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Abstract

This thesis presents an experimental study of the incorporation and optimization of

sol-gel processed aluminum doped zinc oxide (AZO) thin films in solar cell devices.

I first optimized the optoelectronic properties of AZO thin films by manipulating the
dopant incorporation, choice of precursor chemicals and post annealing treatments.
Results showed that improved performance could be attributed to several factors,
including improved charge carrier concentration, mobility and conductivity. AZO thin
films with transmittance over 90% and resistivity values of the order of 102 Qcm
have been achieved. I also demonstrated the successful application of these AZO thin

films in organic photovoltaics (OPV), to serve as an alternative to ITO electrodes.

I demonstrated greater than 2-fold improvement in device efficiency through the
modification of the front contact/polymer interface using zinc oxide buffer layers.
This is possibly owing to improved charge selectivity of the electrodes, improved
energy level alignment at the interface, reduced recombination of separated charges

and reduced resistance by the incorporation of aluminum dopant.

Finally, I showed that the efficiency of inverted ZnO/PbS quantum dots solar cells can
be improved by engineering the p-type PbS thickness, UV treating the n-type ZnO
layer and exposing the devices in the dark and in nitrogen. Both ZnO and AZO
systems were studied, and efficiency enhancement were demonstrated for a range of

Al content from 0 to 0.4at.%.
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Chapter 1 — Introduction

1.1 Motivation

The increase in the world’s energy demand and the international recognition of global
warming are driving growing academic and industrial effort to replace conventional fossil
fuels with alternative energy sources which are more environmentally, economically and
politically favourable. Fossil fuels are being consumed at a breath-taking rate and it is
estimated that resources will start to run out in the next 50 years.[1] At the same time, the
combustion of fossil fuels has harmful effects on the delicate balance of life on earth. Over 20
teratons (10 tons) of carbon dioxide is released into the atmosphere each year by burning
fossil fuel, which accelerates the greenhouse effect.[2] The International Energy Agency
(IEA) reported in 2011 [3] that around 20% of the world’s population do not have access to
electricity and ~85% of these people live in rural areas (Figure 1.1), requiring energy sources
that do not rely on grid connection. These facts urge humanity to search for clean and

renewable energy alternatives for a low-carbon future.

One promising solution is to utilise solar energy in photovoltaic devices. Becquerel first
observed the photovoltaic effect in 1839 when he observed that certain materials produce an
electric current when exposed to light.[4], [S] Photovoltaic devices can take semiconducting
materials with good optical absorption properties and make junctions with other
semiconductors. These junctions create a potential difference which can sweep charge

carriers generate by the absorption of light without the need to apply an external field.
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Figure 1.1. The IEA estimates that, in 2008, there were 1.5 billion people, 22% of the world’s
population, who do not have access to electricity, and 85% of these people live in rural areas.
Note: the boundaries and names shown and the designations used on maps included here do

not imply official endorsement of acceptance by the IEA.(reprinted with modification from
reference [6])

1.2 Historical Background

The abundance of solar energy is clearly shown in Figure 1.2, yet the wider deployment of
conventional inorganic based technologies remains constrained by expensive starting
materials and fabrication requirements making them a less attractive proposition than more
traditional hydrocarbon energy technologies. As such, the fortune of the photovoltaic industry
has been volatile, depending on governmental policy to provide subsidies to establish
economical viability. In order for photovoltaics to impact the global energy markets it
requires scientists and engineers to develop new high-performance and low-cost photovoltaic

technologies.
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Figure 1.2. The WEC (world energy council) estimation of energy demand (~20 terawatts
(TW), ITW = 10"°W) and the energy supply.[6]

Three generations of solar cells currently exist, based on silicon wafers, thin film technology
(such as cadmium telluride, CdTe and copper indium gallium diselenide, CIGS) and
emerging thin film technologies (such as organic molecules and quantum dots, QDs)
respectively.[7] Silicon based solar cells dominate the markets and typically have power
conversion efficiency of 10~20% in commercial devices. However, these traditional
photovoltaic panels rely on high temperature, high vacuum, batch-based manufacturing
technology that is complex and cost-intensive. A transformative approach is third generation
thin film solution-processed photovoltaics which are cost-effective and highly-versatile in

converting solar energy into affordable electricity.



1.3 The State of the Art

Organic solar cells (OSCs) have attracted much attention in the past decade as an alternative
clean energy source as they can be fabricated from relatively cheap materials in large areas
onto flexible substrate via roll-to-roll printing techniques.[8] They have the advantages of
being transparent, light weight, easily variable in bandgap, and with the freedom of product
design have made OSCs even more appealing.[9] These significant advantages demonstrate

that OSCs are a promising avenue to low cost next generation renewable energy.
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Figure 1.3. Conversion efficiencies of the best research solar cells worldwide from 1976
through 2011 for various photovoltaic technologies; efficiencies determined by certified
agencies/laboratories.[10] (Reprinted from reference [11])

One challenge for organic solar cells is their low power conversion efficiency; the maximum
power conversion efficiency (PCE) of polymer solar cells must rise above 15% in the
laboratory (corresponding to a module efficiency of ~10-12%) before they can become

4



practically useful.[12] Thus, tremendous efforts have been devoted to improve the power
conversion efficiency over the last decade. Today, solution processed polymer solar cells
with power conversion efficiencies from 3% to almost 9% have been accomplished with
either new materials or novel device optimization concepts,[12-20]. In particular, a recent
NREL-certified solution processed tandem cell with PCE of 10.6% [11] represents the

current state-of-the-art (Figure 1.3).

1.4 Roles of zinc oxide materials

Metal electrode
Active

Buffer
Transparent /
Substrate

Light

Figure 1.4. A schematic representation of a typical device structure of thin film solar cells.
The active layer may comprise of one or more semiconducting layers, a blend or a
combination of these.

Figure 1.4 shows the device structure of a typical organic/quantum dot device. Photons are
absorbed by the active thin film layer (organic or quantum dots) generating a bound electron-
hole pair (exciton). The electron-hole pairs are then separated and transported to respective
electrodes and into the external circuit generating a direct current (DC). Zinc oxides, intrinsic
or doped, can play a number of different roles in thin film photovoltaics. The examples

addressed in this thesis are introduced here:



Transparent electrodes For incident light to be transported to the photoactive layer, at least
one of the electrodes must be transparent in devices where carrier conductivity and
mobility are low. Such transparent electrodes can be made using transparent conducting
oxides (TCOs). The most widely used TCOs in the current market are tin-doped indium
oxide (ITO) and fluorine-doped tin oxide (FTO). Other materials, such as aluminum-
doped zinc oxide (AZO) have attracted remarkable interest during the last decade as an
alternative owing to its comparable optoelectronic properties, chemical functionality
and wider availability as compared with ITO.[21] An in-depth investigation on the
fabrication and characterization of AZO transparent electrodes and their application in

organic solar cells is presented in Chapter 4 of this thesis.

Buffer layers One primary cause of inefficiency in PV devices stems from leakage current,
which is a result of reduced photocurrent due to charges generated in the device
recombining with those injected by the electrodes. This problem is especially
significant in organic devices, where a bulk heterojunction consisting of a blend of p-
and n-type materials leads to the direct contact of both active materials to both
electrodes. This problem can be addressed by inserting a buffer layer between the
active layer and the electrodes, which favors the transport of electrons and blocks holes,
or vice versa. This helps to make the electrodes more selective by directing the charges
towards their respective electrode, therefore reducing recombination and leading to
improved photocurrent generation.[22] AZO film have just started to be used as a
buffer layer in inverted OPV devices in recent years.[23] To the best of my knowledge,
no study has yet explored how the AZO buffer layer thickness influences device
performance (up to the time when this thesis was written), and this is addressed in

Chapter 5.



Junction materials Junction materials form electric fields at the interface with the
photoactive semiconductor. Light absorbed by the photoactive layer in PV devices,
creates electron-hole pairs, which remain bound as an exciton until a potential
difference separates them. The two main modes for charge carrier separation in a solar
cell are drift and/or diffusion. In excitonic devices, such as most polymer devices,
diffusion of excitons due to random thermal motion is dominating until they are
dissociated by the electrical fields existing at the edges of the photoactive region (the
interfaces of electrode/photoactive polymer in homojunction devices or donor/acceptor
in heterojunction devices). In pn junction devices, such as most silicon devices, drift of
charge carriers driven by an electric field established at junction region (ie. space
charge region) dominates the charge separation process. Some oxide/quantum dot (QD)
devices arguably exhibit both excitonic and pn junction behavior, depending on the
doping present in the oxide.[24] In Chapter 6 of this thesis, a comprehensive
investigation on manipulating ZnO junction material in order to improve inverted

oxide/QD device performance is presented.

1.5 Thesis outline

Following from and adding to this brief discussion of PV materials and devices, Chapter 2
examines the operation of various device architectures and some fundamental knowledge of
transparent conducting oxides. This is to provide some technical background for, and to
highlight the importance of, the areas investigated in the course of this work. Chapter 3
discusses the experimental methods and techniques used. The following chapters then

describe the use of ZnO as a transparent electrode, buffer layers and junction materials.






Chapter 2 — Photovoltaic Device Operation and the

Incorporation of Zinc Oxide

This chapter introduces the basic device design and operation of solar cells, giving an in-
depth review of the rapidly developing PV field. The state of the art of conventional solar
cells is introduced first, to provide some operational understanding of the commercial devices.
The fabrication and properties of organic solar cells are then explained to demonstrate their
promising potential. Finally, the properties and processing of aluminium doped zinc oxide
(AZO) in solar cell devices are explained, including its fundamental structural and physical
properties, the nature of the doping process to generate conductivity, and the most up-to-date

advances reported in the literature.

2.1 Conventional photovoltaic devices

Most solar cells in commercial production today, including silicon solar cells as discussed in
Chapter | that currently enjoy the largest PV market share (~80%),[25] operate based on a p-
n junction,[26] and this is also the mechanism that produces the highest performing cells.
While the p-n junction classification is broad, including p-n homojunction, p-n heterojunction
and a wide selection of materials and device architectures, the basic operation mechanism of

all p-n junction devices is the same.

In both homojunction (oppositely doped, same semiconductor material) and heterojunction
(oppositely doped, different semiconductor materials) devices, a p-n junction is formed when
p-type and n-type semiconductor layers are brought into contact. The discontinuity in the
Fermi level at the interface between the two semiconductors will cause the flow of charge
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across this interface until the Fermi levels on both sides are equal. This generates an excess of
negative charges in the p-type semiconductor and an excess of positive charges in the n-type
semiconductor, creating an electric field pointing from the n-type semiconductor to the p-type

semiconductor.

Under illumination, photons absorbed in either the n- or p-type semiconductor generate
electron-hole pairs. These electrons and holes can (i) recombine with each other (geminate
recombination), (i1) recombine with other electrons and holes (bimolecular recombination), or
(111) diffuse to the p-n junction interface. In case (ii1), the electric field present at p-n junction
interface will sweep photogenerated electrons to the n-type material and holes to the p-type
material, where they both become majority carriers. The electrons and holes must then
migrate through the n- and p-type layer to their respective electrode, where they travel
through the external circuit and recombine eventually. This process completes the circuit and
therefore generates electricity. Figure 2.1 displays the simple case of p-n homojunction as an

illustration.

vac
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Figure 2.1. A schematic illustration of energy level diagram of a p-n homojunction in
equilibrium.

2.2 Organic photovoltaic devices

As discussed in Chapter 1, organic solar cells are attracting considerable scientific and
economic interest as a promising route to capture sunlight to generate low-cost renewable
energy, as the power conversion efficiencies have been steadily increasing since the
introduction of the donor-acceptor device concept by Tang.[27] To this end, although power
conversion efficiency in excess of 10% have been accomplished (as mentioned in Chapter 1),
this value is still far from that of their inorganic counterparts (10-20%). Nevertheless, the
possibility of low-cost and flexible production drives the development of organic
photovoltaic devices in a dynamic way. In the following sections, I briefly introduce the basic

physics of organic photovoltaic devices and review the device architectures.

2.2.1 Device architecture and working principle of organic solar cells

The most simple organic solar cell device can be constructed by sandwiching an organic
active layer between two electrodes: one with a higher work function (anode) for hole
collection and one with lower work function (cathode) for electron collection, as shown in
Figure 2.2a. The organic materials are primarily molecules or extended delocalized 1 -
electron systems or conjugated polymer-based materials. The anode materials are normally
transparent metal oxides with combined properties of high conductivity and transparency in
the visible regime as well a higher work function. Aluminium or magnesium-silver alloys

with a lower work function are normally used as the cathode for electron-injecting electrodes.
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Indium tin oxide
Glass substrate

(b) Light

Energy Sunlight

Electron

1 Band gap

HOMO

ITO Al

Figure 2.2. Device structure of a typical organic solar cell (a) and its working principle (b,
reprinted from reference[28]).

Figure 2.2b shows the basic working principle of an organic photovoltaic cell. Generally, the
process of converting light into electric current is accomplished by four consecutive steps: (1)
Absorption of a photon leading to the formation of an excited state, the electron-hole pair
(exciton). (i1) Exciton diffusion to a region, where (ii1) the charge separation occurs. Finally,
(iv) charge transportation to the anode (holes) and cathode (electrons), to supply a direct
current for the consumer load. Unlike inorganic materials, the interactions between organic
materials are primarily weak intermolecular van de Waals forces; this results in the electronic
states being localized on individual molecules, rather than forming a continuous band. Thus

the diffusion of charges in organic species is based on a hopping mechanism. Consequently,
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organic materials have relatively lower mobility and very short diffusion lengths.
Furthermore as the exciton binding energy in organic semiconductors is generally large (0.1-
2 eV)[29], [30] compared to those of inorganic semiconductors, the built-in electric field (in
the order of 10° - 10" V/m) is usually not high enough to dissociate the excitons directly.[31]
Hence, a process has to be introduced to efficiently separate the bound electron-hole pairs.
This can be achieved by deliberately designing the device architectures. In the following
sections, we will review two most basic device architectures and examine their advantages
and disadvantages. Their main difference lies in the exciton dissociation or charge separation

process, which occurs at different locations within the photoactive layer.

2.2.2 Homojunction organic solar cells
A homojunction is the simplest device structure for PV applications, including organic solar
cells. It is based on a structure consisting of two electrodes with an organic material (active

layer) sandwiched in between (as shown in Figure 2.3).

The active layer is responsible for generating excitons by absorbing photons with energies
larger than its band gap. However, the generated excitons can only diffuse for very short
distances (1-10nm)[32] and they have a strong possibility to radiatively recombine rather than
to form free carriers.[33] Only those excitons generated within a distance of their diffusion
length from the electrode-organic interfaces can dissociate into free carriers. Excitons in
organic materials are difficult to separate (~100 meV is needed, compared to a few meV in
crystalline semiconductor materials). Moreover, organic materials generally are less ordered

and this makes their mobility even lower. Combined with other factors such as the exciton
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recombination taking place at impurities and interface traps, homojunction organic solar cells

have very limited efficiencies.

Al (Cathode)

Single organic active layer

AZO (Anode)

p—
Electric field

(a) (b)

Eﬁ
— _F —
(©) (@)

Figure 2.3. An illustration of a typical homojuction organic solar cell consisting of two
electrodes with a single organic active layer in between, and its energy band diagrams (a-d).
Upon contact, there is an electric field generated by the difference in the work function
between the two electrodes, ~ 4.7 eV for AZO and ~4.2 eV for Al. The actual work function
depends on many factors including morphology, oxidation etc. Photon energy can be
absorbed by the active layer and therein generate an exciton (a). The exciton can diffuse to
one or another electrode (b) before it can dissociate at the metal-organic interface to yield a
charge carrier pair consisting of an electron and a hole (c). Driven by the electric field, the
electron diffuses to the cathode (Al) while the hole diffuses to the anode (AZ0) (d).

Consequently, the following considerations need to be specifically addressed to improve
organic solar cells. Firstly, thinner films are required to compensate for the low mobility and

short diffusion length. Secondly, a large driving force such as an electric field is necessary to
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assist the transition from exciton to charge carriers (ie. charge separation), as well as to
promote the diffusion of charge carriers (charge transportation). Both of these two factors can

be better achieved in the so-called heterojunction organic solar cells.

2.2.3 Heterojunction organic solar cells

Heterojunction devices utilize electron donor and accepter materials to enhance charge
separation (Figure 2.4).[34] The electron donor material has a lower electron affinity and
ionization energy compared to the electron acceptor material, and thus is prone to donate
electrons. At the donor-accepter interface a large electric field is built up capable of
dissociating excitons as long as the potential difference is larger than the exciton binding
energy. Particularly in some high purity devices, such significant enhancement in charge

separation can greatly improve the overall cell efficiency.

Al (Cathode)

Donor-accepter organic active layer

AZO (Anode)
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Electron Electron
AZO donor acceptor A|
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Electric field

(a)
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(d)
Figure 2.4. An illustration of a typical heterojuction organic solar cell consisting of two
electrodes with an electron donating and accepting structure sandwiched in between,
together with its energy band diagrams (a-d). The physics of the device working principle is
similar to that of a homojunction device (refer to the explanations in Figure 2.3). The
difference lies in the more efficient charge separation at the donor-acceptor interface, as

compared to the charge separation that takes place at the metal-organic interface in a
homojunction device.

(c)

Bulk heterojunction solar cells

A further breakthrough has been made possible by blending the electron donating and
accepting materials, namely the dispersed heterojunction devices (or bulk heterojunction
devices, Figure 2.5a). Yu ef al. [35] and Halls ef al.[36] in 1995 reported greatly improved
device efficiency by using composite structures. In 1997, Yoshino et al.[37] reported a

further improved PV performance by using tri-layer structure with donor-acceptor blending.
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a) b)
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organic active Iayer

Figure 2.5. An illustration of a dispersed heterojunction device consisting of blended electron
donor and acceptor materials (a), and an example of one of the most commonly used material
systems (b). An exciton is generated by the incident photon and dissociation takes place at the
readily available interface. With continuous pathways (preferably perpendicular to the
electrodes) for both electrons and holes, they are transported to their respective electrodes
effectively. Otherwise, recombination can take place and decrease the efficiency of
photocurrent collection. Note that it is a challenge to control the degree of dispersion, as
uniform blending at exciton diffusion length scale without significant segregation is
necessary for photocurrent generation, while continuous pathways from interface to
electrode are necessary for photocurrent transportation.

The most significant advantage of dispersed heterojunction devices is the enhanced exciton
dissociation into free charge carriers at the readily available donor-acceptor interfaces. As we
can easily imagine, by blending the donating and accepting organic materials, two positive
effects can be achieved. Firstly, length scale of both the donor and acceptor is reduced.
Secondly, the amount of interface is increased. For the first effect, as long as the length scale
of the individual phase is in the same order as compared to the exciton diffusion length,
theoretically, all the excitons can diffuse to the donor-accepter interfaces for dissociation. For
the second effect, the increased amount of interfaces with electrostatic force provides much

higher driving force for charge separation.
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If the blended donating and accepting materials can form a continuous path to their
corresponding electrodes, such as the most extensively researched P3HT:PCBM system (a
type of the polymer:fullerene system, Figure 2.5b), the separated charge carriers can then be
more efficiently transported to their respective electrodes with very reduced losses. Therefore

the dispersed heterojunction device offers improved performance.

2.3 Properties of ZnO

2.3.1 Crystallographic properties of zinc oxide

Like most group II-VI binary compound semiconductors, ZnO can crystallize into the
wurtzite, zinc blende, or rocksalt structures, as illustrated in Figure 2.6. The wurtzite structure
is the most thermodynamically stable phase at ambient conditions, where each cation is
surrounded by four anions located at the corners of the tetrahedron, and vice versa. By
repeating this arrangement, a hexagonal wurtzite structure is formed. Although this
tetrahedral coordination is normally sp’ covalently bonded, at the same time it is
accompanied by some substantial ionic character. Thus, ZnO has an ionicity somewhere in

between that of a typical covalent and ionic semiconductor.

(a) rocksalt (b) zinc blende (c) wurtzite
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Figure 2.6. Stick and ball representations of ZnO crystal structures: (a) cubic rocksalt, (b)
cubic zinc blende, and (c) hexagonal wurtzite. The shaded gray and black spheres denote Zn
and O atoms respectively (reprinted from reference [38)).

2.3.1.1 ZnO wurtzite lattice parameters

Table 2.1. Measured and calculated lattice parameters a and c of wurtzite ZnO structures
(Reprinted with modification from reference [38]).

a(A) c(A) c/a reference
3.2496 5.2042 1.6018 [39]
3.2501 5.2071 1.6021 [40]
3.2860 5.2410 1.5950 [41]
3.2498 5.2066 1.6021 [42]
3.2475 5.2075 1.6035 [43]
3.2497 5.2060 1.6020 [44]

The hexagonal unit cell of the ZnO wurtzite structure is characterized by its lattice parameters,

2 for an ideal ZnO wurtzite structure and the exact

a and c. The ratio of c/a is equal to (8/3)
values of a and ¢ as suggested by different researchers are listed in Table 2.1. The difference
in lattice parameters (either experimental or theoretical values) is likely to be the result of
three major mechanisms, the difference in the lattice stability and ionicity, lattice expansion

induced by free charges, and lattice defects (point defects such as oxygen vacancies and zinc

interstitials and line defects such as dislocations). Despite these minor deviations from the
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ideal crystal lattice, it is well accepted that the value of parameter a is ~3.2 A, and that of ¢ is

~5.2 A,

2.3.1.2 Other ZnO crystal structures

ZnO wurtzite structure may be reversibly transformed to the rocksalt structure by applying an
external hydrostatic pressure.[42] This is caused by a reduction of the lattice parameters,
which enhances the inter-ionic coulomb interaction. This provides a much stronger ionicity

character than covalent character and results in the rocksalt structure.[38]

The other ZnO crystal structure, zinc blende, is metastable and can only be obtained by
heteroepitaxial growth on existing cubic substrates or buffer layers such as ZnS.[45] Because
ZnO has a tendency to form a thermodynamically stable wurtzite structure, the zinc blende
phase grown on highly mismatched substrates is normally separated from the wurtzite phases.
The zinc blende phase is also tetrahedrally coordinated, that is there are four atoms per unit
cell and each group II atom is surrounded by four group VI atoms, and vice versa. The major
difference between the wurtzite phase and the zinc blende phase lies in the stacking sequence
of the close packed planes. For the wurtzite structure, the stacking sequence of the close
packed (0001) planes has an ABAB... pattern in the <0001> direction, whereas for the zinc
blende structure, the stacking sequence of the close packed (111) planes has an ABCABC...

pattern in <111> direction.
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2.3.2 Optoelectronic properties of zinc oxide

2.3.2.1 Optical properties

The transmittance of ZnO in the visible region can be as high as ~90% [46] owing to its wide
semiconducting band gap (~3.3eV). This is important for applications such as solar cells,
because light energy (photons) can be effectively delivered to the photoactive region for
charge creation. However, photon energy transmittance can be limited by the onset of a high
reflectivity below the conduction electron plasmon frequency, which is determined by the
carrier concentration. Since a typical carrier concentration of 10%° is generally obtained in

AZO thin films,[47], [48]the low energy absorption is in the infrared regime.[49], [50]

In addition, the morphology, texture and thickness of the films can affect transmittance.[51]
Habibi et al.[52] suggested films with rough and porous surfaces combined with large cluster
grains have much lower transmittance, resulting from the enhanced scattering events. Thicker

films can result in decreased transmittance due to scattering as well.

2.3.2.2 Electrical properties

Stoichiometric zinc oxide is a transparent insulator, owing to its wide band gap energy.[46],
[53] However, it usually demonstrates a high electron concentration and thus electrical
conductivities owing to deviation from its stoichiometric state. Undoped ZnO exhibits n-type
semiconductor characteristics due to unintentional doping. It has been shown that both
intrinsic (oxygen vacancies, Zn interstitials) and extrinsic defects (hydrogen) induce shallow

impurity states close to the bottom of the conduction band of ZnO and act as electron
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donors.[54] The concentration of the intrinsic defects and hydrogen in the ZnO lattice is

related to their formation energy E¢ by:

c =N exp (-E¢/(kgT)) Equation 2.1

where N is the concentration of the defect sites. One can conclude from this equation that a
low formation energy results in a high defect concentration and vice versa. Kohan ef al. [55]
and Walle [56] have calculated the formation energy by using a first principles approach. It
was suggested that the oxygen vacancy has a lower defect formation energy than the zinc
interstitial, and thus should be present in larger amounts inside the ZnO lattice, especially in
zinc-rich conditions. In contrast, zinc vacancies should form preferentially in oxygen-rich
conditions, because of its relatively low defect formation energy. The first principles
calculations of hydrogen in ZnO have shown a unique result. While it usually present as H"
in p-type materials and H™ in n-type materials, hydrogen is found exclusively present in ZnO
as positive charge state (H') and always act as a donor.[56] Owing to the low formation
energy of hydrogen in ZnO, the O-H bond can be easily formed by the strong bonding

between H and O atoms.

