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Abstract

Organic photovoltaics (OPVs) have attracted a considerable research interest over the past
few decades as a low-cost and nontoxic source of renewable energy. Although a power
conversion efficiency (PCE) of up to 17.4% has been achieved for single junction, this is still
lower than that of inorganic solar cell, so more work is needed to realize the full commercial
potential of OPVs. One way to improve the performance and stability of OPVs is the
inclusion of interfacial layers, which facilitate the transport of both electrons and holes to
both electrodes. Zinc oxide is widely used electron transport layer (ETL) that has the
advantage of good electrical properties and chemical stability. The most commonly used
hole transporting material (HTL) is PEDOT:PSS, which has better electrical properties than
the most of the alternatives, but its acidic and hydroscopic nature limits the durability of

the OPV, so a replacement is needed.

This thesis focuses on the development of high-performance OPVs based on p-type metal
oxides as potential alternatives to PEDOT:PSS. Firstly, in chapter 3, we have successfully
demonstrated the thermal evaporation of controlled thickness, high optical quality NiOx
thin films. It was anticipated that the films would be hole selective transport layers,
however those prepared were surprisingly shown electron transport behaviour. This was
attributed to the alloying between the Ni and tungsten boat during evaporation. After
identifying the optimum thickness and tungsten content in evaporated films, we have
demonstrated those films as efficient universal electron transport layers in a wide variety
of organic photovoltaic devices. Next, chapter 4 presents the fabrication of CuOy films by
solution process and their potential as HTLs in OPVs comparing with commonly used HTL,
PEDOT:PSS. The characterisation of the CuOx films allowed a fully understanding of the
structure and optoelectronic properties to identify an optimum annealing temperature and
film’s thickness. The impact of processing solvent on device performance is further studied.
Finally, chapter 5 demonstrates the preparation of CuOx via novel synthetic route at low
temperature. The influence of annealing temperature on device performance compared to
PEDOT:PSS is further investigated. This work shows the potential of CuOy as efficient HTLs
for OPV.
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1 Introduction and literature review



1.1 Introduction

1.1.1 Background

The global demand for low carbon cost-effective renewable energies as an alternative to
fossil fuels is escalating. With greenhouse effects causing global warming, cleaner energy
sources such as wind, tide, and solar are required. According to the international Energy

Agency (IEA), the sun could be the largest source of such energy by 2060 [1].

The sun emits energy at a rate of 3.8 x 10?® W, while only 1.08 x 10!/ W reaches the surface
of the Earth [2]. Nevertheless, the solar energy received in 90 min is more than the world’s
total annual energy consumption in 2018 (= 5.86 x 10%° Joules) [3]. Although the annual
global installations of PVs reached 178 GW in 2014, the contribution of PVs to electricity
supply still remains less than 0.1%. The IEA predicts growth in global PVs capacity to
7200 TWh by 2040 [1]. Therefore, extensive efforts have been focused on developing

photovoltaic (PVs) technologies [4].

The photovoltaic effect, the operating principle of a solar cell, was discovered by Becquerel
in 1839 [5], who observed the photocurrents produced on illuminating platinum electrodes
coated with silver chloride immersed in aqueous solution. In 1905, Albert Einstein
described light as composed of discrete quanta, called photons, rather than continuous
waves. This was a key step in the discovery of the law of the photoelectric effect [6]. In
1954 Chapin et al. introduced the first PV at Bell Laboratories [7], based on a single-crystal
silicon p—n junction, with a power conversion efficiency of 6% and has since been used in

many applications.

Primarily, PVs were employed as a sustainable power source for communication satellites,
while the past decade has seen a significant progress in deployment of photovoltaics
technologies. They find many applications in the consumer market because the increasing
efficiencies (17.4% for single junction and 14.2% for tandem solar cells) [8], and the sharp

reduction in manufacturing costs [9].



1.1.2 Generations of Photovoltaics

In order to deliver a low-cost, high efficiency, and long lifetime Photovoltaics, many research on
new materials and device structure has drawn a great interest to achieve these goals [9].
Photovoltaics are classified into three generations according to their development stages, as shown

in Figure 1.1.

Conventional
Thin Film 2nd
Gen PV

Single
Crystalline Si

CuZnSnS

Dye-
sensitized
(DSSC)

Figure 1.1 Schematic diagram describes the generations of photovoltaics, adapted from [10].

First-generation PVs are mainly based on crystalline silicon; are still in use and the current
market leader where polycrystalline and monocrystalline Si represent 65% and 35%
respectively [11]. These PVs yield efficiencies over 26.7% and lifetime ~ 25 years [7], which
is close to the theoretical Shockley-Queisser limit of 33% [12]. The relatively low absorption
coefficient of monocrystalline Si which originates from its indirect bandgap (1.12 eV)
requires thick layers of 100 — 200 um to absorb sufficient light. The high carrier mobility of
monocrystalline Si (electron and hole mobilities are 1200 and 400 cm?V-1S! respectively)
overcomes this thickness requirement and prevents the bulk recombination [13].
Polycrystalline Si has also been employed in solar cells due to its low processing costs.
However, its efficiency is lower than that of monocrystalline Si because of the grain
boundaries which increase the charge recombination. The high optical absorption of
amorphous Si (Eg ~ 1.70 — 1.80 eV), makes it an interesting material for PVs applications

but its morphology and poor charge carrier mobility limit the efficiency to ~10.5% [8].
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Despite of the high PCE and long lifetime of crystalline silicon PVs, the high manufacturing
cost makes them unable to compete with the inexpensive fossil fuel-based electricity,

leading to an interest in low cost PV alternatives [7].

Second-generation cells are based on thin-film inorganic semiconductor materials such as
cadmium sulfide (CdS), cadmium telluride (CdTe), and copper indium gallium selenide
(CIGS). These PVs are lower in cost than crystalline Si PVs and have been rapidly growing in
the past decade [14]. In addition, their efficiency level has caught up with first generation
PVs with CdTe and CIGS solar cells now exceeding 23% efficiency due to its direct bandgap
of 1.14 - 1.82 eV as shown in Figure 1.2 [7, 15]. However, these cells are based on rare and
toxic materials and their manufacture processes remain a challenge. These factors limit the

commercial widespread use of second-generation cells [14].

Figure 1.2 shows power conversion efficiency for various materials of different energy
Bandgap. The solid line represents Shockley-Queisser limit (SQ limit) which is the maximum
theoretical efficiency of 33.7% for a solar cell with a bandgap of 1.34 eV. While the dashed

line represents the global standard spectrum at the earth’s surface (AM1.5G = 1000 W/m?).
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Figure 1.2 Energy-conversion efficiency versus energy Bandgap for various materials (highest

experimental values) under global sunlight (AM1.5G), adapted from [14].



Third generation PVs are in development, including: dye-sensitized solar cells [16, 17],

guantum dots solar cells [18, 19], perovskite solar cells [20], and organic photovoltaics [21].

Dye sensitized solar cell (DSSC) which can be assumed as a mesoscopic heterojunction solar
cell was first obtained in 90’s by O’Regan and Gréatzel [22]. A single layer of light absorbing
dye is coated on nanostructured porous semiconducting oxide layer e.g. TiO,, deposited on
ITO or FTO glass substrate as working electrode. This electrode is placed parallel to glass
substrate coated with a thin layer of platinum as counter electrode. The space between
two electrodes filled with an electrolyte as a conducting media [22, 23]. DSSCs have
advantages over other PVs such as low production cost, enhanced performance under
diffuse light, and long life-time stability. However, their lower efficiencies compared with
Si PVs due to its corrosive nature, and evaporation of the electrolyte limit its scaling up to

large modules. Thus, further development of efficiency and stability of DSSCs is needed.

Quantum Dots-based solar cells, first reported in 1998, have attracted tremendous
research interest due to the unique and versatile advantages of QDs, such as wide tunability
of band gaps by changing their size, easy solution processability, and impressive capability
of generating multiple excitons. Although its efficiency has considerably increased from
~ 1% to over 16%, it still needs further improvement in order to compete with other

existing solar cells [18, 19].

A low cost and solution processable solar cell based on a highly crystalline perovskite
absorber was first reported by Snaith et al. achieving PCE of 10.9% [20]. Perovskite crystal
structure can be described by an ABXs unit cell, where A is an organic cation, B is metal
cation, and X is a halide ion. B is attached to X in an octahedral configuration, while A is
positioned between the adjacent BXe octahedron. One of the most applied perovskite
materials is methyl ammonium lead iodide (MAPbIls, or MAPI), which has organic cation
methyl ammonia CH3NH3* at A, metal ion lead Pb?* at B and halogen anion iodine I at X.
Despite having potential to replace Si-based solar cell, with low cost fabrication and high
efficiency, material toxicity, device hysteresis and stability are major challenges which need

to be overcome for a wide scale commercialization [20].
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Figure 1.3. The current best research-cell efficiency chart, downloaded from [24].



Emerging OPVs are the lowest in cost, and while their efficiency level has not caught up
with first and second generations, they are currently the fastest growing as can be seen in
Figure 1.3. They also provide many other advantages, discussed below, and are the main

focus of this research.

1.2 Organic Photovoltaics (OPVs)

In recent years, Organic photovoltaics (OPVs) have gained a growing interest as a promising
candidate to displace the traditional silicon PVs. This is mainly due to their materials’
abundance, solution processability with lightweight, flexible substrates at low temperature,
and compatibility with roll-to-roll manufacturing. These advantages can achieve low cost
production rates of > 10,000 m?/hour at fabrication costs as low as £/m? and for modules
less than 1 £/W, (Watts peak) [25, 26]. Furthermore, tunable colour and transparency of
organic materials are attractive attributes for the integration of PV into building

components or other purposes [25].

1.2.1 Active layer development

A decade after the discovery of electrically conductive polymers [27], Tang developed the
first successful single bilayer heterojunction organic photovoltaic cells in 1986 using copper
phthalocyanine (CuPc) as electron-donor and Perylene tetracarboxylic derivatives as
electron-acceptors achieving a PCE reaching 1% [28]. This result represented a major
milestone and a significant improvement in the field of PV technology. Later, in 1992,
Heeger, Sariciftci et al. first discovered ultrafast photo-induced electron transfer (~ 50 fs)
from conjugated polymer (MEH-PPV) to a fullerene (C60), which opened the possibility of
using conjugated polymers as the donor and fullerenes as the acceptor in OPV devices [21].
Afterwards, Sariciftci and Heeger invented the bulk heterojunction (BHJ) structure from a
solution of donor and acceptor in order to overcome the thickness and recombination
issues [29], This invention was followed by a comprehensive characterization by Heeger
et al. and Friend et al. [30, 31]. In the same year, the device performance was further

improved by the introduction of new soluble fullerene derivatives [32].



Subsequently, the structure of OPV was further developed with different approaches as
follows. Firstly, a single layer OPVs were prepared by thermal evaporation of conjugated
polymer between two electrodes of different work functions as shown in Figure 1.4. A very
low efficiency of 1% was achieved by using this structure as Jsc was quite low due to reduced

light absorption [33, 34].

Afterwards, OPVs were fabricated in a bilayer structure in which the donor or acceptor is
deposited on top of each other. These devices provide a continuous path of charges
towards the corresponding electrodes due to the presence of donor-acceptor interface.
However, the excitons may recombine in the bulk of the active layer because the exciton
diffusion length of conjugated polymers is limited to less than 20 nm [35, 36]. Therefore,
to overcome this recombination issue, an improved fabrication approach was obtained
depending on mixing of donor and acceptor materials with different ratios which introduce
many interfaces at which excitons can dissociate within its diffusion length. However,
tunable morphology is required to overcome the formation of isolated regions and phase

separation which trap charges and enhance the bimolecular recombination [37].
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Figure 1.4. The device architectures of conjugated polymer based Organic photovoltaic cells: (a)

single-layer, (b) bilayer, (c) bulk heterojunction, adapted from [33].

As a result of extensive research in the last decade, OPVs have been developed and a rapid
increase in their power conversion efficiencies (PCEs) exceeding 17.4% [38] for single
heterojunction OPVs, and higher than 14.2% [39] for tandem OPVs have been achieved.

This significant progress has been realized by comprehensive development and synthesis



of a great variety of novel photoactive donor and acceptor materials [40, 41, 42, 43],
optimization of device fabrication conditions [44, 45] developing new device architectures,

controlling the film morphology of active layer, and interfacial engineering [46, 47].

1.2.2 Device architectures

There are two types of device structures, conventional and inverted, which is controlled by
the position of the charge selective layers (electron transport and hole transport layers ETL,
HTL). For the conventional architecture of OPVs, consists of bulk heterojunction (BHJ) of a
conjugated polymer i.e. Poly(3-hexylthiophene-2,5-diyl) (P3HT) and a fullerene acceptor,
i.e. [6,6]-Phenyl C61 butyric acid methyl ester (PCBM). This BHJ sandwiched between an
anode; a conductive transparent substrate typically indium tin oxide (ITO), coated with
interlayer such as PEDOT:PSS, and a thin metal cathode, for instance, Ca or LiF/Al, which is

usually deposited by thermal evaporation [48, 49] as shown in Figure 1.5.

TCO coated PEDOT PCBM
P
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Figure 1.5. The conventional architecture of Bulk heterojunction OPVs taken from [25].

However, the cathode is typically a low work function metal such as Ca or Al which can be
easily oxidized upon air exposure. Therefore, an inverted OPV structure, illustrated in Figure
1.6, which not only can provide more stability because the high work function metal, such
as Au, Ag, will be at the top as an anode but also delivers better compatibly to roll- to- roll
manufacturing since metal anode can be processed from colloidal solution, for example,

Ag-NPs [50, 51].



TCO (Anode) (cathode)

Figure 1.6. Schematic diagram shows (a) conventional and (b) inverted architectures of BHJ OPVs,

taken from [52].

1.2.3 The working mechanism of OPV

Upon light illumination on the active layer through the transparent electrode,
photogenerated bound electrons-holes (excitons) diffuse towards and dissociate at the
donor—acceptor interface, due to the energy levels difference between two
semiconductors, into holes in the highest occupied molecular orbital (HOMO) of the donor
material and electrons in the lowest unoccupied molecular orbital (LUMO) of the acceptor
material. Consequently, the dissociated charges will then drift under the intrinsic electric
field created by the difference in work function values of the asymmetric electrodes and

eventually, will be collected by the corresponding electrodes [53, 54].

The principal processes occurring in OPV can be summarised as: 1) Light harvesting,
2) exciton (bound electrons-holes) generation, 3) exciton diffusion, 4) exciton dissociation
at donor/acceptor interface into holes in the highest occupied molecular orbital (HOMO),
and electrons in the lowest unoccupied molecular orbital (LUMO), 5) Charge carrier
transport to the electrodes, and 6) Charge carrier extraction and collection at the
respective electrode [55, 56]. The optimization of each process will lead to a total

improvement in device performance as can be seen in Figure 1.7.
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acceptor

Figure 1.7. Energy level diagram for donor-acceptor heterojunction showing the working
mechanism of OPV, with basic processes indicated as follows: (i) light absorption causing an exciton
formation; (ii) excitation of the electron to acceptor’s LUMO; (iii) electron and hole transfer towards

electrodes, taken from [53].

The power conversion efficiency of the solar cell depends on three essential parameters:
short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) as illustrated in
Figure 1.8. The power conversion efficiency of the solar cell can be determined from the

following equation,

PCE=P—m=]me =]SCV0CFF
Pin P; p;

Where, Piy is the power intensity of the incident light, Jsc is correlated with the efficiencies
of the principal processes occurring in OPV (light absorption, exciton generation and
dissociation, charge transport and charge collection at the electrodes), which depend on
the charge carrier mobility of the used materials and formation of an Ohmic contact at the
interfaces. It can be maximized by utilizing low-band gap polymers that can absorb light at

longer wavelengths [43, 57].
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Figure 1.8. The typical J — V characteristics of OPV under dark and light illumination with key
parameters identified such as open-circuit voltage (Voc), short-circuit current density (Jsc), the
maximum current density and voltage (Jm and V) at the maximum power point (M), and the fill

factor (FF), taken from [57].

Voc is determined by the energy difference between HOMO of the donor and LUMO of the
acceptor and it can be enhanced by either pinning the Fermi levels/work functions of anode
and cathode to the HOMO of donor and LUMO of acceptor respectively or employing a
donor with lower HOMO (shifted away from the vacuum level) or an acceptor with higher
LUMO (shifted closer to the vacuum level) or both in order to minimize the energy loss

during charge dissociation [58].

FF represents the diode quality and it is dependent on series (Rs) and shunt (Rsh) resistances
of device [57, 58, 59]. In addition, FF relies on the conductivity of electrodes material, the
presence of trap states, and the contact at the interfaces between the active layer and
electrodes. Rs arises from the overall conductivity of all layers in OPV such as electrodes,
electron and hole transport interfacial layers, and active layer and the contact resistance
between them. Rsh is governed by thin films’ quality and the interfaces, for instance, the
presence of pinholes will lead to the loss of charge carriers during their transport through
the layers of OPV through leakage paths and traps as well as recombination and trapping,

which decrease the device performance [60].
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1.2.4 Future challenges

Although OPVs have several advantages, including cost-effective production by solution
processing techniques, lightweight and flexible structures, and semi-transparency, the
OPVs still have lower power conversion efficiency and shorter lifetime than silicon based
solar cells. Therefore, to achieve 20% solar cells efficiency, higher module efficiencies
(7- 10%), and longer lifetimes (7-10 years) as demonstrated in Figure 1.9, progress in
a number of main areas should be pursued. These include, the design of new
light- harvesting polymers, with a band gap of approx. 1000-1100 nm, more efficient and

cost-effective device processing, and stable device architectures [61, 62].

Efficiency
20%

Figure 1.9. A schematic diagram summarizing the challenges of OPVs, taken from [63].

In addition, the above advances need to be combined with the development of new
interfacial materials with favourable charge selectivity and solution processability. The
appropriate integration of these interlayers with the new photoactive polymers are

important for further improve of the efficiency and stability of OPVs.
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1.3 Interfacial layers

The performance of OPVs strongly depends on the charge extraction and collection at the
corresponding electrodes. Therefore, the insertion of a charge transport layer between the
active layer and electrodes, which enhance the collection efficiency, is required to achieve
efficient device performance. Interfacial materials are critical components used to improve
the electrical and electronic properties between the photoactive layer and the electrodes,
furthermore, to tune the work functions of anode and cathode which is the basic

requirement for efficient charge collection [64, 65].

Efficient interfacial materials should 1) form an Ohmic contact at BHJ/electrode interfaces;
2) possess suitable valence and conduction bands to improve charge selectivity at
corresponding electrodes; 3) have wide bandgap to minimize the light absorption losses;
4) possess high conductivity to decrease resistive losses; 5) have environmental stability to
prevent any chemical reactions at interfaces; 6) have solution processability at low

temperatures; 7) be produced at low cost [60, 66].

1.3.1 Interlayer Materials

To date, several classes of charge-transport materials for OPVs have been developed such
as: conductive conjugated polymers, self-assembled functional materials (SAMs), cross-
linkable materials, inorganic transition metal oxides (TMOs), graphene oxides (GO), and
other alternatives [67]. The most widely used transparent electrode for optoelectronic
devices is Indium Tin oxide (ITO) of WF = - 4.70 eV which cannot form an Ohmic contact
with HOMO or LUMO levels of most donor and acceptor materials of the active layer.
However, its WF can be modified by using interfacial layers of high or low WF which allow

ITO to act as anode or cathode respectively [68].

The charge-transporting layers can be classified, according to the type of extracted charges,
into electron transport layers (ETLs), which modify the charge collection efficiency at the
cathode, and hole transport layers (HTLs) at the anode in order to enhance the extraction

of the holes as shown in Figure 1.10 [66].
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Figure 1.10 Schematic band diagram of OPV device describes the exciton creation and transport

processes in (a) Conventential, (b) Inverted architectures, adapted from [66].

ETLs are low work function materials such as ZnO, TiO,, and Cs2COs with a Fermi level close
to the conduction band. The Fermi level is pinned to the LUMO of the acceptor to enhance
the electron transport from the latter to the cathode. Moreover, the ETL’s band gap is
larger than the organic’s HOMO-LUMO gap, then this energy difference will serve as a
barrier to block the movement of holes from the HOMO level to the cathode as illustrated
in Figure 1.11 [69]. Currently, these materials have been exhibiting high efficiency and

stability levels.

While HTLs (high work function) materials should have an appropriate valence band to
match the HOMO of the donor, and a large band gap with a conduction band higher than
the LUMO of acceptor, for efficiently electron blocking at the anode as shown in Figure 1.11
[70]. PEDOT:PSS is the most common material used as a HTL, but with certain limitations

that this research aims to overcome through developing an alternative HTL.
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Figure 1.11 A schematic band diagram illustrating the charge selectivity and collection at

ETL/acceptor and HTL/donor interfaces, taken from [70].

1.4 PEDOT as a HTL

A conductive polymer, poly(3,4-ethylenedioxythiophene) (PEDOT: PSS), is extensively used
solution-processed hole transport interlayer material in optoelectronic devices. PEDOT:PSS
is obtained by p-doping of (PEDOT) by poly(styrene sulfonic acid) (PSSH) [71] as shown in
Figure 1.12. It has a high electrical conductivity of 2.7x103 S.cm™ which results from the
formation of PEDOT*: PSS [72]. Its electrical conductivity can range from 10°to 10** S.cm™?
by controlling the compositional ratios of PEDOT" and PSS or by modifying the

microstructure by processing with additives [73].

SO.H

— Na:5,04 ;

o 0 (Fey(SO4)s) }
U + ’ Tho SOH SO, SOH SO SOH
ST QOO0 C
"EDOT"

"PEDOT:PSS"

Figure 1.12 the preparation of PEDOT:PSS by polymerization reaction of EDOT monomer and

polystyrene sulfonic acid, taken from [71].
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PEDOT:PSS is optically transparent over 80% of the Vis-NIR range which minimizes the light
absorption losses [74], and its high work function (-5.10 eV) is well-matched with the
HOMOs of the commonly used donor polymers forming a good Ohmic contact at
BHJ/Anode interface [73]. In addition, the facile solution-processability of PEDOT:PSS
enables the throughput fabrication of efficient conventional and inverted OPV devices. For
the conventional OPV architecture, PEDOT:PSS planarises the ITO electrode by decreasing
its surface roughness and it, moreover, increases its work function for effective hole

collection [75, 76].

