light scattering;

this can be ascribed to multiple-reflection by the mesoporous structure.
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Consequently, optical pathways can be increased in the photo-cathode layer
by the repeated reflection. Moreover, the probability of enhanced light-
harvesting/ absorption can facilitate improved exciton generation. In turn
the increase in photo-generated excitations could lead to improved short-
circuit current [4.30].
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Figure 4. 9: Diffuse Reflectance Spectra of TiO2 thin film.

4.4 Conclusion

The structural and optical properties of TiO> were investigated using
ultraviolet-visible (UV-VIS) spectroscopy, high-resolution scanning

electron microscopy (HR-SEM) and x-ray diffraction (XRD).
We have successfully fabricated the TiO> layer by spin coating the

precursor onto the substrate, followed by annealing. The behaviour of the

thin films is found to be dependent on the post deposition annealing. A
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correlation between the morphology and the solution concentration was
established. XRD results confirmed that the thin films are TiO2 without any
impurities and have both anatase and rutile phases; additional support to
confirm this came from FTIR analysis. UV-vis transmission spectra
showed an average of around 80% transmission that was observed for the
TiO> thin films. The optical properties of TiO: thin films make it suitable to

serve as an ETL in an inverted OSC device, which is explored in chapter 5.
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CHAPTER FIVE

5 Performances of the inverted solar cells based on

Ti02 and ZnO blocking layers

5.1 Introduction

In this chapter the device preparation for metal oxides in organic/ hybrid
solar cell is described. The impact of the spin coated and thermally
evaporated MoOx thin films on the device performance is investigated and
described. It has been found that the efficiency of the device is critically
affected by the MoOx hole transport layer. The ZnO and TiO2 electron
transport layers are utilized in an inverted geometry and a comparative study
is discussed. Finally, a Ag contact has been deposited. Knowing that surface
texturing leads to enhanced optical path lengths the modified ETLs
combined with the inverted OSCs can significantly influence the device

performance, thus I-V characteristics of the various OSCs are discussed.

OSCs have been attracting. much attention over the past decade and are
nowadays considered a promising PV technology for solar energy
harvesting. This is mainly due to the possibility of low-cost solution process
capability and compatibility with flexible substrates [5.1, 5.2]. Due to its
known functionality and processability over the years, attention was focused
on conventional devices made of an active layer sandwiched between
ITO/PEDOT: PSS and a low work function metal, typically aluminium.
However, the acidic nature of PEDOT:PSS causes erosion of the ITO
substrate and degrades the solar cell due to In diffusion into the active layer
[5.3]. In addition, the diffusion of oxygen and moisture through the pinholes
and grain boundaries of the Al electrode into the active layer was also found
to degrade the device performance and reduce its lifetime [5.3]. This led to

the implementation of alternative architecture, the so-called an inverted
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design. As schematically shown in Figure 5.1, this architecture can be
employed to improve the lifetime and stability of such devices by replacing
the low work function metal Al with a high work function metal, which is
less air-sensitive. The inverted configuration of OSCs also avoids the need
for PEDOT:PSS at the ITO interface. Nowadays, this polymer is replaced
with transition metal oxides such as ZnO or TiO2 to form ETLs due to their
superior atmospheric stability [5.5]. The purpose of these ETLS in an
inverted OSC is to exploit their hole-blocking capabilities and to provide a
low resistive path for efficient electron collection [5.6]. The HTLs are
usually metal oxides such as MoOs, V20s, NiO and WO [5.4]. High work

function metals such as Ag or Au were used as the electrode [5.6].

The sol-gel method for deposition of metal oxide thin films is used widely
due to its simplicity and the ability to optimize the morphology of the film,
which depends amongst others on the annealing temperature. This process
offers customizable microstructure, excellent stoichiometry control of
precursor solution and possible coating over large areas [5.7]. In this work,
our study aims to optimize the solution processing of metal oxide thin films
for use as ETL (ZnO & TiO) and HTL (MoOx) in OSCs. The performance
of devices constructed from a solution-processed MoOx HTL is compared
with those deposited via a more conventional method, namely thermal
evaporation of MoOx. For ETLs, we have prepared ZnO and TiO2 by
solution processing, and post-deposition treatment included a significant
reduction in conventional high annealing temperature treatment. The
influence of this approach on the morphology of the ETLs is investigated.
The electrical characteristics of solar cell devices (glass/ ITO/ ETL/ P3HT:
PCBM/ MoOy/ Ag) were measured and compared.
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Figure 5. 1: Schematic of an inverted device structure.