Having described the formation of defects in ZnO, one may ask what role the defects are
playing and how these defects can act as donors in the ZnO crystals. This has been an
intensively debated research topic for the last decade. It is generally accepted that excess zinc
at interstitials and loss of oxygen are the most common donors. Zinc interstitials and oxygen
vacancies have ionization energies of about 30-50 meV[57-60] and ~140-500meV[61], [62]
respectively, thus they can be easily activated. However, Look et al. [63], [64] have pointed

out that rather than oxygen vacancies, the zinc interstitial is the major native donor in
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undoped ZnO. Even more controversially, Kohan et al.[55] have carried out an in-depth first
principles study and have pointed out that none of the native defects (oxygen vacancy or zinc
interstitial) can result in high-concentration donor characteristics. Instead, some researchers
[55], [56], [65], [66] suggest that only hydrogen with ionization energy of about 30 meV can
act as a shallow donor and thus induce the n-type behavior for undoped ZnO. This suggestion
was justified by claiming that hydrogen is always present in all growth methods and due to its
good mobility can easily diffuse into the growing thin film in a relatively large amount. They
behave like shallow donors in ZnO and are the origin of the high conductivity of undoped

Zn0, as also suggested by first principles studies by Walle.[67]

The conductivity of undoped ZnO is not stable, since pure ZnO thin films are very sensitive
to oxidation. Degradation of electrical conductivity is possibly induced by the reduction of
oxygen vacancies by the adsorption of oxygen in the ZnO films. Intentional and substitutional
Al or Ga doping of ZnO provides one of the most effective ways to obtain highly conductive
and stable ZnO electrodes and has attracted intense research interests in recent years.[68], [69]

In the following section, we will discuss the doping of ZnO.

2.3.3 Doping of zinc oxide

Ideally, both n- and p-type doped ZnO are desired to maximize the potential of ZnO in
practical applications. n-type ZnO can be routinely obtained by doping ZnO with group III
elements to produce excess electrons that can be activated to the conduction band. It has been
shown that highly degenerate doped ZnO can be achieved by Al doping.[70] However, it

remains a challenge to achieve high quality p-type doping of wide band gap semiconductors,
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like many other wide band gap compound semiconductors, such as GaN and ZnS.[54], [71-

75]

2.3.3.1 n-type doping of ZnO

It is much easier to obtain n-type ZnO by substituting Zn with group III elements such as Al,
Ga, and In, or by substituting O with group VII elements such as Cl and I.[76] Among these,
doping with Al, Ga and In have been determined to be the most suitable dopants due to the
resulting lower resistivity and good transmission in the visible region, therefore are well
established by many research groups.[51], [69], [77-80] A high density of free electrons
capable of charge transport is created with a small amount of substitution by Al (1-2%),[81—
84] since each shallow trivalent Al can donate one excess electron to occupy the conduction
band of ZnO. In 1996, Suzuki et al. [85] reported the production by pulsed laser deposition
(PLD) of the first Al impurity doped ZnO thin films that have comparable resistivity
(1.43x10™* Qcm) with ITO, and later in 2003 Agura et al.[86] prepared AZO films with an
ultra low resistivity of 8.5x10° Qcm by PLD as well. These films have a high carrier
concentration of 1.5 x 10*' cm™ and good Hall mobility of 47.6 cm®/Vs. Ga doped ZnO
(GZO) films were reported to have a low resistivity of ~10™ Qcm when grown by chemical

vapor deposition (CVD) [87] or plasma assisted MBE.[77]

Compared to its main competitors, such as impurity doped SnO; and doped In;Os, the
resistivity of impurity doped ZnO shows the potential to be further reduced. As shown in
Figure 7, the obtained minimum resistivities of impurity doped SnO, and In,Os films have
essentially remained unchanged for the past 20 years, whereas the minimum resistivity of

impurity doped ZnO films is still decreasing with more or less a constant rate. In the last
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decades, it has been evident that impurity doped ZnO has shown promising applications in a
wide field including LED and PV, and an in-depth explanation of Al doping in ZnO will be

discussed in section 2.3.4.
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Figure 2.7. Reported resistivities of impurity doped binary compound TCO films, 1972 - 2005.
Impurity doped SnQO, is denoted by (0), In;Oz; by (4) and ZnO by (e).(reprinted from
reference [70])

2.3.3.2 p-type doping of ZnO

In principle, p-type ZnO can be achieved by either substituting Zn with group I elements such
as Li, Na and K or substituting O with group V elements such as N, P and As. Each
substitution will result in the loss of one conduction electron. In other words, one extra hole

will be created at valence band, which gives rise to the p-type character of ZnO.

The p-type doping of ZnO is however difficult to achieve. First of all, group I elements have
small atomic radii and they tend to occupy the interstitial sites rather than the substitutional
sites. Therefore, they mainly act as donors instead of acceptors.[88] Moreover, Park et al.[89]

have suggested that the nearest-neighbour bond lengths for negatively charged substitutional
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impurities (e.g. 2.03 A for Li, 2.10 A for Na and 2.42 A for K) are significantly larger than
the ideal Zn-O bond length (1.93 A). Therefore, this deviation can induce lattice strain and
increase the possibility to form native defects such as oxygen vacancies. These native defects
act as donors and compensate the intentionally doped acceptors. This is the major reason why
it 1s difficult to attain p-type doped ZnO. The same problem exists for group V elements
except N. The bond lengths of N, P and As are 1.88 A, 2.18 A and 2.23 A, respectively. It
seems that N is the best candidate to achieve p-type doping of ZnO, as predicted by
Kobayashi et al.[90] However, due to the limited solubility of N in the host ZnO, it is

difficult to achieve p-type doing of ZnO by using a pure N source as well.[91]

2.3.4 Aluminum-doped Zinc Oxide (AZO)

2.3.4.1 The band structure and doping mechanism of AZO

As explained in section 2.3.2.2, excess electrons present in undoped ZnO can be thermally
activated into the conduction band at room temperature to make the host oxide conductive.
By increasing doping or impurity concentration, the bottom of conduction band can be
continuously occupied by donor electrons. A degenerate electron gas is created at the
conduction band edge with the Fermi level pinned above the bottom of conduction band,
giving rise to high electronic conductivity. At the same time, the band gap of the host
material is slightly increased depending on the doping level, which retains the optical

transparency in the visible region.
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Figure 2.8. Illlustration of electronic energy band structure of both lightly doped (small x,
insulator) and heavily doped (larger x, metal) AZO (after reference [92]).

The one electron energy band model developed by Fan and Goodenough [92] can be used to
describe the electronic energy band structure of pure, lightly doped and heavily doped oxide
materials. Figure 2.8 shows a schematic band structure and the formation of a degenerate gas
of electrons upon sufficient doping, where ZnO acts as host oxide material and Al is used as
dopant. The valence band of ZnO is primarily derived from the filled oxygen 2p° states. The
filled zinc 3d levels lie beneath the valence band edge. The conduction band is mainly
formed by the zinc 4s electrons, with some contribution from zinc 4p electrons. The Fermi
energy level of stoichiometric pure ZnO is located right in the middle of the band gap, and
assuming there are no defects such as oxygen vacancies or zinc interstitials it should be an
insulator. By substituting a small amount (small x value, 0-1% AI)[93] of the host atoms
(Zn®™") with higher valence dopant atoms (Al’") or creating oxygen vacancies, charged donor
(Al") or O vacancy (V,") states are formed close to the conduction band of the ZnO (left
panel of Figure 2.8). Subsequently, ZnO becomes lightly n-type doped semiconductor, and
the Fermi level which was located half way between the conduction band and valence band

of pure ZnO 1is raised close to the conduction band.

Upon further Al doping (large x value, 1-3% Al),[94], [95] more impurity or donor states will
be created and the bottom of conduction band can be continuously occupied by donor
electrons, giving rise to a degenerate gas of electrons (right panel of Figure 2.8). Ultimately,
the degenerately doped ZnO shows a metallic character exhibiting high electronic
conductivity, which can be described by the well-known Drude model.[96], [97] The Fermi

level is raised much closer to the host conduction band, and the exact location depends on the
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degree of doping. As such, the conductivity can be improved by increasing the carrier

concentration in the film.

2.3.4.2 Mott criteria

An important factor for consideration is how much the host oxide material must be doped to
act as metallic conductor. In other words, what the critical carrier concentration is for the
insulator-metal transition. Mott [98—100] first developed the idea of a compositionally
induced transition from nonmetallic to metallic behavior which occurs at a critical

concentration of states at T = 0 K . The critical carrier concentration, denoted as n., is given

by:

N Ba"=K Equation 2.2

where a’ is the Bohr radius of the donor and K varies from 0.18 to 0.376 depending on the
model.[101] The above criteria tell us that upon sufficient doping, when the carrier
concentration is greater than this critical value (n > n.), the host nonmetallic (insulating)

material can be modified to become metallic.

Since the resistivity is temperature dependent, metallic (itinerant electrons) or nonmetallic
(localized electrons) materials can be classified by plotting the temperature dependent
electrical resistivity (or conductivity), and extrapolating the curve to OK. Metallic materials
will always display finite conductivities at absolute zero, whereas nonmetallic materials

exhibit zero conductivity when the temperature is equal to absolute zero, i.e.
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Metallic materials: o=0atT — 0K

Nonmetallic materials: 0 =0 at T — 0K

Thus, the temperature dependent resistivity (conductivity) provides an effective way to
characterize the metallic or nonmetallic behaviors of degenerately doped semiconductors. By
applying the above Mott criteria, the required carrier concentration in ZnO for the
nonmetallic-metallic transition can be calculated. The Bohr radius a* can be obtained from

the effective mass approximation in the relation:

a* = (e/m*)(h*/ne?) Equation 2.3

where ¢ is the dielectric constant of ZnO and is equal to 8.65¢, / is Planck’s constant and m*
is the appropriate effective mass. For ZnO, the reported effective mass is 0.28m, for electrons
and is 0.59m, for holes.[102] Thus a* is ~2 nm at room temperature.[38], [103] The different
values of K give an n, value in a range from 1.33 x 10" cm™ to 1.21 x 10" ¢cm™. Therefore,
in order to tune ZnO to have a metallic behavior, a minimum carrier concentration of ~1.33 x

10'® ¢cm™ has to be reached.

2.4 Growth of ZnO thin films

2.4.1 Early technologies
ZnO thin films (both undoped and doped) can be grown with strong (0001) preferential
orientation on substrates such as glass,[104] sapphire [105] and diamond [106] by various

techniques. Early ones included magnetron sputtering [106], [107] and chemical vapor
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deposition (CVD).[108], [109] However, these techniques have difficulties growing high
quality single crystal films, and polycrystalline films have poorer optical and electrical
performance and this reduces the potential applications. Therefore, other techniques which
allow improved control over growth have been investigated, including RF magnetron
sputtering,[110] molecular beam epitaxy (MBE),[111] pulsed laser deposition (PLD) [112]
and metal organic chemical vapor deposition (MOCVD).[113] The much finer control
associated with these techniques provides the possibility of higher quality, single crystal ZnO
films. These improved film qualities have opened up opportunities for applications as UV
light emitters [114] and transparent electrodes.[70], [115] However, these high cost complex
techniques are hitting their performance-price limits, although they are currently dominating

the field.[116]

2.4.2 Sol-gel technique

The cost of photovoltaic electrodes is one of the most important limiting factors influencing
the uptake of commercial PV systems.[117], [118] In recent years, sol-gel methods that
employ colloidal solutions and thermal decomposition have been widely investigated, since
they require less complex deposition and are lower cost compare to the early

technologies.[119-121]

Sol-gel refers to the simple chemical solution technique where deposition is accomplished by
a gelation process, and has been widely used to fabricate metal oxides.[51], [84], [122—-134] It
starts with a liquid-phase mixture (sol), through an intermediate bi-phase gel (both liquid and
solid phases), until a final solid-phase discrete particle or continuous network product.

Precursors used to fabricate metal oxides are primarily metal alkoxides and metal chlorides.
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For the growth of AZO, precursors normally consist of Zn>" salts and counter anions such as
nitrate and acetate.[122], [131], [133], [135] In addition, very small amounts of dopant
precursors can be uniformly dispersed in the starting sol, which is the basis to achieve
effective doping in the final product. By going through various types of hydrolysis and
polycondensation reactions,[ 126] metallic elements can be connected either by —O— or —-OH-
bridges from which small particles of metal oxide can start to form inside the solution. Under
appropriate conditions, successive reactions in the solution can result in large amounts of

metal oxide with controllable microstructures; including shape, morphology and size.

The solvent in which the sol-gel process is taking place should eventually be removed and
leaves only the desired metal oxide product, and this can be achieved through a drying
process.[123], [132] Drying significantly affects film quality, particularly defect density, and
ultimately it effects the evolution of the microstructure, and thus also the properties and

performance of the final product.

Finally, a firing process is carried out for decomposition, polycondensation and
crystallization.[127] Grain growth at elevated temperatures can result in a reduced density of
grain boundaries,[52] which contributes to both optical transparency and electrical
conductivity by reducing grain boundary scattering. These three sub-processes can change the
physical characteristics of the deposited film, improve the structural stability, as well as

enhance the mechanical, optical and electrical properties.
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Sol-gel processing has distinct advantages over other techniques. The homogeneous
precursor solution makes the controllable chemical composition much easier.[52], [127], [136]
Moreover, as eventually we intend to build solar cells based on inexpensive and flexible
polymeric substrates, the processing should not employ high temperatures.[137] This
restriction motivates the development of sol-gel processing,[122], [127] which is also a high
yield, fast throughput method that offers the possibility of fabrication of low cost solar cells
with performance characteristics suitable for large-scale industrial applications.[119-121],

[138]

2.4.3 Spin coating

For the sol-gel technique, the precursor solution can be deposited onto a substrate by dip
coating, spin coating, doctor blading or spray techniques, which are considered to be less
expensive and are especially promising for fabricating high quality films.[116], [139] In
particular, spin coating is capable to fabricate highly controllable and reproducible films with

excellent uniformity on large areas.[140]

(1)

ﬂ ﬂ ﬂ Evaporation
Fil
oL w— i
- il |

Figure 2.9. An illustration of a spin coating process.
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In a spin coating process, the precursor solution is firstly dropped onto the substrate and wets
the surface (step 1, left panel, Figure 2.9). The spin coater then rotates the substrate at a speed
of around 2000-4000rpm for 10-30 seconds [123], [132], [141] (step 2, left panel, Figure 2.9).
Two forces are acting on the solution during spin coating; the adhesive forces at the solution-
substrate interface and the centrifugal forces resulting from the high-speed rotation. These
two competing forces will result in a strong shearing action at the interface which causes the
solution to form a thin film with controllable thickness,[140] depending on angular velocity,
solution concentration and viscosity. The correlation between these parameters and the
resulting film thickness has been empirically established in previous work.[142—145] Next,
depending on the solution system, a drying process at a temperature in the range 100-300°C
for around 5-20 minutes is necessary before the next round of deposition to evaporate solvent
and remove organic residuals (right panel, Figure 2.9).[126], [132] By repeating this coating-
drying procedure, a desirable film thickness from a few tens of nanometers to a few
micrometers can be obtained.[123], [132] Figure 2.10 illustrates the three major steps during
this process, namely nucleation, crystal growth and film formation. At the same time, these

processes allow Al atoms to relocate at positions with lower free energy.[125]

(1) (2) (3)

Sen e Y

Figure 2.10. An illustration of the process of nucleation (1), crystal growth (2) and film
formation (3).

In conclusion, sol-gel spin-coating is a simple and cost-effective approach to fabricate AZO

thin films. However, challenges encountered by this approach include the current immature
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understanding of the process parameters as well as the relatively poor performance compared
with sputtered ITO. This motivates further investigation so that much higher quality films can
be achieved. In Chapter 4, I will look into some major factors affecting the thin film quality,

and design experiments to improve the film performance.
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Chapter 3 — Experimental Techniques

The main techniques used in the preparation and characterization of the thin films and

devices studied in this thesis are described in this chapter.

3.1 Photovoltaic device fabrication

3.1.1 Substrate cleaning

Thin film fabrication starts with sheets of soda-lime glass substrates (Fisherbrand, FB58624),
which are cut into 12 x 14mm rectangles. The cleaning process consisted of sonication in a
diluted detergent solution (Decon 90 : de-ionized water = 800mL : SmL) and de-ionized
water (DI water) for 5 minutes each, followed by soaking in acetone and isoproponal at

~50°C for 3 minutes each, and then dried in air.

3.1.2 AZO fabrication by sol-gel processing

AZO thin films were grown on glass substrates in an ambient environment by the sol-gel
spin-coating technique. Precursor solutions were formed by dissolving zinc acetate dihydrate
(Zn(CH3COO0); 2H,0, Riedel-de Haén) and aluminium nitrate (Al(NO;3);-9H,0, Sigma-
Aldrich) in 2-methoxyethanol (HOCH,CH,OCH3, Fisher) combined with monoethanolamine
(MEA, HOCH,CH,;NH,, Sigma-Aldrich), as described by Xu ef al. [146] MEA was added to
the suspension to stabilize the aluminium doped ZnO complex[147]. The molar ratio of MEA
to zinc acetate was maintained at 1.0 and the concentration of zinc acetate was in the range of
0.2 to 1.5M, within typical literature values.[131], [141] The content of aluminium dopant in
the solution was varied from 0 to 3at.% (Al/Zn) depending on the application. This doping

level lies within the typical range used in the literature (0.5-2 at.% Al/Zn),[81], [122], [128]
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as Tang et al.[122] suggested that after a certain level of doping, no more dopant atoms can
occupy zinc site because of the limited solubility of Al in the ZnO lattice. The solution was
thoroughly refluxed at 75°C for about an hour until clear as shown in Figure 3.1.[52], [132]
This solution was then aged at room temperature for 2 days before deposition to stabilize the

colloidal with an improved uniformity [148] and to obtain a low resistivity. [130], [132], [149]

Figure 3.1. AZO precursor solution.

Glass substrates were cleaned as described in section 3.1.1. The AZO precursor solution was
dropped onto the glass substrates using a pipette to give a full coverage, followed by spin
coating at 3000 rpm for 20 seconds. The coated substrates were dried at 250°C for 10 minutes
on a hot plate in air after each coat to evaporate the excess solvent (drying process). By
repeating the procedure of spin coating and drying, AZO thin films of different thicknesses
were obtained. The specimens were then decomposed in air at 500°C for 1 hour [52], [81],

[95], [141]) using a Carbolite RWF12/23 furnace, with a ramp rate of 10°C/min.

Afterwards, if annealing was necessary, it was carried out either in vacuum (~10~ torr) or
forming gas (90N,/10H;) at 500°C for 1 hour using a Carbolite 15/450 tube furnace, with a
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ramp rate of 20°C/min. Vacuum and forming gas atmosphere were formed in a quartz tube
(Robson Scientific) located inside the furnace as shown in Figure 3.2, and a Swagelok tube
fitting (SS-25M0-1-8KT, Swagelok London) was used at the two ends for the vacuum
application. A NXL 776000 BOC Edwards pump was used to generate vacuum atmosphere
and this was monitored by a Center One vacuum gauge controller (Oerlikon Leybold

Vacuum GmbH).

Inner tube ends, for vacuum or gas inert/outlet.

Furnace, 650mm N

A

Safety shell, 850mm

A
A 4

. Furnace tube, 1200mm

Quartz inner tube, 1500mm

A

Figure 3.2. An illustration of the tube furnace system.

3.1.3 ITO/AZO patterning
The sol-gel processed AZO and commercially available ITO substrates must be patterned to

give a stripe running the length of the substrate (Figure 3.3). To do this, the ITO or AZO
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substrate was firstly cleaned with isoproponal and dried in air, followed by masking the 2mm
stripe with a self adhesive tape. A Roland Stika cutting printer is used to prepare the adhesive
masks that are applied to the AZO and ITO films. The substrates are then immersed in an
etchant solution consisting of 10 DI water: 9 HCI: 1 HNOs. The etching process was carried
out at 40 - 60°C on a hotplate for 5 minutes. The substrates are then removed from the acid
bath, immersed in water for 30 seconds and rinsed thoroughly with running water to remove
any residual acid. The adhesive mask is removed and any residual adhesive removed
mechanically, by gently rubbing the sample surface with cotton buds soaked in acetone. The

substrates are then rinsed successively in acetone and isopropanol.

Figure 3.3. AZO or ITO pattern (middle strip) on glass substrate.

3.1.4 PEDOT:PSS and polymer layer deposition

In Chapter 4 and 5, PEDOT:PSS is employed as a buffer layer to smooth the ITO substrate
and block the flow of electrons to the anode. The only difference between the conventional
and inverted device fabrication in terms of PEDOT:PSS/polymer processing is the order in

which it is deposited. In devices with a conventional geometry (Chapter 4), the
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PEDOT:PSS/polymer layer interface is created by coating a solution of P3HT:PCBM on the
surface of a solid PEDOT:PSS film, and using an Al electrode. In contrast to this, devices
employing an inverted geometry (Chapter 5) are prepared by coating a dispersion of
PEDOT:PSS onto the surface of a solid P3HT:PCBM film, and using an Au electrode. The
processing of both architectures is described below (processing of PbS quantum dot layers

will be discussed in Chapter 6).

3.1.4.1 Blending P3HT:PCBM solutions

First, the BHJ P3HT:PCBM solution was prepared in a low-moisture nitrogen glovebox
operating at <100 ppm (parts per million) O, and <150 ppm H,O. P3HT (Reike Metals Inc.)
and PCBM (Nano-C) were dissolved in chlorobenzene (Sigma-Aldrich) with a weight ratio of
1:0.8 (i.e., with a small excess of P3HT), as widely used by other authors to ensure a good
phase separation between the two materials. [150][151][152] The solution was kept in the
glovebox and continuously stirred overnight at ambient temperature, with the vial covered

with aluminum foil to prevent light soaking.

3.1.4.2 Conventional device fabrication

Once the P3HT:PCBM solution is well-mixed, the ITO- or AZO-coated substrates were
cleaned as described above for subsequent deposition. An oxygen plasma treatment was first
performed for 30 seconds to smooth the surface, improve sheet resistance and film
transmission.[153] Next, a blocking layer of PEDOT:PSS in aqueous solution (a conductive
and transparent polymer, H.C. Starck GmbH) was deposited onto the ITO or AZO substrate
by spin coating. In general, a few droplets of the solution were applied to the substrate using

a variable pipettor, the substrate is then spun at 5000rpm for 30 seconds. Following
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deposition of the PEDOT:PSS the films are heat treated on a hot plate at 140°C for 10
minutes to remove residual moisture before being transferred to a low-moisture glovebox.
The pre-mixed photoactive P3HT:PCBM layer is then spin coated on top of the PEDOT:PSS

at 700rpm for 15 seconds.

3.1.4.3 Inverted device fabrication

For the inverted devices, the ITO substrates that were coated with ZnO blocking layers were
firstly cleaned as described in section 3.1.1. Next the substrates were transferred into the
glovebox where the pre-mixed P3HT:PCBM solution was spin cast onto the substrates at
700rpm for 15 seconds, followed by drying on a hotplate located inside the glovebox at 70°C
for 2 minutes. Next, one droplet of the PEDOT:PSS solution (hole-injection layer, HIL) was
dropped onto the spinning substrate and spin cast at 5000rpm for 1 minute, then dried at 45°C

on a hotplate for 5 minutes.

3.1.5 Metal electrode deposition

The cells were transferred into a vacuum chamber, and aluminum or gold electrodes were
thermally evaporated through a shadow mask (to define the electrode dimensions) by using
an Edwards E04 evaporator for conventional and inverted devices respectively. A tungsten
boat (Umicore) was used and evaporation was performed in a vacuum environment of ~107
torr. The first 30 seconds of evaporation was shuttered to avoid any impurities being
deposited onto the substrate. Next, the shutter was removed and evaporation was performed
at a rate below 2A/s to reach a total thickness of 100+5nm. The deposition rate was
monitored using a calibrated Edwards FTM 5 quartz crystal growth monitor. The top view of

the final cell geometry is shown in Figure 3.4a, where each substrate contains three different
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pixel cells defined by the overlap of the two electrodes (ie. ITO and Au strips in this case). A
set of 10 images taken by optical microscopy have shown that each pixel cell has an area of

~0.02 cm?” and Figure 3.4b displays one of the images.

Au stripes

@— ITO stripe

Pixel Cells

b) Au stripe

ITO stripe

Figure 3.4. a) Three solar cells (termed pixel cells) per substrate are defined by the
overlapping area of the ITO and Au strips. b) An optical microscope image of one of the pixel
cells, showing the two stripes and their dimensions.
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3.1.6 Thermal annealing

Once the devices had been removed from the vacuum chamber, most were submitted to a
thermal annealing treatment at 150°C for 10 minutes on top a digital hotplate (Fisher) within
the glovebox. This is to obtain optimized phase separation in the P3HT:PCBM layers by
increasing the nanodomains sizes, in order to match the corresponding exciton diffusion

lengths in each material (around 3-30nm). [154]

3.2 Materials characterization

3.2.1 Dektak profilometry measurements

The thicknesses of these solution processed ZnO thin films were measured by surface
profilometry (Veeco Dektak 6M Stylus Profiler). A diamond tipped stylus is scanned across
the surface of the sample with a given contact force. The vertical movements of the tip on the
sample can be translated into an electrical signal and give 2D plots of the topography of the

sample surface.