On the other hand, the acidic (pH: 1-2) and hygroscopic nature of PEDOT:PSS etches ITO
and allows the diffusion of In ions into PEDOT:PSS and the active layer, which causes
degradation of both materials and instability at the ITO/PEDOT:PSS interface [72]. Its
electrical and structural inhomogeneity, which stems from the insulating PSS layer limits
the charge collection [77]. Furthermore, the deficient electron-blocking capability for some
acceptors and poor adhesion properties of hydrophilic PEDOT:PSS onto the hydrophilic
organic active layer result in lower device performance due to bad electrical properties and

film morphology [78].

In addition to these issues caused by PEDOT:PSS, the conventional structure of OPV also
suffers from other drawbacks such as 1) the low work function metal electrodes (Ca, LiF)
are easily oxidized in the air increasing the series resistance at BHJ/metal interface and
cause device degradation [63], 2) the vertical phase separation of P3HT/PCBM blend during
the film formation in which PCBM-rich layer is mainly concentrated at the bottom (anode),

while P3HT-rich is formed at the cathode as shown in Figure 1.13 [79].
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Figure 1.13 A schematic diagram shows the vertical phase separation of polymer and fullerene,

adapted from [79].

These issues can be tackled by using the inverted OPV structure, which not only can provide
more stability because the high work function metal, such as Au, Ag, will be at the top as
an anode but also delivers better compatibly to roll-to-roll manufacturing since metal
anode can be processed from colloidal solution, for example, Ag-NPs. However, in the
inverted cells, Ag ions can diffuse into PEDOT:PSS layer and form electrical short paths
[80, 81]. Furthermore, PEDOT:PSS can easily absorb the moisture and oxygen which
change its structure and reduce its electrical conductivity [82]. Hence, there is an essential
demand to develop alternative interfacial materials with high stability and appropriate
charge selectivity to replace PEDOT:PSS. There are several alternatives for PEDOT:PSS such
as, Cul, [83, 84], CuSCN [85, 86], graphene oxide (GO) and the most promising material are
the TMOs.
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1.5 Graphene oxide (GO)

Graphene oxide (GO) is an oxidized derivative of graphene, which can be synthetized by
the treatment of the naturally abundant inexpensive graphite powder with strong oxidizers
[87,88] as shown in Figure 1.14 and can be produced as stable dispersions in different
solvents [89]. GO has unique optoelectronic properties, 2-dimensional honeycomb
structure, and low cost solution process, which make it a promising candidate for wide

range of electronic devices such as an efficient hole-transport material in OPVs [90, 91].

Graphene Graphene Oxide (GO) Reduced Graphene Oxide (rGO)

Figure 1.14 The preparation of graphene oxide and reduced graphene oxide via oxidation and

reduction reactions, taken from [92].

The bandgap, HOMO, LUMO of GO are 3.60 eV, -5.20 eV and -1.60 eV, respectively and the
work function of GO = - 4.70 eV [88], which can match well with many HOMOs of organic
donors and thus significantly enhances the Ohmic contact at the active layer/anode
interface. All these characteristics make GO a potential hole selective and transport

material for OPVs [87].

GO was first reported by Li et al. as an efficient HTL in P3HT:PCBM-based OPV and exhibited
PCE of 3.5% [87]. Later, Gao et al. utilized GO as HTL in inverted OPV structure and 3.6 %
PCE was achieved suggesting that GO decreases the charge recombination rate and
suppress the leakage current through efficient electrons-blocking and holes-transporting
to ITO [93]. However, the insulating nature of GO which arises from the covalent bonds of
C—0 of the hexagonal graphene lattice, limits its thickness to 2 nm for application in devices
which increases the series resistance, thus decreasing the device performance, this

significantly hampers the use of GO as HTL in OPVs [87, 94,95].
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In this regard, reduced graphene oxide (rGO) was introduced by removing the oxygen
containing groups as shown in Figure 1.14, during annealing at ~ 250 °C and this process
can be performed by several chemical [96], thermal [97], or photochemical methods [98]
in order to improve the GO’s conductivity [99]. Nevertheless, the poor solubility of rGO in
common solvents, which produces poor film morphology and surface coverage on

substrates, hinders its applications as solution-processed HTL in OPVs [100, 101].

The work function (WF) of GO can be tuned to -5.20 eV by O, plasma post-treatment, which
is higher than that of GO (-5.0 eV). This higher WF results from surface C=0 dipoles created
by removing electrons from graphene [102]. The chemically modified GO HTL enhanced
the device performance 30% higher than using GO as HTL [103]. The WF of GO can also be
tuned to 5.21 eV by Photochemical chlorination process. The chlorinated graphene oxide
(CI-GO) films showed good optical transparency and hole-transport property as HTLs [104].
In addition, GO was also blended with transition metal oxides such as NiOx [105] and VOx
[106] in order to improve the electron-blocking capability and energy levels alignment
between ITO and the active layer, which results in improved FF, PCE and stability of PVs
[107, 108].

1.6 Transition metal oxides (TMOs)

Transition metal oxides (TMOs) were first introduced by Tokito in 1996 as anode buffer
layers in OLEDs [109]. These oxides have been comprehensively investigated in OPVs owing
to the tunable electronic structures which form Ohmic contact with HOMOs and LUMOs of
active layer, large bandgap that provide decent optical transmission in Vis-NIR regions,
environmental stability, and their compatibility with low cost roll-to-roll processing
techniques at low temperatures. These unique properties make them attractive candidates
as hole transport layers (HTLs) and electron transport layers (ETLs) in both conventional

and inverted architecture of OPVs by tuning work function to the desired level [110, 111].

TMOs can be employed as HTLs or ETLs owing to the wide range of work functions (WF),
which span from 3.5 eV for defective ZrO, to high WF value of 7.0 eV for stoichiometric
V205 [70,112]. The work function values for a given transition metal oxide can span over

1.0 eV. For example, the reported work function values for MoOs range from 5.3 to 6.90 eV
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[113, 114, 115]. Furthermore, the WF of TMOs is strongly influenced by oxidation states,
surface treatments, concentration of defects, and deposition methods as shown in Figure

1.15 [116, 117].
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Figure 1.15 A schematic diagram of energy levels of metal oxides prepared using different

methods, taken from [117].

1.6.1 Dependence of TMOs work function on oxidation states and
defects

Theoretically, the Fermi level of a stoichiometric semiconducting metal oxide would be
midway between the valence band maximum and the conduction band minimum.
However, a stoichiometric oxide (an oxide without any defects) cannot realistically exist, as

there will always be some certain concentration of defects [70].

TMOs behave as either a p-or n-type semiconductor due to the intrinsic defects (such as
oxygen or metal vacancies) which affect both semi-conductivity nature and work function
of TMOs. These defects result in new occupied or unoccupied states near the conduction
band or valence band edges and consequently shift the fermi level within the band gap [70,

118]. For example, an oxygen vacancy would create excess of metal cations with extra
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electrons. These electrons occupy states close to the conduction band minimum, and thus
make an oxide act as n-type such as MoQOs [119], in which the oxygen vacancy is most stable
defect. Whereas metal deficiency (or excess oxygen) would result in unoccupied states
close to the valence-band maximum and makes an oxide behave as p-type such as Cu,0 in

which Cu vacancy is the most stable defect [120].

If the oxidation state of a given TMO is decreased by removal of oxygen forming oxygen
vacancies and an excess of metal cations, this shifts the Fermi level closer to the conduction
band minimum, which likely tends to decrease work function and identifying the oxide as
n-type. Conversely, if the oxidation state is increased, metal vacancies are formed which
result in an excess of oxygen and Fermi level moved closer to valance band maximum Thus
adding oxygen makes an oxide behaves more as p-type and increases the work function as
shown in Figure 1.16 [70, 121]. As a consequence, oxide’s interfacial properties and work
function can be tuned by inducing oxygen vacancies (decrease in the oxide’s work function)
such as ZrO; whereas, increasing an oxide’s work function by inducing metal vacancies,

such as NiO [122, 123].
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Figure 1.16 The dependence of work function on oxidation state of transition metal oxides, taken

from [70].
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As many oxides, due to intrinsic defects, are p- or n-type semiconductors and have tunable
work function, it is possible to be used as selective charge transport layers which decreases
the energy barrier for only one type of charge carrier. This property is particularly important
for OPVs because it decreases the leakage currents and increases the device performance

[46].

The Fermi level of a low work-function n-type cathode interlayer is pinned to the LUMO of
acceptor in the BHJ layer. Then, the excited electrons move from LUMO level to the
electrode via its conduction band. However, if the oxide’s band gap is larger than the
organic’s HOMO-LUMO gap, then holes will have an energy barrier for blocking hopping
from the HOMO level to the electrode such as MoQOs, WOs3, ZnO, and TiO; [124, 125, 126,
127, 128]. For p-type anode interlayer (high work function oxide), the fermi level is pinned
to the HOMO level of the donor material in photoactive layer. Therefore, the holes can
easily be transported through the oxide’s valence band. While the oxide’s conduction band
is sufficiently higher than the LUMO of both organic donor and acceptor materials, which

effectively blocks electron leakage through the anode such as NiO and CuOx [129, 130].

Consequently, a low-work function, n-type semiconductor with a large band gap would be
the optimal interfacial layer for the cathode of an OPV, and the optimal anode layer would
be a high-work-function, p-type semiconductor with a large band gap as shown in Figure

1.17 [46,131].
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Figure 1.17 Schematic energy-level diagram of charge-selective buffer layers at OPV interfaces,

taken from [70].
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1.6.2 Composition of TMOs

There are many factors that influence metal oxide’s electronic properties, for example,
crystal symmetry, metal-oxygen bond length, valence electron population, degree of ionic
or covalent bond character and electron correlation effects. Consequently, their diverse set

of electronic structures affects their conductivity properties [132].

Transition metals are elements whose atoms or their cations have an incomplete d sub-
shell as shown in Table 1.1. The valence band of TMOs derives from the occupied O 2p
orbital, which originates from oxygen anion and are completely filled while the conduction

band derives from the unoccupied d orbital of transition metal [132].

Table 1.1 The electronic configuration, bandgap, and work function of n-type TMOs reviewed in

this chapter and p-type TMOs studied in this research.

Metal Electronic configuration of the Band gap Work

Oxide corresponding metal (eV) Function (eV) Ref
MoOs3 [Ar] 3d34s? 2.70 4.90-5.10 133
V205 [Kr] 4d°5s? 2.80 5.60 134
WOs [Xe] 4f145d* 6s? 3.20-3.40 4.80 135
NiO [Ar] 3d84s? 3.60-3.70 5.00 130
Cu,0 [Ar] 3d%04s?! 2.10-2.60 5.30 136
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1.6.3 Classes of TMOs

Transition metal oxides can be categorized according to their d level’s occupancy into
4 categories as shown in Figure 1.18. Class 1 is totally empty d bands (d°) oxides which are
n-type materials because they have a natural affinity to form oxygen vacancy defects.
However, they are considered to be insulators when they are completely stoichiometric
[70, 137]. Their conduction band minima is consisted mainly of empty metal d states, while
valence-band maxima are composed predominantly of O 2p states. Class 2 are partially
occupied d bands oxides with a low number of electrons (for example, d*, d? and d3). These
oxides are often metallic formed by chemical reduction of d° oxides. Class 3 should be
metallic conductors as they have a partially filled d band with a high number of electrons
(for example, d’, d® and d°). However, these oxides are electrical insulators. Class 4 oxides
are of totally filled d bands (d*°). They are semiconductors due to the gap between the d
band and the next-highest energy band (metal s orbitals). These oxides behave as intrinsic
p-type semiconductors, where the Fermi level lies closer to the valence band than the

conduction band and due to the presence of cation vacancy defects [138, 139].

i) Class 1: ii) Class 1a: fii) Class 2: iv) Class 3: v) Class 4:
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Figure 1.18 (top) A schematic diagrams of energy band and (bottom) photoemission spectra of

valance band of various transition metal oxide classes, taken from [70].
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1.6.4 Synthetic routes of TMOs

In earlier reports, most of metal oxides buffer layers were mainly prepared through thermal
vacuum deposition processes. Although these methods deposit smooth films with
controlled thickness on wide range of substrates, they require high temperature
processing, and expensive vacuum equipment. These drawbacks limit the compatibility
with the high throughput and the low-cost device fabrication [117]. Therefore, transition
metal oxides prepared from solution processes at low temperatures are needed. The
different synthetic routes and processing procedures including precursors, chemical

reactions, deposition techniques, and post-treatment are illustrated in Figure 1.19.
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Figure 1.19 Flow chart of typical synthetic routes for solution processing of TMOs, taken from [117].

Metal oxides can be synthesized at low temperatures by dispersion of nanoparticles (NPs)
using appropriate stabilizing agents to avoid NPs’ accumulation and to increase the
solubility in various solvents [140]. These capping agents must be removed by post-
treatment such as UV-ozone, Oz-Plasma, and thermal annealing in order to improve the
charge carrier mobility in the resultant film [141]. Although NPs approach decreases the
required annealing temperatures, NPs tend to form rough films due to their aggregations

in larger parts with large size of 100 nm, which are undesirable for the deposition of an
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upper photoactive layer and these aggregations may act as electrical shorts causing

decrease in the device performance especially for large-scale devices [142].

Alternatively, sol—gel process can be considered. This process is based on converting the
sol into gel by hydrolysis of the organic or inorganic precursor of the metal compound by
using an appropriate solvent. Then the gel is annealed at a certain temperature to form the
oxide [143]. There are several precursors, solvents, and additives have been used in sol-gel
method to produce solution processed metal oxides for optoelectronic applications.
Among these precursors, inorganic salts, such as halides and nitrates. However, the difficult
removal of their anionic species residues limits the device performance and stability [144].
Onthe other hand, organic precursors such as acetylacetonates, alkoxides and carboxylates
have been commonly used to prepare solution processed metal oxide as the organic groups
decompose into volatile products during the post treatment as well as its cost-effective and

commercial availability of these precursors [145].

The acetate ion (CH3COQ) is the most widely used carboxylates for preparation of metal
oxides due to their solution processability with agueous and alcoholic solutions. Most of
metal Alkoxides have excellent solubility in their corresponding alcohols as the metal is
bonded with alkyl groups through an intermediate oxygen atom. In addition,
Acetylacetonates can be formed from most metals such as molybdenum and vanadium
[146]. With the proper choice of precursor, the solvent must have several requirements,
for example, 1) appropriate viscosity, volatility, surface tension, thus the solution can
spread out easily on the substrate and form pinhole-free layer; 2) low boiling point, so it

can be removed easily during post treatment [147].

In spite of the several advantages of sol-gel method, such as, the low cost, simplicity, and
film thickness adjustability, such sol-gel-deposited TMOs usually require post-annealing at
high temperature (250-500 °C) in order to achieve high crystallinity and remove the organic
residues. This high temperature treatment approach is incompatible with the
high- throughput fabrication of OPVs. [116] Therefore, a novel ‘combustion” approach has
been introduced by Kim et al. for solution processing of TMOs at much lower annealing
temperatures (< 200 °C) [148]. The exothermic combustion reaction supplies an internal

energy, reducing the high post-annealing temperature. The combustion precursor consists
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of three main components, including 1) metal, 2) oxidizer, such as nitrates, and 3) fuel, for

example, urea or acetylacetone as shown in Figure 1.20 [149].
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Figure 1.20 The decomposition profile of a combustion and conventional sol-gel reactions, adapted

from [149].

Metal oxides can be employed in OPVs as ETLs (such as ZnO, TiOz) and HTLs (such as MoOs,
V205, WO3). In the following, various metal oxides as HTLs were reviewed in order to explore
a novel synthetic route for NiO and Cu,0, which are the main focus of this thesis. An overview

of NiO and Cu20 will be discussed in more details in chapters 3 & 4 respectively.

1.7 Review on TMOs as charge transport layers

1.7.1 Molybdenum trioxide (M0O3)

MoQOs, n-type semiconductor, was first used as an efficient hole injection material in OLEDs
[109] and then it has been comprehensively researched as HTL in OPVs owing to the decent
optical transparency, better environmental stability compared to PEDOT:PSS, which
prevents the diffusion of metal ions and oxygen inside the active layer, thus preventing the
fast degradation of OPV device [150]. The unoccupied 4d orbital of molybdenum and

occupied oxygen 2p orbital determines the conduction band and valence band of the oxide
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respectively. Furthermore, the electronic structure of MoO3 depends on the oxidation state

of molybdenum cation [112].

The n-type nature stems from the compensation of negative charge at defect sites of
oxygen vacancies or cation interstitials which gives rise to the defect band that lifts the
Fermi level closer to the conduction band [112]. In addition, MoOs3 has high work function
(4.90 — 5.10 eV) [133], which is higher than HOMO levels of most donor materials widely
used in OPVs, and in turn it facilitates the hole extraction efficiently at the BHJ/anode
interface and forms an Ohmic contact. However, the work function of MoQOs depends

strongly on the stoichiometry and surface contamination [133].

The electronic structure of MoOs consists of deep-lying valence band, and conduction band
(CB) significantly deeper than most HOMO levels of common polymers, thus the holes are
not transported through the VB of MoOs3, the hole transport is occurred through electron
extraction from HOMO level of organic semiconductor material to CB of MoOs. The energy
difference (HOMO offset) between the HOMO levels and Fermi level will reach a minimum
value, leading to Fermi level pinning at the oxide interface to establish thermodynamic

equilibrium [150].

MoOs acts as an efficient p-type dopant (hole extraction layer) more accurately than (hole
transport layer) due to the interfacial p-doping through is thermodynamically electron
transfer from the HOMO level of organic semiconductor to the low-lying conduction band
of MoOs. In other words, the electrons are transported from anode to the MoQs/BH)J
interface through the CB of Mo0Os, and subsequently recombine with holes in the HOMO

level of the donor [112].

Molybdenum oxide (MoQ3s) was first deposited by thermal evaporation, because of its low
melting temperature (795 °C), which allows accurate thickness control at a nanometer scale
(3 nm) [151]. Thermally evaporated MoOs acts as a barrier to the diffusion of oxygen and
metal ions inside the active layer, thus preventing fast device degradation. Thus, a thin layer

of MoOs could be the best HTL for inverted BHJs.

After MoOs was introduced by thermal evaporation method to act as HTLs in OPVs [115],

more attention has been attracted to developing solution processed MoOs to simplify large
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scale device fabrication and to reduce the processing costs. Therefore, an exploration of

better precursors and processing conditions is needed.

Liu et al. first introduced solution-processed MoQs as HTL in OPVs, achieving PCE of 3.14%
in P3HT:PCsoBM-based conventional OPV which was higher than that of PEDOT:PSS HTL
device [152]. This oxide was prepared via wet chemical deposition from an aqueous
solution of ammonium molybdate ((NH4)sMo07024) in addition of hydrochloric acid, followed
by thermal annealing at 160 °C for 10 min in nitrogen atmosphere. However, the poor film

uniformity limits its application for large scale manufacturing.

Afterwards, Murase et al. utilized the same precursor (ammonium molybdate) and
obtained a smooth MoOs thin film with a low surface roughness of 2.7 nm at lower
annealing condition 100 °C in air. OPVs using this solution-processed MoOx showed

a comparable PCE to PEDOT:PSS based devices and high fill factor of 69.3% [153].

In the meantime, Yang et al. and Girotto et al. both obtained higher PCE of 5.86% when
MoOs was employed as an anode buffer layer in PBDT-DTNT:PC70BM based OPV of
conventional architecture compared to 5.89% of PEDOT:PSS standard device [154, 155].
This MoOs; was synthetized by dissolving Mo powder in methanol or MoOs powder in
2- methoxyethanol with addition of H,0, (30%) at 80 °C for 2 hours. Then the hydrolysis
process was carried out during an annealing treatment at 250 °C or 275 °C for 30 min in air.
A pinholes-free surface morphology was obtained with low surface roughness of 0.46 nm.
The OPVs employing the solution processed MoO3 as HTL exhibited a similar performance

as PEDOT:PSS-based devices[154].

Mevyer et al. first prepared solution processed MoOs3 by using nanoparticles (NPs) approach
in which 15 nm of crystalline MoOs NPs were dispersed in xylene by adding 1%wt of
copolymer as dispersing agent, that was finally removed with Oz-plasma treatment [156].
The work function of the MoO3 NPs film can be increased to 6 eV by thermal annealing in
Nitrogen atmosphere at 100 — 200 °C. In addition, some electrical properties were
improved such as low leakage-current and low interface barrier energy compared to that
of PEDOT:PSS films. However, some large particle clusters up to 100 nm in size were found

in the resulting films which led to lower PCE of 2.5% than that of standard cells [156].
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A novel precursor, bis(2,4-pentanedionate) molybdenum dioxide (MoOa(acac)z), was
reported by Jasieniak et al. to obtain s-MoOx by either an anhydrous or an ambient
synthetic route [157]. The precursor was heated in either anhydrous methanol under
nitrogen atmosphere or in methanol in air for anhydrous and ambient routes respectively.
The deposited MoOx films were very smooth with low surface roughness (RMS = 0.35 nm).
In spite of the significant difference in surface compositions of MoOx films prepared via two
different methods, the performances of the devices were similar at various annealing
temperatures. However, this method needs high temperature annealing in order to remove

the organic residues [157].

Zilberberg et al. obtained MoOy of high work function (5.30 eV) from the same precursor
(MoO3(acac);) but used isopropanol as a solvent instead of Methanol [158]. The hydrolysis
process was carried out by maintaining the solution in ambient air for 1 hour. The deposited
MoOx films was then thermally annealed for 20 min at 150 °C in a nitrogen atmosphere.
A comparable device performance and long life-time stability of solution-processed MoOx
HTL were achieved compared to thermally evaporated MoOs; and PEDOT:PSS HTLs

respectively [158].

Subsequently, Tan et al. showed a smooth MoOx film (RMS < 3nm) demonstrating high hole
mobility and high light transmittance by modifying the same recipe (MoO2(acac),) at lower
annealing temperature 150 °C for only 10 min in the air. The resulting MoOx film showed
a better device stability than PEDOT:PSS which maintained 94% and 88% of its initial PCE

value respectively after being stored in nitrogen filled glove-box for 35 days [159].