5.2 Experimental details

5.2.1 Fabrication of the hole transport layer (HTL)

The Molybdenum (1V) oxide and Ammonium hydroxide (28 -30%) were all
purchased from Sigma Aldrich and used as the starting material for the
MoOx HTL.

The MoOx thin film was deposited by thermally evaporating the MoQO3
powder. The powder was placed in a molybdenum boat and loaded into the
Vacutec vacuum chamber. The chamber was pumped down to a base
pressure of 6.5 x 10° mbar before the evaporation started and the working
pressure was maintained at 1x 10° mbar throughout the process. The
evaporated MoOx thin film was deposited at an evaporation rate of 0.5 A /s.
The nominal thickness of the deposited film was measured to be 10 nm,
using the Veeco Dektak profilometer. This was in close agreement with the
quartz-crystal monitor that is part of the Vacutec vacuum system. The
distance between the substrate and the source was approximately 12 cm in
order to obtain a homogeneous thin film.
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For the spin coated MoOy thin film preparation, 50 mg of Molybdenum (iv)
oxide was dissolved in 1 ml of Ammonium hydroxide (28-30%) in
preparation of the precursor solution. The solution was magnetically stirred
at 50 °C for 1 hour until the solution turned clear. Thereafter, the solution
was cooled down to room temperature. The solution-processed MoOx thin
film was deposited by drop casting 200 ul of solution onto the surface of the
prepared structure of glass/ITO/ETL/P3HT:PCBM. This was deposited at a
spinning rate of 3000 rpm for 60 seconds, yielding a nominal thickness of
10 nm, as measured by the Veeco Dektak profilometer. The sample was
then placed on the pre-heated Chemat hot plate for curing at 150°C for 10

minutes.

5.2.2 Device structures and device fabrication.

Pre-pattered 1TO glass substrates (8-pixel) from Osilla were used for the
OSC fabrication and testing. The ITO patterned substrates were placed in a
rack to start the cleaning process. A small amount of Hellmanex (1 ml) were
mixed in boiling Di-water (50 ml). The rack containing the ITO-substrates
was placed in the Hellmanex solution and sonicated for 10 min. The ITO-
substrates were then thoroughly rinsed consecutively in boiling DI-water,
twice. Thereafter the ITO-substrates were sonicated in IPA for 10 minutes.
This was followed by a second rinsing in boiling DI-water. When the
cleaning was finished the ITO substrates were dried with compressed air/

nitrogen gun.

To fabricate the OSC devices as described in Table 5.1, after cleaning the
substrates, the conventionally annealed ZnO and the ramp-annealed ZnO
ETLs (refer to chapter 3) and the conventionally annealed TiO2 and ramp-
annealed TiO2 ETLs (refer to chapter 4) were spin-coated on the patterned
ITO using the Ossila spin coater. Subsequently, an optimal weight ratio of
P3HT: PCBM of 1:1 and optimum annealing temperature of 150 °C was
used as reported by Chirvase et al. [5.8] and Reyes-Reyes et al. [5.9],
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respectively. The precursor material was prepared by stirring P3HT (15 mg/
ml) and PCBM (15 mg/ ml) which was dissolved in a solvent of 1, 2
dichlorobenzene at 60°C overnight using a Lasec digital hot plate stirrer at a
rotational speed of 400 rpm. The as-prepared P3HT/ PCBM blend solution
was deposited on top of the ITO/ ETL structure at 900 rpm for 100 seconds
and then dried at 150 °C on a Chemat hot plate for 30 minutes. The resulting
blended film was ~100 nm thick as determined by profilometry. This was
followed by the deposition of a Molybdenum (V) oxide precursor both by
thermal evaporation and spin coating methods. Finally, a 100 nm Ag layer
was sequentially thermally evaporated at a deposition rate of 0.5 A /s and
base pressure of 6.5 x 10° mbar. The thermal evaporation of MoOx and Ag
were obtained using the Vacutec vacuum system in the CADAR (Cluster
Apparatus for Device Application Research) situated in the Department of
Physics and Astronomy at the University of the Western Cape (UWC). The

device configurations are given in Table 5.1.