For measuring the thickness of AZO thin films and polymer layers, a step is formed by
scratching off a portion of the film with cotton tip (soaked with etchant in the case of AZO

films). This step height is then measured to give the reading of film thickness.

3.2.2 X-ray diffraction (XRD)
X-ray diffraction (XRD) is a very widely used and efficient non-destructive tool to
investigate the structure and microstructures of bulk materials as well as surface layers. It

utilizes the elastic scattering of x-rays as they pass by the electron cloud of individual atoms.
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The wavelength of x-rays is in the range of 1 - 500A, ideal for examining inter-atomic

spacing of individual atoms in a crystal lattice.

XRD patterns were recorded to study the crystal structure and phase composition of undoped
and Al doped ZnO thin films on a Philips PW1820 system with a PW1727 x-ray generator
with monochromated Cu Ko radiation (A = 1.5418A) at room temperature. The scans were
carried out in the range of 26 between 10° and 70° with a scan rate of 0.02 degree per second.

The data is then analyzed on Philips X Pert software.

3.2.3 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) provides very useful numerical data on surface height for
characterization of thin film surfaces. This involves rastering a cantilever with an ultra fine
tip across the sample surface, the interactions between the cantilever tip and the sample
surface lead to deflections which are measured by a laser beam and detected by a photodiode
array. Various analyses have been developed to utilize the data obtained from AFM scans,
including the root mean square (rms) heights. These analyses are useful to relate the
evolution of surface morphological parameters to the physical properties of the thin films, in

order to optimize the growth mechanism of thin films.

AFM (Veeco Park CP-II AutoProbe SPM) images were recorded at ~4 different regions of
each sample. This equipment was operated in tapping mode with a 'J' scanner having a lateral
range of approximately 100 um and a vertical range of 6 pm. MikroMasch silicon beam-

shaped probes with a thin coating of aluminium to act as a mirror for the laser beam were
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used. Calibration of the AFM was accomplished by scanning a 2.5 pm pitch 200 nm depth

reference sample from TopoMetrix Corporation.

3.2.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that can be
used to examine the elemental composition of a material, as well as the chemical and
electronic state of the elements. The sample is irradiated by a beam of X-rays, which cause
core electrons to be ejected from the sample surface. A spectrum of the energies of these
ejected electrons is recorded. The electron energies of interest usually lie in the range of 0 -
1500 eV, since the escape depth of electrons at these energies is typically between 2 and 8
monolayers, XPS is surface specific (in the top 1-10nm of the sample). The identification of
individual species and their elemental and chemical states are based on the fact that the
emitted electron have a characteristic binding energy (BE), corresponding to the atom’s

electron shell structure (1s, 2s, 2p, 3p etc).

The equipment used in this work was a VG nine channel CLAM4 electron energy analyzer,
fitted with a 200Watt unmonochromated MgKa X-ray source and argon ion gun, in a ultra
high vacuum chamber (5%x10'° mTorr). The analyzer was operated at constant pass energy of
100 eV for wide scans and 20eV for detailed scans, and the Cls peak at BE 284.8eV was
used to overcome any sample charging. For some samples, consecutive ion beam etching was
carried out by sputtering using the ion gun to clean off the surface contamination, enable the
examination of the composition below the surface. Analysis of the peaks was performed

using the CASA XPS software package.
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Hard X-ray photoemission spectra (HXPS) at hv=6000.0 eV were measured on Beamline
ID16 on the ESRF (European Synchrotron Radiation Facility, Grenoble, France) with an

overall energy resolution of 0.35 eV.

3.2.5 Scanning electron microscopy (SEM)

A scanning electron microscope (SEM) is used to image a sample by scanning it with a beam
of electrons in a raster scan pattern under vacuum. The electron beam is thermionically
emitted from an electron gun fitted usually with a tungsten filament cathode, and the beam is
then focused by condenser lenses to a fine spot (~4 - 5nm) giving rise to a high spatial
resolution. The interaction of electrons with the atoms present in the sample will produce
signals that contain information on surface topography and composition. The energy
exchange between the electron beam and the specimen will result in the generation of low
energy secondary electrons and high energy backscattered electrons, which can be detected

by specific detectors and used to create images of the specimen surface.

The cross-sectional information, include thickness and device structures, was examined using
a JEOL 840F SEM operated at 6 keV, a relatively low voltage to avoid charging. Cross-
sectional specimens were prepared by cutting the backside of the substrate using a fine
diamond cutter and breaking the substrate into half by leveraging against a sharp edge (such

as a needle).
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3.3 Optoelectronic characterization

3.3.1 UV-visible absorption spectra

UV-Vis spectroscopy refers to absorption spectroscopy or reflectance spectroscopy in the
ultra violet and visible spectral regions. The measured UV-Vis spectrum can be viewed as an
absorption spectrum or as a transmission spectrum. The transmission spectrum gives the
percentage of the incoming light that actually travelled through the sample. The spectrum can
be analyzed to obtain information such as the energy band gap and thickness of the thin films.
The optical gap is defined as the minimum energy needed to excite an electron from the
valence band to the conduction band.[155] Intrinsic absorption of photons by a
semiconductor occurs when the photon energy is located in the vicinity of the energy band
gap of the material. In other words, absorption happens when the incident photon energy, /v,
is greater than the semiconductor’s band gap energy between the bottom of the conduction
band and top of the valence band, E,. The optical absorption coefficient a is calculated using

Lambert’s law:

a=-In(1/T)/t Equation 3.1

where T is the transmittance and t is the film thickness. The maximum absorption occurs at
high energy and decreases with optical energy. For the direct-transition semiconductors, the

relation between o and E, can be determined by Tauc’s relation:[156], [157]

o « (hv- Eg)” 2 Equation 3.2

where, & is the Planck’s constant and v is the frequency of the incident photon.
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In the work presented in this thesis, a Cary 5000 UV-visible-NIR spectrophotometer was
used to obtain the optical absorption parameters of the films in air. It utilizes tungsten halide
or deuterium light sources which pass through a monochromator, then split into two beams
that travel through a sample and a blank glass slide reference, respectively. The instrument

software then compares the two signals in order to determine the transmission of the sample.

3.3.2 Four-point probe resistivity measurements

A four-point probe technique is an electrical impedance method that uses separate pairs of
current and voltage electrodes to measure the sheet resistance of thin films. It removes the
effects of contact resistance from the measurements, thus give more accurate reading than
traditional two- terminal sensing techniques. As shown in Figure 3.5, one can imagine that
when current is supplied via the outer pair of probes, a voltage drop cross the inner pair of the

probe will be generated and can be measured.

Figure 3.5. Illustration of a four point probe resistivity measurement arrangement for sheet
resistance calculations.
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The electrical resistance of a given object depends primarily on two factors, the material and
the shape. For a given material, the resistance is proportional to the length, which by Ohm’s

Law: [158]

~ ] <

Equation 3.3

I
e
|

where R is resistance measured in ohms (L), V is the potential difference measured in volts
(V), I is the current measured in amperes (A), p is the resistivity measured in Q-m, d is the
length of the material measured in metres and A is the cross-section area of the material
measured in square metres. For the measurement of electrical resistivity of thin films by a
four-point probe method, the relation can be expressed as follows:

T

av .
p=t 12 ( ' ) Equation 3.4

where AV is the potential difference of voltage probes, I is the current flow of current probes,
t is the thickness of the thin film coating and n/In2 is a correction factor that should be taken
into account for sheet resistance of thin films with finite sample size and geometric shape
effects, and itself is a product of a number of variables that take into account factors such as
thickness, proximity to sample edge and temperature. The approximation of CF values for all
geometric possibilities is beyond the scope of this thesis, but can be found in the
literature.[159], [160] The sheet resistance, Rgheer, 1s defined as resistivity divided by

thickness giving:

=~ |

Riheet = Equation 3.5
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Rgheet 1s measured in Q/o (which is dimensionally equal to Q, but is exclusively used for sheet
resistance to avoid confusion.[161] Measurements were performed using a Keithley 220
current source and an Agilent 34420A Voltage meter. The probe spacing was 1mm, and the

sample sizes were typically around 12x12mm.

3.3.3 Hall carrier and mobility measurements

Hall probes are based on the principle of the Hall effect, discovered by Hall in 1879.[162]
The Hall effect in a semiconductor refers to the phenomenon that upon the application of an
orthogonal magnetic field on a current-carrying semiconductor, the charge -carriers
experience a force in the direction perpendicular to both the magnetic field and the current.
This force then result in the movement of positive and negative charge carriers in opposite
directions, leading to a potential difference across the material, which is known as the Hall

voltage.

The resulting electric field is recorded to obtain information such as Hall carrier
concentration and mobility. The Van der Pauw method was employed because it enables
accurate properties measurements of any arbitrary 2D shaped samples, such as thin films.
When using this method, four Ohmic contacts were formed on the sample edges as shown in
Figure 3.6. A current is driven through two contacts (for example contacts 1 and 4) and the
resulting voltage across the other two contacts (contacts 2 and 3) was recorded. Repeating the
measurements by swapping the current and voltage edges, as well as reversing the magnetic

polarity, accurate measurements may be obtained.
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Figure 3.6. An illustration of the sample configuration for Hall effect measurements.

Hall effect measurements in this work were carried out on an Ecopia HMS-3000 Hall system
at room temperature. Silver dag was used to form contact at the four corner of the sample.
Current — voltage characteristics were measured prior to Hall analysis to ensure the contacts

formed were Ohmic over the range of measured current.

3.4 Photovoltaic device testing and characterization

3.4.1 Current-voltage (IV) measurements
The most important figures of merit distinguishing the performance of a solar cell are its
short circuit current (Iy;), open circuit voltage (V,.), fill factor (FF) and power conversion

efficiency (PCE, as shown in Figure 3.7).

The Iy 1s the maximum current flowing through a solar cell occurs when the voltage across
which is zero (i.e., when the solar cell is short circuited). The V,. is the maximum voltage
available from a solar cell when the current is zero (i.e., when the solar cell is at the open

circuit condition). However, at both of these operating stages, the power from a solar cell is
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zero. The FF is the ratio of the maximum power (Pyax) from a solar cell to the product of I
and V. (the light green shaded area divide by the light pink shaded area as shown in Figure
3.7), and therefore in conjunction with I, and V,. determines the maximum power from a
solar cell. The efficiency of a solar cell is then defined as the fraction of incident power

which is converted into electricity:

Voc Isc FF

= — Equation 3.6
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Figure 3.7. An illustration of the IV curve (red line) of a solar cell, showing I, Vo, and Py,
and the power (green line) as a function of voltage.

In addition, the efficiency of a solar cell is affected by parasitic resistances. The most
common parasitic resistances are series resistance (Rg) and shunt resistance (R, as shown in
Figure 3.8). A high series resistance causes power losses in a solar cell by resisting current
flow, which will reduce the FF value and excessively high values may reduce I, as well. A
low shunt resistance has a negative impact on solar cells by providing alternative current

pathways for the photogenerated current, reducing the amount of the current flowing through
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a solar cell junction as well as the voltage from the cell. Therefore, for an ideal device, we

want low series resistance and high shunt resistance values.

Current R
—> AN ——

f
I <> \ 4 R Voltage

Figure 3.8. An illustration of parasitic series and shunt resistances in a solar cell circuit.

The devices were placed in a testing holder inside the glove box and sealed by using a rubber
ring. The nitrogen atmosphere was maintained throughout the device-testing period by
continually flowing nitrogen gas through the holder. A Newport 67005 solar simulator was
used to simulate AMI1.5 illumination. The solar cells were positioned such that the incident
power density from the solar simulator was 100mW/cm®. This incident light intensity was
monitored regularly using a D3MM thermal sensor (Thorlabs Instrumentation). IV curves
were recorded with a Keithley 2400 SourceMeter between -0.4V and +1 V, in step size of

12.5 mV with 20 milliseconds per step.

3.4.2 External quantum efficiency (EQE) measurements
EQE refers to the ratio of the number of charge carriers collected by the solar cell to the
number of incident photons of a given energy. This parameter is wavelength dependent and

describes how efficiently the device can convert solar energy into electrical energy. For
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instance, if every incident photon with a certain energy (i.e., at a given wavelength) is

absorbed and collected, the EQE at that wavelength is one.

The same holder that was used for IV measurement was used for external quantum efficiency
(EQE) measurement, with nitrogen gas flushing throughout the experiment. Illumination was
provided by a halogen lamp and Oriel Cornerstone 130 monochromator. When illuminating
at longer wavelengths, a 400, 610 or 1000nm filter was used to clock the higher orders of the
monochromator grating. Calibration of the light intensity at each wavelength was performed
using a Newport 818 UV enhanced silicon photodetector and a Newport 918 IR germanium
photodetector. The current signal from the solar cell was measured with a Keithley 6845

picoammeter, and the entire process was controlled by a labView virtual instrument.
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Chapter 4 — Aluminium Doped Zinc Oxide for the
Application of Transparent Electrode in Organic Solar

Cells

As mentioned in Chapter 1, transparent metal oxides (TCOs) play an important role as hole-
collecting electrodes in determining the performance of solar cell devices, such as the
conversion efficiency, device stability and lifetime. Therefore, a fundamental understanding
of the physical origins of the unique combination of high electrical conductivity and optical
transparency in these materials is crucial to satisfy the ever-increasing demand for high
device performance. In this chapter, investigations of the preparation conditions, including
the influence of Al doping concentration, precursor solution concentration and post annealing,
on the structural and optoelectronic properties of AZO films were performed. Then, a series
of organic solar cells were fabricated employing either solution-processed AZO or sputtered
ITO (commercially available) thin films as the front electrode, in order to study the capability

of solution processed AZO in the photovoltaic industry.

4.1 Introduction

4.1.1 Transparent conducting oxides (TCO)

Recent progress in the photovoltaic and optoelectronic industries has shown a rapid increase
in the demand for thin-film transparent electrodes. TCOs are important functional oxides with
applications as the optical window electrode for photovoltaic devices (PV), liquid crystal
displays (LCD) and light emitting diodes (LED). In the field of photovoltaics, it is important

to develop TCO materials that are electronically tailored to enhance charge extraction and
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transport. The TCO front contact in solar cells acts both as a window for light transmission to
the photoactive layer for absorption and charge generation as well as an electrode for charge

carrier collection and transport out of the solar cell.

In general, photovoltaic applications require TCO materials to have a band gap greater than
3.27eV (less than 380nm) to avoid the absorption of light,[70] therefore making better use of
the solar irradiance spectrum to improve absorption in the photoactive layer. In addition,
TCO material resistivities lower than 10°Qcm are preferred for effective charge
transport.[ 163] By impurity doping, the electrical properties can be enhanced dramatically by
increasing the carrier concentration. For photovoltaic electrode applications, generally a

minimum carrier concentration of ~10*° ¢cm™ is required to provide good conductivity.[70]

In203

Zn2In20s5
Zn3In20e6 &

= )
Zn0O Zn2Sn04 ZnSnOs Sn0O2

Figure 4.1. TCO semiconductors for practical transparent electrodes (reprinted from
reference [70])

TCO semiconductors for transparent electrode applications have been widely developed from
metal oxides containing at least one of the following materials: Zn, Cd, In and Sn. Cd-

containing TCOs can have low resistivities; however they have little practical value because
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Cd is very toxic and so environmental regulations will make commercial exploitation
difficult. Minami[70] has suggested that only ZnO, In,O3; and SnO, and their multicomponent
compounds are of practical use (as illustrated in Figure 4.1). To date, tin doped indium oxide
(ITO) is most widely used by industry owing to its low resistivity of ~10* Qcm[164][165]

and high transmittance of ~90% in the visible region.[166]

ITO, however, is not an ideal transparent electrode given that indium, the principal
component of ITO, is a scarce rare earth metal with some toxicity; making ITO based devices
expensive and potentially harmful to the environment. Therefore, considerable effort has
been directed towards the discovery of a sustainable alternative,[127] for both environmental
and economical reasons. A number of avenues have been investigated for the identification of
doped binary compounds, and AZO is recognized as a promising alternative due to its low-
cost, non-toxicity, bio-compatibility and comparable properties to that of ITO.[167] Zinc, the
primary element in AZO, is the 24™ most abundant element in the Earth’s crust.[168] Indium,
composes 90 at.% of the metal in commercial ITO, cost $580/kg in 2012,[169] whereas zinc
at <$0.95/kg [170] makes up ~98 at.% metals in AZO, giving an obvious commercial driver

to use more Zn based TCOs.[138]

In addition, the anode work function is a very important factor because a higher work
function can lower the hole injection barrier, and at the same time results in better energy
matching between the anode and the highest occupied molecular orbital (HOMO) of the
organic electron donor. This improves the solar cell conversion efficiency.[171] AZO makes
a good anode material, as it possess a relatively high work function (from 4.7[172] to 5.2

eV[173]) for hole extraction with a high barrier for electron injection. Furthermore, the
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potential of AZO can be maximized by optimizing the chemistry and manufacturing process,

as 1s addressed further in the later sections of this Chapter.

4.1.2 P3HT:PCBM solar cells employing sol-gel processed AZO
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Figure 4.2. (a) Cross section structure and (b) the corresponding simplified energy band
diagram of the AZO — P3HT:PCBM bulk heterojunction solar cell devices fabricated.

As test beds for the AZO transparent electrode technology, a series of solution-processed

small-molecule bulk heterojunction photovoltaic cells were fabricated using poly(3-
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hexylthiophene) (P3HT) as the electron donor and [6,6]-phenyl C61-butyric acid methylester
(PCBM) as the electron acceptor. A conventional device structure (TCO/PEDOT:PSS/
P3HT:PCBM/AIl) was employed, and the device performance employing sol-gel processed
AZO was compared to that employing sputtered ITO. Figure 4.2a is a schematic drawing of
the device structure and direction of illumination (from the glass substrate of the device).

Figure 4.2b shows the corresponding simplified energy band structure.

4.2 Experimental details

4.2.1 AZO thin film preparation and characterization

The preparation of AZO thin films with thickness of ~480+30nm on glass substrates was
performed by the sol-gel technique as described in section 3.1.2. The precursor thin films
were decomposed in air at 500°C for 1 hour using a Carbolite RWF RWF12/23 furnace, with
a ramp rate of 10°C/min. Some samples went through a post annealing treatment, either in
flowing forming gas (90N,/10H,) or in vacuum (~10° torr) at 500°C for 1 hour using a

Carbolite 15/450 furnace, with a ramp rate of 20°C/min.

As described in Chapter 3, the film thickness was measured using surface profilometry, and
confirmed by examining the cross-sectional view of specimens using SEM. The structural
features were studied by XRD, the morphological characteristics were studied by AFM, and
the material chemical analyses were performed by using XPS and synchrotron on the ESRF
(Grenoble, France). Finally, the optoelectronic properties were investigated by UV-vis

spectrometer and Hall measurements, respectively.
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4.2.2 Device fabrication and characterization

4.2.2.1 Substrate cleaning and treatment

The AZO and ITO thin films were firstly cleaned with isoproponal and dried in air. They
were then etched to stripes 2mm wide as described in section 3.1, followed by a cleaning
process. Then, oxygen plasma treatment of AZO and ITO was carried out for 30 seconds

before depositing PEDOT:PSS.

4.2.2.2 Device fabrication

A layer of PEDOT:PSS was applied on top of the ITO or AZO by spin coating. Then,
P3HT:PCBM solution was spin coated at 700rpm for 15s and annealed on a hotplate at 140°C
for 10 minutes. Next, the cells were transferred into a vacuum chamber located inside the
glovebox, and Al electrodes (~100nm) were thermally evaporated through a shadow mask, as

described in section 3.1.

4.2.2.3 Device characterization
The devices were placed in a testing holder with continuous nitrogen gas flushing throughout
the experiment. Current density-voltage (IV) and external quantum efficiency (EQE)

characteristics were recorded as described 1n section 3.4.

4.3 Results and discussion

As discussed, the properties of AZO anodes are strongly dependent on the deposition process,

the post-deposition annealing and the presence of impurities.[81], [128], [130] This can be
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controlled by many process parameters, such as Al doping concentration, precursor solution

concentration and annealing.

4.3.1 The influence of Al doping concentration on the properties of AZO thin films

As explained in Chapter 2, Al doping has a significant impact on the film electrical properties.
AZO thin films with various Al doping concentrations of 0, 0.5, 1.5 and 3at.% were
fabricated and characterised to optimize their optoelectronic performance. All thin films were
grown by decomposing 1.5M (molar) precursor solution in air at 500°C on glass substrates
without annealing treatment. A set of 24 thin films were fabricated for this study (6 samples
at each doping concentration). All the thin films studied have an average thickness of around
480+30nm, as measured by Dektak surface profiler and confirmed by SEM cross sectional
images. As an example, the film prepared with 1.5at.% Al doping from 1.5M precursor

solution is shown in Figure 4.3, and the thickness is about 485nm.

Figure 4.3. Cross-sectional SEM image of as as-grown AZO film prepared with 1.5at.% Al
doping from 1.5M precursor solution, showing the films thickness of ~485nm.

4.3.1.1 Structural properties of AZO films with various Al doping concentrations
The literature notes a crystal structural change in AZO films upon doping.[49] As such, 0-260
X-ray diffraction (XRD) spectra were measured to determine any effect that the Al doping

may have on the structural properties of the AZO films.
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Figure 4.4. X-ray diffraction profiles of as-grown AZO thin films prepared from 1.5M
precursor solution with Al doping concentrations ranging from 0 to 3 at.%.

Figure 4.4 displays typical XRD patterns, showing the structural implications of Al dopant
incorporation into the ZnO lattice. At all doping levels, the main characteristic peaks
corresponded to the zinc oxide reflections from a hexagonal wurtzite phase regardless of the
degree of doping. As can be seen, there is no other crystalline phase observable, such as
insulating aluminium oxide (Al,O3) [174] or gahnite (ZnAl,O4), [175] which were reported to
be present in the grain boundary regions in AZO films as secondary phases when ZnO is
heavily doped. This suggests that the Al is incorporated into the lattice as a subsitutional
ion.[176] In addition, all films have reasonably sharp (002) diffraction peaks while the other
peaks appear relatively weak, indicating that the films are oriented with their c-axis
perpendicular to the substrate.[177], [178] It is believed that this preferential orientation is

due to the minimization of surface energy and internal stress.[179] Furthermore, the highest
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peak value from the XRD measurement was obtained from the undoped ZnO film,
demonstrating that films deposited without doping have a superior degree of preferential

orientation and lattice perfection.[177]
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Figure 4.5. A narrow-scan of X-ray diffraction profiles of as-grown AZO thin films prepared
from 1.5M precursor solution with Al doping concentrations ranging from 0 to 3 at.%,
showing the slight peak shift towards higher angle upon Al doping.

In order to study the effect of Al doping, a detailed analysis of the XRD peaks was carried
out as shown in Figure 4.5. It was found that there is a significant peak broadening (as shown
by the FWHM values in Table 4.1), intensity reduction, as well as a slight shift in (002) peak
position toward higher 26 value with increasing Al content. Similar observations have been
reported upon the increase of Al content in ZnO [180][181] and Co content in ZnO films as

well.[176] Zhou et al.[180] suggested that an increase in doping concentration deteriorates
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the film quality and crystallinity, this was explained by the formation of stress induced by the
ionic radius difference between Al and Zn, and the possible segregation of Al in grain

boundaries for high doping concentrations.

As shown in Figure 4.5, the (002) diffraction peak position of 26 increases from 34.08+0.01°
in the undoped ZnO films up to a highest angle of 34.16+0.03° in the 3at.% Al doped AZO
films. This behaviour of the (002) peak shift upon doping can be further understood by using

Bragg’s law:[182], [183]

nA = 2dsin0 Equation 4.1

Where / 1s the X-ray wavelength (0.154nm), 6 is obtained from diffraction angle of the (002)
peak. By rearranging the equation as discussed in Chapter 3, the c-axis lattice parameters of

the films were derived from the 260 readings and are listed in Table 4.1.

Table 4.1. Variation of lattice parameters derived from as-grown AZO films prepared from
1.5M precursor solution with different Al content.

Al Doping 20 Lattice Constant, c FWHM
(at. %) (degrees) (A)
0 34.08+0.01 5.255+0.006 0.39+0.0.5
0.5 34.10+0.01 5.243+0.006 0.45+0.01
1.5 34.12+0.02 5.231+£0.012 0.79+0.01
3.0 34.16+0.03 5.209+0.016 0.97+0.02
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A decrease in ¢ value with increasing aluminium doping concentration was observed. This
contraction of the ZnO lattice upon Al doping was also reported by other authors,[49] and is
likely to be due to the difference in the ionic radius of the aluminium ion (AI’", 0.53 A) and
zinc ion (Zn*, 0.60 A). When the smaller A’ replaces the bigger Zn”", the ZnO lattice will
contract, with the degree of contraction dependent on the level of doping. As a consequence,

the microstructural parameters of AZO films are altered.