Meanwhile, Hammond et al. introduced molybdenum tricarbonyl trispropionitrile
(Mo(CO)3(EtCN)s) dissolved in acetonitrile solution under nitrogen atmosphere, as
a promising precursor for lowering the annealing temperature to 120 °C in the air. The
resulting MoOs film has a WF of 5.15 eV and was increased to 5.38 eV by additional
O3- plasma treatment. PCE of 3.5% was reported when MoOs films were incorporated into

P3HT:PCsoBM device [133].

Next, Xie et al. have proposed one-step synthetic route of low-temperature, solution

processed MoOy via oxidation of hydrogen molybdenum oxide bronze (HxMo0Os3) and H,0;
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with controlling the oxidation rate by adding ethanol as reducing agent and annealing
temperature lower than 100 °C. A high PCE of over 7.7% was achieved by using a smooth

layer of MoOx (RMS = 1.33 nm) compared to 7.2% PCE of PEDOT:PSS HTL [160].

The stoichiometry of MoOx film shows a strong dependence on the annealing temperature,
which affect the hole transport properties and result efficient HTLs. Furthermore, the work
function of MoOx can be well-aligned to the HOMO level of the donor material by vacuum
treatment [161]. In addition, the PCE could be further improved to = 8% by incorporating
silver nanoparticles (Ag NPs) into the MoOy solution, thus forming a MoOx —Ag NP
composite HTL [162, 163].

Notably, pure MoQOs was realized by thermal decomposition of molybdenum (V) ethoxide
precursor dissolved in ethanol at 150 °C in the air [164]. Yao et al. proposed a combustion
process from an aqueous solution of polyoxomolybdate precursor in addition to
acetylacetone as a fuel and HNOs as an oxidizer and an oxidizer, and low transformation
temperature of the precursor at 150 °C which provide a continuous film of 2.2 nm RMS

[165].

Recently, hybrid graphene-MoOs particles (G-MoQs3) were prepared via a facile
hydrothermal method by Dang et al. A high PCE of 7.07% was achieved when G-MoOs was
employed as HTL in PCDTBT:PC71BM devices which is 19% higher than devices with MoOs3
HTLs [166,167]. Meanwhile, a mixture of n-type MoOs and p-type NiOx (MoO3:NiOx) was
first introduced by Bai et al. This mixture was used as a HTL in PBDBT:IT-M based OPV
achieving 10.81% compared to 9.79%, 8.97%, and 9.51% for control devices with
PEDOT:PSS, MoOQs3, and NiOx as HTLs respectively [168].

MoOs and NiOx and were prepared from Bis(2,4 pentanedionato)molybdenum(VI) dioxide
(MoOy(acac)z) and Nickel (ll) acetylaceonate (Ni(acaca),) precursors dissolved in
isopropanol. Afterwards, MoOs film was developed via solution process of molybdenum(VI)
chloride presorsor followed by ultraviolet irradiation treatment. This oxide was employed
as anode buffer layer in non-Fullerene:polymer ( PBDB-T:ITIC) achieving PCE 9.27%
compared to 9.15% for PEDOT:PSS based devices [169].
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1.7.2 Tungsten trioxide (W03)

WOs3 has been considered as a promising HTL for OPVs owing to the decent optical
characteristics (optical band gap ~ 3.20 — 3.40 eV, which can be decreased by 0.5 upon
annealing in air), and high work function (-4.80 eV) which improves the hole transport
properties [134]. WOs3 is n-type metal oxide with deep-lying electronic states, conduction
band is very close to the Fermi level and valance band around 3.0 eV below the Fermi level
[170, 171]. Its n-type nature arises from the compensation of negative charge at defect
sites of oxygen vacancy or metal interstitials. The electronic structure of WOs provides
excellent electron blocking and hole transport properties as its conduction band is higher
than LUMOs of many donors, and its valence band is well matching with HOMOs of many
donors. Similar to MoOs, the electronic structure of WO3 exhibit high dependence on the

stoichiometry, the crystalline structure and thus the deposition conditions [171, 172]

Stubhan et al. introduced the deposition of WOs films from nanoparticles (NPs) route. WO3
was prepared from NPs suspension of WOs in an alcohol solvent annealed at low
temperature 80 °C for 5 minutes without any Oz-plasma treatment which is an essential
step in order to remove the dispersing agent and to improve the hole transport properties.
The WOs film of work function 5.35 eV and 6 nm surface roughness was prepared by doctor
blade method form a suspension of 7 nm particle size WOs;. A comparable device
performance was achieved using WO3 NPs as HTL for both standard and inverted device

structure [134].

Subsequently, Tan et al. reported sol-gel WOs film with a small surface roughness of 2.6 nm
and high hole mobility of 9.4 x 103 cm? V! s1. WO3 was prepared from tungsten(VI)
isopropoxide (W(OCsH7)es dissolved in isopropanol solution, followed by thermal annealing
at 150 °C for 10 min in air in order to achieve a complete decomposition of the precursor
into WO3 [170]. An enhanced performance (PCE of 6.36%) for P3HT:ICBA based devices
when using WOs film as HTL was achieve compared with PEDOT:PSS control devices[170].
Afterwards, Choi et al. enhanced the device stability by keeping 90% of the initial PCE value
after nearly 200 hours of air exposure without any encapsulation. This was done by utilizing
annealing-free W03 as HTL which was prepared via the overnight hydrolysis of ethanol

solution of tungsten ethoxide (W(OC:Hs)s) precursor in ambient without any post
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treatment [173]. A 3.4% PCE was reported for a conventional P3HT:PCBM device structure.
However, the device performance showed a dependence on the variation of WO3 layer

thickness [173].

Next, Ozer et al. prepared solution processed WOj3 via sol-gel deposition from the hydrolysis
of tungsten oxychloride (WOCIOa4) solution in ethanol at 250 °C [174]. Lower annealing
temperature 180 °C was obtained by using a different solvent (isopropanol) with the same
precursor (WOCIO4) [175]. Huang et al. prepared a mixture of WOs and V,0s particles
dissolved in isopropanol solution which enhanced the device performance compared to
devices based on only V20s or WOs as HTLs. This was attributed to the efficient hole
transport which due to the well-alignment between valance band of V,0s and HOMO of
donor material in addition to the electron extraction from the top silver electrode through

the conduction band of W03 [176].

Jietal. prepared low temperature WQOs by ultrasonic spray pyrolysis method of an aqueous
solution of ammoniumtungestate ((NHa4)10W12041) precursor in air. A higher PCE of 3.63%
was reached with spray pyrolsised WOs anode layer, compared to control devices based on
vacuum thermally evaporated WO;3 [177]. Recently, ultra-thin WOs3 layers prepared by
UVO-treatment of WOs-octadecylamine was employed as blocking layers in dye sensitized
solar cells (DSSCs). The efficiency of devices based on WOs films was improved to 21%
compared to TiO; based devises. This enhancement is attributed to uniform morphology

and proper position of Fermi level of W03 [178].

1.7.3 Vanadium pentaoxide (V205s)

V205 is an n-type semiconducting oxide, exhibiting remarkably deep-lying electronic states
with band gap ~ 2.80 eV, and high work function of -5.60 eV. V205 was employed as an
optical spacer for improving light harvesting, and to prevent the diffusion of hot metal ions

into the active layer [135].

Benmoussa et al. demonstrated sol—gel route to prepare VO, the gel was prepared by
dissolving V205 powder in hydrogen peroxide then thermally annealed at 150 °C [179].

Later, solution-processed V,0s was reported by Huang et al. through dispersing V.0s
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nanoparticles powder into isopropanol (IPA) by ultrasonic agitation or wet grinding
[180, 176]. Afterwards, Zilberberg et al. reported another solution processed V,0s with
a high WF of 5.60 eV, via the ambient hydrolysis of Vanadium(V) oxitriisopropoxide
precursor dissolved in isopropyl alcohol (IPA) at room temperature without any post-
treatment. The V,0s film was stored in ambient air for 4 hours, after spin-coated from the
precursor, for complete hydrolysis which can be shortened by thermal annealing at the
suitable temperature [135]. The electronic band structure of the resultant V,0s film was
similar to that of the thermally evaporated V,0s, optical bandgap of 2.30 eV, and an ultra-
smooth surface with RMS of 0.4 nm were obtained. The fabricated V,0s film exhibited
excellent hole transport characteristics in both conventional and inverted architectures and
was able to maintain 80% of the initial PCE value for 400 hours, while devices used

PEDOT:PSS as HTL failed [135, 181].

Meanwhile, Tan et al. synthetized VO film with high transmittance in visible region, smooth
surface (RMS = 2.4 nm), and high hole mobility of 6.9 x 103 cm? V! s, based on the
decomposition of vanadyl acetylacetonate (VO(acac),) in isopropanol solution (1.5 mg ml-1)
by thermal treatment at 150 °C for 10 minutes [182]. The resultant VOx anode layer
contributed to an improved fill factor by decreasing the series resistance and increasing the
shunt resistance of the whole device. Subsequently, an enhanced Jsc, high FF > 70%, and
PCE of 6.35% were obtained for OPVs based on P3HT:ICBA with solution-processed V,0s as
HTL compared to that of PEDOT:PSS devices [182].

Afterwards, Xie et al. fabricated solution-processed V,0s of large bandgap 2.70 eV and work
function of 5.50 eV, at low-temperature < 100 °C from hydrogen vanadium oxide bronze
(HxV20s), which obtained from the oxidation of vanadium powder with H,0: in ethanol
solution. OPVs with solution-processed V,0s as HTL exhibited higher PCE (7.6%) than
a device using PEDOT:PSS HTL (7.2%). However, its high optical absorption in the visible

range (400-500 nm) limits its application as an efficient HTL [160].

Escobar et al. obtained low temperature solution processed V,0s from an aqueous solution
of sodium metavanadate (NaVOs). The V,0s hydrate gel first obtained by cation-exchange
from the aqueous solution of NaVOs to metavanadic acid (HVOs). Then the dehydration

process was carried out at 120 °C for 5 minutes which forms a film of V,0s.nH,0 on the
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substrate. OPVs employed this V,0s as HTLs for both conventional and inverted device
architectures exhibited long outdoor stability due to containing of water molecules in the

layer structure below 250 °C [183].

Afterwards, Rafique et al. synthesized V205 nanoparticles (NPs) via hydrothermal method
then dispersed NPs in PEDOT:PSS layer forming hybrid HTL. When the hybrid HTL was
employed in BHJ OPVs based on PCDTBT:PC71BM, the device degradation was decreased
and lifetime was significantly improved compared to pristine PEDOT:PSS due to its better
optical properties [184]. Jiang et al. prepared V,0s.H,0 layer via sol —gel method from low
cost V,0s powder. A PCE of 5.87% was achieved by using V,0s.H,O HTL in BHJ OPV based
on PBDSe-DT2PyT:PC71BM which is 30% higher than that of PEDOT:PSS (4.55%). This
increase in PCE was attributed to the efficient electron blocking at anode and high optical
transmittance in wavelength range of 400-500 nm which improves the charge generation

and surpass the charge recombination within active layer [185, 186].

Although the excellent hole extraction at the V,0s/BHJ interface, the high toxicity of V20s

limits its applications in solution process device fabrication in ambient atmosphere [187].

1.7.4 Chromium oxide (Cr203)

Cr;0s3 is n-type semiconductor oxide and an earth abundant. It is stable to light and air
exposure, as well as to thermal annealing at high temperatures and can be processed from
many solvents such as water and alcohols. However, it is rarely used as interlayer in OPV

[188, 189].

Li et al. reported a simple synthetic route for solution processed p-type CrOyx by spin coating
of chromium acetylacetonate (Cr(acac)s) precursor then thermally annealed at 60 °C
followed by UVO-treatment as can be seen in Figure 1.21. The PCE of a P3HT:ICsoBA BHJ
device was enhanced to 6.55% based on CrOx HTL compared to 6.06% for PEDOT:PSS based
device. This enhancement was attributed to the hydration of CrOx during the
UVO- treatment in air which forms dipolar species Cr(OH)s in the buffer layer. These species
increased the work function forming of an Ohmic contact at the anode/BHJ and improved

the device performance [190].
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1.7.5 Ruthenium oxide (Ru03)

Li et al. obtained solution processed RuO; by direct UVO-treatment of as-deposited
Ruthenium(lll) acetylacetonate (Ru(acac)s) precursor for 10 min. Most of Ru(lll)(acac)s will
decompose and the resultant film will be mainly RuO; as shown in Figure 1.21. When RuO;
was employed as a hole transport layer, it enhances PCE of the PBDTBDD:PC7:BM BHJ
device to 7.45% which is higher than that of PEDOT:PSS. This enhancement was attributed

to the high light transmittance of RuO, which improved Jsc. [191].
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Figure 1.21 The solution processes used to prepare CrOx and RuQ,, taken from [83, 62].

1.7.6 Rhenium oxide (ReO3)

ReOs is a unique metal oxide with a high work function (6.0 eV) and low vacuum-
evaporation temperature (340 °C). In addition to the good hole- collection efficiency of
ReOy, it enhances the light distribution within the bulk heterojunction layer and then

enhance the light absorption due to the better-matched refractive index [192].

A solution-processed ReOyx was prepared from methyltrioxorhenium(VIl) (CH3ReOs,
i.e. MTO) precursor dissolved in isopropanol. The as-deposited film was stored in ambient
air for 25 min for polymerization in which MTO was gradually converted into organometallic
oxide polymeric MTO ([CH3ReO3s]n, i.e. poly-MTO) as a result of reacting with moisture.

Subsequently, the film was thermally annealed at 110 °C to remove the unpolymerized
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MTO. Finally, UVO-treatment in air was carried out to decompose the poly-MTO into ReOx
[193].

The PCEs of 7.26% and 8.30% was achieved for P3HT:ICsoBA and PBDTTT-C-T:PC7:BM BH)J
conventional devices respectively based on ReOx as HTL which were improved by 14%
compared to PEDOT:PSS-based device. The enhancement of PCEs mainly arises from the
additional light absorption within the photoactive layer in the wavelength range of

400- 550 nm [193].

1.8 Motivation

One way to improve the performance and stability of OPVs is the inclusion of interlayers,
which facilitate the transport of both electrons and holes to both electrodes. Zinc oxide is
widely used electron transport layer (ETL) that has the advantage of good electrical
properties and chemical stability. The most commonly used hole transporting material
(HTL) is poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), which has
better electrical properties than the most of the alternatives, but its acidic and hydroscopic

nature limits the durability of the OPV, so a replacement is needed.

Although the wide spread of the previously mentioned oxides in OPVs achieving reasonable
efficiencies, the high toxicity of V,0s and CrOsz and the shortage of tungsten, make them
not very appropriate for green and low cost OPVs processing in ambient conditions.
Therefore, there is a vital need to develop nontoxic, abundant, and solution-processable

hole transport layer for highly efficient OPVs.

n-type transition metal oxides such as MoQs, V,0s, and WOs are extensively investigated
as HTLs for various optoelectronic applications. Therefore, there is an increasing interest in
obtaining p-type transition metal oxides such as copper oxides (CuO, Cu0) and nickel oxide

(NiO) with high hole conductivity and processed via different fabrication techniques.
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1.9 Thesis Outline

This thesis focuses on the development of high-performance OPVs based on p-type
transition metal oxides as potential alternatives to PEDOT:PSS. The optoelectronic and hole
transport properties of two metal oxides, Nickel oxide (NiO) and Copper oxide (CuOy) are
studied using various precursors and device characterization techniques. Notably, this
research investigates TMOs as HTLs that are fabricated via different fabrication techniques
such as thermal evaporation and solution process at low temperatures, which are

favourable for large-area applications.

This chapter provides a discussion of the development of OPVs, the operating principle,
and the importance of interlayers. Next, a comprehensive review of the literature on the
current development of hole transport inorganic materials is presented and mainly
focusing on transition metal oxides that formed the basis of this research. Following the
introduction, Chapter 2 outlines the experimental steps employed in this study including
the sample preparation procedures, material characterization techniques, and

optoelectronic of device performance.

Chapters 3-5 present a detailed analysis of the results obtained in this research. Chapter 3
reports the development of vacuum sublimed NiOx layers and their application as CTLs in
organic photovoltaics (OPVs). Evaporated layers of NiOx of varying tungsten content are
incorporated into bulk heterojunction OPVs and compared against control cells based on
other commonly used, CTLs. These experiments allowed to identify an optimum W:Ni ratio
in the evaporated films for best device operation. Chapter 4 obtains the synthesis of CuOx
at low temperature via solution process of commonly used copper acetate precursor. The
suitable HTL thickness and annealing temperature were recognized for comparable device
performance. Chapter 5 describes the preparation of copper oxide (CuOy) layer via a novel
synthetic route at low temperature from copper ethoxide precursor. The fabricated CuOx
film has been successfully integrated as the hole-transporting layer (HTL) for OPVs. Finally,

the Summary and key outcomes of this research project are concluded in chapter 6.
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2 Fabrication and Characterization
Techniques
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2.1 Introduction

This chapter describes the fabrication methods employed to deposit TMOs and fabricate
OPVs in this thesis and provides an overview of the working principles of various
characterization techniques used to investigate the structural and optoelectronic
properties of thin films. A brief discussion of each method is presented in this chapter.

However, more details of all experiments are shown in the relevant chapters.

2.2 Substrate preparation

Thin films were deposited on indium tin oxide (ITO) coated glass substrates (Kintec
Company, 10 Q per square), quartz substrates, and silicon (Si) wafers with thermally-grown
silicon dioxide (SiOz) of (400 nm +5%) (Active Business Company GmbH). Prior to
deposition of thin films, substrates were cleaned thoroughly by ultra-sonication in a
sequence of solvents 10 min each to remove any surface contaminants. The sequence was
as follows: sonication in de-ionized (DI) water with Decon-90 detergent followed by rinsing
with DI water to remove the detergent from substrates, then sonication in pure DI water,
acetone and isopropanol (IPA). The clean substrates were then dried by blowing nitrogen
over substrate surface. For the final step, substrates were placed inside UV-ozone cleaner
(UVOCS® model TO606E) for 15 min to remove any organic residuals from substrate

surface, whilst also improving substrate surface energy for thin film depositions [194].

2.3 Thin film processing techniques

In this thesis, the thin film deposition process was carried out using either solution

processing or thermal evaporation.

2.3.1 Thin film deposition via Spin Coating

In earlier studies, metal oxide films were prepared through vacuum deposition processes,
which are very expensive and incompatible with the high throughput manufacturing

processes. Therefore, vacuum-free techniques that can be carried out at room
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temperature in the ambient atmosphere are needed for reducing the fabrication cost,

ensuring compatibility with roll-to-roll processing techniques.

Spin coating is the most commonly used technique for the deposition of homogenous metal
oxide films over large area substrates (30 cm) by the sol—gel method. Cost-effectiveness,
low maintenance, and ease of operation are the major advantages of this technique.

However, the large material losses (> 90 %) limit compatibility with roll- to-roll processing.

For spin coating process, a sufficient amount of solution is placed by using a pipette onto
the substrate placed on the sample holder within the spin coater. The substrate is then
rotated at a defined speed for a specified time in order to spread the solution uniformly
over the surface due to the centrifugal force and surface tension. Subsequently, the film
gets thinner due to solvent evaporation as shown in Figure 2.1. Alternatively, the solution
may be applied while the substrate is spinning. The spin casting process is carried out either
in a fume hood for aqueous solutions or inside nitrogen-filled glovebox for organic solutions

[195].
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Figure 2.1 A schematic diagram describing the spin coating process, adapted from [196].

Post treatment such as thermal annealing is often carried out to the as- deposited film to
remove the organic reside and solvents, which also improve the quality of the film and dry
the coating. The film thickness and quality are controlled by the concentration of precursor
and deposition conditions such as spin speed and time, and thus, these variables should be

optimized to improve the device performance.
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2.3.2 Thin film/metal contact deposition via Thermal evaporation

Thermal evaporation under high vacuum was used to deposit nickel oxide thin film and
metal contacts onto substrates. This was carried out by using a Kurt J. Lesker Mini
SPECTROS™ evaporation system. Samples were loaded into a substrate holder, with
shadow masks (made of thin steel sheets) placed on the substrate surface in order to
acquire specific exposed regions. The sample holder was placed at the top of a vacuum
chamber whilst metals or powders to be evaporated are loaded into a source crucible or
boats held by a heating element at the bottom of the chamber as shown in Figure 2.2. The
chamber is then pumped down to high vacuum (~ 5 x 107 mbar) to be ready for metal
deposition. Obtaining a high vacuum environment is important to prevent the oxidation
process due to the presence of oxygen. Suitable voltages were then applied across the
heating element, which slowly increases the electrical current (temperature) over a period
of approximately 5 minutes to avoid damage to the crucible or the boat from thermal
shock. The evaporation rate and the required thickness are monitored by the crystal sensor.
Finally, the chamber was vented with nitrogen until it reaches the atmospheric pressure,

then the samples can be removed from the chamber.
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Figure 2.2 A schematic diagram of thermal evaporation deposition process, adapted from [197].
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2.4 Thin film characterization of TMOs

Understanding how TMOs affect the interface properties, such as the energy level
alignment at BHJ/anode interface, surface morphology, and optical transparency, is critical
for further improvement in the performance of OPVs. X-ray photoelectron spectroscopy
(XPS), X-raydiffraction (XRD), atomic force microscopy (AFM), and UV-VIS-NIR

spectroscopy are essential techniques to study the optical and interface properties.

2.4.1 Compositional Identification

Owing to the chemical reactions at the surface of the metal oxides film, prepared by sol-
gel process, a variety of surface components can be formed. Therefore, determination of
the elemental and molecular composition is needed, to further understanding the

relationship between the function and the composition of the interfacial layer.
2.4.1.1 X-ray Photoemission spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is used for analysing the surface components based
on the photoelectric effect. When a material, placed in ultra-high vacuum, is irradiated with
a high-energy X-ray beam, electrons are emitted from the material with a kinetic energy
equal to the difference between the incident photon energy and the binding energy. The
characteristic XPS peaks, at certain kinetic energies of the emitted electrons, can identify
each element in the sample. Furthermore, the intensity of the characteristic peaks
determines the percentage of every element. Therefore, quantitative analysis of the

surface composition can be realized using XPS as shown in Figure 2.3.
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Figure 2.3 X-ray photoelectron spectroscopy working principles, adapted from [198].