Table 5. 1: Device configurations based on the preparation method of the
ETL and HTL.

ETL conventionally-annealed ETL ramp-annealed

MoO solution- glass/ ITO/ ZnO/active layer/ MoO,/ Ag. glass/ ITO/ ZnO/active layer/ MoO,/ Ag.
processed
glass/ ITO/ TiOx/active layer/ MoO,/ Ag glass/ ITO/ TiO2/active layer/ MoO,/ Ag

MoOy thermally glass/ ITO/ ZnOlactive layer/ MoO,/ Ag. glass/ ITO/ ZnO/active layer/ MoO,/ Ag.
evaporated
glass/ ITO/ TiO,/active layer/ MoO,/ Ag glass/ ITO/ TiO,/active layer/ MoO,/ Ag

5.2.3 Stages of lamella preparation by FIB-SEM.

In this section the different stages of TEM lamella preparation are
explained, as depicted in Figure 5.2 below. Figure 5.2(a) illustrates the
deposition of carbon either by Ga* ions or by electrons. This process is done
to protect and stabilize the lamella sample and prevent it from breaking in
the following stages. The next step is trench milling to remove the material

at a desired location, shown in Figure 5.2(b). This is followed by the
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separation of the lamella from the bulk of the material. Here the sample
must be tilted as in Figure 5.2(c), such that the sides and the bottom can be
cut by ion beam. Just before the lamella is cut free, a micromanipulator is
fixed and welded to it for easy removal and transfer of the lamella from the
sample to the TEM lift-out grid, Figure 5.2(d) and (e), respectively. Now the
lamella is welded on the TEM transfer grid and separated from the
micromanipulator. The last step, in Figure 5.2(f), is the cleaning process
which is used to flatten or thin the lamella with an accelerating voltage of 5
kV and then post treat it with Ar* ions of low energy of 900 eV to reduce
artifacts; thus enhancing the quality of the sample for high-resolution

imaging.
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Figure 5. 2: Preparation of HR-TEM lamella by FIB milling (a) Carbon
protection layer, (b) trench milling, (c) separation of lamella from bulk
material, (d) removal of lamella, (¢) welding on TEM transfer grid, (f)

cleaning/ thinning process.

5.3 Results and discussion

5.3.1 High Resolution TEM analysis of the device.

In order to investigate more closely the individual layers within the inverted
OSC device, we used FIB-SEM to slice the device and characterize it by
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using HR-TEM. We investigated the cross-section of two inverted OSC
devices with both ZnO ramp annealed ETL and with a thermally evaporated
MoOx HTL and solution-processed MoOx HTL, respectively. Figure 5.3
below shows the HR-TEM image of the prepared cross-section where the
individual layers of a complete device can be clearly identified. A thin layer
of carbon was deposited on top of the device to protect it from damage by
the FIB ion beam and this can clearly be identified by the dark grey contrast
on the top. The cross-section also shows a dark contrast for the ITO, a
slightly darker contrast for the Ag, a grey contrast for the organic material
and a bright contrast for the ZnO and MoOx. Figure 5.3(a) reveals that the
thermally evaporated MoOyx acts as a separation layer between the
P3HT:PCBM active layer and Ag electrode keeping them from diffusing
into each other. It appears that there is an integration of the Ag and MoOx
layers at first; in fact, probing closer to the surface it becomes evident that
there is an overlap of the Ag layer on the MoOx layer, which may be caused
by the milling process. The image also shows enhanced contact surface
between the ZnO and ITO, which is essential to achieve high efficiency of
extracting and transporting photogenerated electrons into the electrode and
minimizing the charge recombination. Figure 5.3(b) presents the cross-
section of the inverted OSC, similar to the cross-section in Figure 5.3(a).
The bright contrast representing the MoOx layer is absent here; hence we
infer there is no buffer layer present. It is known that the MoOx precursor
solution has a hydrophobic nature [5.10], which can cause the diffusion of
the silver into the P3HT:PCBM layer.
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Figure 5. 3: HR-TEM cross-section view (a) representing an inverted device
configuration with thermally evaporated MoOx and (b) representing an

inverted device configuration with solution-processed MoOx.
5.3.2 High Resolution SEM analysis of the device.