4.3.1.2 Elemental composition of AZO films with various degrees of Al doping
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Figure 4.6. XPS spectrum of an AZO thin film with 1.5at.% doping film (XPS performed by
Hugh Bishop).
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The chemical composition of the AZO thin films was determined by X-ray photoelectron
spectroscopy (XPS) with 4kV Ar’ sputtering for 2 minutes to remove the surface layer to
investigate the bulk material (the etching rate of the sample was around Inm/min, the
position of the Cls peak was taken as a standard). As an example, Figure 4.6 shows the XPS
spectra of an AZO film with ~1.5at.% Al doping. A Zn 2ps, peak and the principal
contribution to the O 1s peak are observed at 1021.8 and 530.3eV in binding energy,

respectively, both typical for ZnO.[184]
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Figure 4.7. XPS spectra of Al 2p core level, showing the Al doping (range from 0 to 3at.%) in
the ZnO thin film (XPS performed by Hugh Bishop).

A narrow scan of the Al 2p;» peak, centred at ~74.6eV (characteristic peak position
corresponds to Al-O bonding [185] and the metallic Al peak at 72.4+0.3eV is not
observed[186], [187]), was performed for AZO thin films with Al doping concentration of 0
to 3at.% (Figure 4.7). The XPS spectra revealed a clear Al 2ps, peak for the doped AZO film

66



as compared to the undoped 1-ZnO film, with very low intensity. However, we cannot
distinguish the amount of various doping concentration, as shown by the similar level of peak
intensity. This is probably due to the low concentration of Al in the ZnO matrix and its low
ionization value.[186] Other authors have had a great deal of difficulty to detect the Al 2p

peak at these low doping concentrations.[188]
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Figure 4.8. Synchrotron spectra of 0.5 and 3at.% Al doped AZO films, showing the increase
in the Al 2p peak intensity (Synchrotron measurements were performed by Kelvin Zheng).

In order to further investigate the Al doping, we were able to send two samples with 0.5 and
3at.% Al doping concentration for synchrotron X-ray photoemission studies on the ESRF

(Grenoble, France), as shown in Figure 4.8. The Al 2p peak centred at around 75eV is found
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while no metallic aluminium peak centred at 72.4+0.3eV is observable. In addition, we

observe an increase in the Al 2p peak intensity with increase in Al doping from 0.5 to 3at.%.
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Figure 4.9. Valence band photoemission spectra of 0.5% Al doped ZnO thin film, showing
part of valence band, including the O 2p partial density of states and Zn 3d partial density of
states (PDOS). The conduction band emission near the Fermi energy is magnified, showing

the occupation of conduction band upon doping. (Synchrotron measurements were performed
by Kelvin Zheng).

The 0.5at.% Al doped sample was then sent for further hard X-ray photoemission
synchrotron measurements on the ESRF, in order to gain a better understanding of the energy
band structure. Figure 4.9 shows the valence band photoemission spectra, the sharp increase
in intensity beyond ~3.4eV illustrates the top of the valence band of the AZO thin film. By
extrapolating the peak edge, we are able to obtain the E, of the film of around 3.4eV.
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Furthermore, the distinct peak shown at around OeV (by enlarging the vertical scale) proves
that Al is effectively doping the ZnO lattice, which results in the formation of a free electron
cloud hence the peak. The inset shows the physical origin of this observation, as discussed in
Chapter 2. Together, these XPS results indicate the high quality of these AZO thin films, and

the effective doping achieved by the addition of Al.

4.3.1.3 Optical properties of AZO films with various degree of Al doping

Optical transmission spectra of the above AZO films were studied by using the UV-vis
technique, as shown in Figure 4.10. All of the films exhibited high average optical
transmittance of 85-95% in the visible region of the spectrum despite the degree of Al doping
concentration. This high level of transparency and the similarity among various doping levels

have also been observed by other authors.[177], [189], [190]
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Figure 4.10. Optical transmission spectra of as-grown AZO films prepared from 1.5M
precursor solution containing various degrees of Al doping (0, 0.5, 1.5 and 3at.%). The inset
is the plot of the square of the absorption coefficient, o, vs. photon energy, hv, of un-doped
Zn0 and 0.5at% doped AZO thin films deposited from 1.5M precursor solutions without
annealing.

As discussed in section 3.3.1, ZnO is a direct-transition semiconductor and its absorption

coefficient, o and band gap energy, E, obey Tauc’s relation:[156], [157]

a < (hv- Eg)l/2 Equation 4.2

By plotting o vs. av as shown in the inset of Figure 4.10, we observe a linear dependence of
a” on hv at higher photon energies (which is due to the fact that AZO films are direct band
gap semiconductors[191]). By extrapolating this straight-line portion of the curve towards

zero absorption coefficient (0=0), we are able to estimate the E, values.[192]
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Figure 4.11. The energy band gap (Eg) dependence on the degree of aluminium doping of as-
grown AZO films prepared from 1.5M precursor solutions. Inset is a table showing the
extrapolated optical band gaps of these AZO thin films.

As a quantitative summary, Figure 4.11 displays the effective band gap of undoped i-ZnO
and 0.5, 1.5 and 3at.% Al doped AZO films obtained by extrapolation, and the E, values are
summarized in the inset table. It is observed that the E, values estimated from the absorption
edges vary depending on the degree of Al doping, and increased from ~3.278eV for the
undoped 1-ZnO film to ~3.290, ~3.301 and ~3.305eV for the 0.5, 1.5 and 3at.% Al doped
films, respectively. This trend of E, increment with Al doping was consistently observed
across all tested films, Milliron et al.[49] and Lu et al.[193] have reported similar results. It is
suggested that the changes of the optical band gap are due to the Burstein-Moss
effect,[189][194] which causes the Fermi level to move into the conduction band due to
changes in the carrier concentration.[155] This theory suggests that upon heavy doping, the
bottom of conduction band is occupied by excited electrons (as illustrated in Figure 4.12 and
Figure 4.9). Further electrons from the valence band thus need higher excitation energies to
be promoted to the conduction band, hence effectively enlarging the E, of doped zinc oxide

films compared to undoped ones.

(a) (b)
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Figure 4.12. Schematic band structure with parabolic conduction and valence bands
separated by Egq (a) and after heavy doping assumed to have the effect of blocking the lowest
states in the conduction band so that the optical gap is widened by a Burstein-Moss shift
AEgBM (b). Shaded areas show the occupied states, and the Fermi wave vector kr is indicated.
(reprinted from reference [155])

4.3.1.4 Electrical properties of AZO films with various degrees of Al doping

The dependence of electrical resistivity (p), carrier concentration (n), and mobility (1) on the
varying degrees of Al doping was studied using Hall measurements (as shown in Figure 4.13).
A remarkable increase in free carrier concentration was demonstrated with increases in Al
doping concentration, from ~2.59x10" for undoped ZnO films to ~1.78x10'7, ~4.92x10"
and ~1.09x10'® for 0.5, 1.5 and 3at.% Al doped films. This suggests that a small amount of
Al dopant can introduce a large concentration of free charge carriers consistent with the XPS
data and the E, widening results discussed in previous sections, both as suggested by
Sernelius ef al.[155] (Figure 4.12). Similar observations were also reported upon the increase

in indium doping concentration from 0 to 9at.% in sol-gel processed ZnO thin films.[195]

In addition, a decrease in mobility with increasing Al concentration was observed in Figure
4.13. This may be attributed to excessive lattice distortion at higher doping concentrations or
simply the ionized impurities at higher carrier concentration [38] that increase the scattering
events, and in turn deteriorate the electronic properties. Moreover, heavy doping can result in
the segregation of the dopants at the grain boundary,[180] leading to increased scattering

centres.

Combining the effect of both the carrier concentration and mobility changes, the resistivity of
the films was reduced from ~1.70£0.15x10° to ~6.84+0.01x10" and ~3.38£0.01x10'Q-cm

with an increase in the Al concentration from 0 to 0.5 and 1.5at.%, representing a optimum
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value at 1.5at.% Al doping. Then the resistivity increased to 2.03+0.03x10°Q-cm with a
further increase of the Al doping to 3at.% as a result of the low mobility (as shown in Figure
4.13). Such trends are not unusual and are frequently interpreted as being due to

neutralization of the dopant atoms.[82], [191], [196—199]
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Figure 4.13. Electrical performance characteristics of as-grown AZO films prepared from
1.5M precursor solution with various Al doping concentrations (ranging from 0 to 3at.%).
Data points and error bars correspond to the average and standard deviation across five to

73



six thin films. Lines serve as a guide to the eye. A resistivity minimum is achieved at 1.5at.%
Al doping concentration, with n = 4.92+0.3x10"cm”, u = 0.38+0.03 cm’/V-s, and p =
3.34%0.01x10" Q-cm.

4.3.2 The influence of precursor solution concentration on the properties of AZO thin
films

As explained in section 2.4.2, the precursor solution concentration has a significant impact on
the film performance. AZO thin films derived from various zinc acetate precursor solution
concentrations (0.2, 0.7, 1.0 and 1.5M) were fabricated and tested to optimize the
optoelectronic performance. The Al doping concentration is kept at ~1.5at.% because it was
found to give rise to the lowest resistivity (as discussed in section 4.3.1.4). All thin films
studied were as-grown by decomposing the precursor solution in air at 500°C. A set of 20

thin films were fabricated for this study (5 samples for each solution concentration).
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4.3.2.1 Surface morphologies of AZO films derived from various precursor solution

concentrations

Figure 4.14. 1 um x 1 um topographic AFM images of as-grown 1.5at% doped AZO thin
films from (a) 0.2M, (b) 0.7M, (c) IM and (d) 1.5M precursor solutions.

The surface morphologies of all the films were studied using AFM. Figure 4.14 displays
AFM micrographs (1 x 1 pum) of AZO thin films grown from 0.2 to 1.5 M precursor solutions.
It can be seen that the AZO particle size increased with an increase in the precursor solution
concentration. It was found that the surface particles grown from lower concentration

solutions (Figure 4.14a) have a lateral dimension typically of the order of 25-30 nm and a
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root mean square (rms) roughness of ~2.18 nm. The lack of grain growth is possibly due to

the limited surface diffusion length of the Zn and O ad-atoms.[200]

Comparatively, we observed an increase in the particle size with increasing precursor
solution concentration. Surface particles grown from 0.7, 1 and 1.5M solution were found to
be ~60, ~60 and ~180 nm, much bigger than those from 0.2M solution (Figure 4.14 b, ¢ and
d). Furthermore, it was suggested that larger values of particle size can lead to increasing rms
values of the AZO thin films,[201] and they were found to be ~3.04, ~3.86 and ~13.82 nm
for the AZO thin films grown from 0.7, 1 and 1.5M solution. This implies a reduced grain

boundary density which could be beneficial for mobility improvement.

4.3.2.2 Optical properties of AZO films derived from various precursor solution
concentrations

Figure 4.15 displays the optical transmission spectra of AZO films prepared with 1.5 at.% Al
doping concentration using precursor solutions of various molarities (0.2 to 1.5M). All of the
films exhibit high average transmittance of ~90% in the visible range regardless of precursor
solution concentration. This result also indicates that the difference in the initial precursor
solution concentration (range from 0.2 to 1.5M) has little impact on the optical properties of

AZO films.
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Figure 4.15. Optical transmission spectra of 1.5 at.% aluminium-doped zinc oxide films
deposited from different zinc acetate solution molarities at a decomposition temperature of
500°C for 1 hour without annealing.

4.3.2.3 Electrical properties of AZO films derived from various precursor solution
concentrations

The dependence of electrical resistivity (p), carrier concentration (n), and mobility (i) on
various concentration of precursor solution was studied using Hall measurements and is
shown in Figure 4.16. A significant increase in mobility was found with the increase in
solution concentration, from ~0.16 cm?*/V-s for AZO films derived from 0.2M precursor
solution to ~0.31, ~0.38 and ~2.01 em?/V-s for AZO films derived from 0.7, 1.0 and 1.5M
precursor solution, respectively. This is in good agreement with the increase in particle size
as shown by the AFM images in Figure 4.14,[202] which indicates a reduction in the
likelihood of grain boundary scattering events. As a consequence, the resistivity was reduced
primarily by the improved mobility upto 1M. The carrier concentration of AZO films was
slightly decreased in 1.5M films. Bruneaux et al.[203] and Amalina ef al.[204] suggested that

charge trapping at grain boundaries will be the main reason for increased resistivity at low
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carrier concentrations, and this perhaps is the cause in the increased resistivity in my results.
From this data we can conclude that solution concentration has been demonstrated to be a

critical parameter for the AZO sol-gel process.
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Figure 4.16. Electrical performance characteristics of as-grown AZO films prepared with
1.5at.% Al doping concentration from various precursor solution concentrations (ranging
from 0.2 to 1.5M). Data points and error bars correspond to the average and standard
deviation across five thin films. Lines serve as a guide to the eye. A resistivity minimum is
achieved at IM precursor solution concentration, with n = 7.41+0.6x10"cm™ u =

0.38+0.06 cm’/V-s, and p = 2.22+0.2x10'Q-cm.
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4.3.3 The influence of post-annealing on the properties of AZQO thin films

Annealing has a significant impact on lattice microstructure, thin film morphology, and
therefore on the device efficiency. By optimizing the annealing conditions, a 1-2 orders of
magnitude enhancement in the electrical conductivity of sol-gel processed AZO films can be
achieved.[122], [128-130] Around 30 AZO thin films were characterized for the
investigation of the effect of annealing. The 1.5at.% Al doped AZO thin films studied were
derived from 1M precursor solution concentration. These AZO thin films were studied once
upon decomposition in air at 500°C, then half of the samples were annealed in 90N,/10H;
atmosphere and the other half were annealed in vacuum (~107 torr with ~10 samples for each
condition). The evolution of the performance characteristics of various AZO thin films before

and after annealing is presented below.

4.3.3.1 Structural properties of AZO films employing various post-annealing treatments

Figure 4.17 shows the XRD patterns from as-grown AZO thin films, annealed in 90N,/10H;
atmosphere and in vacuum, respectively. It is noticed that all the films exhibit only the ZnO
(002) peaks (as shown in the right inset), without any detectable peaks from possible
secondary phases such as Zn, Al, Al,Os or ternary phase of ZnAl,04.[205] As discussed in
section 4.3.1.1, this shows that these orientated films have grown with the c-axis
perpendicular to the substrate. In addition, it was found that the quality and crystallization of

the thin films were influenced greatly by the annealing conditions.

The results displayed in Figure 4.17 clearly show that (002) peak intensity is increased when
the AZO film is annealed, with the highest value obtained for the vacuum annealed sample.

Moreover, the position of the (002) peaks slightly shift towards higher 26 values upon
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annealing (left inset), from 34.05° for the as-grown thin film to 34.31° and 34.41° with
annealing in 90N,/10H; and vacuum. This observation was also reported by other authors,[77]
and was interpreted as more A’ ions substituting for Zn®" ions upon annealing. In addition,
another effect that should be taken into account is the reduction of residual stress of the films
that built during growth, as suggested by Wang et al.[178] They attribute this to the increase
in grain size, and also the small pores in the films combine into big holes. Such stress release
by annealing therefore results in a peak shift to higher 26 values.[206] Moreover,
Marrocchelli et al.[207] have suggested that oxygen vacancy formation results in lattice
contractions, this may have contributed to the observation in my sample as well, while the

quantitative contributions of each of the above factors are not certain.
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Figure 4.17. X-ray diffraction profiles of 1.5at.% Al-doped AZO thin film prepared from IM
precursor solution with various annealing conditions: before (black line), after annealing in
90N,/10H, (green line) and after annealing in vacuum (red line). The dashed lines serve as a
guide to the eye. The left inset is a normalised scan shows the peak shift upon annealing, and
the right inset shows a wide-scan.
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4.3.3.2 Surface morphologies of AZO films employing various post-annealing treatments
The AFM images shown Figure 4.18 demonstrate the influence of annealing on the surface

morphology of the AZO films.

Figure 4.18. 1 x 1 um topographic AFM images of 1.5at.% Al-doped AZO thin films
prepared from IM precursor solution with various annealing conditions: before (a), after
annealing in 90N,/10H; (b) and after annealing in vacuum (c).

The surfaces of the as-grown films present morphologies composed of closely packed small
nano-grains as shown in Figure 4.18a (not treated samples). These nano-grains were found to
grow laterally upon annealing in the 90N,/10H; atmosphere (Figure 4.18b) and ultimately
coalesce into more continuous thin films with high crystalline quality upon annealing in
vacuum (Figure 4.18c¢), consistent with the XRD observations in section 4.3.3.1. It was found
that the AZO particle size increased from ~60nm to about ~100 and ~300nm upon annealing
in 90N,/10H; and vacuum, leading to an increase in rms surface roughness from 3.03 to 3.17
and 4.28 nm. This process of coalescence causes major grain growth, which has been
suggested to be strongly related to the migration of surface atoms.[177] Taken together, the
AFM results and XRD data presented in Figure 4.17 suggest that grain growth and stress
relaxation result in improved surface morphology and crystallinity, owing to the extra

thermal energy provided by the annealing treatment.
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4.3.3.3 Optical properties of AZO films employing various post-annealing treatments

Figure 4.19 shows the optical transmission spectra of AZO films prepared from 0.2 to 1.5M
precursor solutions with 1.5at.% aluminium doping concentration after various annealing
conditions (annealed in 90N,/10H, and vacuum, and compared to the sample without

annealing).
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Figure 4.19. Optical transmission spectra of 1.5at.% Al-doped AZO thin film prepared from
IM precursor solution with various annealing conditions.

All of the films exhibited high average transmittance of 85-95% in the visible range despite
the annealing conditions, with a slight reduction in transmittance for annealed samples as
compared to the as-grown ones. This observation has been reported by other authors as
well,[208] and was interpreted as higher scattering of the incident beam from the structural
defects caused by Al doping. In addition, it was reported [189] that annealing in hydrogen
can damage the surface of AZO films, although this damage does not affect the achieving of
high transparency in the range of 390-1100nm. Together, these results imply that annealing
does not have significant impact on obtaining high optical transparencies of AZO films, and

they all demonstrate sufficiently good optical quality to be used as front electrode in solar

cells.
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4.3.3.4 Electrical properties of AZO films employing various post-annealing treatments
The dependence of electrical resistivity (p), carrier concentration (n), and mobility (1) on

various annealing conditions was studied using Hall measurements, as shown in Figure 4.20.
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Figure 4.20. Electrical performance characteristics of AZO films prepared with 1.5at.% Al
doping from IM precursor solution, with various annealing conditions. Data points and
error bars correspond to the average and standard deviation across around five thin films.
Lines serve as a guide to the eye. A resistivity minimum is achieved when the AZO thin film is
annealed in vacuum, with n = 5.14+0.6x10"cm™ u = 7.2540.7 cm’/V's, and p =
1.68+0.3x107Q-cm.

A significant increase in mobility was found, from 0.38 cm?®/V-s for the as-grown AZO films

to 0.50 and 7.25cm?/V s for the AZO films annealed in 90N,/10H, and vacuum (Figure 4.20).
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This result is consistent with the XRD (002) peak shift towards higher angles as shown in
Figure 4.17, as well as the increase in particle size as shown by the AFM images in Figure
4.18. This is likely to be due to the reduced grain boundary scattering events as discussed in
section 4.3.2. Similarly, Lee ef al[123] observed that the grain size was increased upon
annealing AZO in 95N,/5H,, leading to reduced resistivity. In addition, we observed an
increase in the (002) XRD peak intensity (Figure 4.17) upon annealing which indicates the
lattice is re-arranged to achieve better crystallinity with improved c-axis orientation, and this
is suggested to decrease the effect of grain boundary scattering on the resistance.[178] As
suggested, thin film resistivity and (002) peak intensity is inversely proportional.[123]
Furthermore, Chen et al.[127] suggested that annealing AZO thin films at 530°C can result in
homogeneous and dense microstructure with decreased crystal defects. The healing of stress
and increased crystallinity is also indicated by a shift and narrowing of the ZnO (002) peak in
X-ray diffraction (XRD) spectra (consistent with my XRD data), resulting in enhanced carrier

mobility.

As shown in Figure 4.20, a significant increase in carrier concentration from ~7.41x10"cm

for the as-grown AZO films to ~1.70 and ~5.14x10"cm™ for the AZO films annealed in
90N,/10H; and vacuum atmosphere was observed. Similar observations have been reported
by Musat et al.,[84] who achieved improved film conductivity when the films were annealed
in forming gas (N»/H;, atmosphere) compared to those processed in air. In addition, annealing
in vacuum is known to induce additional oxygen vacancies into the oxide lattice,[125], [128]
owing to oxygen annihilation from the ZnO crystals [123] via desorption from the AZO
surface, pores and grain boundaries.[122] It was suggested by Fang et al.[209] that the more
the oxygen vacancies exist in AZO thin films, the higher the electrical conductivity will be,

owing to the fact that one oxygen vacancy can effectively donate two electrons. Moreover,
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annealing in vacuum or inert environment [ 127] have been suggested to improve conductivity

by not only providing more oxygen vacancies but also activating Al donors more effectively.

The above-mentioned combined effects eventually lead to a significant reduction in the film
resistivity, from ~23.9 to ~8.11x10" and ~1.68x10?Q-cm. This value is higher than the best
resistivity obtained in the literature, where Agura ef al.[210] demonstrated 8.54x107°Q-cm
(and average transmittance of over 88%) by using pulsed laser deposition technique on
Corning #7059 glass substrate. However, the utilization of laser, magnets and high vacuum
limited their practical application. Last but not least, it is worth mentioning that the carrier
concentration in the annealed films is typically around 1.7 to 5.2 x 10"cm™, which is above

2 to meet the Mott criterion for the onset of metallic

the critical value of ~1.33 x 10" cm
behaviour (as explained in section 2.3.4). This means that these AZO films have the

electronic quality to be used as transparent electrode in solar cells.

4.3.4 Solar cell efficiency characterization

A set of fifteen TCO/PEDOT:PSS/P3HT:PCBM/AL solar cell devices (10 AZO and 5 ITO
devices) were fabricated to study the performance characteristics of sol-gel processed AZO
films as front electrode, and to compare to the reference ITO devices (using commercial ITO
films). Two cells were found defective and are not included in the discussion. From the
previous discussions in this chapter, AZO thin films with 1.5 at.% Al doping derived from
IM precursor solution concentration demonstrate the best electronic performance after
annealing in vacuum. Thus all the AZO devices employed these optimized processing
parameters. Devices were tested under simulated sunlight (AM 1.5G). The overall device

properties are summarized in Table 4.2.
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Table 4.2. Performance characteristic of P3HT:PCBM devices employing AZO or ITO as
transparent conducting electrode.

TCO Jse Ve FF PCE R Rsh

(mA/cm?) V) (%) (Q-em?) (Q-cm?)

AZO 2.74+0.52  0.64+0.02  0.31+0.03  0.53£0.03 53.4+0.3 31949

ITO 10.48+0.13  0.61£0.005 0.57+£0.01 3.63+0.09 1.45+0.2 416+8

AZO based devices exhibit a typical performance of 0.53+0.03% in terms of power
conversion efficiency (PCE), and the reference devices fabricated with ITO gave a typical
performance of 3.63+0.09%, representing a ~7-fold efficiency difference. Since AZO thin
films were shown to demonstrate good optical properties, this difference in device
performance is most likely caused by the electronic properties of AZO as compared to ITO

electrode. This was investigated using Hall measurement and is shown in Table 4.3.

Table 4.3. Electrical properties of sol-gel processed AZO films prepared from IM solution
precursor with 1.5at.% Al doping after annealing in vacuum, and sputtered ITO films
obtained by commercial means.

Thin film  Carrier conc.,n  Mobility, u  Resistivity, p

(cm™) (cm?/V-s) (Q-cm)

AZO 5.14+0.6x10"°  7.25+0.7  1.68+0.03x10~

ITO 1.1740.1x10*"  36.7+0.1  1.45+0.01x10™
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It can be seen that both the carrier concentration (n) and mobility (n) of ITO thin films are
considerably higher than that of the AZO thin films, resulting in a much lower electrical
resistivity (p) of 1.45£0.01x10* as compared to the optimized AZO, 1.68+0.03x10>Q-cm.
This is consistent with the device series resistance values observed in Table 4.2, which are
~53.4 and ~1.45 Q-cm’ for AZO and ITO based devices, respectively, leading to the
significant difference in Ji.. This indicates higher resistivity of AZO thin film caused parasitic
losses in the device. We can also notice the difference in shunt resistances for AZO and ITO
based devices, which are ~319 and ~416 Q-cm? respectively, similar to what have been
reported in literature.[211] This is likely the cause of the difference in FF (shown in Table 4.2)

between the two types of devices.
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Figure 4.21. IV performance characteristics of a typical solution processed AZO (1.5at%Al,
IM sol concentration) / PEDOT:PSS / P3HT:PCBM / Al solar cell. The inset is an example
showing the cross sectional view of such devices.
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Figure 4.22. IV performance characteristics of a typical sputtered ITO / PEDOT:PSS /
P3HT:PCBM / Al solar cell. The inset is an example showing the cross sectional view of such
devices.