For XPS measurements, metal oxides thin films were deposited on conductive ITO-glass
substrates. The spectra were recorded on a Thermo Scientific K-Alpha+ spectrometer
operating at a base pressure of 2x10 ° mbar. This system incorporates a monochromated
Al Ka X-Ray source (Photon energy = 1486.60 eV) and a 180° double focusing hemispherical
analyser with a 2D detector. The X-ray source was set to 72W, operated at 6 mA emission
current and 12 kV anode bias. Data were acquired at 200 eV pass energy for survey scan,
20 eV pass energy for core level using an X-ray spot size of 400 pm?. Samples were loaded
using carbon conductive tape, and in addition a flood gun was applied to reduce sample
charging. All spectra were aligned using the C 1s contribution of adventitious carbon. All

data were analysed using the Avantage software package [86].
2.4.1.2 X-ray diffraction (XRD)

XRD is a structural characterization technique, used to identify the crystal structure of the
sample. When the specimen is exposed to X-rays beam of a wavelength comparable to the
interspacing between the atoms, the crystalline atoms and planes will diffract the incident

beam in many directions at different angles yielding peaks of different intensities. The
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interspacing (d) between atoms can be measured by Bragg’s law; n A = 2d sinB, where n, A,
and 0 are an integer number, wavelength of the incident beam, and the diffraction angle
respectively as shown in Figure 2.4.

Incident Scattered
beam beam

nA=2dsin @ ﬂ

Atomic planes

Figure 2.4 X-ray diffraction working principle (Bragg's law), adapted from [199].

The structure of TMOs thin films was determined using a PANalytical X'Pert Pro
diffractometer at an accelerating voltage 40 KV and a filament current of 40 mA. The system
produces Cu K, radiation at a wavelength of 1.54 A. The diffraction patterns were analysed

using Highscore software.

2.4.2 Morphological characterization
2.4.2.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a very high-resolution type of scanning probe
microscopy, used to study the morphology of thin films. There are different imaging modes
of AFM such as contact, non-contact and tapping modes. The most commonly used mode
is the tapping (AC) mode, which involves probing the sample surface with a nano-scale tip
attached to a vibrating cantilever at its resonance frequency. This vibrating frequency and
amplitude can be changed due to the interactions between the tip and the surface via van
der Waals forces. The variation in the amplitude of the tip gives the topography of the

surface as shown in Figure 2.5.

46



4 quadrant
photo detector

Cantilever

deflection

Laser measurement

Xyz-
stage

Figure 2.5 A schematic diagram describing the working principle of AFM, adapted from [200].

The surface morphology of thin films deposited on ITO substrates were studied using
tapping-mode AFM using an Agilent 5500AFM system, which employed a cantilever with
frequency ~ 270 KHz and a force constant 40 N m™. Topography and phase images are
recorded using PicoView scanning probe microscopy control software. Information on
material crystallinity, grain size, and thin-film uniformity were determined using Gwyddion
software; all surface height data were extracted from AFM topography images at an
identical resolution in order to generate representative distributions using Origin software

[86].
2.4.2.2 Scanning electron microscope (SEM)

SEM is an imaging technique used to obtain the surface topography and composition. SEM
is scanning the surface by a focused beam of electrons, which interact with the sample,

yielding a variety of signals, including secondary and back-scattered electrons. The resulting
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electrons are detected at different angles and their intensities will display the topography

of the surface.

A Leo Gemini 1525 Field Emission Scanning Electron Microscope (FESEM) was used with
accelerating voltage of 5 kV. The field emission gun and the sample chamber were held at
high vacuum during imaging, ~ 10"/ Pa and ~1073 Pa respectively. First, the samples were
coated by thin layer of 5 nm chromium by sputtering in order to increase surface
conductivity for better image quality. To reduce the electron charging effect under electron
beam irradiation, the edge of the substrate surface was coated by conductive carbon tape
that the other side was connected to the aluminium sample holder. For imaging, in-lens
detector was used to record Secondary electrons (SE), which are produced within only
several nanometres of the sample surface, with typical energies < 50 eV. All data were

analysed using ImageJ program.
2.4.3 Optoelectronic characterization

2.4.3.1 Ultraviolet-Visible-near infrared Spectroscopy (UV-VIS-NIR)

UV-VIS-NIR spectroscopy is used to measure the optical properties of the thin film of TMOs
such as transmittance, absorption coefficient, and optical band gap. When
a monochromatic light in the range of UV-Vis-NIR is incident on the film, part of light is
absorbed, other transmitted and the rest is reflected. Transmittance of the film is the
relative intensities of the transmitted and incident light and it can be calculated from the

Beer-Lambert law [201].

The absorption coefficient a is given by
1.
a=—In(—+
X (I)
Where I, is the incident light intensity, I is the transmitted light intensity, and x is the film

thickness.

48



The transmittance and reflectance spectra of TMOs films deposited on quartz substrates
were measured in the 200 — 1400 nm wavelength range, using a Shimadzu UV-2600
spectrophotometer equipped with an ISR- 2600Plus integrating sphere. Then the
absorbance was calculated from the transmittance and reflectance spectral data in order

to determine the optical bandgap of the semiconductor using Tauc plot analysis.

Tauc plot is the relationship between (ahv)™ and hv, where ais the absorption
coefficient, h = 4.136 x10715 eV . s, is Plank’s constant, v is the frequency of the incident
light, and n = 2 for direct bandgap or % for indirect bandgap. The optical bandgap is

determined by extrapolating the linear fitting of the curve to the energy axis as shown in

Figure 2.6, according to the following equation(ahv) = A(hv — Eg)%, which gives the
bandgap at(ahv)? = 0.
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Figure 2.6 Tauc plot of (ahv)™ versus hv illustrating the linear fitting of the curve to determine

the bandgap at x-axis intercept, [Auther’s own work].

2.4.3.2 Kelvin Probe Measurements

The Fermi level (Ef) and valence band maximum (VBM) of TMOs thin films were determined
using Kelvin Probe (KP) contact potential difference measurements and Air Photoemission
Spectroscopy (APS), respectively. Thin films of TMOs were deposited ITO coated glass

substances.
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The working principle of the Kelvin Probe is based on the concept of a vibrating capacitor to
measure the work function of conducting materials or surface potentials of semiconductor
surfaces in a non-contact manner. Due to the energy differences (i.e. work functions and
Fermilevels) between the Kelvin Probe tip and the samples, when electrical contact is made,
the equalisation of the Fermi levels results in the generation of electrical charges on the
respective surfaces. Therefore, the ability to detect these charges allows the Kelvin Probe
to determine surface potentials. During the measurement, the vibrating tip is typically at a
distance of 0.2-2.0 mm away from the sample surface, and an electrical contact is

connected to another part of the sample in order to form the vibrating capacitor.

2 SHP5050 : el

Scanning Kelvin Probe

- APS02

Air Photoemission System

Figure 2.7 Photograph showing Kelvin Probe-Air photoemission spectroscopy set-up, taken from

[202].

The KP-APS set-up comprised of a KP Technology SKP5050 Scanning Kelvin Probe and an
APS02 Air Photoemission System as shown in Figure 2.7. The contact potential difference of
each semiconductor thin-film was measured relative to that of a silver reference sample,
and hence, the Fermi level was calculated with respect to the work function of the
reference metal, which was determined as 4.70 + 0.05 eV using APS. The energy
corresponding to the valence band edge was extracted from APS data, where each sample
was exposed to ultraviolet radiation of wavelengths in the 200 — 300 nm range, and the
photoemission signal from the layer surface was recorded as a function of wavelength. The
oxygen level inside APS02 module is reduced by continuous flush of nitrogen during the

operation of ultraviolet source to avoid ozone generation.
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2.5 Solar Cell Fabrication and Characterization

Conventional and Inverted structures of OPVs were fabricated using TMOs as charge
transport interlayers (CTLs). Thin films of TMOs such as NiOx and CuOx were thermally
evaporated in vacuum or spin-coated on ITO-coated glass at different spin speed, and then
annealed at various temperatures. The BHJ active layer blends were next deposited in inert
atmosphere (nitrogen-filled glovebox) on top of the CTL layers, according to certain
procedures discussed in the relevant chapters. After which the cells were completed by the
thermal evaporation of a 10 nm thick layer of molybdenumtrioxide (MoQ3s) followed by
a 70 nm thick layer of silver electrode (Ag) for inverted OPVs or 10 nm of calcium (Ca)
followed by 70 nm of aluminium (Al) for conventional OPVs. This evaporation process was

carried out through shadow masks at a base pressure of 5 x 107° mbar.

The J-V characteristics of the solar cells were performed in a nitrogen-filled glovebox using
a Keithley 2400 source meter. The AM1.5 illumination was provided by a Sciencetech Inc.
Solar Simulator SF300-A, with an active area of 5 mm? defined by a metal stencil mask. The
intensity of light is calibrated to 1 sun (100 mW cm™) with a KG-5 silicon reference
photodiode certified by Newport. The J-V curves are recorded using LabView software, and
then Power conversion efficiency (PCE), open-circuit voltage (Voc), short-circuit current
density (Js¢), and fill factor (FF) were extracted. The datasets are analysed using Origin
software and the series resistance (Rs) and shunt resistance (Rsn) are estimated from the

reciprocal of the slope of J-V curves when J=0 and V=0, respectively.
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3 Thermally Evaporated Nickel Oxide
as a Universal Electron Transport
Layer
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3.1 Introduction:

Interfacial layers such as transition metal oxides (TMOs) have significantly contributed to
the improved performance and stability of organic photovoltaics. Therefore, significant
research has been focused on developing and exploring new material precursors and
recipes as well as novel processing techniques considering the improvement of the charge
transport properties and ensure the compatibility with large area optoelectronic

applications.

Nickel oxide (NiOy) has attracted great attention in recent years for its potential as a charge
transport layer (CTL) in various optoelectronic devices due to its high optical transparency,
low-cost, and environmental stability. However, solution processing of NiOyx is still
challenging as it is largely insoluble in most of common solvents and the inhomogeneity of
the resulting NiOy layers’ surface morphology renders the applicability of such methods for
large-area manufacturing. Therefore, thermal evaporation represents an attractive
alternative as deposition of uniform layers with precise thickness control can easily be

achieved over large areas.

This chapter reports the development of vacuum sublimed NiOx layers and their application
as CTLs in organic photovoltaics (OPVs). First, optical characterization was carried out, then
the optical bandgap was determined by Tauc analysis from absorbance and absorption
coefficient calculations. Next, the Fermi level and the valence band maximum of
evaporated films of varying thickness and tungsten content were obtained by Kelvin probe
and air photoemission measurements. XPS helps to understand the tungsten presence in
NiOx films and its percentages in each sample. Evaporated layers of NiOx of varying
thickness are incorporated into bulk heterojunction OPVs and compared against control
cells based on other, commonly used, CTLs such as ZnO. These experiments allowed to
identify an optimum NiOx film thickness and tungsten doping concentration for the
comparable device operation. Our work demonstrates the potential of thermally

evaporated NiOy as efficient electron transport layers for organic photovoltaic devices.
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3.2 Electronic Properties of Nickel oxide

Nickel (IlI) oxide (NiO) is the most widely studied p-type TMO, it forms an Ohmic contact
(energy level alignment) with many donor materials in OPVs because its valence band
(-5.0 eV) is well matched with HOMO levels of many polymers [130, 147]. Furthermore,
NiO provides effective electron blocking ability because its conduction band (-1.70 eV) is
higher than LUMOs of many organic donors and acceptors. Moreover, it has high
transparency with wide band gap > 3.60 eV [130, 147]. Nickel oxide has cubic crystal

structure as shown in Figure 3.1.

Figure 3.1 Crystal structure of NiO, where each nickel atom (green) is attached to six oxygen (red),

adapted from [203].

The high work function of NiO (-5.0 eV) promotes an Ohmic contact at BHJ/anode interface
[204]. However, the work function depends significantly on the deposition conditions,
oxidation states, and surface chemistry. Therefore, the WF of NiO can be reduces when

adsorbs surface contaminants (hydroxyl groups) or upon air exposure [205].

3.3 Review on Nickel oxide as a charge transport layer

Much research has been focused towards the development of solution processed NiOx.
Mashford et al. was first introduced NiOx films via wet-chemical processing of nickel acetate
tetrahydrate (Ni(CHCOO),.4H,0) dissolved in methanol with diethanolamine then
thermally annealed at high temperature 425 °C [206]. Another sol-gel NiOy was introduced

by Steirer et al. from ([Ni(H2N(CH2):NH2)2](HCOz)2) precursor and annealing at lower
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temperatures 250-300 °C [129]. Afterwards, NiOx was prepared from nickel formate
dehydrate (C2HsgNiOg) dissolved in ethylene glycol containing ethylenediamine. PCE of 5.1%
was achieved with NiOxHTL compared with 2.3% for PEDOT:PSS control devices [207]. Next,
Steirer et al. and Manders et al. reported the formation of NiOx via thermal decomposition
of nickel acetate tetrahydrate (Ni(CH3COO),.4H,0) precursor dissolved in ethanol and
monoethanolamine (MEA) as stabilizer at 275 °C followed by O,-plasma treatment which
increased the work function from 4.80 eV to 5.30 eV [130, 208]. Afterwards, the processing
temperature was further decreased to 150 °C by Zhai et al. via UVO-treatment to the same
precursor [209]. Subsequently, Bai et al. utilized a combustion process to prepare NiOy from
nickel nitrate as oxidizer and glycine as a fuel, at 175°C to start the combustion reaction
[210]. Annealing-free NiOx was demonstrated by Zhang et al. from colloidal NiO NPs via
sonochemical synthesis at low temperature through ultrasonic irradiation [211]. Jiang et al.
prepared NiOx (NPs) via the chemical precipitation reaction between Ni(NO3),:6H,0 and
NaOH without any post annealing [212]. Next, Lin et al. prepared NiO by two steps
annealing process from nickel (ll) acetylactenote dissolved in anhydrous ethanol with
addition of small amount of HCL obtaining PCE of 19.04% for perovskites solar cells [213,
214]. NiO HTLs was demonstrated by Tang et al. via solvothermal method using well
dispersed toluene solution of NiO nanocrystals (NCs). PCE of 15.47% for perovskites solar

cells was realized which is higher than that of PEDOT:PSS (11.42%) [215, 216].

However, the difficultly in producing stoichiometric NiO in ambient air due to the
complexity of the surface chemical reactions and non-uniform surface of the resulting NiO
films limits the compatibility of such methods for large-area manufacturing. Thus, NiO was
also processed by gas-phase methods such as chemical vapour deposition (CVD) [217, 218]
and atomic layer deposition (ALD) [219, 220] in addition to physical processes such as
pulsed laser deposition (PLD) [221], physical vapour deposition (PVD) [222], and magnetron
sputtering [223, 224, 225].

Prior to embarking on the experimental work detailed in this chapter, the author
experimented the processing of NiO from aqueous ammonia [NH3(aq)] solution. However,
NiO is found to be largely insoluble in aqueous solutions which restricts the solution
processing of NiO. Therefore, in this work, NiO is prepared by thermal evaporation which
can achieve the deposition of uniform layers with precise thickness control over large areas.
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3.4 Preparation of NiOx Film by Thermal Evaporation

NiOx was thermally evaporated on either cleaned quartz (for UV—Vis—NIR spectra
measurements) or glass/ITO substrates (for AFM, Kelvin probe/APS measurements, and
OPV device fabrication) using a Kurt J. Lesker evaporator. NiO powder (99.99%, Sigma-
Aldrich) was evaporated from an alumina coated tungsten boat at a base pressure of
5x10°® mbar. The deposition rate is maintained at 0.1 A/s, and the NiOy film thickness is
measured by a quartz crystal microbalance, located 50 cm above the source and next to

the substrates as shown in Figure 3.2.
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Figure 3.2 A schematic diagram of thermal evaporation deposition process, adapted from [197].

During the NiO evaporation process, the nickel oxide powder melts and alloys with the
tungsten boat causing it to become brittle and crack shortly after exposure to nickel oxide
liquid. Therefore, it is difficult to evaporate NiO powder using tungsten boat. There were
two options to evaporate NiO avoiding cracking the tungsten boat. First option is to use
alumina crucible. However, it depends on the external power heating so much more power
is needed to raise the temperature to achieve a successful NiO film deposition. The second
choice was to use alumina coated tungsten boat, in which alumina acts as an isolating layer
between nickel and tungsten. Therefore, alumina coated tungsten boat was used in this

work to evaporate NiO as shown in Figure 3.3. Three quarter inch dimpled boat coated with
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alumina (EVS9BAOW) was used. A current up to 190 Amps can pass through this boat
providing the required power (245 Watts) to reach the melting point of NiO (1955 °C) [226].
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Figure 3.3 Photographs of (a) NiO powder, (b) alumina-coated tungsten boat employed adapted
from Ref [226], and (c) 20 x 20 mm substrate with 10 nm NiOx.

Thermal Evaporation of NiO films involves heating NiO powder, in the first ramp, to its melting
point at some level just below vaporization to achieve an acceptable degree of equilibrium.
Next, the second ramp set the actual power level close for the desired deposition rate and
making it up to vaporization. Then the shutter opens and the deposition begins until the
desired film thickness is achieved. The films thickness depends not only on the power but also
on time of deposition. As the rate of deposition 0.1 A/s was used so 8.5, 11.5, 16.5, and 33.5
min were required to achieve films of thickness 5, 7, 10, 20 nm respectively. At the end, the

shutter closes and a cool down profile similar to the heat up one is applied.

3.5 Characterization of thermally evaporated NiOx

3.5.1 Optical characterization

Following to the successful optimization of thermal evaporation parameters, uniform
darkish layers of NiOx were obtained on quartz substrates as shown in figure 3.3 (c). The
UV-Vis-NIR transmittance and reflectance spectra of the evaporated NiOx films were
measured in 200—1200 nm wavelength range as a function of the deposition thicknesses
(5, 7, 10, 20 nm), against an air reference as shown in Figure 3.4 (a). Subsequently, the
absorbance and absorption coefficient were calculated from the transmittance and
reflectance spectral data in order to determine the optical bandgap of the NiOy

semiconductor using Tauc analysis.
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For different thickness films, high transmittance was obtained in the visible-NIR region, with
an average transmission of ~ 86% in the wavelength range 350 to 1200 nm, with an
absorption peak at ~ 200 nm as shown in Figure 3.4. It is also noted that the film of thickness
20 nm varied considerably from the other samples with lower transmission of average
~50% and higher absorption ~30% in the UV range. The reflectance is also affected by film
thickness variation. The spectra for different film thickness show ~7- 9% reflectance over

visible region and higher reflectance ~10-20% over UV wavelength range.
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Figure 3.4 (a) Transmittance and reflectance spectra of the films with different thickness show high

optical transparency, (b) UV-Vis-NIR Absorbance spectra of the deposited films on quartz

substrates.
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The optical bandgap (Ey) of thermally evaporated NiOx of different thickness were
determined from the Tauc analysis as shown in Figure 3.5. (ahv)? is calculated using the
transmittance and reflectance data of and plotted versus incident photon energy (hv).
E4 was found to be approximately 3.91, 3.80, 3.68, and 3.43 eV for NiOx films of thickness
5,7, 10, 20 nm respectively. These results show that thermally evaporated NiOx has a wide
bandgap. The calculated bandgap for 10 nm (3.68 eV) is in good agreement with the
bandgap value of NiOy in literature (3.60 eV) while the bandgap values for 5, 7 and 20 nm

are different from the literature Eg value of NiOyx [130].

O 5nmNiO, E; =3.91eV

4+ O 7nmNiO, E =380eV
10 nm NiO, E = 3.68 eV

O 20nm NiO, E =3.43 eV

(ahv)’(eV.cm™)?

Energy (eV)

Figure 3.5 Tauc plots of thermally evaporated NiOy of different thickness. (ahv)? is calculated

from the absorbance spectra of the deposited films on quartz.

3.5.2 Electronic characterization

The Fermi level (Er) and valence band maximum (VBM) of thermally evaporated NiOy films
of different thickness were determined using Kelvin Probe measurements (KP) and Air

Photoemission Spectroscopy (APS) respectively as shown in Figure 3.6.

It is necessary to determine the Fermi level and valence band maximum in order to explore
the alignment of energy levels of evaporated NiOx with the work function of electrodes and
the highest occupied molecular orbital (HOMO) and the lowest occupied molecular orbital

(LUMO) active layer materials.
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The Fermi level (Er) was calculated with respect to the work function of the reference metal
(silver). The Fermi level Er of thermally evaporated NiOx ranges from 3.80 eV to 4.10
+ 0.02 eV and was found to be dependent on the thin film thickness. For APS
measurements, the APS signals were recorded from NiOx films deposited on fully covered
ITO-glass substrates, then the spectra were analysed to estimate the valence band
maximum (VBM). By measuring different sets of NiOy films of various thickness, the VBM
was found to be 4.20, 4.30, 4.10, and 4.00 + 0.05 eV for 5, 7, 10, and 20 nm respectively.
The VBM was found to be 0.20 eV below the Fermi level which is in good agreement with
the literature and indicates the p-type nature of evaporated NiOy films. Notably, there was
a slight change in the Er and VBM values of NiOy layers about + 0.01 eV after 2 weeks of air
exposure (data not shown). This result verifies the chemical stability of thermally

evaporated NiOx films.
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Figure 3.6 The work function (WF) and valence band maximum of evaporated NiOx films of

different thickness (5, 7, 10, and 20 nm) deposited on ITO substrates.

It is clearly noted that the measured Er and VBM values are smaller than that of NiO in
literature (4.80 and 5.0 eV) [130] by 1 eV. This difference in energetics values between
experimental and literature NiO highlights the potential of thermally evaporated NiOx to be

employed as electron transport layer (ETL) rather than hole transport layer (HTL).
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Table 3.1 Summary of the optical and electronic characteristics of thermally evaporated NiOy of

different thickness.