Figure 5.4 illustrates the EDS line scan of the cross-section for the inverted
OSC indicated by the yellow line. Five distinct zones can be observed,
corresponding to the individual thin films that were successfully deposited.
The EDS line scan verified the interpretation of various elemental
compositions detected on the HR-TEM cross-section; confirming the
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formation of layers composed of Zn, Ag, Sn, Mo and C. These elements are
distributed uniformly across the whole device structure. However, a slight
increase in the line scan reveals Sn signals from the ITO substrate, indicated
by Layer 1. An increase in mainly Zn signals occurs as the scan reaches
Layer 2, suggesting the layer is primarily ZnO. The content of carbon traces
on Layer 1 may have been left behind by the Isopropanol solvent used in the
cleaning procedure of the ITO substrate. The increase of the carbon signal at
Layer 3 is a confirmation of the P3HT:PCBM photoactive layer; moreover
the EDS line scan does not show any signal for possible sulphur detected
from the P3HT. The further increase of carbon signal at the top of Layer 5 is
from the carbon deposition which was formed to protect the device for the
FIB milling process; no gallium was detected from this process. Layer 5 is
the signal for the silver metal contact which is in good agreement with the
experimental design. The EDS barely picks up the signal for Molybdenum
as it may be approaching the EDS detection limit. The Zeiss EDS detector
makes use of Berillium which produce a detection limit in the range of
1000-3000 parts per million (ppm). This is not useful for light element
determination. Meanwhile the WDS has a detection range of 30-300 ppm;
hence Molybdenum with an average of 1.5 ppm is difficult to detect
efficiently.

Mltlemems
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Figure 5. 4: EDS line scan analysis through a cross section of the inverted
OSC with ZnO ETL showing the element distribution on every layer.
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5.3.3 Current - voltage (I - V) characterization

The 1-V characteristics of the solar cell devices with four different metal
oxide ETLs are shown in Figure 5.5 and Figure 5.6. The un-encapsulated
device of area 0.0256 cm? was characterized under simulated AM 1.5
illumination with an intensity of 100mW/cm?. From Figure 5.5(a), the dark
current plots for the inverted devices show diode behavior for all the
devices. When the devices with solution-processed MoOs HTL, confirmed
by comparing the JCPDS (05-0508) with the XRD measurements (see
appendix Al), is under illumination it appears non-responsive; possibly due
to HTL being a hydrophobic film which makes it difficult to form on top of
the active layer of P3HT:PCBM. Hence this results in the possible diffusion
of Ag ions and oxygen into the active layer, or unwanted electron extraction
to the anode causing the device to short-circuit. However, when the HTL is
replaced with the thermally evaporated MoOy thin film a photoactive
response is observed. The MoOx thin film acts as a buffer layer to isolate the
Ag anode from the P3HT:PCBM active layer, improving the quality of the
interface and reducing recombination probabilities. Moreover, it facilitates
hole transport to the Ag anode while providing blockage to the flow of
electrons towards the anode. In addition, the buffer layer provides a barrier
to effectively prevent diffusion of the Ag anode into the polymer active
layer and protecting the active layer from being damaged during deposition
of Ag [5.11, 5.12].
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Figure 5. 5: Current-voltage curves of metal oxide ETLs and (a) solution-

processed MoOs HTL in the dark, (b) solution-processed MoOs HTL under
illumination.
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Figure 5. 6: Current-voltage curves of metal oxide ETL thermal evaporated

MoOyx HTL under illumination.

The device performance is summarized in Table 5.2. Metal oxides, as
interlayer material, plays an important role in the transportation of charge
carriers. Furthermore, the metal oxide ETLs may enhance exciton
dissociation at the polymer-blend ETL interface by increasing the number of
excitons between acceptor and donor materials which leads to improved
open-circuit voltage (Voc). The PCE is governed by the number of charge
carriers produced and those reaching the electrodes. When ZnO is ramp-
annealed, the corresponding device showed remarkably improved
performance over the device with ZnO which is conventionally annealed.
For example, when the ZnO is ramp-annealed, the device has a PCE of
3.32% and when the device is conventionally annealed it has a PCE of only
2.57%. Yu et al. [5.13] also showed a PCE decrease from 2.88% to 2.08%
for the ZnO thin film with decreased surface roughness. This is mainly