Figure 4.21 and 4.22 displays the current density - voltage curve of a typical AZO and ITO
devices respectively, and their corresponding SEM cross sectional images. The SEM images
shown that both the solution processed AZO and sputtered ITO layers demonstrate uniform
morphology. Therefore the improved IV curve presented in Figure 4.22 for the ITO device
compared to Figure 4.21 for the AZO device lies mostly in the better electronic properties.
However, the sol-gel processed AZO devices employed far less technical processing and
materials cost, therefore it is appealing to serve as an effective alternative to ITO, with a 2

orders of magnitude improvement in resistivity.
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4.4 Conclusion

The growth of AZO thin films using the sol-gel spin-coating technique has been investigated
and optimized, including the influence of Al-doping concentration, precursor solution
molarity and post-annealing on the film properties. AZO thin films with transmittances of
~90% and resistivity of the order of 10”Qcm have been achieved. The electronic properties
show a strong Al-doping, sol-concentration and post-annealing dependence. The effective
incorporation of aluminium was proved by XPS spectra, and shown to cause a widening in
AZO band gap. Around 1.5 at.% aluminium dopant incorporation optimized the metallic

behaviour which can be attributed to the generation of abundant free electrons.

Furthermore, it was demonstrated that solution molarity and post-annealing have a
remarkable impact on film morphology and electrical properties. Low molarity growth (0.2
M) without annealing leads to a nano-grain structure, giving rise to low carrier mobility due
to grain boundary scattering. By increasing the solution molarity to 0.7M and above, or upon
annealing, nano-grains collapsed into micron-sized morphology, leading to improved
mobility and better film conductivity. XRD revealed that upon annealing, the grain growth is
associated with a release of tensile stress as shown by the peak shift as well as an
improvement in crystallinity as shown by the peak intensity increment, leading to a ~3 orders
of magnitude reduction in resistivity upon post-annealing in vacuum compared to the as-

grown films.

Lastly, AZO based OPV devices were investigated by comparing to those fabricated with
sputtered ITO. The poorer electrical performance of AZO thin films results in a ~7-fold

device efficiency difference. However, utilizing of AZO thin films removes the need for
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costly ITO material and complicated sputtering processing. Outright performance may have
reduced slightly, but this may be outweighed by the benefits of far less material usage and

simpler processing.
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Chapter 5 — The Improvement of Organic Solar Cell

Performance by introducing Interfacial Buffer Layers

From the discussion of organic solar cell performance in Chapter 2, it is well known that
charge carrier extraction at the organic material/electrode interface has a great impact on the
overall device performance. In this chapter, I will discuss more specifically the possibility of
optimizing the interfacial layers in order to improve device performance. I will focus on
inverted devices which offer additional advantages such as improved stability compared with
the regular device structure.[8], [22] A review of previous work from the literature and results
of my own work will be discussed in order to define a route towards gaining a better

understanding of the interfacial behaviour and how to enhance device performance.

5.1 Introduction

5.1.1 The role of buffer layers

The performance of solar cells is greatly affected by the quality of electrodes, which are
responsible for efficient charge extraction and transportation. To improve this function,
buffer layers have been utilised at the anode/semiconductor and the cathode/semiconductor
interfaces; primarily to promote charge exchange and improve the overall cell
performance.[212] These functional buffer layers (also known as interfacial layers,
interlayers, selection layers, injection layers, blocking layers) are essential to achieve
optimized device performance. They are introduced to engineer the active layer/electrode
interfaces by inducing interfacial charge redistribution, geometrical modifications, and/or
chemical reactions.[213] Figure 5.1 illustrates two commonly studied structures

(conventional and inverted) for single junction polymer solar cells, where buffer layers are
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injection layer (EIL).

Conventional solar cell

Active layer %

HIL

Transparent anode

Cathode
EIL

Light

introduced at the anode, as a hole-injection layer (HIL) and at the cathode as an electron-

Inverted solar cell

Anode

HIL

5

Active layer

EIL

Transparent cathode

Light

Figure 5.1. Typical device geometry of single junction conventional and inverted polymer
solar cells. EIL: electron injection layer, HIL: hole injection layer. (diagram is modified from
reference [212])

5.1.2 Material selection for buffer layers

The materials used as buffer layers in a particular device structure are mainly selected based
on the alignment of energy levels and charge transport properties. In addition, they can also
smooth rough substrate surfaces [214] and block the migration of electrode materials through
to the photoactive layer by stopping impurity migration.[215] Furthermore, they have been
shown to protect the photoactive layer from the diffusion of oxygen and water.[216], [217]
Finally, buffer layers can be used to reverse the device polarity, enabling ITO to be used as a

cathode in the inverted device structure.[22], [218]
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5.1.2.1 Anode buffer layers

Most of the polymer solar cells currently being fabricated use ITO substrates, both in
conventional and inverted architectures. ITO has a work function of around 4.7 eV, [219]
which is not well aligned with either the HOMO level of common donor polymer materials or
with the LUMO level of fullerenes, as shown in Figure 5.2 and Table 5.1. The resulting non-
Ohmic junctions at the ITO/donor or ITO/acceptor interfaces causes the optimal open circuit
voltage (V,.) value to deteriorate; since V. is determined by the energy levels of the donor
and acceptor materials in the case of Ohmic contacts.[220], [221] This allows ITO to be used
as either an anode or cathode, but its selectivity (the ability of an electrode to distinguish
between the different charged carrier types, i.e. to either extract electrons and block holes, or
extract holes and block electrons) has to be improved. This can be achieved by inserting a

buffer layer.[222], [223]

MDMO-PPV P3HT

PFDTBT [70]PCBM

Figure 5.2. Donor and acceptor materials used in polymer-fullerene bulk-heterojunction
solar cells. Donors: MDMO-PPV = poly[2-methoxy-5-(3',7 -dimethyloctyloxy)-p-phenylene
vinylene];, P3HT=  poly(3-hexylthiophene); PFDTBT: poly[2,7-[9-(2 -ethylhexyl)-9-
hexylfluorene]-alt-5,5-(4",7 -di-2-thienyl-2 ", 11,3 -benzothiadiazole)]. ~Acceptors: PCBM:
3 -phenyl-3"H-cyclopropa[1,9][5,6]fullerene-C60-1h-3 -butanoic ~ acid  methyl  ester;
[70]PCBM: 3 ’-phenyl-3 H-cyclopropa[8,25][35,6]fullerene-C70-D5h(6)-3 -butanoic  acid
methyl ester. (re-printed from reference [224])
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Table 5.1. The HOMO and LUMO levels of the above listed polymer materials.

Material HOMO LUMO Ref.
(eV) (eV)

P3HT -5.2 -3.0 [225]

PCBM -6.1 -3.7 [226]

MDMO-PPV -5.2 -2.7 [227]

PFDTBT -5.0 -33 [228]

[70]PCBM -6.1 -4.3 [229]

The main role of an anode buffer layer is to improve the anode electrode efficiency in
collecting and extracting positive carriers (ie. holes).[222] For this purpose, the ideal

requirements for materials selection of the HIL can be summarized as:

1. well aligned energy levels which provide Ohmic contacts at the HIL/donor material
interface,

2. good hole conductivity which will not increase the device series resistance (Rj),

3. good carrier selectivity which will block electron transport,

4. good transparency which allows the incident light to reach the active layer when used
at the front contact (in conventional device structures as shown in Figure 5.1),

5. diffusion barrier to prevent the migration of materials from electrode to active layer
(eg. stop the indium migration from ITO to the polymer [230]),

6. 1ideally can act as barrier layers to prevent the ingress of oxygen and water which

degrade organic materials.[231]
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In order to achieve these goals, some popular materials that have been used are

PEDOT:PSS,[232] modified PEDOT:PSS [233] and metal oxides.[234]

PEDOT:PSS

The first device performance improvement upon the insertion of conducting polymers as
HILs was reported in the late 1990s,[235] after the success in modifications to OLED
designs.[236] The work showed that PEDOT:PSS improved the hole injection properties at
the ITO contact when compared to devices without PEDOT:PSS. PEDOT has the advantage
of low toxicity and high transparency; mixing with PSS subsequently circumvented its
solubility problem. This combination of PEDOT:PSS thus results in a more soluble mixture
in aqueous solution with good film conductivity and visible light transmissivity,[237], [238]
making it a widely used material choice. A more comprehensive review of its synthesis,
properties and application can be found in other references.[239] Here I have reviewed work
incorporating PEDOT:PSS by other authors and summarized the main results into Table 5.2,

where the advantages of introducing different kinds of HILs are listed.

MoO3;

Similarly, MoOs has been widely used as a buffer layer to reduce the contact resistance by
altering the energy barrier between the conducting polymer and electrode.[240] It has been
demonstrated as an efficient hole-injection material for organic devices,[241], [242] and
promotes the collection of photogenerated charges and decreases the leakage current.[243]
Some authors reported a similar, or even better, performance compared to the devices using a
PEDOT:PSS buffer layers (the 5™ and 6" examples in Table 5.2).[244] A summary of a few

reports on the effect of using various HIL buffer layers is shown in Table 5.2.
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Table 5.2. A summary of solar cell performance utilizing various anode buffer layers (HILs).
The photovoltaic parameters are compared to those measured for a reference cell (values in

parentheses), when available, made with an anode without HIL.

HIL Cell architecture PCE  Ref.
(o)
PEDOT:PSS ITO/PEDOT:PSS/ 3.27  [245]
(Baytron P) P3HT:PCBM/AI
PEDOT:PSS ITO/PEDOT:PSS/ 3.54  [245]
(Baytron PH500) P3HT:PCBM/AI
PEDOT:PSS: ITO/PEDOT:PSS:Glycero/ 292 [233]
Glycerol (6%) P3HT:PCBM//LiF/Al
PEDOT:PSS: Au | ITO/PEDOT:PSS:Au NPs/ 4.19  [246]
NPs (20%) P3HT:PCBM//Ca/Al
PEDOT:PSS ITO/ PEDOT:PSS 3.18  [244]
(Baytron P4083) /P3HT:PCBM/ Ca (0.51) (1.96)
MoO;3 ITO/MoOs/P3HT:PCBM/ 333 [244]
Ca (0.51) (1.96)
MoO;3 ITO/MoOs/P3HT:PCBM/ 331 [247]
LiF/Al (0.62) (2.85)
MoO; FTO/ZnO/P3HT:PCBM/ 3.09 [150]
MoOs/Ag (0.47) (2.30)

The high electrical conductivity and solution processability of PEDOT:PSS mixture have

made it a widely used material choice. MoOs 1s usually deposited via evaporation introducing

an additional complex processing step and increased cost compared to PEDOT:PSS. Overall,
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we can see from Table 5.2 that a significant enhancement of J., V. and FF is observed upon

the incorporation of buffer layers, which leads to an enhanced power conversion efficiency.

5.1.2.2 Cathode buffer layers

Cathode buffer layers, also termed electron injection layers (EILs), improve the efficiency of
collecting and extracting negative carriers (ie. electrons). For this purpose, the ideal
requirements for materials selection of EILs can be summarized as (very similar to those for

HILs):

1. well aligned energy levels which provide Ohmic contacts at the EIL/acceptor material
interface,

2. good electron conductivity which will not increase the series resistance (R;) of the
device,

3. good carrier selectivity to block hole-transport,

4. good transparency to allow incident light to reach the active layer when used as the
front contact (in inverted device structures as shown in Figure 5.1),

5. diffusion barrier to prevent the migration of materials from electrode to active layer,

6. 1ideally able to prevent the diffusion of oxygen and water.

In addition, because of the high electron affinity of fullerene molecules,[248] cathode
materials with high work functions, such as Au or Pd are required to extract electrons.
However, the energy level of the cathode material has to be aligned with the LUMO level of
the acceptor material to provide an Ohmic contact because this influences the open-circuit
voltage and thus the overall device performance. Therefore, the role of the buffer layer is

particularly important to achieve good charge collection and extraction performance. Some
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popular materials that have been used in this application are alkali metal compounds, such as

lithium fluoride (LiF),[249] and metal oxides.[250]

Alkali metal compounds

In conventional organic solar cells, a very thin layer of LiF is placed between the Al electrode
and the organic layer to block holes and inject electrons. This principle was first established
in OLEDs,[251-254] and later applied to polymer/fullerene solar cell devices.[255], [256]
Brabec et al.[256] first showed that the inclusion of an ultrathin layer of LiF (<Inm) between
the MDMO-PPV:PCBM BHJ and the Al electrode improved both FF and V., and in turn led
to an efficiency improvement of 20% (more details in Table 5.3). It was proposed that the
formation of a dipole layer upon inclusion of LiF led to the performance enhancement,[256],
[257] because it lowers the electrode work function [258] and therefore establishing an
improved energy level alignment at the polymer/cathode interface. At the same time, it was
suggested that LiF dissociation and the subsequent chemical reaction (doping) of the organic
layer also played a major role in the charge transfer process at organic/metal interface.[249],

[258-260]

Similar to LiF, a thin layer of CsF has also shown improvements on V,. and FF, thus
benefiting the cell performance. Furthermore, unlike LiF, Jiang ef al. have demonstrated that
the advantage of adding a CsF EIL is almost independent of film thickness.[261] Jiang et al.
show that the device efficiency improved from 1.4% without the CsF layer to 2.2% with CsF,
but kept at around 2.2% when CsF thickness was increased from 0.4 to 3nm.[262] In this
case, the CsF layer had an effect on interface modifications caused by dipole-induced charge

redistribution as well as modification of the organic layer.
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Metal oxides

Titanium sub-oxide (TiOx) has been widely used to inject electrons at cathodes. TiOy has a
wide energy band gap (~3.7¢V)[263] and this provides good transparency for use in inverted
devices. TiOx has valence and conduction band edges at ~4.4 and ~8.1eV respectively [262],
which allows an Ohmic contact to be formed with fullerenes [264] as well as forming a high
energy barrier for the diffusion of holes (hole-blocking).[265] Furthermore, its solution
processability via the sol-gel method is compatible with most organic device technology,
which is normally based on wet solution processing.[266] Finally, the mobility of negative
charge carriers in amorphous TiOy is around 1.7x10™ cm®V™'s™,[267] which implies it is very
suitable as an electron transporter. Kim et al. have demonstrated that upon insertion of a TiOy
layer, device efficiency can be improved from 2.3% to 5%, mainly contributed by the ~50%
improvement in J,[264] as shown in Table 5.3. Hayakawa et al.[264] also demonstrated that
by inserting a TiOy layer Ry, has been improved leading to an enhanced performance, owing

to effective hole-blocking performance at the TiOy interface.

Similar to TiOx, ZnO is another good option to use as an EIL owing to its good electrical and
optical properties, especially in inverted structures. It is an n-type semiconductor with wide
energy band gap (~3.3 - 3.4eV). Its conduction band edge is at ~4.1eV [268] which aligns
well with the fullerene material, which enables the formation of an Ohmic contact. From a
review of published work on EIL materials, I have summarized some representative results

into Table 5.3.
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Table 5.3. A summary of the performance of solar cells utilizing various cathode buffer layers
(EILs). The photovoltaic parameters are compared to those measured for a reference cell
(values in parentheses), when available, made with a cathode without EIL.

EIL Cell architecture Joe A\ FF PCE Ref
(mA/ecm®) (V) (%)
LiF ITO/PEDOT:PSS/MDMO- 5.25 0.82  0.61 330  [256]
PPV:PCBM/LiF/Al (0.76)  (0.53)
CsF ITO/PEDOT:PSS/MEH- (5.26) (0.72) (0.37) 2.20 [256]
PPV:PCBM/CsF/Al (1.40)
TiOy ITO/PEDOT:PSS/P3HT:PCBM/ 11.10 0.61 0.66  5.00 [262]
TiO/Al (7.50) (0.51) (0.54) (2.30)
TiOy ITO/TiOy/P3HT:PCBM/ 9.00 056 062 3.10 [264]
PEDOT:PSS /Au
ZnO ITO/ZnO/P3HT:PCBM/ 11.22 056 048 297 [22]
Ag
ZnO ITO/ZnO(120nm)/P3HT:PCBM/ 8.86 062 057 3.09 [269]
MoO;Ag
ZnO NRs | ITO/ZnO(50nm)/P3HT:PCBM/ 10.69 062 054 361 [270]
PEDOT:PSS/Ag
Al,O3 ITO/Al1,03(0.5nm)/P3HT:PCBM/ 10.1 057 064 534 [8]
PEDOT:PSS/Ag (10.4) (0.63) (0.58) (5.49)

From Table 5.3, we can see that compared to the unmodified devices, the incorporation of a

buffer layer generally leads to improved Js, Vo and FF values, which then result in an

enhanced device performance. Alkali metal compounds (eg. LiF) are most widely used in

conventional structures, and metal oxides (eg. TiOy) are more widely used in inverted
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structures. This is probably due to better alignment of energy level of alkali metal compounds
with metal electrodes and metal oxides with ITO electrodes (as discussed in the next section).
Overall, the incorporation of buffer layers is shown to be critical to establish an improved
device performance because they enhance the charge extraction from active layer to electrode,
block leakage of photogenerated counter charge carries flow, and provide good optical and

electrical properties.[222]

5.1.3 Inverted organic solar cells and their advantages

Many polymer solar cells have a typical stacking sequence of ITO (or AZO)/PEDOT:PSS/
polymer blend/Ca (or LiF)/Al.[271-273] In this structure, the p-type PEDOT:PSS buffer
layer is used at the anode to smooth the electrode surface [274] as well as to block the flow of
electrons to the anode. [232], [275] A low work function metal, typically Al, is used as the
cathode to collect electrons. However, the combination of ITO/PEDOT:PSS electrode and a
low work function metal are known to result in poor device stability[276-278] for the
following reasons. First of all, the ITO/PEDOT:PSS interface is not stable because the acidic
nature of PEDOT:PSS (a typical aqueous PEDOT:PSS solution has a pH value of ~1.2 at
20°C).[279] This instability comes from In,O3, which has a relatively high solubility in acidic
solution,[230], [280] and results in the progressive etching of the ITO during the
PEDOT:PSS spin coating process. Second, indium diffusion into PEDOT:PSS and even into
the polymeric active layer is potentially detrimental to the device characteristics.[281], [282]
Furthermore, low work function metals are easily oxidized, which increases the series
resistance at the metal/BHJ interface and degrades device performance. It was also shown
that both molecular oxygen and water will diffuse through the aluminum electrode to all the

underlying layers in the device all the way to the ITO interface.[283-285] All polymeric
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active layers will react with molecular oxygen and water in varying degree causing oxidation

and thus degradation.

In principle, ITO can be used as either a cathode or an anode, because its work function (ca.
4.5 to 4.9¢V) lies between the typical HOMO and LUMO values of common organic
photovoltaic materials. This allows ITO to be used as either a cathode or anode by coating the
ITO surface with other materials that can modify the polarity of the electrode. For instance,
by coating with a high work function layer, such as PEDOT:PSS, ITO can act as an anode to
collect holes [278] due to the formation of an Ohmic contact with p-type polymer donor
materials. On the other hand, to serve as a cathode, low work function ITO can be created by
molecular scale engineering. Osikowicz ef al. have demonstrated a low ITO work function of
3.7eV can be achieved through a redox reaction between a monolayer of electron-donor
molecules, tetrakis(dimethylamino)ethylene, and the ITO surface.[286] Another route to
achieve low work function ITO is by coating its surface with a metal oxide such as TiOx and

ZnQ, as previously mentioned in section 5.1.2.

This tunability of the work function of ITO has enabled an alternative architecture for
polymer solar cells — the inverted structure — as introduced in 2005.[279], [287] In the
inverted configuration, the ITO substrate is covered by a low work function compound
serving as the cathode, resulting in the efficient collection of electrons. One of the biggest
advantage of this structure is that it can be modified to avoid the potential interface instability
of ITO-based devices (such as the PEDOT:PSS etching) by using alternative functional
buffer layers at the ITO electrode (instead of PEDOT:PSS), such as low work function metal

compounds.[288], [289] These functional buffer layers are ultrathin (at the nm scale) and
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highly transparent (Eg>3 eV) to minimize any optical losses. The anode in this case is
substituted with either PEDOT:PSS or a high work function transition metal oxide such as
vanadium oxide (V,0s) or molybdenum oxide (MoOs3), coupled with a stable metal electrode
such as Au or Ag. The use of a stable electrode in the inverted geometry brings additional
benefits, 1.e. the device is not susceptible to oxidative degradation when stored in the
dark.[290] Furthermore, the Au or Ag electrodes are effective at preventing the diffusion of
air and moisture into the organic active layer,[291] which improves the stability of the
devices. Last but not least, the vertical phase separation of the polymer blends has proven to
be advantageous in the inverted structure.[292] As a consequence, the inverted structure
opens a route for fabrication of more stable photovoltaic devices by preventing the acidic
PEDOT:PSS destroying ITO,[278], [293] and providing a stable electrode that at the same
time acts as a form of encapsulation. As a result, it has been suggested by Dang ef al. in 2011

that the inverted structure will become the dominant geometry in the next few years.[294]

5.1.4 The limitation of inverted device architecture and potential improvements

Although inverted structures can potentially provide better stability by reversing the
electrodes in OPV devices, one of the main challenges is to prepare selective and transparent
cathode contacts for efficient electron collection and light transmittance.[295] This is due to
the poor charge extraction ability associated with the small difference in work function of the
ITO and Au/Ag electrodes (the work function of ITO is ~4.7,[240] Ag 1s ~4.4-4.7,[151],
[296], [297] and Au is ~5.1eV[298]). This makes ITO a poor choice of cathode material,
because it forms a non-selective interface that results in surface recombination. Therefore,
further improvement of the inverted geometry can be expected by inserting functional buffer
layers and improving the conductivity of the these buffer layers, as well as by optimizing the

energy alignment between the acceptor/buffer layer interfaces.[299]
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One of the key factors to achieve high performing inverted polymer devices is the selection
of an electron injection buffer layer to improve the electron-extracting and hole-blocking
capability at the cathode (as previously discussed). ZnO has been demonstrated to be an
attractive material because of the various nanostructures [300], [301] with good electron
mobility that can be easily achieved via solution processing for more efficient charge
extraction and transportation. The energy levels of ZnO fits very well to the requirements as
an electron injection layer, its work function is well matched to the LUMO of PCBM for
electron-injection and its valence band is deep below the HOMO of P3HT for hole-blocking
(as shown in Figure 5.3b). Furthermore, its wide band gap has ensured good transmittance in

the visible wavelength range as a front window buffer layer.[302]

However, the low conductivity of intrinsic ZnO (i-ZnO) limits its application as an efficient
electron injection layer.[38] The free electrons at the acceptor/buffer interface must travel
through the buffer layer in order to be collected by electrode; the conductivity of the buffer
layer is therefore crucial for an efficient charge collection process. The poor conductivity can
result in increased series resistance and lead to a poor charge collection in the devices, thus
reducing the short-circuit current density. As a consequence, i-ZnO imposes a requirement of
depositing a very thin film for effective charge transportation. This causes various problems
to the manufacturing of the OPV devices. First, very thin films may result in a relatively high
density of pinholes, leading to increased shunt paths.[303], [304] Second, ultra thin films
appear to be less robust and can become a potential challenge for the deposition of

subsequent layers.
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In light of the above limitations, doping zinc oxide with aluminum (AZO) might be a suitable
solution to be used as a cathode buffer layer instead of i-ZnO, owing to its lower resistivity
and high transmittance.[147] In addition, AZO can be fabricated by low-cost solution
methods as well, which are compatible with solution based BHJ solar cell processing. By
manipulating the buffer layer’s doping level and thickness, the short-circuit current density

(Jsc) and the overall device performance are expected to be enhanced.
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Figure 5.3. Schematic of the inverted solCBNployinR B EIPSSHIL or both, with
structure of ITO/EIL/P3HT:PCBM/HIL/Au (a) and its corresponding simplified energy band
diagram (b).

105



The above discussion promotes the fabrication of the inverted OPV structures shown in
Figure 5.3a, employing various ZnO buffer layers at the ITO cathode. High carrier injection
efficiencies can be achieved by decreasing the energy barriers that charged carriers must
overcome, or tunnel through, at the interface between the relevant active layer and
electrode.[241] The barrier to electron injection originates from the energy level difference
between the LUMO of the polymer and the work function of the cathode (in this case PCBM
and ITO). Similarly, the barrier to hole injection originates from the energy level difference
between the HOMO of polymer and the work function of the anode (in this case P3HT and

Au).

In this chapter, I report the fabrication and characterisation of a series of inverted polymer
composite photovoltaic devices, with a focus on the comparison between 1-ZnO and AZO
cathode buffer layer materials, as well as the effect of various AZO thicknesses on the device
performance. The device architecture studied is displayed in Figure 5.3 with its proposed

corresponding energy band diagram.

Most of the excitons are generated in the irradiated polymer P3HT, followed by diffusion to
and separation at the P3HT:PCBM interface. The holes are then transported to the anode and
the electrons are accepted by the PCBM. As shown in Figure 5.3b, the conduction band of
ZnO is located at ~4.2eV, representing an increased difference in the energy levels between
ZnO and the Au (~5.1eV) to that between ITO (~4.7-4.9¢V) and Au. Accordingly, it is
energetically favoured for the excitons generated in the polymer materials to dissociate and
be extracted to their respective electrodes, owning to the better positioned ZnO energy levels

and the good electron mobility in ZnO.[305] This is because the electrons located at the
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lowest unoccupied molecular orbital (LUMO) level of PCBM (-3.7e¢V) [305] can be
effectively extracted to the conduction band of ZnO (-4.2eV), then rapidly transported to the

ITO electrode.