Thickness (nm) Bandgap (eV) Fermi level (eV) Valance band (eV)

5 3.91 4.00 4.20
7 3.80 4.10 4.30
10 3.68 3.90 4.10
20 3.43 3.80 4.00

By knowing 1) VBM which is in the range 4.10 - 4.30 eV, 2) optical band gap Eg which is in the
range 3.40 - 4.25 eV, and 3) Er estimated in the range 3.90 - 4.10 eV as lying ~ 0.20 eV above
VBM (data summarised in Table 3.1 . The energy levels diagram of thermally evaporated NiOx

can be constructed as shown in Figure 3.7.

Vacuum energy Ey (0 eV)

Eg=3.4-39%eV

Energy (-eV)

Figure 3.7 A schematic diagram of electronic energy levels of thermally evaporated NiOy including
VBM which is in the range 4.10-4.30 eV extracted from Air photoemission spectroscopy (APS),
optical band gap Eg which is in the range 3.40-4.25 eV obtained from optical measurements, and
Er was estimated in the range 3.90-4.10 eV as lying ~ 0.20 eV above VBM using Kelvin probe

measurements. Conduction band minimum (CBM) is also indicated.
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3.6 Application of thermally evaporated NiOx in OPVs

Firstly, the compatibility of thermally evaporated NiOy films as hole transport layers (HTLs)
was studied by incorporating them in a conventional structure of OPVs based on P3HT:ICBA
as an active layer. However, OPV devices were shunted and did not work in the conventional
structure in which the thermally evaporated NiOx employed as HTL. After probing the
electronic structure of these films, it was found that they have low work function
approximately 4.0 eV as shown in Figure 3.7, which could match well with LUMOs of most

acceptors. Therefore, in the following section, thermally evaporated NiOx was utilized as ETL.

3.6.1 OPV device fabrication

Organic solar cells were fabricated in an inverted structure using evaporated NiOx and
solution processed ZnO as ETLs. For ZnO, zinc acetate (99.99%, Sigma-Aldrich) was
dissolved in 2-methoxyethanol (anhydrous, 99.8%, Sigma- Aldrich) containing
3% ethanolamine (99.5%, Sigma-Aldrich), and was subsequently spin-cast on pre-cleaned
ITO-coated glass substrates (see section 2.2) at 3000 rpm and then annealed at 180 °C for
20 min in air. The BHJ active layer blends were next deposited in the glovebox on top of
ETLs according to the following procedures: 1) a commonly used P3HT:ICBA blend system
(1:0.7 weight ratio) was spin coated at 1000 rpm for 1 minute from a 20 mg mL™
chlorobenzene solution. 2) As-deposited films were then annealed at 150 °C for 10 minutes
resulting in a film thickness of ~ 90 nm. 3) After which the cells were completed by the
thermal evaporation of a 10 nm thick layer of molybdenum trioxide (MoQOs3, 99.97%, Sigma-
Aldrich) 4) followed by a 70 nm thick layer of silver electrode, through shadow masks at
a base pressure of 5 x 107® mbar. The device active area was defined by a metal stencil
mask (5 mm?). Figure 3.8 displays the schematic structure of the BHJ solar cell, the energy

levels of the relevant used materials, and the chemical structures of P3HT and ICBA [227].
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Figure 3.8 Fabrication of organic solar cells with NiOx and ZnO ETLS, (a) Schematic of inverted BH)J
solar cell employed, (b) Energetics of the different materials used, (c) Chemical structures of the

active layer components P3HT and ICBA.

3.6.2 OPV device characterization

The J-V characteristics of the solar cells were performed under AM 1.5G illumination as

shown in Figure 3.9, and the measured device parameters are summarized in Figure 3.10.

It is clearly seen from J-V characteristics that the thickness variation of evaporated NiOy
films (5, 7, 10, 20 nm) significantly influences the device performance. The open circuit
voltage (Voc), Fill factor (FF), and short circuit current (Jsc) were enhanced from 0.38 to 0.72
V, 0.39 to 0.46, and 7.87 to 8.63 mA cm™ respectively as the thickness increased from 5 to
10 nm. The power conversion efficiency (PCE) increase significantly from 1.18 to 2.86 +
0.05% for thickness 5 to 10 nm. This increase could be attributed to the increase in shunt
resistance (Rsn) which reduces the leakage current and charge recombination so increases
the electron transport at ETL/BHJ interface. This also could be ascribed to the decrease in
series resistance (Rs) which may originate from the favourable energy level alignment of
evaporated NiOx ETL with the active layer due to the well matching work function of

evaporated films with the LUMO of ICBA acceptor.
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Figure 3.9 J-V curves measured under simulated AM1.5G illumination for inverted P3HT:ICBA OPV
cells based on ZnO as a reference and thermally evaporated NiOy of different thickness (5, 7, 10,

20 nm).

However, when the film thickness increases to 20 nm, the device characteristics showed
lower values than that of 10 nm film. This decrease could result from lower transmission of
average ~50% and higher absorption ~30% in the UV range. In addition to the higher series

resistance (Rs) and lower shunt resistance (Rsn) of the thicker film as shown in Figure 3.10.

In brief, the optimum thickness of the evaporated NiOx buffer layers was found to be
10 nm. The characteristics of device with the optimum ETL thickness showed PCE of 2.86
+ 0.05% with Voc of 0.72 V, Jsc of 8.63 mA cm™ and FF of 0.46. However, OPVs with ZnO
ETL exhibited PCE of 3.29 + 0.05% with Voc of 0.77 V, Jsc of 10.3 mA cm™ and FF of 0.43.
The increase in Jscand Voc could be attributed to better energy level alignment of ZnO with
the active layer than that of evaporated film which improve the contact at ETL/BHJ
interface. However, the decrease in FF could result from the difference in processing
methods as ZnO was solution processed and NiOx was thermally evaporated. This indicates

that uniform layers with precise thickness were achieved by thermal evaporation.
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Figure 3.10 Measured device characteristics for P3HT:ICBA based devices fabricated with ZnO and
different thickness of evaporated NiOx as ETLs, measured under AMI1.5 simulated solar
illumination. (a) Open circuit voltage (Voc) and short circuit current density (Jsc), (b) Fill factor (FF)

and power conversion efficiency (PCE), (c) Shunt resistance (Rsn) and series resistance (Rs).
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3.7 Microstructural analysis of evaporated NiOx thin Films

X-ray photoemission spectroscopy (XPS) measurements were carried out for NiOy films in
order to investigate the elemental composition and to understand the reasons of n-type
nature of the evaporated films. Figure 3.11 shows the XPS survey spectra of a series of
evaporated NiOx samples, deposited with the same thickness (10 nm). Unexpectedly,
dominating peaks of tungsten (W) were found across the survey spectra. This was ascribed
to the alloying between the Ni and W-boat during evaporation. Although alumina coated
tungsten boat was used, alumina did not avoid this alloying effect, but it prevented the
boat’s cracking during the evaporation. Therefore, the existence of W-peaks explains the

n-type nature of the evaporated films.
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Figure 3.11 Survey spectra of different films of 10 nm NiOy indicating core levels and Auger lines.
The lines marked with an asterisk are major Ni Auger lines indicate the presence of W with different

concentrations.

A survey spectrum scans the energy range of interest, in this study 0 — 1300 eV. The sharp
peaks in the electron signal correspond to the elastic scattering of electrons. Inelastic
scattering tends to produce broad peaks, and indeed the background. Notably the

background level is significant higher at the higher binding energy. This is due to the fact
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that the energy of electrons is lost as a result of inelastic scattering, leading to less kinetic
energy recorded at the spectrometer. As previously introduced, binding energy proceeds
in the opposite direction to kinetic energy. Hence the decrease in kinetic energy is typically
presented as an increase binding energy, which explains the rising background level at high

binding energy.

The dominating elements in the samples are indicated above the corresponding peaks. All
samples were deposited on SiO; substrate, which contribute to the peaks of Si and O. Ni
and W both showed dominating peaks across the survey spectra. The peak intensity
depends on the number of atoms per unit volume, as well as the probability of electrons
undergoing elastic scattering and escaping from the sample surface (cross section of the
element). The ratio between nickel and tungsten is calculated from the area of Ni 3p3/2 and
W 4fy/,, adjusting for the cross section of Ni and W. Although all sample were deposited
under the same evaporation conditions and thickness, different W:Ni ratios were
determined, uncontrolled, as shown in Table 3.2. The second evaporation tends to result
in higher W content than the first evaporation from fresh boat, for example, sample

number 2, 6, and 7.

Table 3.2 Estimated Ni:W ratio on evaporated NiOysample surface (with an error of up to 5%), all

samples are 10 nm thickness.

Sample Ni:W
1 80:20
2 56:44
3 90:10
4 76:24
5 87:13
6 44:56
7 09:91
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As shown in Table 3.2, a wide range of Ni:W ratio was achieved. Atomic ratio Ni:W of 80:20
was selected to investigate in further details. Figure 3.12 shows the C 1s of the resulting film,
in comparison with a nickel oxide (NiO) reference sample (99.8% Sigma Aldrich) as originally
intended [238]. C 1sis typically used for charge correction, in which the C-C peak is assumed
a constant position of 284.8 eV. Charging occurs when the electron vacancies (left by the
ejection of electrons) cannot be compensated in time with other surrounding free
electrons. Charging is an important error to consider especially among semiconductor and
insulating samples, where the concentration of free electrons is relatively low. Methods
such flood gun and sample heating are typically used to reduce the charging effect. From
our C 1s spectra, we found no evidence of surface charging, as the C- C peak locates
precisely at 284.78 eV. The lack of surface charging means that the resulting film has
relatively high conductivity of electrons, which attribute to high electron mobility and/or

charge carrier population of electrons.
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Figure 3.12 C 1s spectra of Evaporated NiOxsample in comparison with the NiO reference (Sigma

Aldrich, adapted from Ref [228]).

O 1s spectra contains information of the oxygen species on the surface and within the
crystal structure. Surface oxygen typically consists of adsorbed water and surface
hydroxides, whereas the lattice oxygen shows the existence of oxides. It is usually difficult
to distinguish between surface oxygen species, owing to the overlapped peak positions.

Two metal sources, Ni and W, adds further complications to distinguish between difference
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hydroxide species (Ni(OH), and W(OH)s). Despite the difficulties with the overlapping
peaks, the distinction between surface oxygen and lattice oxygen is apparent: Surface
oxygen is typically found at higher binding energy. In Figure 3.13, our sample O 1s is
compared with a NiO reference sample. Nickel oxide lattice oxygen (Ni-O) has
a characteristic peak at ~529.00 eV. Similar to most transition oxides, this oxide peak is
seldom reported to overlap with surface oxygen species. In contrast, our sample shows an
absence of the lattice oxide peak at lower binding energy, but only a dominating peak at

higher binding energy.
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o RefNiO
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Figure 3.13 O 1s spectra of evaporated NiO, sample in comparison with the NiO reference (Sigma

Aldrich, adapted from Ref [238]).

3.8 Impact of W-content on film properties

In sections 3.5.1 and 3.5.2, we studied the optical and electronic properties of evaporated films
as a function of thickness variation without consideration of existence of W as it was unknown
at the time of these characterizations. Therefore, after the unexpected discovery of W in the
evaporated samples and obtaining different Ni:W ratios, the impact of W:Ni ratio on the optical
characteristics and electronic structure of the thermally evaporated films was investigated for

certain sample thickness (10 nm).
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3.8.1 Optical Properties

Ultraviolet-visible-infrared (UV-Vis-NIR) transmittance spectra were obtained in 200-1200
nm range for evaporated films as a function of W:Ni ratios (10, 13, 20, 25 at.%), against an
air reference as shown in Figure 3.14. High transmittance was obtained in the wavelength
range 400 to 1200 nm, with an average transmittance of 85%. However, the film of 25 at%
W:Ni ratio varied considerably from the other samples and shows lower transmittance in

the UV range.
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Figure 3.14 Transmittance spectra of evaporated films with different W:Ni ratios, deposited on

quartz substrates.

Subsequently, the absorbance and absorption coefficient were calculated from the
transmittance and reflectance spectral data in order to determine the optical bandgap of
the evaporated films of Various W:Ni ratios using Tauc analysis. The optical bandgap (Eg)
was obtained from the linear fit of Tauc plot as shown in Figure 3.15 and found to be ~ 3.00,

3.20, 3.10, and 3.00 eV for films of (10, 13, 20, and 25 at%) W:Ni ratios respectively.
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These Eg values are different from the previously calculated one in figure 3.5 which is

attributed to the unexpected existence of W level with different ratios.
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Figure 3.15 Tauc plots of thermally evaporated films of different W:Ni ratios, (ahv)? is calculated

from the absorbance spectra of the deposited films on quartz.

3.8.2 Surface morphology

The surface morphology of films evaporated on [TO-coated glass substrates was
investigated as a function of W:Ni ratios by using tapping-mode atomic force microscopy
(AFM) as shown in Figure 3.16. The surface height (nm) data were extracted at identical
resolution from AFM topography images in order to generate representative distributions.
In addition, large scan area (10 x 10 wm) was used in order to represent the large area film

uniformity data and there was no evidence of microscopic pinholes and defects.
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Figure 3.16 AFM surface topography images (scan area of 10 x 10 um) of evaporated films of
various W:Ni ratios deposited on glass-ITO: (a) bare ITO reference substrate. (b) 10 at% W:Ni,
(c) 13 at% W:Ni, (d) 20 at% W:Ni, (e) 25 at% W:Ni, (e) 25 at% W:Ni.

The RMS values of ITO reference and evaporated films of various W:Ni ratios (10, 13, 20,
25 at%) were extracted from the height distributions as shown in Figure 3.17and were found
to be 3.20, 2.97, 2.54, 2.29, and 2.33 + 0.05% nm respectively. The obtained results show
that all evaporated films have smooth surfaces, and this indicates that the thermal
evaporation process significantly planarizes the ITO surface and decrease its surface

roughness.
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Figure 3.17 (a) Surface height histograms extracted from AFM data shown in Figure 3.16 of bare

ITO reference, and thermally evaporated films of different W:Ni (10, 13, 20, 25 at%). (b) Surface

roughness (RMS) calculated from the height distributions of (a) versus the W-concentrations.

It is clearly noted that the evaporated film with 20 at% W:Ni ratio has a uniform smooth

surface with the lowest RMS ~ 2.29 nm. A smooth interfacial layer improves the contact

quality at ETL/BHJ interface and limits the formation of charge recombination pathways

within the active layer. This is essential for the enhancement of device performance [111].
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3.8.3 Electronic properties

In order to investigate the impact of W:Ni ratio on the electronic structure of the
evaporated films, kelvin probe measurements were carried out to determine the work
function of evaporated films of different W:Ni contents as shown in Figure 3.18. The work
function was found to be 3.80, 3.90, 3.95, 4.15 + 0.05% eV for 10, 13, 20, and 25 % of W

atomic concentrations respectively.
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Figure 3.18 a) The work function of evaporated films on ITO substrates as a function of W

concentration (10, 13, 20, and 25%), measured by Kelvin probe (KP).

These WF values are different from the previously calculated one in figure 3.6 which is

attributed to the unexpected existence of W level with different ratios.

3.9 Impact of W:Ni ratio on OPV performance

In order to investigate the influence of the variation of W:Ni ratio in thermally evaporated
films on the device performance, Inverted architecture of BHJ organic solar cells were
fabricated based on P3HT:ICBA with evaporated films of different W:Ni ratios (10, 13, 20,
and 25 at%) and ZnO reference as ETLs. The BHJ active layer (P3HT:ICBA) blend and ZnO

thin film were prepared as previously explained in 3.6.1.
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The J-V curves of fabricated devices are shown in Figure 3.19 and the measured device

characteristics were obtained in Figure 3.20.
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Figure 3.19 J-V curves measured under simulated solar light illumination for inverted P3HT:ICBA OPV

cells based on evaporated films of different W:Ni ratios and ZnO as a reference.

It is notable that the W:Ni ratio impacts on the device performance. The Fill factor (FF) was
improved from 0.40 to 0.46 as the W:Ni ratio increases from 10 to 20 at%. This increase could
be attributed to the enhancement in shunt resistance (Rsn) which improves the interfacial
contact between ETL and active layer and increases the number of charges reaching the
cathode. However, when the W:Ni ratio increased to 25 at%, the FF decreased to 0.42 which
is lower than that of 20 at%. This result was confirmed by investigating the surface
morphology of evaporated films of different W atomic concentration. It was found that the
evaporated film with 20 at% W:Ni ratio has a smooth surface with RMS ~ 2.29 nm which is
lower than that of 25 at% (2.33 nm). A smooth ETL limits the charge recombination at
ETL/BHJ interface which improves the FF. The short circuit current (Jsc) was reduced from
8.63 to 8.55 mA cm™ as the W:Ni ratio increased from 20 to 25 at%. This decrease could
result from lower transmittance of the film of 25% W:Ni than the other samples in the UV
range. In addition to the higher series resistance (Rs) of the higher W concentration (25 at%)

film as shown in Figure 3.20.
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Figure 3.20 Measured device characteristics for P3HT:ICBA based OPV devices fabricated with ZnO
and evaporated films of different W:Ni concentrations (10, 13, 20, 25 at%) as ETLs. (a) Open circuit
voltage (Voc) and short circuit current density (Jsc), (b) Fill factor (FF) and power conversion efficiency

(PCE), (c) Shunt resistance (Rsy) and series resistance (Rs).
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The open circuit voltage (Voc) considerably increases from 0.62 to 0.72 V as the tungsten
concentration increases from 10 to 20 at%. However, when the W:Ni ratio increased to 25
at%, the Voc decreased to 0.68. This could be ascribed to the shift of the work function (WF)
of evaporated films to lower energies with increasing the tungsten concentration as shown

inFigure 3.21.

The WF changes from - 3.80 eV for 10 at% W:Ni film to - 4.15 eV for 25 at.% W:Ni film. The
energy difference (AE) between the WF of evaporated films and LUMO of ICBA acceptor
(- 4.00 eV) changes from 0.20, 0.10, 0.05, 0.15 eV for evaporated films of 10, 13, 20, 25
at% W:Ni ratios respectively. The lowest AE value is for 20 at% W:Ni which is ~ 0.05 eV.
Smaller AE values are supposed to provide the better energy levels alignment between ETL
and e acceptor, which increase the number of electrons being transferred upon contact,
leading to a significant increase in the interface’s conductivity and improves Voc [229].
Therefore, 20 at% W:Ni ETL showed the best Voc and device performance compared with

other ratios.
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Figure 3.21 A schematic diagram showing the energy levels of various materials used in OPV device

and the work function values of evaporated films with different W:Ni ratio(10, 13, 20, and 25 at%).
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In brief, the device with the optimum (W:Ni ratio, 20 at%) ETL showed PCE of 2.90 + 0.05%
with Voc of 0.72 V, Jsc of 8.63 mA cm™ and FF of 0.46. However, OPVs with ZnO ETL
exhibited PCE of 3.30 £ 0.05% with Voc of 0.76 V, Jsc of 10.2 mA cm™ and FF of 0.43.

The Jscand Voc of ZnO ETL are higher than that of evaporated film because of the better
energy level alignment of ZnO with the active layer than that of evaporated film which
improve the contact at ETL/BHJ interface. However, the FF of evaporated film is higher than
that of ZnO and this because thermal evaporation provides uniform layers with precise

thickness.

3.10 NiOyx as a Universal ETL

The potential of thermally evaporated films of 10 nm and 20 at% W:Ni ratio as a universal
ETL was investigated by fabrication of BHJ OPVs with three different active layers, namely,
(PTB7:PC71BM), (PBDB-T:ITIC), and (PFBDB-T:C8-ITIC) as shown in Figure 3.22 .
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Figure 3.22 Chemical structures of the active layer components PTB7, PBDB-T, and PFBDB-T as
donors while PC71BM, ITIC, and C8-ITIC as acceptors.

All devices were fabricated with inverted device architecture of ITO/ (ZnO or 10 nm of 20

at% W:Ni evaporated films as ETL) /BHJ of different donors and acceptors/MoQOs/Ag as

shown in Figure 3.23(a) and (b) shows the energetics of the three donors and acceptors.
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Figure 3.23 Fabrication of organic solar cells with evaporated films of different W:Ni ratios and ZnO
as ETLS. (a) Schematic of inverted BHJ solar cell employed, and (b) Energetics of the different

materials used.

The BHJ active layer blends were deposited on top of ~ 30 nm of ZnO and 10 nm films of
20% W:Ni as ETLs. PTB7 and PC71BM (1:1.5 w/w) were dissolved in a mixed solvent of
chlorobenzene (CB) and 1,8-diiodooctane (DIO) (97:3 v/v) at a concentration of 25 mg ml 1.
The solution was stirred overnight at 60 °C in the glovebox. The solution was spin coated in
on top of ETLs at 1000 rpm for 120 s. The PTB7:PC71BM films were not annealed but left in

the vacuum chamber for 20 min to remove the solvent residuals [230].

While, PBDB-T:ITIC and PFBDB-T:C8-ITIC blend solutions were dissolved in chlorobenzene
(CB) at a ratio of 1:1 w/w, and a concentration of 20 mg ml?, and were stirred overnight
at 60 °C in the glovebox. 0.4 vol% of 1,8-diiodooctane (DIO) was used as an additive prior
to the spin coating of the blends. Next, the blend solutions were spin coated on top of ETLs

at 2000 rpm for 60 s, followed by at 140 °C for 15 min [41].

The thickness of the active layers was ~ 80-100 nm. To complete the devices, 10 nm MoO3
and 90 nm Ag were evaporated in sequence under high vacuum 5 x 10® mbar using shadow

masks to fabricate devices with active area 5 mm?.
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The J =V curves measured for PTB7:PC7:BM, PBDB-T: ITIC, and PFBDB-T: ITIC BHJ cells are

shown in Figure 3.24, while Table 3.3 summarizes their characteristics.
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Figure 3.24 J-V curves measured under simulated solar light illumination for inverted OPVs based on
different active layers (PTB7:PC71BM, PBDB-T:ITIC, and PFBDBT:C8-ITIC), all devices fabricated with
10 nm of 20% W:Ni and ZnO as ETLs.