caused by the decrease in the photocurrent from 0.33 mA to 0.27 mA and
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the fill factor (FF). This change in current is due to the effect of the shunt
resistance as the lower Rq (135 Q.cm?) gives rise to a reduced amount of
current flow; meaning higher current leakage [5.14]. The same applies to the
devices corresponding to the TiO2 ETL. For device with TiO2 ramp-
annealed the PCE is 2.49% while the PCE is 2.19% for the device with TiO>
conventionally annealed. The enhancement in performance of the device can
be attributed to the lower leakage of current due to improvement in hole
blocking and electron collecting capabilities of the ramp-annealed ETLs.
The increased annealing temperatures in the conventional annealing
approach may cause formation of electrically insulating oxide layers which
creates a transport barrier and decreases performance [5.15], and decreases
its efficiency to act as a buffer layer compared to the ramp-annealing
approach. Since the conditions of the active layer, HTL and top electrode
are kept the same throughout; the performance of the devices can be
ascribed solely to the ETL. To clarify, the textured ETLs formed by ramp-
annealing shows improved charge extraction and PCE which is correlated
with the rougher ZnO surface and the mesoporous TiO2. These textured
ETLs provide an increased contact area with the photoactive layer, thereby
reducing photo-carrier recombination during electron transport [5.16].
Excitons created in the photoactive layers during light absorption can more
efficiently be separated by increasing the contact area between the ETLs and
photoactive layer, with further increased light scattering provided by the
ramp-annealed thin films. This makes enhanced photon absorption into the
device possible. The overall photovoltaic performances of these devices are
consequently improved, similar to previously reported experiments [5.17,
5.18].
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Table 5. 2: Performance parameters of inverted OSCs based on thermal
evaporated MoOx.

Voc Isc Rsh Rs PCE
DEVICE FF

(V) (mA) (Q.cm?) (Q.cm?) (%)
ZnO thin
film 0.61 0.27 0.40 135.38 12.59 2.57
ZnO ridge
thin film 0.61 0.33 0.42 155.02 16.80 3.32
TiO; thin
film 0.64 0.26 0.34 121.15 16.62 2.19
TiO;
Mesoporous 0.57 0.28 0.40 145.29 19.76 2.49
thin film

Further investigation into the all solution-processed inverted solar cell
yielded an electrical response. The application of a modified active layer -
an increased concentration from 15 mg/ ml to 30 mg/ml and a spin
deposition rate of 800 rpm for 80s, resulted in a thicker thin film of ~ 120
nm. Moreover, replacing the' Ammonium hydroxide solvent of the MoO3
solution with isopropanol lead to an increased adhesion between the MoOx
thin film and the P3HT:PCBM active layer, ensuring favorable HTL contact
at the active layer/HTL/Ag interface. In addition to the change of solvent of
the MoOx solution, the volume used to spin-cast was increased to 400 pl.
These changes were brought on by using the spin coating technique [5.19].
However, the solution still exhibits a discontinuous surface coverage. A
moderate device response arose due to the aforementioned change for the

devices with respective ETLs as depicted in Figure 5.7 below.
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Figure 5. 7: Current-voltage curves of metal oxide ETL solution-processed
MoOx HTL under illumination.

The photovoltaic performance of the all solution processed devices are
summarized in Table 5:3. The best performance is obtained from the device
with the TiO2 mesoporous thin film as the ETL. Making use of a solution
processed MoOx HTL resulted in a 72 % drop of the solar cell PCE with a
considerably lower PCE of 1.8 % compared to the 2.49 % for the same
inverted OSC with the thermally evaporated MoOx HTL. The same effect
applies for the OSC with the ZnO ridge thin film; although its PCE only
decreased with 34 %, from an efficiency of 3.32 % to 1.14 %. This lower
PCE is mainly due to a lower Vo. This may be due to the difficulty of
achieving a full coverage of the solution coated MoOx HTL,; thus creating a
possibility for current leakage. The performance of the conventionally
annealed ZnO and TiO: thin films exhibits an even further decrease in
performance with an efficiency of around 0.1 % and 0.38 %, respectively.
This behavior demonstrates that the method for producing the MoOx HTL

has a significant influence on the device performance.
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Table 5. 3: Performance parameters of inverted OSCs based on solution-

processed MoOx.