The interfacial area between the donor P3HT and acceptor PCBM is much greater than that
of P3HT and ZnO due to the formation of a bulk heterojunction (as illustrated in Figure 5.3a).
Therefore, the ZnO buffer layer is primarily acting as an electron collector rather than

electron acceptor and does not form an appreciable heterojunction structure with P3HT.

5.2 Experimental Details

5.2.1 EIL deposition and characterization

The preparation of ZnO and/or AZO (1.5at% doped) thin films with the desired thickness on
ITO substrates by the sol-gel technique was described in section 3.1.2. The precursor thin
film was decomposed in air at 500°C for 1 hour using a Carbolite RWF RWF12/23 furnace,
with a ramp rate of 10°C/min. The techniques described in Chapter 3 are used to characterise
the optoelectronic properties here, namely AFM, XRD, Scanning Kelvin Probe (SKP), Hall

measurement, 4-point probe, UV-vis, and Dektak surface profiler.

5.2.2 Device preparation

First the BHJ P3HT:PCBM solution was prepared as described in section 3.1.4. Once the
solution is well-mixed, the ZnO EIL coated on ITO substrates were cleaned for the deposition
of P3HT:PCBM thin films as described in section 3.1.1. Next the substrates were transferred

into the glovebox where the P3BHT:PCBM solution was spin casted onto the substrates at 700
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RPM. The HIL materials that were used are PEDOT:PSS in aqueous solution (from H.C.
Starck GmbH) and were deposited as described section 3.1.4.3 in the glovebox. One droplet
of PEDOT:PSS solution was dropped onto the spinning substrate (coated with ZnO and
P3HT:PCBM already) and spin casted at 5000 RPM for 1 minute, then dried at 45°C on a
hotplate for 5 minutes. Following this, the devices are transferred into a vacuum chamber and
gold electrodes were thermally evaporated through a shadow mask before they were annealed

at 150°C for 10 minutes.

5.2.3 Device testing
The devices were placed in a testing holder, which was continuously flushed with nitrogen
gas throughout the experiment. Current density-voltage (IV) and external quantum efficiency

(EQE) characteristics were recorded as described in section 3.4.

5.3 Results and Discussion

5.3.1 Characterization of various ZnO cathode buffer layer materials

The following section characterises the materials properties of the 1-ZnO (intrinsic ZnO),
AZO +1-ZnO (a layer of 1.5at% aluminium doped ZnO on top of i-ZnO) and AZO (1.5at.%
aluminium doped ZnO). These materials were chosen because ZnO enables an improved
energy alignment in the inverted P3HT:PCBM devices as described in Figure 5.3, and 1.5at%
Al doping concentration has shown to give the best electrical properties in Chapter 4. The
difference between these buffer layers and the AZO films fabricated for the application of
TCO is that these buffer layers are significantly thinner (~60nm versus ~400-500nm) and no

post annealing (eg. vacuum treatment) was performed.
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Morphology characterization by AFM

The atomic force microscope (AFM) was used to study the morphology of the buffer layers,

and typical results are shown in Figure 5.4.

Figure 5.4. 1 um x 1 um topographic AFM images of buffer layers a) AZO, b) i-ZnO and c)
AZO+i-ZnO thin films for application as buffer layers.

The morphology of the buffer layers showed little difference in terms of rms roughness and
crystal size (as shown in Figure 5.4 and summarized in Table 5.5). The thin films were
relatively smooth with rms roughness values of ~3.3, ~3.0 and ~2.1nm for AZO, i-ZnO and
AZO+i-ZnO buffer layers respectively. Comparing these values to the results discussed in
section 4.3.2, where AZO films were fabricated from same solution concentration (1M) and
same processing method (without post annealing), a consistent rms roughness of ~3.3nm was
obtained. It demonstrates that these AZO films exhibit very similar morphological properties
(in terms of surface roughness). This implies that the three buffer layers are likely to result in
a similar influence on the physical contact at the active layer/electrode interface (in terms of
how smooth the contact is). In addition, these rms roughness values are also very close to the
ZnO films studied by other authors,[290] where a result of about 2.6nm was reported.

Furthermore, the small rms roughness values of these films prevents shorting between the

109



cathode and anode, which has been reported for rougher surfaces (rms roughness of around
10.38nm),[290] lowering shunt resistance. The particle sizes on the surface of the thin films
were measured and are summarized into Table 5.5, average sizes of around 40nm for all three
types of films were observed, again close to those found in Chapter 4 (ca. 30-60nm). This as

well, identified the small morphological difference across the three films.

Optical characterization by UV-vis
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Figure 5.5. The transmission spectra of buffer layers derived from various sols: AZO, i-ZnO
and AZO+i-ZnO. The inset is the estimation of E, values by extrapolating the straight-line
portion towards zero absorption coefficient (a=0) for the three types of thin films.
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The optical transparencies of the buffer layers were analysed using UV-vis and the results are
displayed in Figure 5.5. The three buffer layers have demonstrated transparencies of around
85% over the visible range. The AZO film had a slightly higher transmittance over a broad
range of wavelengths compared to the 1-ZnO films. This is likely to be due to the slightly
enlarged E, upon Al doping, which is consistent with the results discussed in Chapter 4 and
with the literature.[49] The E, of different films are therefore calculated for comparison. The
thicknesses of the buffer layers were measured by using a Dektak surface profiler. Both AZO
and 1-ZnO layers have a thickness of ~60nm, and the combined AZO+iZnO layers have a
thickness of ~90 nm, and this thicker film might account for the slightly reduced

transmittance.

The optical absorption data displayed in Figure 5.5 were further analyzed using the formula

discussed in section 3.3.1:

ax (hv- Eg)m Equation 5.1

The results are summarized in Table 5.5, and it should be noted that the difference in E,
between AZO and 1-ZnO is smaller than that observed in Chapter 4. There, a difference in E,
of ~0.02eV for the 1.5% doped AZO film and i-ZnO film was found, whereas here a
~0.004eV difference is observed. This is most likely due to the absence of high temperature
annealing resulting in the Al atoms being not as effectively incorporated into the ZnO lattice.
Therefore, the buffer layer films presented here are expected to have lower conductivity thus

smaller difference in terms of blue shift (E, increment) upon a small increment in Al doping.
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Structural characterization by XRD

These solution processed ZnO buffer layer thin films were analyzed by XRD to analyze their

structural properties.
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Figure 5.6. XRD spectra displaying the (002) peak of ZnO thin films derived from different
sols: AZO and i-ZnO. Dashed line is serving as a guide to the eye.

The (002) characteristic peak corresponds to the ZnO lattice and a shift of this peak is
observed upon Al doping, which is consistent with the results presented in section 4.3.1. The
degree of the (002) peak shift is extracted using Bragg’s law, nA = 2dsinf, as described in
Chapter 4. By rearranging the equation, the c-axis lattice parameters of the films were derived

from the 20 readings and are listed in Table 5.4.
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Table 5.4. Lattice parameters of as-grown AZO and i-ZnO thin films prepared from IM
precursor solution with Al doping concentration of 1.5 at.%.

Thin Film 20 Lattice Constant, ¢
(degrees) (A)
AZO 34.198 5.19
i-ZnO 34.158 5.21

A decrease in lattice parameter upon Al doping is observed, consistent with the trend
observed in Chapter 4 and other reports.[49] It is believed to be the result of same mechanism
- that a slight contraction of ZnO lattice is due to the substitution of smaller AI*" ions (radius

0.53A) on Zn*" (radius 0.60A) lattice sites.

The work function of the front electrode is not usually considered in device optimization, but
is indeed an important parameter to take into account in order to achieve the best device
performance.[306] The work function of ITO and Au measured by the SKP are 4.9 and
5.15eV respectively. This rather small energy offset might result in lower charge carrier
extraction ability thus imposing a negative impact on V. value, because it was pointed out
that V. is correlated with the work function difference of the electrodes.[307], [308] In order
to improve the charge extraction, low work function buffer layers can be used to modify the
ITO electrode, which can potentially increase the V. of inverted P3HT:PCBM devices.[309]
The work functions of i-ZnO, AZO and AZO+i-ZnO buffer layers measured by SKP are
~4.76, ~4.70 and ~4.70 respectively (as shown in Table 5.5). By incorporating one of these

buffer layers, the difference between the two electrodes is increased to around 0.45eV as
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compared to in the absence of a buffer layer (in which case the difference between ITO and
Au is 0.25eV). This implies an improved and rather similar electron extraction capability of
AZO, 1-ZnO and AZO+i-ZnO buffer layers. In addition, the separation of the ZnO
conduction band edge (around 4.2e¢V) from the LUMO of the PCBM (3.7¢V) is 0.5¢V,
permitting the development of an Ohmic contact with the LUMO level of the acceptor
material for electron transportation. Together, the improved energy structure upon the
insertion of AZO, i-ZnO or AZO+i-ZnO film suggests that these buffer layers can offer
improved electron extraction ability without imposing an injection barrier. Besides acting as
an electron injection layer, these ZnO based layers function as hole blocking layers due to the
fact that the valence band edge of ZnO lies at ~7.5¢V, much deeper than that of HOMO of
PCBM (6.1eV) and the ITO cathode (as illustrated in Figure 5.3b). This barrier height
represents an improved hole-blocking property (from HOMO of PCBM to ITO) as compared

to devices lacking a buffer layer.

Electron mobility, carrier concentration and resistivity values on the three types of films were
obtained by Hall measurements as described in section 3.3.3, and are summarized in Table
5.5. The AZO film has the lowest resistivity owing to it higher carrier concentration.
Unfortunately the i-ZnO’s electrical properties are not measurable, most likely due to its large
resistivity. Other techniques such as four-point probe resistance measurement was used to

exam the 1-ZnO film, although no data could be obtained.

The overall optoelectronic and morphological properties of three types of thin films are

summarized in Table 5.5.
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Table 5.5. Comparison between the thin film properties of AZO, i-ZnO and AZO+i-ZnO
buffer layers.

Thin Film Optical  Crystallite Rms Work  Resistivity  Carrier  Mobility
Bandgap Size Roughness ) Conc.
Function
(eV) (nm) (em™)
(nm) 2
(eV) (Qcm) (cm?/Vs)
AZO 3.247 ~40+£5 3.3 4.70 1.52E+02 4.19E+16 0.98
i-ZnO 3.243 ~40£5 3.0 4.76 * * *
AZO+H-ZnO  3.229 ~40£5 2.1 4.70 1.67E+02 1.54E+15  24.33

*. Not measurable by Hall measurement and 4-point probe, indicating large resistivity.

It was also noted that, the fabrication of ZnO or AZO films on ITO glass substrates led to the
degradation of the ITO resistivity from 1.53x10™ to 6.07x10™* Qcm. This is most likely due
to the diffusion of indium ions into the glass substrate under the elevated-temperature
conditions (500°C for 1 hour) required for the decomposition of ZnO or AZO layer on ITO
substrate. Other authors also observed similar degradation.[147], [290] This degradation is
not likely to result in an impact in terms of the comparison among various buffer layers
because all the buffer layers were fabricated through the same method, but will lead to

efficiency decreases through series resistance losses.

5.3.2 A comparison of various ZnO cathode buffer layers
Systematic experiments have been performed on the inverted device geometry shown in

Figure 5.7, to study the effect of different EIL cathode buffer layers on device performance.
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The buffer layer materials studied include 1-ZnO, AZO+i-ZnO and AZO (as characterized in
section 5.3.1), and compared with devices fabricated without an EIL as a reference.

PEDOT:PSS was used as an anode buffer layer to inject holes (HIL) into the Au electrode.

Au — None
PEDOT:PSS — _ i—ZnO.
P3HT:PCBM —> AZO+1-ZnO
ITO — i AZO
Glass —

Light

Figure 5.7. Inverted BHJ OPV structure, showing various EIL analyzed, including i-ZnO,
AZO+i-ZnO and AZO, compared with device made without EIL (none).

A set of 20 devices was fabricated for this investigation (5 identical cells for each type of EIL
buffer layer conditions) 3 devices were found to be defective and are not included in the
comparison. Solar cell devices were tested under simulated sunlight (AM 1.5G, 100mWcm™),
the overall results of all devices are displayed in Figure 5.8. I noted a significant deterioration
of the Ji performance upon the insertion of the i-ZnO layer. This is most likely due to the
insulating nature of the i-ZnO layers, which leads to poor charge transportation and increased
recombination.[299] By replacing i-ZnO with more conductive AZO+i-ZnO or AZO film, J,
was significantly improved. Such improvement demonstrates the importance of the buffer
layer conductivity. V.. of the devices employing all three types of buffer layer was
considerably improved, and the degree of enhancement is nearly the same when employing
the three different types of buffer layers. The V,. enhancement is primarily caused by the
improved energy level alignment by introducing ZnO buffer layer (as described in section

5.1). However, compared to the large energy level difference between the ITO substrate and
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ZnO buffer layer, the rather insignificant difference in the energy levels among the three
types of ZnO buffer layers as discussed in section 5.3.1 results in comparable influence on
Vo enhancement. The change in FF is less significant as compared with that of Ji. and V.
Overall, the changes in the above parameters have led to a significant enhancement in PCE,
and the best performance was achieved for the devices employing AZO buffer layers (with

nearly 2-fold increment in PCE).
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Figure 5.8. Performance characteristics of inverted ITO/EIL/P3HT:PCBM/PEDOT:PSS/Au
devices employing a PEDOT:PSS HIL, and EILs of varying materials: none, i-ZnO, AZO+i-
Zn0O and AZO. Data points and error bars correspond to the average and standard deviation
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of four to five cells. An efficiency maximum is achieved for a device employing AZO EIL, with
Joe =815 £ 0.05 mA/em®, Vo = 0.36 £ 0.005 V, FF = 0.39 + 0.002, and PCE = 1.15 + 0.01%.

The J-V (current density — voltage) characteristics and EQE (External Quantum Efficiency)
spectra of one typical set of the above inverted OPV devices are analyzed as described in
Chapter 3 and results are displayed in Figure 5.9, for a more in depth comparison. The
specific performance parameters are extracted into Table 5.6, where R (series resistance) and
Rgn (shunt resistance) values calculated from the light IV curves are included for further

investigation. For an efficient cell, we want Ry to be as small and Ry, to be as large as

possible.[26]
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Figure 5.9. The J-V characteristics (left) and EQE spectra (right) of inverted ITO / EIL /
P3HT:PCBM / PEDOT:PSS / Au solar cells employing a PEDOT:PSS HIL, and EIL of
varying materials: none, i-Zn0O, AZO+i-ZnO and AZO.

As shown in Figure 5.8, devices without any EIL modification exhibit poor device
performance. Figure 5.9 displays a poor JV character that is consistent with the trend
observed in Figure 5.8. Low Ji and V. are observed, which indicates the presence of serious
recombination events.[151] This is probably due to the relatively small difference between
the work function of ITO (4.9¢V) and Au (5.1eV), which exerts insufficient driving force for

charge carriers to travel to the respective electrodes. This poor electrode selectivity, the so-
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called extraction ability, leads to increased recombination. The EQE spectrum of the device

without EIL shown in Figure 5.9 is also consistent with the observed poor J. value.

Table 5.6. A summary of the performance characteristics of inverted devices
ITO/EIL/P3HT:PCBM/PEDOT:PSS/Au employing a PEDOT:PSS HIL, and EIL of varying
materials: none, i-ZnO, AZO+i-ZnO and AZO.

EIL material PCE Jee Voe FF R Rsn
(%) (mA/cm?) V) (Qem?)  (Qcm?)

None 0.49 6.68 0.28 0.35 19.8 65.2

i-ZnO 0.76 5.17 0.39 0.37 273 181

AZO+-ZnO 0.88 7.40 0.37 0.32 24.9 70.5

AZO 1.15 8.18 0.36 0.39 4.6 128

The insertion of the i-ZnO HIL significantly improves the V. of all the devices, although Js
suffered at the same time due to increased resisitivity. The devices show relatively poor FF of
~0.3+0.02, probably due to the significant R (as shown in Table 5.6) as a result of the rather
insulating 1-ZnO (as shown in Table 5.5). In addition, it was suggested that J is essentially
reduced by the series resistance R as well.[310] For instance, as shown in Table 5.6, the
reduction of J. from 6.68 to 5.17 mA/cm? is likely to be due to the increased R from 19.8 to
27.3 Q cm®. In addition, the EQE spectra shown in Figure 5.9 reveals a lower value of 15%
maximum for the device using an i-ZnO buffer layer, which is likely to be due to poor charge
transportation caused by the high resistivity (as shown in Table 5.5). In fact, the much

improved EQE performance of the AZO devices confirmed that the resistance of the buffer
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layer plays an important role in device performance. Although i-ZnO has a relatively low
conductivity, electrons can tunnel though the thin layer (around 60nm). Therefore, compared
to the devices without EILs, devices employing a thin layer of ZnO EILs provide better
charge selectivity and transport.[151] One way to overcome the poor conductivity of i-ZnO is
by depositing an ultra thin layer so charge carriers can tunnel through more easily. However,
ultra thin films pose increased possibility of pin-hole formation, which give rise to short
circuits in the devices. As shown in Table 5.6, V. was increased from 0.28 to 0.39V upon
insertion of 1-ZnO, resulting in an overall increased PCE from 0.49% to 0.76%. This
represents a 1.5-fold enhancement as compared to the devices without EIL modification.
These values are comparable to the results reported by other authors, where inverted
P3HT:PCBM cells employing ZnO buffer layers have yielded V,. values near 0.25V for
devices with a planar ZnO buffer layer, and ~0.4V for devices employing nanopillar ZnO
buffer layers.[151] Together, it was demonstrated that the ZnO HIL plays an important role in

cell design.

As previously shown in Figure 5.8, the introduction of AZO+i-ZnO further improves the
device performance. For example, V. has been improved from 0.28 to 0.37V as compared to
the devices without buffer layers (Table 5.6). The same mechanism as inserting i-ZnO buffer
layers is believed to apply here - the establishment of an improved energy alignment.
Furthermore, Rg, has been improved from 65.2 to 70.5Q cm” (as shown in Table 5.6),
indicating an enhanced hole-blocking property as well. Ji has improved slightly from 6.68 to
7.40mA/cm’, which is consistent with the improved EQE performance shown in Figure 5.9.
However, the degree of improvement is insignificant; this is likely to be due to the relatively

high resistance associated with the i-ZnO portion that hinders the charge transport. FF on the
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other hand did not show an appreciable change. Overall, the PCE was improved from 0.49 to

0.88%, representing a 1.8-fold enhancement.

Finally, the introduction of AZO buffer layer developed the most significant device
improvement, as shown in Figure 5.8. Specifically, a further increase in Ji from 6.68 to
8.18mA/cm’ is achieved (Table 5.6), primarily as a result of the reduced Ry, from 19.8 to
4.6Q cm?’, which is due to the improved conductivity upon Al doping in the AZO film. The
substantial further improved performance of AZO devices compared with 1-ZnO devices is
probably due to a more efficient electron transport properties owning to their relatively low
resistivity (as shown in Table 5.5). Thus photogenerated electrons can readily move towards
the ITO electrode once captured by the AZO layer. This can reduce the probability of free
carrier recombination. Furthermore, an improved EQE maximum at ~510nm from 21% for
the device without EIL to 26% for the devices with an AZO buffer layer is observed. This
improved EQE is likely to be the result of enhanced charge collection in the device. It is clear
from the EQE results why Ji. values exhibit significant differences for the various cells. The
improved EQE response of devices employing AZO or AZO+i-ZnO shown in the EQE
spectra is expected to increase the Ji. as compared to that employing i-ZnO or without buffer
layer. In fact, other authors have reported similar observations, that the addition of buffer
layer can improve the Ji. compared to the reference devices without modification.[276], [311],
[312] Both V,. and FF have shown considerable improvement, with V. increasing from 0.28
to 0.36V and FF increasing from 0.35 to 0.39. This is likely to be a result of improved Ry,
(from 65 to 128 Q cm?) due to the improved hole-blocking property brought by the AZO

buffer layer, which suppressed charge carrier recombination. In addition, the better energy
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alignment of AZO as discussed earlier in section 5.3.1 further improves charge extraction.

Together, an improved PCE from 0.49 to 1.15% was achieved, a 2.3-fold increment.

In summary, the introduction of EIL buffer layers has improved the performance of devices.
These ZnO based buffer layers have the dual-function of electron-transport and hole-blocking.
The good hole blocking properties arise from the fact that its valence band (7.5eV) is much
deeper than the HOMO of acceptor/donor (6.1eV/5.2eV) as shown in Figure 5.3b. Therefore
the improved V,. and FF can be attributed to the suppression of back current (versus
photocurrent) at the active layer/ITO interface. Therefore, the improved performance is likely
to be due to the improved charge selectivity upon the insertion of EIL buffer layers.
Furthermore, AZO was shown to be a more efficient EIL material owning to its reduced
resistivity. In the next section, thickness optimization of the AZO buffer layers is discussed,

in terms of material characterization and device optimization.

5.3.3 Characterization of AZO buffer layer materials of various thicknesses

The thickness of the buffer layer is a critical parameter, and there is a compromise between
the risks of pinhole formation and introduction of parasitic series resistance if the film is too
thick.[313] It is clear from the above analysis that the AZO buffer layers result in better
device performance. In this section, I will focus on studying the influence of various AZO
buffer layer thicknesses (ranging from 0 to 150nm) on device performance. A combination of
AFM, 4-point probe, UV-vis, and Dektak surface profiler are employed to study the

properties of these solution-processed AZO bufter layers.
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Morphology characterization by AFM

Atomic force microscope (AFM) was used to study the morphology of the AZO buffer layers
of different thicknesses, and the results are shown in Figure 5.10. As mentioned in section
5.3.2, other authors have suggested that ultra thin films are prone to pinhole formation that
will lead to increased recombination (leading to short circuit). Particular attention is therefore

drawn to look at the ultra thin films to find out if such failure is observed.
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Figure 5.10. 5 x 5 um (left) and 1 x 1 um (right) topographic AFM images of AZO buffer
layers with thicknesses 40+3, 60+5, 90+5, 120+3 and 150+5nm as displayed in images a) to e)
on the left and images f) to j) on the right, respectively.

Film thickness was measured by using Dektak surface profiler, and read 40+3, 6045, 9045,

120+3 and 150+5nm from thinnest to thickest, respectively. Films with thin thicknesses of
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40+3nm showed a few scratch-like line defects on the surface, as shown in Figure 5.11a. A

depth profile of the defect is studied and shown in Figure 5.11b.

a)
Ra: 1144 nm . Rp: 7975 nm
b) Ry3isiom Height Profile Ry -9.792 nm
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Figure 5.11. 5 x 5 um AFM image of a 40+3nm AZO buffer layer featuring a line defect (a)
and the depth profile of this defect (b).

We found that the line defect have an average depth of ~8 to 10nm, comparing to the film
thickness (~40nm), and can be considered a shallow defect. Thus they are not expected to
cause severe shorting problems due to pinhole formation. The shallow depth of the defects
also implies that scratching probably is not the origin, because much deeper scratches should
be caused otherwise. Such line defects are found at several locations in ultra thin films (ie. on
~40nm films, and also on a ~30nm thick AZO film deposited for comparison), while thicker
films showed a more consistent surface. The rms roughness has increased from ~2.74nm to

~3.19nm locally, which is insignificant when compared to the much higher roughnesses
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reported by other authors that will be discussed later. The origin of these line defects is
unclear. It is possible that any surface defects that remain in the substrate[314] may lead to a
more significant impact on the thinner films due to the lack of abundant material during
crystal growth. Overall, it seems that these ultra-thin films (~40nm) are not expected to suffer
greatly from pinhole failures, although shallow defects are prone to form in thinner films as
compared to the thicker ones. Next, the rms roughness of films with various thicknesses is

investigated and shown in Table 5.7.

Table 5.7. rms roughness of AZO films of various thicknesses.

AZO film thickness rms roughness of 5x5um scan rms roughness of 1x1um scan
(nm) (nm) (nm)
40+3 3.10 2.77
60£5 2.86 3.22
90£5 3.77 2.82
12043 3.16 3.23
150+5 3.38 3.50

The rms roughnesses of these AZO films are around 3.3+0.4nm, which is comparatively very
smooth as compared to the literature where 12.7 and 67.5nm were reported for applications in
transistors and TCOs.[315], [316] Compare these values to the results discussed earlier in
section 5.3.1 of this chapter and in section 4.3.2 of Chapter 4, a consistent rms roughness near
~3-4nm is obtained. The similar values in rms roughness among these films with various
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thicknesses again demonstrate that they exhibit similar morphological properties and thus
similar active layer/electrode interfacial properties in terms of a physical contact, as discussed
in section 5.3.1. Also, the small rms roughness values imply a relatively low probability of
direct contact between the cathode and anode as discussed in section 5.3.1. Overall, the
similar values in the rms roughness of various thin films and the shallow defect depth of
ultra-thin films suggest that the morphology probably is not going to affect the device

property as a primary factor.

Electrical characterization by 4-point probe

Table 5.8. Sheet resistance of AZO films of various thicknesses.