It can be seen from Figure 3.24 that the evaporated film performs well as a universal ETL
for different BHJ active layers. Notably, Jsc of OPV devices based on both ZnO and
evaporated W:Ni show approximately similar values as shown in Table 3.3. However, Voc of
evaporated films is lower than that of ZnO for the three devices and this indicates an

unfavourable energy level alignment between the work function of evaporated film and

LUMO of acceptors.
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Table 3.3 Summary of operating parameters for P3HT:ICBA, PTB7:PC71BM, PBDB-T:ITIC, and
PFBDB-T:C8-ITIC OPVs with ZnO and 10 nm of 20% W-doped NiOy as ETLs, measured under AM1.5

simulated solar illumination.

BHJ P3HT:ICBA PTB7:PC71BM PBDB-T:ITIC PFBDB-T:C8-ITIC
ETL Zn0 W:Ni Zn0 W:Ni Zn0 W:Ni Zn0 W:Ni
Jsc (mA cm™?) 10.3 8.63 12.5 13 14.9 14.4 17.3 17
Voc (V) 0.77 0.72 0.73 0.64 0.83 0.61 0.91 0.79
FF 0.43 0.46 0.65 0.59 0.57 0.41 0.69 0.62
PCE (%) 3.29 2.86 6 5 7 3.9 10.9 8.5

3.11 Conclusions

In conclusion, the thermal evaporation of controlled thickness, high optical quality NiOy
films was successfully demonstrated for the first time according to literature. It was
anticipated that the films would exhibit p-type i.e. hole selective transport, however we

show that those prepared are n-type in nature.

Firstly, evaporated films of different thickness (5, 7, 10, 20 nm) were employed as electron
transport layers (ETLs) in BHJ OPVs in order to determine the optimum thickness which was
identified to be 10 nm. The device with the optimum ETL thickness showed PCE of 2.86
+ 0.05% with Voc of 0.72 V, Jsc of 8.63 mA cm™ and FF of 0.46. However, OPVs with ZnO
ETL exhibited PCE of 3.29 + 0.05% with Voc of 0.77 V, Jsc of 10.3 mA cm~2 and FF of 0.43.

X-ray photoemission spectroscopy (XPS) measurements were carried out for NiOx films of
10 nm thickness in order to investigate the elemental composition and to understand the
reasons of n-type nature of the evaporated films. Ni and W both showed dominating peaks

across the survey spectra. The ratio between nickel and tungsten is calculated from the
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area of Ni 3ds2 and W 4fy5,. The existence of W- peaks explains the n-type nature of the

evaporated films.

Subsequently, the impact of W:Ni ratio on the device performance was investigated by
incorporation of 10 nm thick films of various W:Ni ratio (10, 13, 20, 25%). The device with
the optimum (W:Ni ratio, 20 at%) ETL showed a PCE of 2.90 + 0.05% with Voc of 0.72 V,
Jsc of 8.63 mA cm™ and FF of 0.46. However, OPVs with ZnO ETL exhibited PCE of 3.30 +
0.05% with Voc of 0.76 V, Jsc of 10.2 mA cm~2 and FF of 0.43. The Jscand Voc of ZnO ETL are
higher than that of evaporated film because of the better energy level alignment of ZnO
with the active layer than that of evaporated film which improve the contact at ETL/BH)J
interface. However, the FF of evaporated film is higher than that of ZnO and this because

thermal evaporation provides uniform layers with precise thickness.

Finally, the potential of thermally evaporated films of 10 nm and 20 at% W:Ni ratio as
a universal ETL was investigated by fabrication of inverted BHJ OPVs with three different
active layers, namely, (PTB7:PC7:BM), (PBDB-T:ITIC), and (PFBDB-T:C8-ITIC). Notably, Jsc of
OPV devices based on both ZnO and evaporated W:Ni show approximately similar values.
However, Voc of evaporated films is lower than that of ZnO for the three devices and this
indicates an unfavourable energy level alignment between the work function of evaporated

film and LUMO of acceptors.
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4 Solution Processed Copper Oxide as a
Hole Transport Layer
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4.1 Introduction

Copper oxides (CuOx) are drawing renewed attention as promising materials for a wide
range of optoelectronic applications such as organic photovoltaics (OPVs), perovskite solar
cells and field effect transistors. Their non-toxicity, earth-abundance, low-cost
compatibility with solution processing make them favourable candidates for anode buffer

layers in OPVs.

This chapter presents the development of solution-processed CuOyx layers and their
application as anode buffer layer in organic photovoltaics (OPVs). First, microstructural
analysis was attempted by X-ray diffraction (XRD) to study the thermal decomposition of
copper acetate sol-gel precursor. XRD helps to identify the optimum annealing
temperature of deposited films and confirms the presence of CuOx. Basic optical
characterizations such as transmittance, reflectance, and absorbance are studied with
UV- visible-NIR spectroscopy, and the optical band gap of solution-processed CuOx is

determined by using the absorption coefficient calculation via Tauc plot analysis.

With additional electrical characterisation from Kelvin probe and air photoemission
spectroscopy, work function and valance band maximum are determined. Furthermore,
solution-processed layers of CuOx of varying thickness and annealed at an optimum
temperature are incorporated into bulk heterojunction OPVs and compared against control
cells based on other commonly used HTL such as PEDOT:PSS. The impact of processing
solvent variation on device performance is further studied. Finally, the film morphology is
further provided by atomic force microscopy to understanding the effect of solvents on

film formation.

This characterisation allowed a full understanding of the structure and optoelectronic
properties of solution-fabricated CuOx as well as to identify an optimum annealing
temperature and film’s thickness. Our work demonstrates the potential of

solution- processed CuQy as efficient hole transport layers for organic photovoltaic devices.
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4.2 Electronic Properties of copper oxide

Binary copper oxides are cuprite (Cu20) and tenorite (CuO). Both Cu,0O (cubic) and CuO
(monoclinic) are p-type semiconductors with a band gap of 2.10-2.60 and 1.90-2.10 eV
respectively [137]. The p- type character of copper oxides stems from 1) Cu-vacancies
(electron accepting defects) as shown in Figure 4.1 (a, b), which introduce an acceptor level
at about 0.30 eV above the valence band (5.20 eV) as shown in Figure 4.1(c), and 2) the
dominant Cu 3d structure near valence band maximum (VBM), which leads to a more
dispersive valence band [149]. These characteristics give rise to high hole mobility in CuOx,
exceeding 100 cm? V- st [231]. Furthermore, the high work function of CuOx (~ 5.30 eV) is
close to HOMOs of many donors [136]. This leads to the formation of an Ohmic contact at

the BHJ/anode interface.
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Figure 4.1 (a) A schematic diagram shows the chemical bonding in copper oxide, (b) the crystal
structure of Cu,0 showing Cu and O defects, (c) Energy band structure of copper oxide showing the

acceptor and donor levels which are 0.30 and 0.90 eV above valence band maximum respectively,

taken from [149].

4.3 Review on Copper Oxide Hole Transport Layer

Lien et al. demonstrated CuOx through the thermal vacuum deposition method as a hole
transporting layer with a PCE of 4.06% obtained for P3HT:PCs1BM based OPVs with
a notable enhancement in device stability, i.e. PCE maintained at 75% of the original value
after 40 days [232]. However, this deposition method is very expensive and incompatible

with high throughout production of OSCs.
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Subsequently, Zhang et al. have employed CuO nanoparticles (NPs), prepared via
sonochemical route, as an anode interlayer in PCDTBT:PC71BM based OPVs. PCE has been
improved from 6% for PEDOT:PSS based OPV to 6.44% with CuO as HTL [233]. However,
NPs tend to form rough film, which is undesirable to the deposition of an upper photoactive
layer. Thus, there was a favorable demand for preparing CuOx through cost-effective

solution-processable method such as sol-gel process.

Next, Yu et al. have prepared CuOx films from an aqueous solution of copper
acetylacetonate (CAA) modified by hydrogen peroxide (H.02) without the need of
annealing in the ambient air. The resultant CuOx layer shows high work function 5.45 eV
and good optical transmittance (88% at 600 nm) in the visible range. The PCE of OPVs based
on PTB7:PC71BM with CuOx as an anode buffer layer is 8.68%, higher than that of
PEDOT:PSS. Moreover, the CuOx anode buffer layer enhanced the long term stability of the

devices to become much better than devices based on PEDOT:PSS buffer layer [234].

Subsequently, Xu et al. have prepared solution processed CuOyx films from
1,2- dichlorobenzene solution of copper acetylacetonate, followed by thermal annealing at
80 °C in the air for 20 min then 15 min UV-ozone treatment. By introducing this CuOy film
as an anode buffer layer, PCE of 4.10% and 6.72% were achieved for P3HT:PCBM and
P3HT:ICBA BHJ PVs respectively. In addition, a remarkable PCE up to 7.14% was obtained
by utilizing a narrow bandgap conjugated polymer PBDTTT-C, as a donor material
[235]. Although CuOy obtained from copper acetylacetonate (CCA) precursor has achieved
the best efficiencies and better device stability when employed as an anode buffer layer.
However, the solvent, dichlorobenzene, is not environmentally friendly and can dissolve
the active layer. Moreover, the CAA powder cannot dissolve in green solvents such as pure

water [234]. Therefore, the use of another precursor is needed.

Kim et al. synthesized Cu;0 thin films by sol-gel method from Cu (I) acetate monohydrate
dissolved in 2-methoxyethanol with monoethanolamine (MEA) as a stabilizer. However,
films deposited by spin coating method have poor surface uniformity [236]. Therefore, in
order to improve the morphology of the films, the post annealing process was carried out
in two steps, first in nitrogen at 400 °C followed in oxygen atmosphere for 30 min each. The

resulting Cu,0 films exhibited field effect mobility of 0.16 cm? V- s,
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In a similar approach, Yu et al., fabricated CuOx thin film by spin coating a precursor of
copper acetate monohydrate Cu(COOCHs)2.H,0, dissolved in a different solvent,
N,N- dimethylformamide (CsH7NO), with MEA under ambient conditions. Furthermore, the
annealing process was modified into only one step in the vacuum at various temperatures
(400-700 °C) for 2 hours. The resulting films have shown higher field-effect mobility of 0.29
cm? V1 51 [237]. However, these expensive post-annealing processes are not compatible
with low cost R2R production techniques of solar cells. Moreover, the used solvents are not
safe and environmentally friendly. Thus, different solvents and annealing process in

ambient condition have been employed to solve the mentioned drawbacks.

Afterwards, Lin et al. have deposited CuOx films (10 nm) via sol—gel route from the solution
of copper (Il) acetate monohydrate in IPA mixed with monoethanolamine (MEA) and
deionized water. The PCE of the inverted device structure based on P3HT:PCs1BM as an
active layer was enhanced from 3.11% (without the CuOx interlayer) to 4.02% (with the
CuOxyinterlayer). Furthermore, the PCE of devices, after ~ 42 days, reduced to 1.5% without
CuOx and to 3.5% with CuOx respectively [238]. By using another solvent, Shen et al.
prepared a mixture of CuO and CuzO by the spin coating of 2-ethoxyethanol solution of
copper acetate, then the films were thermally annealed at 160 °C for 1 h in air. The device
based on P3HT:PCs1BM as an active layer and copper oxides mixture as an anode buffer
layer, exhibits an enhanced PCE of 4.14% and long-term stability better than that of
PEDOT:PSS device [239]. Next, electro-sprayed CuxO was fabricated by Bu et al. from
copper acetate precursor dissolved in ethanolamine. A PCE of 5.83% was achieved for large
area perovskites solar cells with CuxO as anode buffer layer compared to 4.01% for
PEDOT:PSS control devices [240]. CuO p-channel of field effect mobility of 4x10% cm?V1s !
was successfully by Lee et al. fabricated from thermal annealing of Cu(ll) acetate at 500 °C
[241]. Most recently, Siddiqui et al. enhanced the light collection ability of P3HT:PC70BM by
incorporation of CuO NPs dispersed in dichlorobenzene and PCE of 3.82% was achieved

[242].
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In conclusion, CuOy is a promising alternative to PEDOT:PSS for OPVs with significantly
enhanced efficiency and device stability. However, more investigation of better precursors
as well as processing conditions is needed. Therefore, this work presents the development
of solution-processed CuOx layers and their application as anode buffer layer in organic

photovoltaics (OPVs).

4.4 Materials Preparation & CuO/Cu20 Thin Film deposition

Metal carboxylates, such as acetates, are the most widely used precursors for fabrication
of metal oxides such as NiO and CuOy [208, 238]. The acetate precursor can be decomposed
in solution by hydrolysis producing a sol-gel of either metal oxide or the corresponding
hydroxide which can be oxidised by thermal annealing. Alcohols such as 2-methoxyethanol
are suitable solvents for this precursor as pure water will induce complete hydrolysis and
subsequent precipitation of the oxide [243]. To improve the solubility and the stabilisation
of the precursor solution, chelating ligands such as monoethanolamine (MEA) can be used
as the amine group can coordinate with the metal cation in solution, preventing
flocculation and precipitation of insoluble products. However, these chelating ligands

should be removed from the thin film, by postdeposition annealing processes [244].

In this work, a facile and green method was demonstrated to obtain the solution-
processed ultrathin CuOy film. 0.8 g of copper (ll) acetate monohydrate (Aldrich, 98%,
Cu(CH3C0O0)2-H20) as a metal cation was dissolved in 10 ml of 2-methoxyethanol (Aldrich,
99.8%, CH3OCH,CH,0H) or isopropanol (IPA) (Aldrich, 98%, (CH3),CHOH) solvent with
addition of 1.4 M of monoethanolamine (MEA) (Aldrich, 98%, C,H7NO) as a stabilizer.
Subsequently, the solution was first stirred at 60 °C for 1 hour then kept under constant
stirring overnight at room temperature until a clear blue solution was formed. Before spin
coating, the substrates were cleaned by sonication in distilled water, acetone, and
isopropanol for 10 min each, and exposed to UV- ozone for 15 min to improve the surface
uniformity and in addition, the solution was filtered through a 0.45 um PTFE filter. Then the
precursor solution was spin-coated on the substrates at 3000 rpm for 30 sec with an

acceleration of 3000 rpm/sec, followed by annealing at different temperatures for 10 min
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on a hot plate in air. The backside of substrate was cleaned using isopropanol after every

deposition to ensure optical properties were not compromised.

The solution was spin-coated dynamically in order to produce a better uniformity and avoid
the solvent evaporation before the start of the spinning. The spin coating and annealing
processes were repeated different times to obtain different film thicknesses. The annealing
temperature was chosen according to a previous study of thermal decomposition of the
copper acetate, which stated that the decomposition process of copper acetate into Cu,

Cuz0, and CuO occurs between 168 — 302 °C as shown below [245].

1st Step:
Cu(CH3C00), = CuCH3C00 + CH3;COOH =

H
CuCH5C00 — CH;COH + Cu0
— Cu+ CO, + CH;

% Cu + CH,COOH
CuO + Cu = Cu,0
2nd Step:

1 1
50, 502

CulsCu0 AND  Cu,0%52Cu0

4.5 Thin Film Characterization

4.5.1 Microstructural Analysis of CuOx Thin Films

Characterization of the microstructure of synthesized films and the influence of processing
temperature on the crystallinity of CuOy films was performed by X-ray diffraction (XRD) as
shown in Figure 4.2. The concentration of precursor was first fixed at 0.5M in order to
deposit a film of sufficient thickness for XRD signal detection. Figure 4.2 illustrates the XRD
pattern of deposited thin films annealed in air at different temperatures from 175-325 °C
for 10 minutes. From the patterns, the peaks corresponded to copper and copper oxides

were observed.
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Figure 4.2 XRD patterns of thin films of the same thickness under different heating conditions,

deposited on Si-substrate.

It can be seen that the XRD patterns for films annealed at 175 and 225 °C, the two main
diffraction peaks at 43.5° and 50.1° match well with the standard JCDPS data (851,236) of
the cubic phase of metallic copper. These peaks correspond to the (111) and (200) planes

of a single-phase copper, respectively as there is no other peaks are noticed [246].

When the annealing temperature increases to 275 °C, XRD peaks show that the intensity of
diffraction peaks for Cu decreases and become broad which indicates that more Cu was
oxidised as the annealing temperature increases. This indicates the oxidation of the film

forming a mixture of CuO, Cu,0, and Cu according to the following formula [247],

1
26”+§026CU«20

1
Cu0 +5 0, 2Cu0

At 325 °C, more intense diffraction peaks of CuO were found which indicates that the film
is largely converted into pure CuO, matching well with a monoclinic phase preferential

crystal orientation in specific plane (standard JCDPS (050,611). Furthermore, the main Cu
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phase peaks become weaker and the peaks of Cu,O disappeared. These results are in a

good agreement with a previous work done by Lin et al [245].

In summary, unlike n-type metal oxide, there is no one-step process to form copper oxide
via sol- gel because of the strong intermediate Cu phase formation at low temperature or
for short time at high temperature, followed by the oxidation of this formed copper

resulting the formation of copper oxides such as Cu;0 and CuO [246].

4.5.2 Optical Characterization

After the successful microstructural identification of the deposited thin film and selecting
the appropriate annealing temperature, the transmittance and reflectance spectra of
deposited films on quartz substrates and annealed at 275 °C were measured in
220— 1200 nm wavelength range as a function of the film thicknesses. Then the
absorbance and absorption coefficient were calculated in order to determine the optical

bandgap of fabricated CuOy using Tauc plot analysis.

The UV-Vis-NIR transmittance and reflectance spectra of solution-processed films with
different thickness (10, 17, 21 nm) (measured by Dektak profilometer) were investigated,
against an air reference, as shown in Figure 4.3 (a). The transmittance spectra show
a variation for different thickness and the quartz substrate shows 93% high transparency

with no light absorption.

All films show high optical transmittance in the NIR range (800-1200 nm), then the
transmittance start to fall around 600 nm for all films agreeing with literature that
discusses strong absorption of copper oxide film below 600 nm [232]. The absorption in
the ultraviolet region is higher than in visible and NIR regions (600-1200 nm). The
reflectance spectra for samples with different layers indicate approximately 6% reflectance

over visible wavelength and the reflectance increases slightly by increasing film thickness.
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In addition, the broad absorption peak at 350 nm for 17 and 21 nm films imparted the
brownish appearance of the films (the colour of copper oxide) as the film absorbance
depends on the corresponding wavelength as shown in Figure 4.3(b). However, this colour

was not apparent for 10 nm film [248].
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Figure 4.3 (a) Transmittance and reflectance spectra of CuOy films annealed at 275 °C with different

thickness showing high optical transparency, (b) UV-Vis-NIR Absorption spectra of the deposited

films on quartz.
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Figure 4.4 The absorption coefficient for CuOy films with different thickness annealed at 275°C for

10 minutes.

In theory, absorbance of CuOx film depends on layer thickness and the absorption
coefficient is an intrinsic property which does not depend on film thickness. However, only
absorption coefficient plots of 17 and 21 nm CuOx films coincide. At a wavelength range of
300 - 800 nm, the absorption coefficient of 10 nm film is significantly smaller than that of

17, 21 nm CuOx films as shown in Figure 4.4.

The direct optical band gap (Eg) of solution-processed CuOx films were obtained from
a linear fit of Tauc plot and found to be approximately 3.1, 2.7, and 2.65 eV for thin films
of thickness 10, 17, and 21 nm respectively as shown in Figure 4.5. These results show that
solution-processed CuOx has a wide band gap. The band gap calculated for 17, 21 nm CuOx
film are 2.70 and 2. 65 eV that can be considered as Cu0 (2.1 — 2.6) [137] but for 10 nm,

the band gap 3.10 eV is larger than theoretical values.
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Figure 4.5 Tauc plots of solution-processed CuOy of different thickness. (ahv)? is calculated from

the absorption spectra of the deposited films on quartz

4.5.3 Electronic properties of CuOyx thin films

It is essential to investigate the compatibility of solution processed CuOx with the work
function of common electrodes materials and HOMO of active layer materials. Therefore,
Kelvin Probe (KP) and Air Photoemission Spectroscopy (APS) measurements were used to
determine the electronic energy levels of the fabricated CuOy such as the Fermi level (Ef)
and the valence band maximum energy (VBM) as presented in Figure 4.6. The samples of
different thickness were spin-coated on indium-tin-oxide (ITO) coated glass substrates and

annealed at 275 °C in air atmosphere.

By measuring different sets of CuOx films of different thickness (10, 17, 21 nm), the Fermi
level (Ef) of CuOx was measured as 4.77, 4.81, and 4.85 + 0.02 eV respectively and was

found to be dependent on the thin film thickness.
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Figure 4.6 The work-function (WF) and the valance band maximum (VBM) measurements for CuOy

films of different thickness (10, 17, and 21 nm) annealed at 275 °C for 10 minutes in air.

For the valance band maximum (VBM) measurements, the sample was exposed to a UV
source of 200 — 280 nm wavelength range and the photoemission from the surface was
recorded as a function of incident photon energy. The VBM was found to be 5.06, 5.11, and
5.14 + 0.05 eV for CuOxy films of thickness 10, 17, and 21 nm respectively which was

extracted from the linear fit the photoemission spectra.

The Fermi level (Er) of CuOx was found to be 0.3 eV above the valence band maximum
(VBM) which is in a good agreement with the literature and indicates the p-type nature of
the fabricated CuOx [149]. The obtained results indicate the potential of the solution
processed CuOy to be employed as HTL material as its Er and VBM values match well with

different HOMOs of donor materials.

The energy level diagram of solution-processed CuOy can be constructed by measuring of
VBM [5.06 —5.14 + 0.05 eV], optical band gap E¢ [2.65—2.80 £ 0.01 eV], and Er [4.77 —4.85

+0.02 eV as lying ~ 0.30 eV above VBM as shown in Figure 4.7.
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Figure 4.7 A schematic diagram of electronic energy levels of solution processed CuOy including VBM

which is in the range 5.06 — 5.1 + 0.05 eV extracted from Air photoemission spectroscopy (APS),
optical band gap Eg; which is in the range [2.65 —2.80 + 0.01 eV/], as lying ~0.30 eV above VBM using

Kelvin probe measurements. The conduction band minimum (CBM) is also indicated.