Voc Isc Rsh Rs PCE
DEVICE FF

V) (mA) (Q.cm?) (Q.cm?) (%)
ZnO thin
film 0.14 0.05 0.27 69.70 18.30 0.08
ZnO ridge
thin film 0.33 023 0.39 94.81 4.71 1.14
TiO; thin
film 0.30 0.10 0.32 126.86 18.98 0.38
TiO;
Mesoporous 0.43 0.27 0.39 115.52 6.07 1.80
thin film

It appears that increasing the thickness of the solution-processed MoOx thin
film is not necessarily an effective decision, due to the insulating nature of
MoOx thin films greater than 10 nm. This will reduce the short-circuit
current even further, resulting in a decreased PCE [5.19]. However, in our
experience we conclude that our devices are crucially reliant on the MoOx

layer.

It is thus feasible that an all solution-processed inverted OSC can be
feasibly be constructed, depending on an optimized MoOs precursor

solution.

5.4 Conclusion

At the conclusion of this series of studies, the OSC devices have been
optimized in terms of annealing conditions and ETL/HTL materials. There
is much potential in the field of organic photovoltaics. Different materials

can be explored for the absorber layer as well as the HTL of the cell.
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The solution processing technique was successfully employed to fabricate
highly transparent ETLs with different annealing processes under ambient
conditions. OSCs with solution-processed ETLs: ZnO and TiO2 and thermal
evaporated (MoOx) HTL showed photoactive response. Taking into account
the above results, it is strongly suggested that a thin metal oxide film as
buffer layer between the anode and the photoactive layer blend of P3HT and

PCBM polymer is necessary to form and complete the inverted OSC.

The importance of the surface morphology of the ETLs in determining the
photovoltaic performance of the OSC was investigated. The results show
that the OSCs with textured ETLs exhibit better photovoltaic performance
in comparison with the OSCs with smooth ETLs. The increase in short-
circuit current from 0.33 mA and 0.28 mA for ZnO and TiO», respectively,
originated from the textured ETLs enhanced charge-carrier transport and
enhanced light trapping capability. Furthermore, morphology differences
created by ramp-annealing appear to have a more significant impact on the
device performance compared to the conventional annealed approach. The
best PCE is from the ZnO ridge thin film which shows superior charge
transfer properties in_inverted OSCs, with higher FF (0.42) leading to the
PCE (3.32%). Consequently, by controlling the morphology by ramp-
annealing one can significantly improve the performance of the inverted
OSCs. From the evaluation of the electrical performance, the devices
containing thermally evaporated MoOx HTL shows superiority over the
devices with solution-processed MoOs HTL. However, the effect of the
viscosity of the MoOs solution to serve as an HTL is to be further studied
due to the lack of charge transfer across the HTL and back contact in OSCs
for solution-processed hole transport layers.

In summary, new materials, characterization techniques and deposition

methods are likely to yield better performance for organic photovoltaics.
Further study may be conducted to optimize the cell construction.
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CHAPTER SIX

6 Summary and future work

In the thesis, high purity ZnO and TiOz thin films were used in an inverted
OSC as the ETLs and the HBL. The aim of the study was to find a
combination of the optimal concentration of precursor solution and the post-
annealing process method to produce textured ZnO and TiO> thin films to
improve charge transfer in an inverted OSC; hence improving the
photovoltaic performance. Moreover, an interface layer of MoOx between
the blend layer of P3HT:PCBM and the top contact Ag was fabricated by
the spin coating method and thermal evaporation, respectively. This is
beneficial for the device, providing efficient hole collection and electron
blocking capabilities and exhibiting a protection layer during contact
deposition. However, the hydrophobic solution-processed MoOyx hole
transport layer introduces an issue of not being viable for direct contact onto

the P3HT: PCMB active layer and thus resulting in a non-responsive device.

In chapter 2, a description of the deposition conditions in the preparation of
the two metal oxides in the current study is described, with detailed
analytical techniques used to characterize the thin films. The techniques
include XRD for the determination of the structural changes which may
have occurred during the heat treatment, HR-SEM were used to study the
change of the surface of the material, with respect to the different annealing
methods. The optical parameters such as the Tauc band gap were
determined with the use of the optical transmission measurements.
Furthermore, electrical characterization was employed to describe the
behaviour of the inverted OSC.