AZO film thickness Sheet resistance
(nm) MQ/o)
40+3 68.8£5
60£5 27.3+2
90+5 35.7£2
12043 41.1+1
150+5 43.0+4

Using the four-point probe measuring technique, the sheet resistance of AZO thin films was
studied as a function of the film thickness, a factor which affects the film conduction process

drastically. The results are shown in Table 5.8, along with the thickness data obtained by
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using Dektak surface profiler. The sheet resistance of AZO films increased with increasing
thickness, except the ultra-thin film of 404+3nm that exhibited highest resistance. The various
AZO buffer layers studied have the same area, thus the length through which electrons have
to travel pass (thickness) played an important part in determining the film resistance. An
increase in film thickness is thus expected to increase the film resistance. Minami et al.[317]
reported that, an ultra-thin film would result in increased resistivity; in particular, thin films
with a thickness below about 50nm were very unstable. It was interpreted as the carrier
transport being dominated by trapping of free electron due to oxygen adsorption on the film
surface and grain boundaries which increased scattering.[318] This is consistent with our
result shown in Table 5.8, and explained the observation of highest AZO film resistance at
~40nm. Together, it would not be unreasonable therefore to predict that the parasitic
resistance in my devices could be affected by variations in thickness (thus motivate me to
carry out a systemic study on the effect of thickness and results are presented in the following
section). This is another compromise in solar cell design, since you cannot easily achieve
excellent hole-blocking properties while keeping a low material resistance for efficient
electron-transporting which in turn affects the parasitic resistance. In summary, it appears that
the AZO buffer layer morphology is not likely to be a primary factor in influencing the

device performance, more so resistance.

5.3.4 Thickness optimization of the AZO cathode buffer layers

A set of 26 devices was fabricated for this study, (4 to 5 identical cells for each type of EIL
buffer layer conditions). 4 devices were found to be defective and are not included in the
comparison. Figure 5.12 displays the performance characteristics of devices employing AZO

buffer layers with thicknesses ranging from 0 to 150nm.
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Figure 5.12. Performance characteristics of inverted ITO/AZO/P3HT:PCBM/PEDOT:PSS/
Au devices employing an AZO EIL of varying thicknesses (ranging from 0 to 150nm). Data
points and error bars correspond to the average and standard deviation across three to five
cells. Lines serve as a guide to the eye. An efficiency maximum is achieved when employing
~60nm thick AZO EIL, with Js. = 8.15 £ 0.05 mA/em’, V,. = 0.36 + 0.005 V, FF = 0.39 +
0.002, and PCE = 1.15 = 0.01%.

Devices which do not employ an AZO buffer layer leave the ITO electrode in direct contact
with the polymer active layer. This means that there is no hole-blocking capability at that
electrode. Due to the similar band edge of ITO and PEDOT:PSS/Au as shown in Figure 5.3b,

holes can migrate from the highest occupied molecular orbital of P3HT to either the Au or
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ITO electrode. This decrease in electrode selectivity can effectively increase the probability

of bimolecular recombination either at the ITO interface or within the active layer itself.[319]

For the devices employing AZO buffer layer, the AZO acts as an electron-transporting, hole-
and exciton-blocking layer, leading to an increase in Ji. It was also noted that devices
employed ~60nm AZO buffer layer outperformed the rest, in good agreement with the
resistance data discussed in the last section. Similarly, it was reported [320] that the insertion
of sufficiently thick Ta,Os into the OLED device can improve the hole-blocking property and
enhance the device performance. Hayakawa ef al.[321] also demonstrated in conventional
P3HT:PCBM devices that the insertion of ~10nm TiOy (thicker films, eg. 50nm, cannot be
used as a hole blocking layer because of the resulting low conductivity of the TiOx film
leading to low I, Vo and FF) has significantly improved rectification compared to devices
lacking a TiOy layer. They claimed that the TiOy layer not only serves as a hole blocking
layer but also prevents contact between the electrode and active layer which otherwise will
result in diffusion of electrode material (Al) into active layer and reaction of the active layer

with Al

For a further understanding of the impact of AZO buffer layer thickness on the OPV devices,
the performance parameters from one set of the devices shown in Figure 5.12 are extracted
and summarized in Table 5.9. Ry and Ry, were calculated from the current density-voltage (J-

V) curve and listed in the table as well.
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Table 5.9. A summary of inverted ITO/AZO/P3HT:PCBM/PEDOT:PSS/Au device
performance characteristics that employ AZO EIL of varying thicknesses (ranging from 0 to
150nm).

Thickness PCE Jee Voe FF Ry Rsn
(nm) (%) (mA/cm?) (V) (Qecm?)  (Qcmd)
0 0.24 6.03 0.14 0.29 24.0 15.4
40+3 0.61 6.83 0.28 0.31 23.2 92.3
60+5 1.15 8.18 0.36 0.39 4.6 128
905 0.48 6.32 0.24 0.31 29.2 78.6
12043 0.28 5.13 0.19 0.30 33.7 25.8
15045 0.12 3.66 0.12 0.26 39.7 25.3

It has been reported that in organic bulk heterojunction solar cells shunt pathways initially
exist through the interpenetrating network from one electrode to the other, and this can lead
to a reduced V,..[322], [323] However, these shunt pathways can be reduced by 1) annealing,
which produces a vertical segregation of the blended material[324] that reduces the formation
of shunt pathways, and/or ii) blocking layers which inhibit the flow of holes to the cathode.
Both exhibit beneficial effects that improve V,..[325] The left panel of Figure 5.13 shows the
dependence of AZO sheet resistance, device shunt resistance (Ry,) and V. values on AZO
film thickness. It is known that an extreme drop in Ry, will reduce V..[310] In the results
presented here, the significant improvement of V. from 0.14 V for the device without EIL, to
0.28, 0.36 and 0.24V for the devices with ~40, ~60 and ~90nm AZO respectively, provide

evidence for removal of shunt pathways from the active layer to the ITO electrode. This is
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consistent with the improved Ry, values shown in Table 5.9 and Figure 5.13, from 15.4 for
the device without EIL to 92.3, 128 and 78.6Q cm’ for devices employing a ~40, ~60 and
~90nm AZO respectively. However, devices employing even thicker AZO layers (such as
120 and 150nm) have suffered from reduced shunt resistance as compared to devices
employing a thinner AZO and this has led to a decrease in the device performance (Figure

5.12).

It was also noted that the V. value of all the devices are generally lower than literature
expectation, which should be primarily determined by the LUMO level of acceptor and
HOMO level of donor.[319], [326] Nevertheless, similar lower values were also reported for
inverted devices employing ZnO nanopillars,[327] and this was explained by the defect states
derived from the chemical reactions at the organic/electrode interface that can contribute to
interface barriers or mid-gap states, which can pin the Fermi level and might have influenced
the open circuit voltages. In our experiment, the buffer layers were deposited without post
annealing in vacuum (as compared to the AZO films discussed in Chapter 4 for application as
TCOs), thus there might not be sufficient energy for the AZO films to release the strain and
defects built up during Al doping and crystallization (as discussed in Chapter 4). Defects that
are generated upon doping may cause increased mid-gap states [231] which lead to
recombination or parasitic resistive losses at the AZO/P3HT interface instead of
P3HT:PCBM interface, resulting in a decrease in V.. These results suggest that AZO films
with improved microstructure and decreased defect states may yield improved V,. and FF
values. Therefore, in order to further optimize performance, understanding of the influence of
EIL microstructures and defect states on the interface properties and device performance

needs to be further researched.
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From Table 5.9, it is seen that the fill factor (FF) of the devices slightly increased initially
with the increase in AZO thickness, and decreased for films greater than ~90nm thick. Other
authors who are working on inverted OPVs using ZnO and MoOj; as EILs and HILs have
reported similar FF values (in the range of 0.26 to 0.44),[319] where a dependence of FF on
Rsy has been demonstrated with various buffer layer thicknesses caused by the presence of
electrical shunt paths due to their rough ZnO surfaces. Therefore, the reason for the relatively
low FF is likely due to the relatively low R, of our devices, which one may ascribe to charge

carrier recombination and hole shunt paths.
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Figure 5.13. Dependence of sheet resistance, Ry, and V,. on AZO buffer layer thickness (lef?),
and dependence of sheet resistance, Ry and J,. on AZO buffer layer thickness (right) of
inverted ITO/AZO/P3HT:PCBM/PEDOT:PSS/Au devices employing an AZO EIL of varying
thicknesses (ranging from 0 to 150nm). Data points and error bars correspond to the average
and standard deviation across three to five cells. Lines serve as a guide to the eye.
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Furthermore, besides improving electron extraction from the acceptor material through the
use of a low work function AZO buffer layer (as discussed in section 5.3.2), the
incorporation of the AZO film with optimized thickness (~60nm) is beneficial also because
of a reduction in device series resistance. This is a result of the relatively low resistance of
~60nm AZO films as compared to those ultra-thin and ultra-thick ones (as discussed in
section 5.3.3). The right panel of Figure 5.13 displays a combined plot illustrating the
dependence of AZO sheet resistance, device series resistance (Rs) and Ji. values on AZO
buffer layer thickness. Here, a dependence of Ry and Ji on AZO sheet resistance is
observed.[14] With ultra-thin AZO buffer layers (~40nm), the devices suffer from high series
resistance, exhibiting low J. values of 6.83 mA/cm®. The performance increases significantly
when a ~60nm AZO buffer layer is inserted, demonstrating reduced R values (from 23.2 to
4.6 Qcm?) and improved Ji values (from 6.83 to 8.18 mA/cm?). In contrast, further
increasing the buffer layer thickness has led to deteriorated device performance (R and Jg,
shown in Figure 5.13), associated with the degraded charge transport properties shown by the
increased AZO sheet resistance. This results in increased R from 4.6 to 29.2, 33.7 and 39.7
Q cm” as well as reduced J. from 8.18 to 6.32, 5.13 and 3.66 mA/cm” for devices employing
an AZO buffer layer of 60, 90, 120 and 150nm thick, respectively. These suggest the
significant dependence of device performance on the buffer layer sheet resistance. Based on
the above-mentioned discussions, ITO covered with ZnO acts well as a cathode for electron
collection, and the optimized thickness was found to be ~60nm. Similar observations have
been reported for hole-injection layer upon the insertion of MoOs3,[328] where the lowest
series resistance of 4.7Qcm? has led to highest J. of 21.3mA/cm>. They claim this was due to

a reduction in the back contact resistance, and showed that inserting thicker MoOy layers
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deteriorated the device performance due to additional series resistance, as MoOx is essentially

an insulating material.

It 1s worth mentioning that the reduction in series resistance is comparatively small in our
case, as compared to the significant impact on the improved in shunt resistance. This
probably suggests that the primary contribution of incorporating the AZO buffer layer is from
its good hole-blocking character. Similar to the report by other authors upon the insertion of
MoOy,[319] where they claim that the main influence to the performance of their devices is
the improved Rg,. In summary, the device performance presented here are in good agreement
with the material characterization data discussed in section 5.3.3. Overall, they demonstrated
the tremendous influence of AZO buffer layer thickness on device design by modifying the

blend/electrode interface.

5.4 Conclusion

The concept of polymer:fullerene BHJ solar cells has opened up a promising avenue to
develop low cost photovoltaic devices, although the common aspect of great difficulty in
controlling the blend/electrode interface remains a challenge. The main issue is the
fundamental understanding of the energy alignment at these interfaces and the prevention of
material diffusion and unwanted charge carrier transport between electrode and active layer.
This has been studied in this chapter by introducing buffer layers that result in significant
improvement in device performance. The buffer layer materials were chosen with a good
knowledge of the HOMO and LUMO values of the organic materials and the work function
of the electrodes, in order to build device architectures with good physical configurations and
electrical properties. I have demonstrated that the introduction of ZnO based buffer layers
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between the polymer blend and the cathode results in a considerable device performance
enhancement attributed to improved charge carrier selectivity. The well-aligned energy level
of ZnO/acceptor has established an Ohmic contact to allow efficient extraction of electrons to
the cathode, as discussed in section 5.3.1. By doping the ZnO layer with Al, the electronic
conductivity has been improved, as shown by the reduced device R values in Table 5.6
(section 5.3.2) for the devices employed AZO as compared to those employing ZnO buffer
layers. Next, I have shown the importance of AZO buffer layer thickness by relating the AZO
resistance as studied in section 5.3.3 to the device performance as presented in section 5.3.4.
Finally, an optimized AZO buffer layer thickness of about 60nm was found due to reduced
device series resistance and efficient electron-extraction and hole-blocking properties as
discussed in section 5.3.4. In conclusion, the results presented in this chapter prove that the
incorporation of buffer layer with appropriate doping level and thickness is critical for the

device performance.
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Chapter 6 — Solution-processed Inverted ZnO/PbS

Heterojunction Quantum Dot Solar Cells

This chapter discusses the application of sol-gel processed n-type ZnO to form inverted
heterojunction solar cells with p-type lead sulphide quantum dots (PbS QDs). The work
contained in this chapter focuses on manipulating the ZnO:PbS junction by varying the
aluminium content in the ZnO, optimizing film thicknesses, and using post fabrication
treatments on both the n- and p-type materials to improve charge transportation and hence

device efficiency.

6.1 Introduction

6.1.1 The application of solution processed ZnO as junction layer

Zinc oxide is widely used as transparent conducting film as discussed in Chapter 4, however,
its application as junction layer in active region is relatively rare to date. In addition to the
beneficial properties discussed earlier (eg. abundance), ZnO is a useful junction material
because it exhibit high electron mobility that is favourable for electron transport, leading to
reduced recombination losses.[329], [330] ZnO can be produced in a wide variety of
nanostructures, thus presenting tunable properties. ZnO also has a direct band gap that
encourages efficient energy transitions in solar cell applications. Other favourable attributes
of ZnO include its broad chemistry leading to many opportunities for wet chemical etching,

stability to high-energy radiation and biocompatibility.[331]
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There has been work carried out to apply ZnO films as components of extremely thin
absorber (ETA) solar cells.[332-335] For instance Mora-Sero and co-workers [332] have
presented ETA solar cells based on ZnO nanowires sensitized with a thin layer of CdSe,
using CuSCN as the hole transporting material (Figure 6.1). Electron-hole pairs are generated
in the CdSe semiconductor absorber layer. Then, the electrons are injected into the ZnO
nanowires that are employed as an electron conductor, and transported to the transparent
conducting oxide, FTO. Holes are injected into the CuSCN and are transported to the counter

electrode, Au, leading to an efficiency of ~1.5%.
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Figure 6.1. Schematic illustration of the ETA solar cells employing ZnO nanowires.
(reprinted from reference [332])

In the field of hybrid solar cells, n-type ZnO is a useful material used in conjunction with a p-
type conjugated polymer, forming a heterojunction structure.[336] Beek et al.[337], [338]
have demonstrated 1.6% efficient conventional bulk heterojunction devices by blending ZnO

nanoparticles with MDMO-PPV and 0.9% efficiency with P3HT.
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Another application of zinc oxide is in nanoparticle-sensitised ZnO nanorod cells.[339-342]
For instance, Leschkies et al.[342] demonstrated the application of ZnO nanowires in CdSe
quantum dots devices, where CdSe inject electrons across the quantum dot-nanowire
interface upon illumination, and ZnO provide direct pathway for electrons to be transported
to the electrode. They obtained power conversion efficiency of ~0.4% with ~12um long ZnO

nanowires.

In this chapter, a very similar device structure as presented in Figure 6.1 will be employed.
ZnO thin film will be fabricated next to the ITO substrate, which is the incident light
direction, in order to allow longer wavelength photons to reach the QD layer. More review on

the QD material and the device architecture will be discussed below.

6.1.2 PbS QDs and their synthesis

Lead sulphide (PbS) was chosen as the p-type inorganic material in our devices for a number
of reasons. First of all, it has tunable broad band absorption in the quantum regime,[343],
[344] which can be altered to match the solar spectrum. Secondly, it does not show the strong
carrier recombination associated with surface states and defect centers.[345], [346] Thirdly,
both electrons and holes demonstrate long excited state lifetimes.[347] Furthermore, looking
at the materials resource aspect, PbS is an abundant and inexpensive semiconductor material
that may be able to contribute to meeting global electricity needs.[348] Together, these
properties make PbS nanocrystals a promising candidate for the engineering of low cost
photovoltaic devices. However, this potential is limited by the band gap of the material in its
bulk form (E, = 0.41eV), which is too small for efficient photovoltaic applications.
Henry[349] suggested that when E, >Av (incident photon energy), energy loss is caused by

photons that are not absorbed. When E, <hv, energy loss is caused by the carriers relaxing to
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energies near the band edges almost immediately after generation. The highest efficiencies

for a single junction solar cells are found at around E,= 1.35¢V.[350], [351]
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Figure 6.2. (a) Schematic illustration of the energy band diagram of a macroscopic crystal
and (b) the corresponding discretization of the energy levels arising from quantum
confinement for quantum dots (reprinted with modification from reference [352]). (c¢) The
limiting efficiency for a single band gap solar cell (reprinted from reference [353]).

The E; of PbS QDs, however, can be expanded to 1 to 1.4eV as a result of the quantum
confinement effect (Figure 6.2a and b) leading to E, values well matched with the solar
spectrum (Figure 6.2¢), and consequently optimizes the electrical conversion of solar energy.
Figure 6.2c displays the limiting solar cell efficiency as a function of the material band gap
for one-sun illumination.[353] The calculation is based on the assumption that the only
recombination is radiative. However, in actual devices, other mechanisms of recombination

and resistance will result in lower efficiencies.
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The PbS quantum dots (QDs) used in my experiments were synthesized by Cheng Cheng in
our laboratory. A solution based method based on the work reported by Luther et al.[354]
was employed, where lead oxide and hexamethyldisilathiane were used as precursors. The
ratio of Pb to S precursor used was 2:1, which lies within the typical range used to synthesize
cadmium chalcogenide and lead chalcogenide nanocrystals.[355] In order to achieve a narrow
size distribution and a well-defined excitonic structure, relatively fast cooling was used
following rapid sulfur precursor injection. The PbS QDs were capped with butylamine to
prevent agglomeration and facilitate subsequent further manipulations such as cross-linking

or densification of films.[356]

6.1.3 Inverted ZnO/PbS heterojunction devices

The evolution of PbX QD solar cells

PbX (PbS, PbSe) QDs solar cells were first made using the structure of ITO/PbX/metal,
where a low work function metal such as Ca, Mg or Al was used to form a Schottky
contact.[357-359] However, Schottky junction solar cells often suffer from low built-in
voltage values, which in turn limit the efficiency of the device. The maximum possible V. in
Schottky devices is likely to be limited to be E4/2q,[360] where q is the charge of an electron.
This is probably due to the Fermi-level being pinned at the metal/semiconductor junction.
Furthermore, since the Schottky junction is formed at the metal electrode opposite to the side
on which the light is incident, minority carriers (electrons) recombine or are trapped at the

defect states, preventing them reaching the electrode.

In addition, Schottky junction QD solar cells require the use of thinner active layers to enable
the maximum number of photons to be absorbed within the depletion region located at the

rear metallic non-transparent contact.[361] To overcome this limitation, heterojunction
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devices are employed, an n-type material is inserted next to the p-type PbX QDs
material.[362-364] For instance, by introducing an n-type ZnO film beneath the p-type PbX
QD film, a p-n junction is formed. Here, minority carriers travel toward ITO while holes are
extracted to the metal electrode. This structure offers improved V. values compared with the
Schottky junction QD devices, because V. is now determined by the difference in the quasi-
Fermi levels of the n- and p-type materials.[360], [365] By using the quantum confinement
effect, Luther ef al. reported a metal oxide/QD device with a V. that is greater than the PbS
bulk bandgap.[354] Similarly, Choi ef al. have demonstrated a V. of 0.44V 1n a device based

on PbSe,[362] close to twice the bandgap value in bulk PbSe, 0.27eV.[366]

The efficiency of the QD PV devices has progressed rapidly during the past few years, from
only 1% in some early reports [367-369] to the improved performances of ~5%,[365], [370—
372] and most recently a 6% device was reported.[373] This rapid progress has resulted from
improved knowledge of materials properties, such as the electronic transport and
recombination,[374], [375] as well as the device engineering such as the evolution from
Schottky[376] to heterojunction,[354] to QD-sensitized solar cells[369], [377] and tandem

cells.[378], [379]

Inverted structure
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Figure 6.3. (a) An illustration of the inverted ITO/ZnO/PbS/Au heterojunction device
structure employed in this chapter, showing the direction of electron flow towards the ITO
substrate. (b) Proposed corresponding energy band diagram for the operation of the device
at equilibrium. (after Luther et al.[354] )

Inverted QD solar cells have been fabricated according to the structure shown in Figure 6.3a,
using either lightly doped AZO or undoped ZnO as the n-type material, and PbS as the p-type
material. The n-type ZnO film is placed below the p-type PbS QDs film to invert the polarity
of the device with the deposition of the high work function metal electrode. [360] This is

termed the ‘inverted structure’ following the naming in OPV (as mentioned in Chapter 5).
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Figure 6.4. Cross sectional SEM images of conventional (a) and inverted structures (b)
consisting of 5 LBL Bi2S3 NC and 7 LBL of PbS OD layers. The microscopy images clearly
show the 2 distinct regions of the two phases. (reprinted from reference [380])

For PbX QD solar cells, this inverted layout offers the advantage of increased light
absorption as compared to the regular device structure, by locating the depletion region
adjacent to ITO substrate. This layout also permits the positioning of the illuminated optical

field maximum within the depletion region of the PbS layer (as shown in Figure 6.3b). It
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enables high charge carrier collection efficiency without sacrificing the absorption of photon
by allowing the use of thicker, highly absorptive films.[361], [381] In addition, Rath et
al.[380] demonstrated that inverted structures yield higher FF values than conventional
structures. They attributed this to the higher quality metal-semiconductor interfaces in the
inverted structures as evidenced by the lower series resistance compared to conventional
structures. Furthermore, they also demonstrated that inverted structures exhibited larger shunt
resistances compared to conventional structures because of a more robust morphology as
evidenced by the cross sectional SEM images (Figure 6.4). In addition, the inverted structure
also benefits from better stability by using high work function metal electrodes such as Au or

Ag instead of Al or Ca, avoiding the degradation caused by the oxidation of electrodes.

Depletion region

Figure 6.3b shows a schematic energy band diagram of the device at equilibrium. The band
alignment formed between n-type ZnO and p-type PbS QDs allows the formation of a built-in
electric field that drives the photogenerated electrons to the n-type ZnO and holes to the p-
type PbS QDs. The impact of the depletion region on the pn junction devices can be
explained by the charge extraction mechanism, where the built-in electric field is necessary
for charge transportation and to prevent recombination. According to Nelson’s book,[26] for
a pn junction device the depletion width inside the p-type region, wp, and inside the n-type

region, wp, are given by:

1 2&Vbi Equation 6.1

Oy =— |—F—— quation 6.
p N 1 1
a q(Na Nd
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1 2&Vbi

On=—"7 |71 1< Equation 6.2
Nd a3t a
And the total width of the space charge region, ®scr
2& 1 1 . .
Oser = Op T O = \/7 (N—a + N_d) Vbi Equation 6.3

Where ¢ 1s the permittivity of the semiconductor, Vy; is the built-in voltage, N4 and N, are the
donor and acceptor concentrations. We can tell that the depleted width of either p- or n-type
material increases as either the p- or n- doping is reduced. This results in a compromise in
cell design, since it is not feasible to have a pn junction with both a wide depleted region that

improves carrier collection and a high doping level that improves cell voltage.

6.2 Experimental details

6.2.1 The deposition of ZnO thin films on ITO substrate

Pre-patterned ITO substrates were purchased from Xin Yan Technology Limited. The
preparation of ZnO and AZO (0.5at% Al doping) thin films with desired thickness on the ITO
substrate by the sol-gel technique has been described in section 3.1, including substrate
cleaning, ZnO and AZO precursor solution preparation and deposition. The deposited
precursor thin films were decomposed in air at 500°C for 1 hour using a Carbolite RWF12/23

furnace, with a ramp rate of 10°C/min.
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6.2.2 Synthesis and LBL deposition of PbS quantum dots

Synthesis of PbS QDs

Nitrogen
Inlet !

Condenser—

Temperature Probe

Q%\) ﬁ
/ Horst

Stirrer

Heating Mantle Electrical wire

Figure 6.5. An illustration of the experimental set-up to synthesize PbS QDs, heating process
is controlled by a Horst temperature regulator.

Synthesis of ~1.45eV band gap PbS nanocrystals was performed in a standard Schlenk line
according to recipes in the literature.[354] As illustrated in Figure 6.5, a mixture of 0.47 g
lead oxide yellow (PbO, >99%, Sigma-Aldrich), 2 mL oleic acid (OA, technical grade 90%,
Sigma-Aldrich), and 10 mL I-octadecene (ODE, tech. grade 90%, Sigma-Aldrich) was
stirred in a three-neck round bottomed flask using a magnetic stirrer. This solution is heated
to 120°C using a heating mantle for 2 hours with the protection of N, flow. In the meantime,
180 pL hexamethyldisilathiane (TMS, technical grade, 90%, Sigma-Aldrich) and 3 mL ODE
were mixed in a separate vial inside a glove box. Once ready to proceed, this TMS mixture
was transferred into a syringe and then injected swiftly into the flask at 100°C. The solution

turned a brownish colour immediately suggesting a nucleation burst.[382] The heating mantle
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was removed after 1 minute to allow PbS QDs growth, followed by quenching the flask in an

1ce water bath.