4.6 Impact of thickness and processing solvent on device
performance

4.6.1 OPV device fabrication

Organic solar cells were fabricated using CuOx and PEDOT:PSS as HTLs. For PEDOT:PSS,
an aqueous solution of PEDOT:PSS (Heraeus Clevios™ Al 4083) was used as purchased from
Ossila Ltd. After filtering with a 0.45 pum PTFE filter, PEDOT:PSS solution was spun at 4000
rom for 60 s followed by annealing at 150 °C for 10 minutes in air. The BHJ active layer
blend was next deposited in inert atmosphere (dry nitrogen glove box) on top of the HTL
layers (PEDOT:PSS, CuOy) according to the following procedures: 1) a commonly used
P3HT:ICBA blend system (1:0.5 weight ratio) was spin coated at 2000 rpm for 40 sec from
a 24 mg mL! chlorobenzene solution. The P3HT was obtained from Prof. John De Mello’s

group with MW = 62 kDa [249], while ICBA was purchased from Ossila Ltd.

96



2) As-deposited films were then annealed at 150 °C for 10 minutes resulting in a film

thickness of =100 nm. 3) After which the cells were completed by the thermal evaporation

of a 10 nm thick layer of Calcium at deposition rate of 0.5 As™ 4) followed by evaporation

of a 70-90 nm thick layer of silver electrode at rate of 1.5 As?!, through shadow masks at

a base pressure of 5 x 107® mbar [250]. The device area was determined by the overlap

between the ITO strip and the cathode (0.045 cm?). Figure 4.8 shows the BHJ solar cell

structure used and energetics of different materials used in fabrication of OPV.
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Figure 4.8 The fabrication of organic solar cells with CuOy and PEDOT:PSS HTLS. (a) Schematic of

conventional structure BHJ solar cell employed. (b) Energetics of the different materials used in

OPV.
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4.6.2 OPV device characterization

The J-V characteristics curves of the devices under the illumination of AM 1.5G, are shown

in Figure 4.9, and the device parameters are summarized in Figure 4.10.
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Figure 4.9 J-V characteristic curves measured under simulated solar light illumination for
conventional architecture P3HT:ICBA OPV cells based on PEDOT:PSS as a reference and different

thickness of CuOx processed from 2-methoxyethanol solvent.

The reference device using PEDOT:PSS as HTL shows a PCE of 3.38 %, an open-circuit
voltage (Voc) of 0.7 V, a short-circuit current density (Jsc) of 8.29 mA cm?, and a fill factor
(FF) of 0.57. The thickness of CuOx film significantly impacts the device performance. The
optimal thickness for CuOy film was found to be 17 nm as the fill factor of 21 nm thick film
is considerably (~ 8%) lower than that of 17 nm film. This drop can be attributed to the
higher series resistance (Rs) of the thick film. On the other hand, Voc and Jsc of 10 nm CuOx
film are lower than that of 17 nm film. This can be ascribed to the presence of pinholes due

to the non-uniformity of the very thin CuOx film.
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Figure 4.10 The measured device performance characteristics for P3HT:ICBA based devices

fabricated with PEDOT:PSS and different thickness of CuOx processed by 2-methoxyethanol as HTLs,

measured under AM1.5 simulated solar illumination. (a) Open circuit voltage (Voc) and short circuit

current density (Jsc). (b) Fill factor (FF) and power conversion efficiency (PCE). (c) Shunt resistance

(Rsn) and series resistance (Rs).
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In conclusion, upon utilization of 17 nm of CuOx as a hole transport layer (anode), the Voc
and Jsc were enhanced to 0.73 V, 8.64 mA cm™ respectively. Whereas the FF was slightly
decreased to 0.55. Although the FF of CuOx device is slightly smaller than that of PEDOT:PSS
device, the PCE was further increased to 3.51 + 0.05 %, which is 4 % higher than that of

the reference device.

The enhanced Jsc of 17 nm of CuOx device could arise from the increased hole collection at
the CuOy/active layer interface by decreasing series resistance which may originate from
the high work function of CuOx ( ~ 5.30 eV) [140], in addition to the higher transparency of
CuOx than that of PEDOT:PSS.

The higher Voc of CuOy based devices (17, 21 nm) than that of PEDOT:PSS is an indication
of a favourable energy level alignment of the HTL with the photoactive layer which is mainly
due to the well-matching work function values of CuOx films. The enhanced Voc of devices
with a CuOy buffer layer could result from the increase in Rsh as the photoactive layer is the
same for all devices. Furthermore, the incorporation of copper oxide at the electrode
reduces the charge carrier recombination through improving hole selectivity at the

CuOy/photoactive layer interface.

The FF shows variable values for devices fabricated with different thickness of CuOx films.
When the thickness increased from 10 to 17 nm, the FF increased from 0.52 to a maximum
value of 0.55. However, as the thickness further increased to 21 nm, the FF decreased to
0.48. FF is determined by the number of charge carriers reaching the electrodes. Therefore,
the better interfacial contact between CuOx film and the active layer, the lower charge
carrier recombination rate and this leads to a higher FF value [239]. Furthermore, the Rsh
was changed with different thickness CuOx films. For 17 nm CuOx film, the higher Rqh results
in higher FF which can reduce leakage current [239]. In brief, although the FF value (0.55)
of CuOx based device is slightly smaller than that of PEDOT:PSS device (0.57), the PCE of
CuOy device (3.51%) is higher than that of reference device (3.37%).
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After the successful identification of the optimal thickness and annealing temperature for
the CuOy interlayer, the next step is to study the impact of solvent variation on the device
performance. Therefore, CuOy films were prepared again with the same concentration
from but in this time, the precursor was dissolved in isopropanol (IPA) solvent instead of
2- methoxyethanol. Then the precursor solution was spin-coated on the substrates and
annealed at the same conditions as used before giving similar films thickness (10,17,

21 nm).

The J-V characteristics curves of the devices prepared using IPA, are shown in Figure 4.11,

and the device parameters are summarized in Figure 4.12
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Figure 4.11 J-V characteristic curves measured under simulated solar light illumination for
conventional architecture P3HT:ICBA OPV cells based on PEDOT:PSS as a reference and different
thickness of CuOs.

Upon insertion of CuOy of different thickness (10, 17, 21 nm) processed from IPA solvent
as a hole transport layer (anode), the Voc values are approximately similar as that of films
processed from 2-methoxyethanol. Furthermore, FF values show the same trend but with

lower values than that of 2-methoxyethanol solvent. This is due to lower Rs, values which
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reduce CuOy/active layer interface quality and increase charge carrier recombination

probability, and thus result in lower FF.
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Figure 4.12 The measured device performance characteristics for P3HT:ICBA based photovoltaic

devices fabricated with PEDOT:PSS and different thickness of CuOy processed by IPA as HTLs,

measured under AM1.5 simulated solar illumination. (a) Open circuit voltage (Voc) and short circuit

current density (Jsc). (b) Fill factor (FF) and power conversion efficiency (PCE). (c) Shunt resistance

(Rsn) and series resistance (Rs).
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The non-uniform interfacial contact between the CuOx and the active layer contributes to
lower Rs of the device and leads to a lower Jsc values. Jsc was decreased from 8.64 to 7.99
mA cm? for 17 nm CuOyx films processed by 2-methoxyethanol and IPA solvents
respectively. The PCE was further decreased to 2.97 £ 0.05 %, which is 12 % lower than that

of the reference device.

The results demonstrate that the utilization of CuOx film of optimum thickness (17 nm)
processed by 2-methoxyethanol is able to increase the Rsp and decrease the Rs of the device
which enhance the Jsc and FF and result in higher PCE than that of reference device.

However, CuOx film fabricated by IPA result in lower PCE due to decreased Jsc and FF.

4.6.3 Surface morphology Analysis

The surface morphology was investigated by using tapping-mode atomic force microscopy
(AFM) for two CuOx films of the same thickness (17 nm) processed from two different

solvents (Isopropanol and 2-methoxyethanol) on glass substrates as shown in Figure 4.13.

Glass/CuOy (Isopropanol) Glass/Cu0, (2-Methoxyethanol)
20.0 nm

200ng

0.0

Figure 4.13 AFM surface topography images (scan area of 1 #gm) of CuOy films (17 nm) processed
by two different solvents (Isopropanol and 2-methoxyethanol) on glass substrate and annealed at

275 °C.
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The RMS roughness of CuOx film formed by 2-methoxyethanol solvent is 1.5 nm, which is
much smaller than that of the CuOy prepared by Isopropanol (3 nm). This was attributed to
the lower boiling point of IPA (82.5°C) than that of 2-methoxyethanol solvent (125 °C) [251].
The fast evaporation of solvent during spin coating process would result in rough thin film,
while the gradual evaporation of the solvent with high boiling point would provide

a smoother film.
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Figure 4.14 Surface height distributions extracted from AFM data in Figure 4.13.

It can be shown in Figure 4.14 that CuOy film processed by 2-methoxyethanol is more
uniform than that prepared by IPA which is covered with particles. In addition, the surface
height distributions show that CuOx film processed by IPA produce features of dimensions
spread over a wide range as shown in Figure 4.14. The device performance can be
significantly affected by the poor morphology. The rough surface increases the number of
interfacial areas so the scattered particles will act as recombination centres and could
possibly cause pinholes in the active layer and decreases Rsh which affects the device

performance.
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4.7 Conclusions

In summary, we have successfully demonstrated solution-processed copper oxide (CuOy)
via a sol—gel route from copper (Il) acetate monohydrate precursor with 2-methoxyethanol
solvent and monoethanolamine (MEA) as chelating ligand. The temperature dependence
of solution processed CuOy properties is studied using XRD over a range 175 — 325 °C and
50 °C intervals. Two main diffraction peaks (43.5° and 50.1°) of the cubic phase of copper
were obtained at 175 and 225 °C. At 275 °C, the film was oxidized to a mixture of CuO,
Cuz0, and Cu and when increasing annealing temperature to 325 °C, more Cu was oxidized,
and the film is largely converted into pure CuO and peaks corresponding to Cu;0

disappeared.

Solution-processed CuOx films with different thickness (10, 17, 21 nm) show strong
absorption below 600 nm and 6% reflectance over visible wavelength with a broad
absorption peak at 350 nm which seems to associate with the colour of CuOxfilm (brownish
appearance). The direct optical bandgap (Eg) of solution-processed CuOy films were
obtained from a linear fit of Tauc plot and found to be approximately 3.10, 2.70, and 2.65

eV for thin films of thickness 10, 17, and 21 nm respectively.

The Fermi level (Er) of CuOx of different thickness (10, 17, 21 nm) was measured as 4.77,
4.81, and 4.85 + 0.02 eV respectively. The VBM was also found to be 5.06, 5.11, and 5.14
+ 0.05 eV respectively. The Fermi level (Er) of CuOx was found to be 0.30 eV above the
valence band maximum (VBM) which indicates the p-type nature of deposited CuOx. Er and
VBM values of the solution processed CuOx match well with different HOMOs of donor

materials and electrodes so CuOx can be employed as efficient HTL material.

When an optimum thickness of CuOx (17 nm) fabricated by 2-methoxyethanol was
employed as a hole transport layer (anode), the Voc and Jsc were enhanced to 0.73 V, 8.64
mA cm respectively. Although the FF of CuOydevice (0.55) is slightly smaller than that of
PEDOT:PSS device (0.57), the PCE was further increased from 3.38% for PEDOT:PSS to 3.51
+0.05 % for 17 nm CuOx film.
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When 17 nm CuOx film processed by IPA was utilized as HTL, Jsc was decreased from 8.64
mA cm?to 7.99 mA cm™ for CuOx film processed by 2-methoxyethanol and IPA solvents
respectively. The PCE was further decreased to 2.97 + 0.05 %, which is lower than that of
the reference device. This decline in Jsc could be attributed to the non-uniform interfacial
contact between the CuOx and the active layer which contributes to lower Rs of the device

and leads to a lower Jsc values.

The results demonstrate that the utilization of an optimum thickness CuOx film (17 nm)
processed by 2-methoxyethanol result in higher PCE than that of reference device.

However, CuOx film fabricated by IPA result in lower PCE.
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5 Low Temperature CuOxvia Novel
Synthetic Route
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5.1 Introduction

As proposed in Chapter 4, preliminary and promising results were obtained using a solution
processing route for fabrication of CuOy films, which can be a facile way to improve
low- temperature processed transition metal oxides as interfacial layers in high
performance OPVs. However, during studies of the impact of processing temperature on
CuOy formation, the optimum temperature was found to be 275 °C which still needs to be
reduced in order to achieve the compatibility of CuOx with low temperature processing
techniques. To accomplish this goal, we need to replace copper (Il) acetate precursor,
which requires high annealing temperature in order to decompose and for the growth of

high-quality CuOx films.

Therefore, this chapter presents the development of low temperature solution-processed
CuOy layers prepared from copper (Il) ethoxide precursor which is well known for
preparation of different metal oxides such as tungsten oxide at low temperatures because

of its lower decomposition temperature (120 °C).

First, optical characterization was carried out, and the optical band gap of solution-
processed CuOx is determined via Tauc plot analysis. With additional electrical
characterisation, work function and valance band maximum are determined. Then X-ray
photoelectron spectroscopy (XPS) helps to study the influence of annealing temperature
on the deposited CuOx films and confirms the presence of CuOx. Moreover,
solution- processed layers of CuOx annealed at different temperatures are incorporated
into bulk heterojunction OPVs and compared against control cells based on other
commonly used HTL such as PEDOT:PSS. This work demonstrates the processing of CuOy at
low temperature from copper (II) ethoxide precursor and their potential as efficient hole

transport layers for organic photovoltaic devices.
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5.2 Growth of CuOx Thin Film

In this work, a facile sol-gel route was utilized to obtain the solution-processed CuOx film
which was previously used for the preparation of tungsten oxide [173]. A 0.05 M of Cu ()
ethoxide (Alfa Aesar, (Cu(OCzHs)2) dissolved in ethanol (Aldrich, CH3CH,OH) with addition
of a small amount of acetic acid (0.1 vol%) (Aldrich, CH3COOH) as a stabilizer. Subsequently,
the solution was first stirred at 60 °C for 1 hour then kept under constant stirring overnight
at room temperature until a clear blue solution was formed. Afterwards, the precursor
solution was spin-coated on the substrates at 4000 rpm for 40 sec with an acceleration of
4000 rpm/sec, followed by annealing at 150, 200, and 250 °C for 10 min on a hot plate in

ambient air.

5.3 Thin Film Characterization

5.3.1 Optical Characterization

The UV-Vis-NIR transmission and reflectance spectra of solution-processed CuOx films
deposited on quartz substrates with approximate thickness (~10 = 3nm) were investigated
in 220-1200 nm wavelength range as a function of annealing temperature (150, 200, and
250 °C), against an air reference, as shown in Figure 5.1(a). Then the absorbance was
calculated in order to determine the optical bandgap of deposited CuOx films using Tauc

analysis.

The transmittance spectra show a variation for different annealing temperature. All films
show high transmittance over NIR region. Then, the transmission start to fall around 600
nm for all films agreeing with literature that explains the strong absorption of copper oxide
film below 600nm [232]. The reflectance is also influenced by annealing temperature. The
reflectance spectra for samples with different temperatures are almost same and indicates
7% reflectance over visible wavelength and the reflectance will increase slightly by

increasing annealing temperature.
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It is also noted that the absorbance for ultraviolet region is higher than visible region and
NIR (600-1200 nm). Furthermore, the brownish colour of CuOyfilms annealed at 200 and
250 °Cis attributed to the broad absorption peak at 350 nm as the film absorbance depends

on the corresponding wavelength. However, this colour was apparent for the film annealed

at 150 °C as shown in Figure 5.1(b).
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Figure 5.1 (a) Transmittance and reflectance spectra of CuOx films annealed at different

temperatures 150, 200, 250 °C, (b) Absorbance spectra of the deposited films on quartz substrate.
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The direct optical band gap (Eg) of solution-processed CuOx films was obtained from a linear
fit of Tauc plot and found to be approximately 3.60, 2.70, and 2.62 eV for films annealed at
150, 200, and 250 °C respectively as shown in Figure 5.2. These results show that
solution- processed CuOx has a wide band gap. We observe larger band gap at 150 °C and
the measured band gap for 200 and 250 °C are closer to the literature values (2.60 eV)
[140]. This shows the transition from precursor to oxide as annealing temperature

increases from 150 to 250 °C.
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Figure 5.2 Tauc plot of solution-processed CuOy films annealed at varying temperatures 150, 200,

250 °C. (ahv)? is calculated from the absorption coefficients of the CuOx films.

5.3.2 Electronic properties of CuOx thin films

Kelvin Probe (KP) and Air Photoemission Spectroscopy (APS) measurements were used to
determine the energetics of solution-processed CuOy such as the Fermi level (Er) and the
valence band maximum (VBM) as shown in Figure 5.3 Different sets of CuOy films were
spin- cast on ITO substrates and annealed at different temperatures, 150, 200, and 250 °C,

in ambient air.
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Figure 5.3 The work-function (WF) and the valance band maximum (VBM) measurements for CuOy

films annealed at different temperature (150, 200, 250 °C) for 10 minutes in air.

The Fermi level (Er) of CuOx was found to be 4.72, 4.89, and 4.95 (£ 0.02) eV for CuOx films
annealed at 150, 200, and 250 °C respectively showing a significant dependence on the
annealing temperature. The valence band maximum (VBM) values were extracted from the
linear fit the photoemission spectra and was found to be 5.06, 5.14, and 5.20 (+ 0.05) eV
respectively. The Fermi level (Er) of CuOx was found to be 0.25 eV above the valence band

maximum (VBM) which is in a good agreement with the literature [149].

By measuring the optical band gap (Eg) [2.62 — 2.70 (+ 0.01) eV], VBM [5.14 — 5.20
(£ 0.05) eV], and Er which is estimated in the range [4.89 —4.95 + (0.02) eV] as lying ~ 0.25
eV above VBM, the energy levels diagram of solution-processed CuOy can be constructed

as shown in Figure 5.4.
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Figure 5.4 A schematic diagram of electronic energy levels of solution processed CuOy including

valence band maximum (VBM), optical band gap (Eg), and Fermi level (E).

The obtained results indicate the p-type nature of CuOx film and show the potential and
compatibility of the solution processed CuOy to be employed as HTL material because its
Fermi level (Ef) and valence band maximum (VBM) values match well with the work

function (WF) of common electrodes materials and HOMO of different donor materials.

5.3.3 Microstructural Analysis of CuOx thin Film

After the optoelectronic identification of the deposited CuOy films, X-ray photoelectron
spectroscopy (XPS) measurement was performed to further understand the impact of
annealing temperature on the chemical composition of the CuOx films. All XPS spectra are
charge-corrected by the C 1s spectra, assuming an unchanged C-C single bond at peak
position of 284.8 eV [252]. A survey scan is firstly taken to identify the overall chemical
environment of the resulting sample. The characteristic peaks of the elements Cu, O, and

C are indicated in the survey scan (Figure 5.5).
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Figure 5.5 Survey spectra of CuOy film annealed at different temperatures. Core levels and Auger

lines of C, O, and Cu are labelled.

Regarding the relationship between sample geometry and spectral background signal, all
spectra show a downward bending in background at binding energy higher than 1000 eV,
which indicates a planer nature of the sample geometry. From a planar surface, electrons
will less likely to be obstructed by the overhanging structure (inelastically scattered), and

therefore a less proportion of electron signals will contribute to the background level.
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Figure 5.6 C 1s spectra of annealed CuO,, a) raw data and b) normalised by area.

C 1s spectra are significantly influenced by the annealing temperature so to review the
impact of annealing process, C 1s spectra before and after normalization are discussed.
Before normalization, signal intensity between spectra is directly proportional to the
number of carbon atoms escaped from the sample surface. If assuming all samples share
the same probability of electrons escaping from the surface, a decline in C 1s peak intensity
would indicate a decline in number of carbon atoms. In Figure 5.6 we observe a continuous
decline in C 1s peak as annealing temperature increases from 150 to 250 °C, which shows
the progress of evaporation of solvents and the thermal decomposition of precursor

functional groups.
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We can attribute all three species presented in C 1s spectra to the precursor, namely Cu(ll)
ethoxide (Cu(OCzHs),2) and ethanol (CH3CH2OH) and acetic acid (CHsCOOH). According to
the decomposition temperature of Alkoxide precursors (125 °C) [253], as the annealing
temperature increases above 150 °C, the loss of the precursor functional group O-C=C

corresponds to the decline of the higher binding energy term in C 1s spectra [254].

After normalization, the information with peak intensity is lost but the difference in peak
shape reveals the difference in the ratio between the peak in the lower and higher binding
energy. This implies that different carbon species (functional groups) are lost at different

temperatures.
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Figure 5.7 O 1s spectra of samples annealed at 150 — 250 °C.

As extensively discussed in the literature, the two peaks in O 1s spectrum can be attributed
broadly to oxide lattice oxygen (the component at lower binding energy) and the surface
oxygen (the component at higher binding energy) as shown in Figure 5.7 .Typically, the
surface oxygen peak involves species as surface hydroxide and water adsorbed to the
surface. As annealing temperature increases, we see a significant development in the

lattice oxygen component, an indicative of higher presence of copper oxide.
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As annealing temperature increases from 150 to 250 °C, there is a systematic decline in the
intensity of the surface oxygen, as well as a significant development of lattice oxygen. The
decline in surface oxygen species shows the progress in the post annealing, where
dehydration and thermal decomposition of the precursor takes place. This observation is
in agreement with signal of C 1s peaks, in which the carbon content (predominantly from

the precursor) continues to decline upon annealing.

It is also clearly noted that the oxide peaks shift 0.3 eV towards the higher binding energy
as annealing temperature increases from 150 to 250 °C. This indicates a shift in the Fermi
level position, which relates to the increase in the work function of CuOx as annealing

temperature increases [230].
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Figure 5.8 Cu 2ps/ spectra of CuOy sampels annealed at different temperatures.

When referring to cu 2Ps spectra in Figure 5.8, we observe similar peak shape in all
annealing temperature. Judging from the change in electronic structure from 150 to
250 °C, it is more likely that the copper species at 150 °C is not CuO but it is evidently Cu*?
[255] which is correlated with the oxidation state of Cu in the alkoxide precursor. This is
also consistent with the observation of a Cu 2p1/2 peak and its satellite at 953 and 960 eV

respectively (data not shown).
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For Auger spectra, it is more practical to compare the overall shape of peaks with respect
to reference rather than peak fitting when interpreting for Cu species. Therefore, in this

case we selected two reference peaks measured by Biesinger et al for both Cu,0 and CuO

[256].
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Figure 5.9 Cu LMM Auger spectra for CuOy films annealed at various temperatures. A reference

spectrum of CuO and Cu,0 are included for comparison.