HR-SEM analysis of ZnO and TiO. thin films prepared by different

concentrations of precursor material and ramp annealing method revealed
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that various morphologies such as ridges and porous structures could be
produced. As a consequence of the growth process and the concentration of
the precursor solution, the size of the structures was observed to have an
effect on the overall roughness of the thin films. The thickness of the ZnO
ridges ranging from 130 nm for lower concentration to approximately 500
nm for higher concentration. It was also observed that TiO. has porous
structures with sizes in the low hundred nanometres for higher catalyst
concentration and up to a micron for lower catalyst concentration. These
structures are beneficial for thin film application in light-harvesting
application since they exhibit greater light scattering capabilities; hence

enhancing photon absorption.

Additionally, the ZnO and TiO, thin films fabricated by the spin coating
method and conventionally annealed are investigated in comparison to the
ramp-annealing method. A comparison of the two types of thin films was
conducted, to observe the influences on the device performance. Analytical
techniques describing how the overall structural and optical properties of the
thin films are affected during the respective annealing methods were
studied. HR-SEM analysis revealed that the morphology of ZnO and TiO>
thin films can be controlled by the chosen annealing conditions. The major
significant difference between the two annealing series described is the
difference in the morphology of the thin films. The two annealing series
revealed a granular and superior flat surface for conventionally annealed
thin films and for ramp annealed samples a ridge-like and a porous structure
for ZnO and TiOo, respectively. X-ray diffraction peaks exhibited the ZnO
thin films for both annealing types are crystalline and has a hexagonal
wurtzite structure after annealing. Conventionally annealed ZnO thin film
showed a greater size of grains and an increase in film strain compared to
the ramp-annealed sample. The TiO> thin film, however, reveals a tetragonal
structure for only the conventional annealed sample, with mixed anatase and
rutile phases. The ramp-annealed TiO2 sample did not show any relevant

peaks to analyze. FTIR was employed to study the chemical structure of the
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thin films and it was revealed that for both annealing parameters the
individual layers were completely transformed into ZnO and TiOy,
respectively.  Significant optical properties of the thin films illustrate that
they are highly transparent with average transparency of approximately 80%
for all. The presence of the textured structures on the surface of the ramp-
annealed ETLs exhibits decreased transmittance compared to the
conventionally annealed ETLs which is consistent with the light scattering
effect for both the ZnO and TiO. ramp-annealed thin films. Overall the
optical band gap red-shifted and blue-shifted for the ZnO thin films and
TiO2 thin films, respectively.

The incorporation of ZnO and TiO> thin films as electron transport layers
with the active layer of P3HT:PCBM, the hole transport layer MoOx and a
silver electrode in inverted OSCs was investigated. The thin film of ZnO
and TiOz in the OSC was varied between a ramp-annealed thin film and a
conventionally annealed thin film. The MoOx thin film was varied between
two processes namely, thermal evaporation and spin coating method. The
photovoltaic properties demonstrated a PCE of 3.32% in ZnO system and
2.49% in TiO. system. This was. due to the incorporation of ZnO ridges,
which facilitates the electron transport in the photoactive layer resulting in
improved efficiency. Therefore, based on the above analyses we can

conclude that ZnO is the most desirable ETL for improved efficiency.
Future work and Recommendations

A manuscript emanating from this work for participation at the
International Conference on Surfaces, Coatings and Nanostructured
Materials (NANOSMAT-Africa) was submitted for publication in
Materials Today: Proceedings. Follow-up studies is planned to fabricate all
solution-processed inverted OSCs to explore the effect of the film
morphology produced from the two different annealing approaches on
photovoltaic performances by using alternative active layer materials.
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Additionally, exploring ways to enhance the adhesion properties of the
solution processed MoOx thin film can be investigated. An exploration into
the air stability and illumination stability of the inverted OSCs can also be
considered. Finally, an exploration into applying the mesoporous TiO> thin
film and the ridge structure ZnO thin films in perovskite solar cells is
considered.
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7 Appendix

Appendix Al: XRD of solution processed MoOx thin film.

Intensity(a.u.)

50000
=~ Q [_IMoo0, thin film
N o
40000{ 2 =~
=)
[Ce}
=)
30000 |
20000
i ~
10000 -} e 3 | S
J o = !\ Q
B et M"\'\J(x_, rllw T | ll
wwMWme%mw_JM
0 T | | I | N0 T T Th1 7
10 15 20 25 30 35 40 45 50 55 60 65

20 (degrees)

http://etd%ggvc.ac.za/



Apendix A2: Optical properties of solution-processed (S) and thermally-
evaporated (T) MoOx thin film.
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