Figure 5.9 presents a comparison between CuOx samples annealed at different
temperatures and CuO and Cu,0 references. From the figure we see an enhancement in
the peak at 917.8 eV when annealed at 200 and 250 °C and this peak correspond well to
the shape and position of CuO. The peak of 150 °C does not show a significant presence of
CuO. On the other hand, Cu,0 shows a similar shape and position to 150 °C as at lower
temperature, hence it is possible that Cu,O was formed at 150 °C and became fully oxidized

to CuO at higher temperatures.
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5.4 OPV fabrication and characterization

In order to demonstrate the influence of annealing temperature of CuOy films on device
performance, organic solar cells were fabricated using CuOx as anode buffer layers (HTLs)
and compared with and PEDOT:PSS as a reference. OPVs based on P3HT:ICBA blend with
a conventional device structure of ITO/CuOyx or PEDOT:PSS/ P3HT:ICBA /Ca/Al were
fabricated as shown in Figure 5.10. PEDOT:PSS and BHJ blend (P3HT:ICBA) were processed
as described in chapter 4 in addition to three CuOy films were fabricated by spin coating of
precursor solution on substrates at 4000 rpm for 40sec with an acceleration of
4000 rpm/sec, followed by annealing at 150, 200, and 250 °C for 10 min on a hot plate in

air.

All devices were completed by the thermal evaporation of a 10 nm thick layer of calcium at
deposition rate of 0.5 As* followed by evaporation of a 70-80 nm thick layer of aluminium
electrode at rate of 1.5 As?, through shadow masks at a base pressure of 5 x 107 mbar.
The device pixel area was determined by the spatial overlap of the ITO strip and aluminium
electrodes (4.5 mm?). The BHJ solar cell structure and energy levels of different materials

used in fabrication of OPV are shown in Figure 5.10.
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Figure 5.10 (a) A Schematic of conventional structure BHJ solar cell employed with CuOyx and

PEDOT:PSS HTLs. (b) Energetics of the different materials used in OPV.
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The typical J-V characteristics of the devices with PEDOT:PSS and CuOx annealed at
different temperature (150, 200, 250 °C ) and tested under the illumination of AM 1.5G,
are shown in Figure 5.11, and the device parameters (open circuit voltage (Voc), short circuit
current density (Jsc), fill factor (FF), series resistance (Rs) and shunt resistance (Rsh) are

summarized in Figure 5.12.
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Figure 5.11 J-V curves measured under illumination of simulated solar light for conventional
architecture P3HT:ICBA OPVs with PEDOT:PSS as a reference and CuOx layers annealed at different
temperatures 150, 200, 250 °C.

It is clear that the processing temperature of CuOx plays an important role in device
performance. The device based on CuOyx annealed at 150 °C has a poor PCE of 2.31%, Voc
of 0.64 V, Jsc of 6.96 mA cm™? and FF of 0.48. When the annealing temperature was
increased to 200 °C, PCE was significantly improved to 2.81%, with Vocof 0.68 V, Jsc of 7.96
mA cm™ and FF of 0.68. If the temperature was further increased to 250 °C, Voc was slightly
increased to 0.69 V and FF also increased to 0.53. However, Jsc was slightly decreased to
7.33 mA cm™, and thus the PCE of the device based on the CuOx film annealed at 250 °C
was marginally decreased to 2.74%. The PCE of the device based on the CuOx annealed at
200 °C is comparable to that of the device with the PEDOT:PSS anode buffer layer (PCE of
3.02%).
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Figure 5.12 The measured device characteristics for OPVs (3 devices for each temperature) based
on P3HT:ICBA as active layer with PEDOT:PSS and CuOx annealed at 150, 200, 250 °C as HTLs,
measured under AM1.5 simulated solar illumination. (a) Open circuit voltage (VOC) and short
circuit current density (Jsc). (b) Fill factor (FF) and power conversion efficiency (PCE). (c) Shunt

resistance (Rsy) and series resistance (Rs).
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The increased Jsc of the CuOy devices can be attributed to the enhanced charge collection
and transport at the CuOx/P3HT interface, which benefits from the high WF of CuOx anode
buffer layer and the formation of an Ohmic contact. In addition to the higher transparency
of CuOx than that of PEDOT:PSS. The increased FF of the CuOy based devices as temperature
increases could ascribed to the decrease in Rs and increased Rsh of CuOy film which can

reduce leakage current and result in higher FF [239].
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Figure 5.13 A schematic diagram showing the energy levels of various materials used in OPV device

and the work function values of CuOy films annealed at different temperatures (150, 200, 250 °C).

In order to understand the impact of processing temperature of CuOy films on device
performance Figure 5.13 shows the band energy diagram of the substances used in OPV
devices, in which the work function of CuOy films measured by Kelvin probe. There is an
increase in the measured WF of almost 0.2 eV as temperature increases. This enhances the
built-in electric field across the device and improves movement of photo-generated
electrons toward CuOy, which consequently increases the Voc slightly from 0.64 V (150 °C)
to 0.68 V (250 °C). Therefore, the enhanced Voc could be ascribed to the improved quality

of CuOx and decrease the contact resistance at the CuOy/P3HT interface [257].
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5.5 Conclusions

In summary, we have successfully demonstrated solution-processed copper oxide (CuOy)
via a facile sol-gel route at low temperature from a 0.05 M of Copper (ll) ethoxide precursor

dissolved in ethanol with addition of a small amount of acetic acid (0.1 %vol) as a stabilizer.

The optical properties of solution-processed CuOx films (~10+3nm) were investigated as a
function of annealing temperature (150, 200, and 250 °C). The direct optical bandgap (Eg)
of CuOx films were obtained from a linear fit of Tauc plot and found to be ~ 3.60, 2.70, and
2.62 eV for films annealed at 150, 200, and 250 °C respectively. The band gap calculated
for CuOx film annealed at 200, and 250 °C can be considered as Cu,0 phase but for 150 °C,
the band gap 3.6 eV is larger than theoretical values. The Fermi level (Er) of CuOx was found
tobe 4.72,4.89,and 4.95 (£ 0.02) eV for films annealed at 150, 200, and 250 °C respectively
showing a significant dependence on the annealing temperature. The valence band
maximum (VBM) values was found to be 5.06, 5.14, and 5.20 (+ 0.05) eV respectively. The
Fermi level (Er) of CuOx was found to be 0.25 eV above the valence band maximum (VBM)

which is in a good agreement with the literature.

The impact of annealing temperature on the chemical composition of the CuOy films was
studied using X-ray photoelectron spectroscopy (XPS) measurements. The characteristic
peaks of Cu, O, and C are indicated in the survey scan. We observe a continuous decline in
C 1s peak as annealing temperature increases from 150 to 250 °C, which shows the
progress of evaporation of solvents and the thermal decomposition of precursor functional
groups. Furthermore, as annealing temperature increases, we see a significant
development in the lattice oxygen component and a systematic decline in the intensity of

the surface oxygen, an indicative of higher presence of copper oxide.

The position of oxide peaks shifts 0.30 eV from lower to higher binding energy upon
annealing from 150 to 250 °C, which relates to the increase in the work function of CuOy as
annealing temperature increases. Auger spectra shows an enhancement in the peak at
917.8 eV when annealed at 200 and 250 °C which correspond well to the shape and position

of CuO. The peak of 150 °C does not show a significant presence of CuO.
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The device based on CuOx annealed at 150 °C has a poor PCE of 2.31%, Voc of 0.64 V, Jsc of
6.96 mA cm™? and FF of 0.48. When temperature was increased to 200 °C, PCE was
significantly improved to 2.81%, with Vocof 0.68 V, Jsc of 7.96 mA cm™ and FF of 0.68. If the
temperature was further increased to 250 °C, Voc was slightly increased to 0.69 V and FF
also increased to 0.53. However, Jsc was slightly decreased to 7.33 mA cm™, and thus the
PCE of the device based on the CuOx film annealed at 250 °C was marginally decreased to
2.74%. The PCE of the device based on the CuOx annealed at 200 °C is comparable to that
of the device with the PEDOT:PSS anode buffer layer (PCE of 3.02%).

The enhanced Voc and Jsc can be attributed to the increase in the measured WF of as
temperature increases which forms an Ohmic contact and improves the charge collection
at the CuO«/P3HT interface. As temperature increases, Rs decreases and Rsh increases which

can reduce leakage current and result in higher FF.
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6 Conclusions and Outlook
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In this work, we proposed different methodologies to address some of the current
challenges limit the performance of organic photovoltaics based on fabrication of P-type
metal oxides such as CuOx and NiOy, by solution processing at low-temperature in ambient
or prepared by thermal evaporation in vacuum. The primary purpose of this chapter is to
summarise the key results that have been reported in the previous chapters as well as to

discuss the future prospects for research in this field.

6.1 Conclusions

Starting with Chapter 3, the thermal evaporation of controlled thickness, high optical
quality NiOy films was successfully demonstrated for the first time according to literature.
It was anticipated that the films would exhibit p-type i.e. hole selective transport, however
we show that those prepared are n-type in nature. Firstly, evaporated films of different
thickness (5, 7, 10, 20 nm) were employed as electron transport layers (ETLs) in BHJ OPVs
in order to determine the optimum thickness which was identified to be 10 nm. The device
with the optimum ETL thickness showed PCE of 2.86 + 0.05% with Voc of 0.72 V, Jsc of 8.63
mA cm™ and FF of 0.46. However, OPVs with ZnO ETL exhibited PCE of 3.29 + 0.05% with
Voc of 0.77 V, Jsc of 10.3 mA cm~2 and FF of 0.43.

X-ray photoemission spectroscopy (XPS) measurements were carried out for NiOx films of
10 nm thickness in order to investigate the elemental composition and to understand the
reasons of n-type nature of the evaporated films. Ni and W both showed dominating peaks
across the survey spectra. The ratio between nickel and tungsten is calculated and his

existence of W- peaks explains the n-type nature of the evaporated films.

Subsequently, the impact of W:Ni ratio on the device performance was investigated by
incorporation of 10 nm thick films of various W:Ni ratio (10, 13, 20, 25%). The device with
the optimum (W:Ni ratio, 20 at%) ETL showed a PCE of 2.9 + 0.05% with Voc of 0.72 V, Jsc
of 8.63 mA cm™ and FF of 0.46. However, OPVs with ZnO ETL exhibited PCE of 3.3 £ 0.05%
with Voc of 0.76 V, Jsc of 10.2 mA cm™ and FF of 0.43. The Jscand Voc of ZnO ETL are higher
than that of evaporated film because of the better energy level alignment of ZnO with the

active layer than that of evaporated film which improve the contact at ETL/BHJ interface.
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However, the FF of evaporated film is higher than that of ZnO and this because thermal

evaporation provides uniform layers with precise thickness.

The potential of thermally evaporated films of 10 nm and 20 at% W:Ni ratio as a universal
ETL was investigated by fabrication of inverted BHJ OPVs with three different active layers,
namely, (PTB7:PC71.BM), (PBDB-T:ITIC), and (PFBDB-T:C8-ITIC). Notably, Jsc of OPV devices
based on both ZnO and evaporated W:Ni show approximately similar values. However, Voc
of evaporated films is lower than that of ZnO for the three devices and this indicates an
unfavourable energy level alignment between the work function of evaporated film and

LUMO of acceptors.

In chapter 4, solution-processed copper oxide (CuOyx) was successfully demonstrated via
a sol—gel route from copper (Il) acetate monohydrate precursor with 2-methoxyethanol or
isopropanol (IPA) solvents and small amount of monoethanolamine (MEA) as a stabilizer.
The primary focus of this chapter was to study the thermal decomposition of precursor
using XRD over a range 175 — 325 °C and 50 °C intervals. Diffraction peaks of the cubic
phase of copper (43.5° and 50.1°) were obtained at 175 and 225 °C. As temperature
increased to 275 °C, the film was oxidized to a mixture of CuO, Cu,0, and Cu and when
temperature further increased to 325 °C, more Cu was oxidized, and the film is largely

converted into pure CuO.

The direct optical bandgap (Eg) were found to be ~ 3.10, 2.70, and 2.65 eV for 10, 17, and
21 nm thick films respectively. The Fermi level (Er) was measured as 4.77, 4.81, and 4.85
+ 0.02 eV and the valence band maximum (VBM) was found to be 5.06, 5.11, and 5.14
(x 0.05) eV for different thickness 10, 17, 21 nm respectively. Er of CuOx which was
dependent on film thickness was found to be 0.3 eV above VBM which is in a good
agreement with the literature. The obtained results indicate the potential of the processed
CuOx to be employed as HTL material as its work function matches well with different

HOMOs of donor materials.

Upon utilization an optimum thickness of CuOyx (17 nm) fabricated by 2-methoxyethanol as
anode buffer layer, the Voc and Jsc were enhanced to 0.73 V and 8.64 mA cm respectively.

Although the FF of CuOy device (0.55) was slightly smaller than that of PEDOT:PSS
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device, the PCE was further increased to 3.51 + 0.05 %, which is 4 % higher than that of
the reference device. However, when CuOy (17 nm) films were processed by IPA solvent, Js
and PCE were decreased to 7.99 mA cm?and 2.97 + 0.05 % respectively, which are lower
than that of the reference device. This decline was ascribed to the non-uniform interfacial
contact between the CuOy processed by IPA and the active layer which contributes to lower
Rs leading to lower Jsc. The results demonstrate that the integration of 17 nm CuOx film
processed by 2-methoxyethanol result in higher PCE than that of reference device.

However, CuOx film fabricated by IPA result in lower PCE.

Finally, the solution process of CuOx films demonstrated in chapter 4 has been further
explored in chapter 5 with introducing a novel synthetic route based on copper (I1) ethoxide
precursor instead of Copper (I) acetate. In this approach, a 0.05 M of Copper (Il) ethoxide
precursor dissolved in ethanol with addition of 0.1 %vol acetic acid as a stabilizer. The
direct optical bandgap of CuOx films was found to be ~ 3.60, 2.70, and 2.62 eV for films
annealed at 150, 200, and 250 °C respectively. In addition, the Fermi level (E¢) of CuOx was
found to be ~ 4.72, 4.89, and 4.95 (+ 0.02) eV for films annealed at 150, 200, and 250 °C
respectively showing a significant dependence on the annealing temperature. The valence
band maximum (VBM) values was found to be ~ 5.06, 5.14, and 5.20 (+ 0.05) eV
respectively. The Fermi level (Er) of CuOx was found to be 0.25 eV above the valence band

maximum (VBM) which is in a good agreement with the literature.

The influence of annealing temperature on the chemical composition of the CuOx films was
investigated using XPS measurements. The characteristic peaks of the elements Cu, O, and
C are found in the survey scan. C 1s peak shows a continuous decline as annealing
temperature increases from 150 to 250 °C, which indicates the thermal decomposition of
precursor’s functional groups and the evaporation of solvents. Furthermore, as annealing
temperature increases, there was a significant enhancement in the lattice oxygen and
a systematic decline in the surface oxygen, an indicative of higher presence of copper
oxide. It was also noted that the position of oxide peaks shifts 0.3 eV from lower to higher
binding energy upon annealing from 150 to 250 °C. This indicates a shift in the Fermi level
position. Auger spectra shows an enhancement in the peak at 917.8 eV when annealed at

200 and 250 °C which correspond well to the shape and position of CuO.
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The device based on CuOx annealed at 150 °C has a poor PCE of 2.31%, Voc of 0.64 V, Jsc of
6.96 mA cm™ and FF of 0.48. When the annealing temperature was increased to 200 °C,
PCE was significantly improved to 2.81%, with Voc of 0.68 V, Jsc of 7.96 mA cm and FF of
0.68. When the temperature was further increased to 250 °C, Voc and FF were slightly
increased to 0.69 V and 0.53 respectively. However, Jscand PCE were marginally decreased
to 7.33 mA cm™ and 2.74% respectively. The enhanced Voc and Jsc can be attributed to the
increase in the measured WF as temperature increases which forms an Ohmic contact and
improves the charge collection at the CuO4/P3HT interface. As temperature increases,
Rs decreases and Rsh increases which can reduce leakage current and result in higher FF.
The results demonstrate that the incorporation of CuOx annealed at 200 °C result in
a comparable PCE (2.81%) to that of reference device with PEDOT:PSS anode buffer layer
(PCE of 3.02%).

6.2 Outlook

Following to the work that has been carried out in this thesis, further characterization
techniques can be considered to obtain a comprehensive study of the electronic structure
of the thermally evaporated NiOy films. Ultraviolet photoemission spectroscopy (UPS) and
advanced measurements by x-ray photoemission spectroscopy (XPS) can be utilized in
order to measure the valence band, conduction band and the work function of the
evaporated film. These measurements will allow us to investigate the energy levels
alignment at the interface between evaporated NiOx films and BHJ and also to study the
factors causing lower Voc for devices fabricated from evaporated NiOx compared with ZnO

based devices.

Furthermore, extensive research has been focused on doping of NiO by other metals such
as Li and Cu in order to improve its conductivity. In this work, we found that it likely to
change the function of NiO from hole transport layer to electron transport layer by doping
approach with other metals such as tungsten. Therefore, doping NiO by tungsten using
different methodologies such as sputtering, or solution process can be considered with the
appropriate concentrations and the suitable processing conditions. This study will give

a comprehensive analysis of the obtained results.
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The potential of solution processed CuOy as a hole transport layer (HTL) was investigated
by different precursors such as Cu(ll) acetate and ethoxide. These precursors can be further
optimized by replacing the solvent or annealing at different temperature in different
environments. In addition, there are some novel precursors being used for preparation of
other oxides such as MoQOs and WOs3 but have not been used for CuOy. Therefore, further

studies are needed to understand the decomposition process of these novel precursors.
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In chapter 3, alumina-coated tungsten boat (EVS9BAOW) was used to evaporate NiO
powder. Figure 8.1 shows the employed boat after evaporation process with a residue of
NiO liquid (blue). To confirm the colour of NiO liquid, a survey has been done for all

materials may be involved in the evaporation and are summarised in Table 8.1.

Figure 8.1 Photograph of alumina-coated tungsten boat after evaporation.

Table 8.1 A Summary of materials’ properties involved in the thermal evaporation process of NiO

powder.
Density Melting Melting point at
Material Colour
(g/cm?) point 10" Torr
Greyish-
Tungsten (W) 19.25 3,410°C 2,757°C
white
Tungsten Lemon
7.16 1,473°C 980°C
Oxide (WO3) Yellow
Aluminium
3.97 White 2,072°C 1,550°C
oxide (Al,03)
Silvery-
Nickel (Ni) 8.91 1,453°C 1,262°C
white
Nickel oxide
6.67 Green 1994°C 1470°C
(NiO)
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A complementary XPS data is shown in Figure 8.2 indicating the survey spectrum of 10 nm NiOy
evaporated film of atomic ratio 80:20. A survey spectrum scans the energy range of interest, in this

study 0 — 1300 eV. Atomic ratio Ni:W of 80:20 was selected to investigate in further details.
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Figure 8.2 Survey spectrum of 10 nm NiOyx film of atomic ratio 80:20, indicating core levels and

Auger lines.
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Figure 8.3 Ni 2pss; spectra of 10 nm NiOxsample of atomic ratio 80:20, a reference spectrum of NiO is

included for comparison.

157



0 Experimental
1.0 5 & o RefNiO

05_DCDCD°°°°° 00 00 [e)

Intensity
i

0.0 -ugnﬂnﬂﬂmﬂtqqnﬂgpo

-0.5—- %

'1 0 T T T T T T
680 660 640 620

Energy (eV)

Figure 8.4 Ni LMM Auger spectrum for 10 nm NiOy film of atomic ratio 80:20, A reference

spectrum of NiO is included for comparison.

The potential of thermally evaporated films of 10 nm and 20 at% W:Ni ratio as a universal
ETL was investigated by fabrication perovskite solar cell. The devices were fabricated with
inverted architecture as shown in Figure 8.5 (a), and (b) shows the energetics of the

materials used in the solar cell fabrication.

(a) (b) Vacuum energy Ey (0 eV)
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Figure 8.5 (a) Schematic diagram of perovskite solar cell employed. (b) Energetics of the different

materials used.
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The J-V characteristic curve is shown in Figure 8.6 .It can be seen that the evaporated film

seems to perform well as a universal ETL for different solar cells.

5
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Figure 8.6 J-V curve measured under AM1.5G illumination for perovskite solar cell based on 10 nm

evaporated film of NiOx with 20 at% W:Ni ratio as ETL.

TFT measurements were carried out for 20 nm evaporated film of NiO, deposited on Si/SiO>
(100nm) with 50 nm gold contacts, at different conditions as shown in Figure 8.7. The film

seems to be conductive and didn’t change this behaviour even after different treatment.
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Figure 8.7 transfer characteristics of evaporated NiOy (20 nm) transistor, at different conditions
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In chapter 4, the influence of CuOx film thickness on its crystallinity was also obtained by
changing the precursor concentration, as shown in Figure 8.8. The film processed from 0.5M

solution concentration shows strong peaks of the mixture of Cu20, CuO, and Cu.

;
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Figure 8.8 XRD patterns for Si-substrate and CuOx processed from different precursor

concentrations, all films annealed at 275°C.

X-ray photoelectron spectroscopy (XPS) measurements were performed to further compare
the CuOx film’s composition when processed by two different solvents (2-methoxyethanol
and Isopropanol). The characteristic peaks of the elements Cu, O, and C are indicated in the

survey scan (Figure 8.9).
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Figure 8.9 Survey spectra of CuOx film processed by different solvents. Core levels and Auger lines of C,

O, and Cu are labelled.

From Figure 8.10, it was found that the ratio between surface and lattice oxygen in film
processed by 2-methoxyrthanol is higher that of film processed by isopropanol. This

indicates more copper oxide content produced from 2-methoxyethanol than that of

Isopropanol.
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Figure 8.10 O 1s spectra of CuOy samples processed by different solvents.
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