PbS NCs were precipitated by mixing the reaction solution with 35mL 1:1 ethyl-acetate
(Romil): methanol (HPLC grade, Fisher Scientific). The NCs were separated by centrifuging
at 4000rpm for 5 minutes. The supernatant was discarded and the sediment was dried under
N, flow. Two additional purification steps were carried out by re-dispersing the PbS NCs in
SmL hexane (HPLC grade, Fisher Scientific), and precipitated again through a combination
of methanol and centrifugation. Repeating this procedure is to precipitate any aggregations
and/or reaction side-products.[382] Finally, the NCs dispersed in hexane were filtered
through a 0.45 um PTFE filter. The actual PbS NCs were collected at the bottom of the test

tube.

Next, ligand exchange was carried out by dispersing the precipitated NCs in 5 mL butylamine
(99.5%, Sigma-Aldrich) and ultrasonicating for 30 minutes. Then, the NCs were precipitated
by using isopropanol (HPLC grade, Fisher Scientific); followed by re-dispersing again in 5
mL butylamine and ultrasonication for 30 minutes. The NCs were finally precipitated by
isopropanol with centrifuging, and dried under N, flow. The weight of the dry PbS NCs was
measured, to calculate the amount of hexane to be added for dispersing the NCs into desired
concentration. PbS QDs capped with butylamine molecules were then suspended in hexane to

produce 25mg/mL stock solution. This solution was stored in a glove box until use.

LBL spin casting of PbS QD:s film
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PbS QDs films were fabricated by employing a layer-by-layer (LBL) spin casting technique,
which permits controlled thickness deposition of nanocrystal layers with pinhole-free
structures.[380] 1,2-ethanedithiol (EDT, >98%, Sigma-Aldrich), methanol, and acetonitrile
(anhydrous, 99.8%, Sigma-Aldrich) were used as received. ITO substrates which were pre-
coated with ZnO are cleaned for the deposition of PbS thin films. The cleaning process
consists of sonication in a diluted detergent solution and DI water for 5 minutes each, then
soaking in 50°C acetone and isopropanol for 3 minutes each. Next the substrates were
transferred into a glove box where diluted PbS QDs solution (25 mg/mL) was spin cast onto

the substrates at 2000 RPM for 60 seconds.

For the assembly of the nanocrystalline PbS films, EDT molecules are employed to replace
the electrically insulting butylamine and as an agent to cross-link the nanocrystals. The
replacing of long insulating ligands with a cross-linking agent can dramatically enhance
conductivity and energy transfer in the nanocrystalline films[383—-386]. By cross-linking the
colloidal PbS QDs into nanocrystalline film structures, unique optoelectronic properties can
be obtained, which in turn affect the photocurrent, charge-transport and conversion efficiency
to a great extend.[387] This is a result of increased internanoparticle electronic coupling[388]
and carrier mobility upon EDT ligand exchange.[389] In addition, EDT can also render the
nanocrystals insoluble in common solvents. The ligand exchange treatment was done by
immersing the PbS thin film into 0.01 vol% EDT in acetonitrile solution for 30 seconds. Then
the film is soaked in methanol followed by hexane for 30 seconds each in order to wash off
any residual EDT and butylamine. The process of PbS spin casting, EDT ligand exchange
and methanol/hexane cleaning has been repeated various times to achieve the desired film

thickness, as measured by DEKTAK and confirmed using SEM cross section images.
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6.2.3 The fabrication of the back electrode
Immediately after the deposition of the PbS thin film, the cells were transferred into a
vacuum chamber located inside the glove box and gold electrodes were thermally evaporated

through a shadow mask, as described in section 3.1.5.

6.3 Characterization

6.3.1 Material characterization

As described in section 3.2, a Cary 5000 UV-vis spectrophotometer was used to obtain
absorption spectra of the quantum dots in hexane at room temperature. Measurements were
taken in a 10mm quartz cuvette, at a scan rate of 600nm per minute using a Inm interval. The
spectral response was adjusted using a hexane reference. Transmission electron microscopy
(TEM) was carried out using a JEOL 2000FX TEM by Cheng Cheng, to investigate the size
distribution and structure of individual quantum dots. TEM specimens were prepared by

taking the cleaned product, diluting it and placing a drop on an ultra thin carbon grid.

6.3.2 Device testing
The devices were placed in a testing holder with continuous nitrogen gas flushing throughout
the experiment. Current-voltage (IV) and external quantum efficiency (EQE) characteristics

were recorded as described in section 3.4.
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6.4 Results and discussion

6.4.1 Size and energy band gap of the PbS QDs

The tunability of QDs enables optical matching of the absorbance of single-junction solar
cells to the solar spectrum and allows the design of multi-junction devices for further
efficiency improvement.[373] Consequently, the size of the QDs used in the devices is
crucial, since it determines the degree of the quantum confinement effect, which controls the
band gap of the PbS layer and hence the open circuit voltage of the device. UV-visible and
TEM characterization of the PbS QDs solution was performed to study the optoelectronic and

physical properties of the QDs, and the data are presented below.
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Figure 6.6. Absorption spectrum of as-synthesized PbS QDs in hexane. The inset shows the
transmission electron micrograph (TEM) of an ensemble of PbS QODs in a film (spherical
black dots are the ODs, TEM photo was taken by Cheng Cheng).
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From data like that shown in Figure 6.6, we found that as-synthesized PbS NCs show a well-
defined excitonic peak centred at 855nm. We use this excitonic peak value to calculate the

band gap, E; in eV: [390]

Band gap energy (Ey) = h*C/A Equation 6.4

Where £ is Plancks constant and is equal to 6.626x107* Joules sec, C is the speed of light and
is equal to 3.0x10® meter/sec, A is the excitonic peak wavelength and is equal to 855x10”

meters in our case. Knowing 1eV = 1.6 x 10" Joules (conversion factor), we obtained:

E, =1.45eV

Next, the average size of the PbS NCs were calculated based on the method used by Jiang

Tang et al.[382] that was first proposed by Iwan Moreels et al.[391]:

E, = 0.41 +(0.0252d* + 0.283d)

A value of 2.73nm can be calculated for the average QD size. TEM was employed to gain an
understanding of the nanocrystal growth and quality. The inset in Figure 6.6 shows a high
magnification image of the film composed of individual quantum dots. We can also see that
these PbS QDs show a spherical shape with a mean diameter of approximately 2.7 + 0.3nm.
This value is in good agreement with the size calculated from the distinct excitonic peak
observed in Figure 6.6. In addition, these nanoparticles formed periodic arrays with a
hexagonal packing pattern on the TEM grids, suggesting that the particles are rather uniform
in size.[392] A similar monodispersity has been reported for application as solar light

harvester,[393] which is an important factor for QD applications because size determines
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energy levels, therefore alters the effective band alignment. [367] Furthermore, the TEM
image also reveals that the PbS nanocrystals are non-aggregated, which is an important factor
for device fabrication. Together, these QDs demonstrated monodispersity in nanoparticle size
distribution and have an energy band gap of approximately 1.45eV, implying a high limiting
efficiency as a single band gap solar cell that matches well with the solar spectrum, as shown

in Figure 6.2.

6.4.2 Thickness optimization of the p-type PbS QDs layer

Undoped ZnO as n-type material

Inverted ITO/ZnO/PbS/Au devices were fabricated using the LBL-processed PbS layers
synthesized and tested in nitrogen atmosphere. Devices with various PbS active layer
thicknesses were fabricated and tested to optimize the performance, while keeping ZnO layer
at a constant thickness of 150+5nm. A set of 30 cells were fabricated for this study, from
which 23 cells were selected. The 7 discarded cells were probably damaged by mis-handling
during fabrication (such as uneven coating of each active layer) or testing error during

processing (such as exposing to air for an extended period before measurement).

In Figure 6.7, the performance characteristics of a set of inverted ITO/ZnO/PbS/Au
heterojunction devices are displayed over a range of PbS active layer thicknesses. An
increase in Ji 1s observed with increasing PbS thickness up to 150nm. This result is
consistent with Capacitance-Voltage (CV) measurements indicating a ~140 nm thick depleted
region in the PbS at the heterojunction interface.[380] For a PbS thickness below 140nm, a

dependence of the capacitance on the PbS thickness is observed, suggesting a fully-depleted
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PbS layer. However as the thickness of PbS increases, the devices enter a regime of
incomplete depletion as evidenced by saturation of the capacitance decrease rate. This
depletion width value is also close to that measured in PbS QD Schottky devices

(~150nm).[376]
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Figure 6.7. Performance characteristics of ITO/ZnO/PbS/Au devices employing a 150nm
Zn0 layer and PbS layer of varying thicknesses (ranging from 90 to 180nm). Data points and
error bars correspond to the average and standard deviation across three to six cells. Lines
serve as a guide to the eye. An efficiency maximum is achieved for a 150nm-thick PbS layer,
with Jye = 12.8 + 0.6 mA/em?, Vo = 0.48 V, FF = 0.36, and PCE = 2.23 + 0.1%.
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Devices with 240nm PbS layer were fabricated as well, but with this even thicker PbS layer,
devices suffer from poor charge extraction, resulting in very poor IV performance. A cross-
sectional SEM 1mage is shown in Figure 6.8, featuring the optimized PbS thickness. This
image also shows the uniformity of each deposited layer, as well as their reasonably well-

controlled thicknesses.

Au o .
PbS (150nm)
Zn0O(150nm)

ITO (100nm)

— 800 nm —

Figure 6.8. SEM cross sectional view of the device with optimized PbS thickness. The 150nm
Zn0 thin film is 0.3% doped with Al).

Aluminium doped ZnO (AZO0) as n-type material

By doping the ZnO thin film with Al, I expected an increase in V. owing to the well known
Burstein-Moss effect, more discussion are presented in section 6.4.3. Here, in order to
investigate the effect of the PbS thickness on device performance and corroborate the
estimate of the depletion width, we performed a similar study in inverted structures
employing AZO instead of ZnO as the n-type material. Inverted ITO/AZO/PbS/Au devices
were fabricated with various PbS thicknesses, all AZO layers were 0.5at.%Al doped and were

150+£5nm thick. The results are summarized in Figure 6.9.
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Figure 6.9. Performance characteristics of ITO/ AZO/PbS/Au devices employing a 150nm
AZO layer 0.5at% doped with Al, and a PbS layer of varying thicknesses (ranging from 90 to
180nm). Data points and error bars correspond to the average and standard deviation across
three cells. Lines serve as a guide to the eye. An efficiency maximum is achieved for a
150nm-thick PbS layer, with J;. = 5.2 = 0.4 mA/cm’, Voe =0.48 £ 0.2V, FF = 0.325 £ 0.005,
and PCE = 0.86 = 0.06%.

The same trend is observed for the AZO devices as compared to the undoped ZnO devices: (i)
a dramatic improvement in the IV performance was found up to 150nm, (i1) this improvement
is mainly caused by the improved J, (iii) for PbS thickness beyond ~150nm the Ji. values
decrease sharply indicating a depletion width of around 140-150nm, in agreement with ZnO
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devices and other reports.[376], [380] We indeed expect the AZO devices to demonstrate a
similar trend as compared to the ZnO devices, because it is the doping concentration in p-type

material that determines the depletion width within the PbS layer.[24]
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Figure 6.10. (a) Electron energy band diagram of a depleted heterojunction device (After
Barkhouse et al. [394]). (b) A schematic illustration of the relation among PbS thickness,
depletion width and device Jy. in simplified cases.
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Heterojunction QD devices transport electrons and holes through a QD film consisting of
various sub-layers, as suggested by Kramer and Sargent.[395] This transportation occurs
efficiently over a distance equal to the sum of the depletion width (see Figure 6.10a) and the
minority carrier diffusion length (Figure 6.10b). Unfortunately, because the diffusion length
is limited to a few tens of nanometers in PbS,[394], [396] extraction is only efficient when
there is a significant built-in electric field. That is, the majority of the current generated in

QD devices to date is dominated by drift rather than diffusion.

As a consequence, those devices, with active layer thickness less than or equal to the sum of
depletion width and minority carrier diffusion length, can achieve efficient charge carrier
generation and transport throughout the entire active layer region. This efficient charge
extraction originates from the built-in electric field from the depletion region and charge
carrier diffusion from the small extra region beyond the depletion width (Figure 6.10b). This

is the case for the devices with PbS thickness <150nm shown in Figures 6.7 and 6.9.

In addition, by comparing the normalized EQE and AM1.5 spectra, we found that the device
with ~150nm thick PbS is most efficient in converting incident photons with ~425nm
wavelength into charge carriers, matches well to the peak (~450nm wavelength) of the solar
spectrum, where there is most incident photons (Figure 6.11). This is an important beneficial
character of these devices. Moreover, devices employing ~150nm PbS demonstrate efficient
charge extraction ability as well, as discussed earlier. However, this efficient charge
extraction is associated with less efficient photon absorption ability to make use of incident

photons with longer wavelengths (Figure 6.11). The limitation here is that, although visible
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wavelength photons can be absorbed efficiently in a single pass, these QD films are too thin

to absorb most near-infrared photons.
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Figure 6.11. Normalized external quantum efficiency (EQE) spectrum of a 150nm PbS device,
demonstrating poor long wavelength absorption. The sharp drop below 400nm is due to the
ZnQ absorption which is not expected to contribute much to the charge carrier generation.

On the other hand, however, if we want to improve the efficiency of absorption of the
incident photons and fabricate devices employing an active layer with a thickness greater
than the sum of depletion width and minority carrier diffusion length (such as the 180nm PbS
devices), a widening of the quasi-neutral region at the rear of the device can be established in
this case (Figure 6.10a). In contrast to depleted region closest to the interface with ZnO,
where depleted majority carriers create a space charge region and charge extraction is most
efficient due to the presence of the built-in electric field. This quasi-neutral region present in
the thick PbS layer is not fully depleted and thus shows significantly limited charge
extraction. Photogenerated electrons and holes in the quasi-neutral region suffer from
enhanced recombination [380] due to the lack of driving force, because charge extraction in

this region relies on slow and spatially random minority carrier diffusion.[376], [381], [397]
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For those even thicker PbS devices, formation of another region in addition to the depletion
and quasi-neutral regions is possible. That is the region far from the depletion width (beyond
the quasi-neutral region) and is termed the ‘dead zone’, where absorption remains strong but
carrier extraction is negligible.[394] Such dead zones have important implications for device
design, especially for the inverted structure where illumination is through the top contact. The
poor performances of devices employing 240nm PbS layers perhaps results from the presence

of dead zone.

In conclusion, the two competing factors namely ‘extraction’ versus ‘absorption’ result in a
compromise in cell designs. This is one of the many trade-offs in solar cells. In sight of this
limitation, the optimized PbS thickness is found to be approximately 150nm for my inverted
ZnO/PbS devices. Those cells employing a thicker PbS layer (eg. 180nm as shown in Figures
6.7 and 6.9) suffer significantly reduced performance. Attempts to resolve the ‘extraction vs.
absorption’ issue may be performed by improving hole extraction layer. For instance, Gao et
al. have demonstrated a significant improvement in device performance by inserting a MoOx

layer between the PbS and back electrode which improves hole extraction.[372]

6.4.3 The influence of Al-doping concentration in the ZnO film on the device
performance

The hypothesis for the effect of Al doping on the device performance is based on the well
known Burstein-Moss effect,[194] which has been explained earlier in Chapter 4. If sufficient
Al doping is employed, it can possibly increase the carrier concentration. This might lead to a
blue shift of the Fermi level, depending on the level of doping, which will then widen the

band gap (Figure 6.12). However, only very low level of doping should be employed here in
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order to remain the n-type semiconductor properties for application in pn junction devices. As
explained in Chapter 4, ZnO is easily tunable to exhibit conductor behaviour upon Al doping

which is not favourable here.

> Proposed V_of AZO/PbS device
> Proposed V__of ZnO/PbS device
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Figure 6.12. Schematic band diagram of inverted ITO/ZnO/PbS/Au solar cell under
illumination, showing the potential shift of Er before (dashed red line) and after (dotted
green line) the small amount of Al doping. It illustrates the potential increment in V,. that
may be caused by the blue shift in ZnO layer up on Al doping.

Considering that Al doping can possibly raise the Fermi level of AZO thin films, and the
difference in the quasi-Fermi levels in the AZO and PbS QD layers determines V. (Figure
6.12),[398] it was hypothesized that an improved V,. might be observed upon the increase of
Al doping concentration in the ZnO layers. | therefore sought to investigate this hypothesis.
Employing the same experimental and analytical methods, 150nm thick layers of PbS QDs of
~2.7nm were deposited onto 150+5nm thick AZO layers. Similar device architecture are
adopted (ie. ITO/AZO/PbS/Au), but with various low concentrations of Al doping in the
AZO layers (0, 0.1, 0.2, 0.3, 0.4 and 0.5at%). Figure 6.13 displays the performance

characteristics of these devices.
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Figure 6.13. Performance characteristics of ITO/ AZO/PbS/Au devices employing an AZO
layer of varying Al-doping concentration (ranging from 0 to 0.5at.%). Data points and error
bars correspond to the average and standard deviation across five to seven cells. Lines serve
as a guide to the eye.

Figure 6.13 shows that all the devices have virtually very close IV performances, with no
obvious sign of improved V,. upon increase in Al doping from 0 to 0.5%. It is possible due to
the fact that the nominally ‘undoped’ intrinsic ZnO crystals are unintentionally doped, and

give a strong n-type conductivity. [399], [400] This is attributed to native point defects such
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as oxygen vacancies as deep donors, as well as hydrogen and the less energetically favorable
zinc interstitials as shallow donors.[401] These defects are likely to form with a substantial
concentration in n-type ZnQO, leading to a significant concentration of donors. Lavrov ef al.
observed a donor concentration as high as 10'® cm™.[402] Probably, this relatively rather
heavy unintentional ‘doping’ thus does not allow the observation of small changes brought
about by the very low Al doping concentration. As a consequence, this result in the
insignificant change of overall performance upon the small amount of aluminium doping
increment. Similar observations in inverted organic solar cells have also been reported by Oh
et al.,[196] where little variation in the V., FF and J. as a function of the degree of doping

was observed.

Another possible explanation for the lack of improved performance upon increasing Al
doping concentration might be the reduced extraction efficiency. As the defect intensity can
be increased upon Al doping, resulting in a large number of mid-gap trap states,[403] this
leads to rapid recombination of photogenerated electrons with holes, which will significantly
affect electron transport properties in AZ0O.[404] These traps would have to be saturated by

electrons before an increase in conductance could be observed.[405]

Perhaps in consequence of the above-mentioned factors, one can infer that variation of the
doping concentration between 0% and 0.5% has no major impact on the device performance.
As a result, V,. improvement upon doping can probably be ruled as a potential cause of any

subsequent changes in device efficiency.
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6.4.4 The influence of UV exposure on the device performance

Ten inverted ITO/ZnO/PbS/Au devices were characterized for the investigation of the effect
of UV exposure. The ZnO layers in all these devices are 150+5nm thick, with various degrees
of Al doping. IV measurements were taken before and after 10 minute UV treatments. The
same degree of improvement was consistently observed throughout entire set of devices. The
evolution of the performance characteristics of various devices with and without UV

treatment is summarized in Table 6.1.

Table 6.1. The influence of UV treatment on the performance characteristics of
ITO/AZO/PbS/Au PV cells with different Al doping concentration.

Al doping Jse Voe FF PCE

(at.%) (mA/cm?) V) (%)

Before UV 0 5.57 0.55 0.39 1.18
After UV 0 7.47 0.56 0.40 1.68
Before UV 0.1 5.45 0.50 0.37 1.01
After UV 0.1 6.53 0.53 0.38 1.31
Before UV 0.2 5.22 0.50 0.37 0.97
After UV 0.2 6.73 0.53 0.37 1.32
Before UV 0.4 5.35 0.51 0.35 0.96
After UV 0.4 7.83 0.53 0.36 1.48
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We can see from Table 6.1 that the introduction of a 10 minute UV treatment clearly
improved the J. values for all devices, while V,. and FF improved an insignificant amount.
These result in an overall 1.4-, 1.3-, 1.3- and 1.5-fold enhancement in PCE for the devices
with 0, 0.1, 0.2 and 0.4% Al doping concentration. We noticed that, regardless of the Al
doping concentration, the degree of enhancement for various devices are almost the same. In
another words, what we have observed are that (i) the performance enhancement is mainly
induced by the improved Jg, (i1) the degree of enhancement is independent of the degree of

Al doping concentration in the AZO film.
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Figure 6.14. The influence of UV treatment on the performance characteristics of
ITO/AZO/PbS/Au PV cells with different Al doping concentrations. The open squares
represent the improvement factor of Jy. (the black dotted line is the fit by Origin for n), and
open circles represent the improvement factor of PCE (the red color dashed line is the fit by
Origin for m). The inset is an example showing the improvement in IV characteristics of a
device before (dashed line) and after (solid line) the 10 minute exposure to UV.
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To further investigate these observations, two terminologies have been defined: the Jg
improvement factor n, denoting the J after UV treatment divided by the original Js.; and the
PCE improvement factor m, denoting the PCE after UV treatment divided by the original
PCE. Figure 6.14 displays a plot of these two factors, and it was found that the average Js
improvement factor n is approximately 1.34, and the average PCE improvement factor m is
approximately 1.45, as fitted by Origin. The UV response arises from the absorption
of UV radiation by ZnO, which lead to the presence of photogenerated holes that can induce
n-type doping in the ZnO nanocrystals.[406] It was suggested by Collins et al.[405] that those
electron-hole pairs diffuse to the surface of ZnO and can be trapped by the oxygen ions. UV
treatment can be used to free the charge carriers, by inducing desorption of oxygen that are
otherwise absorbed on the ZnO surface. This release of oxygen on ZnO surface can enhance
the concentration of mobile electrons originated from the native doping and photoexcitation
of the ZnO nanocrystals. We also had hoped that the Al would effectively dope ZnO films to

improve carrier concentration, but has either not happened or it does not affect Jg.

6.4.5 The influence of N, exposure on the device performance

Devices were stored in N; and then in air with light shielding but without any encapsulation,
and we tracked their performance in order to study their stability in N, and air. The glove box
was used to provide the N, atmosphere with a low concentration of impurity gases (oxygen
and water <100 ppm). A set of twelve devices was studied, employing the same device
structure and processing method (ITO/ZnO/PbS/Au devices with ~150nm ZnO and ~150nm
PbS). The IV characteristics were recorded once the devices were fabricated, after exposure
to Ny (for 1 hour, 24 hours, 72 hours, 168 hours and 336 hours), as well as after exposure to

air (for 3 hours, 42 hours and 96 hours).
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Figure 6.15. The improvement in performance of ITO/ZnO/PbS/Au devices as a function of
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characteristics of a device before (dashed line) and after (solid line) exposure to N, for 72
hours.

N; exposure

The performance of freshly made devices is relatively poor, but can be improved upon N,
exposure in the dark, surprisingly. The evolution of device performance over N, exposure
time is shown in Figure 6.15. The impact of N, exposure on the IV performance is significant,
leading to a 1.5+0.1-fold increment in Ji. (Jsc improvement factor n, as defined earlier). The
improvements in V.. and FF are negligible. Together, a 1.6+0.1-fold improvement of PCE
was achieved (PCE improvement factor m). For instance, as we can see from the inset in

Figure 6.15, a freshly made device was first tested in nitrogen, and stored in the glove box
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immediately after testing. Interestingly, after 72 hours N, exposure we observed an increment
in Jg. from 12.22 to 18.50mA/cm’, while V. and FF remained nearly unchanged, leading to
an enhanced PCE from 2.13% to 3.36%. The observation has demonstrated good N, stability

of the devices up to 14 days (336 hours).

A similar observation was reported for PbSe QD field effect transistors (FETs),[407] where
an improved charge mobility in the presence of N, was observed. They attribute this
improvement to the passivation of electron trapping sites by N, molecules. Several
possibilities could explain the improvement in performance in our devices. Firstly, the N, gas
present in the glove box might have displaced some of the residual oxygen and water
molecules that inevitably exist on the surface of the PbS crystals. Perhaps this reduction in
oxygen and water has resulted in the improvement because PbS is prone to degradation in the
presence of oxygen and water (discussed in the later section on air exposure). Secondly, the
exposure to the N, atmosphere improved the electrical properties of the PbS films possibly by
passivating trap sites, as a result of interactions between the N, molecules and the surface of
the PbS QDs. Similar observation was reported for PbSe QD films,[408] where it was
suggested that N, molecules may diffuse through the QD film and physically adsorb onto the
surface of the QDs, resulting in the N, molecules occupying the electron trapping sites,
leading to an improved charge carrier concentration and mobility. Likewise, the N,
atmosphere present in our PbS films might have played an important role by passivating the
trap sites that can otherwise capture the mobile charge carriers. This possibly improved the
charge transportation properties of the PbS film, thus the observed Js. increment. A third
explanation is that the low oxygen environment of the glove box might probably result in a
desorption of oxygen from the ZnO layer, which can lead to a further doping of ZnO because

it is well known that oxygen vacancies are intrinsic electron donors in ZnO.[302], [409] This

170



n-type doping by oxygen vacancies can improve the carrier concentration in the ZnO

layer,[291] which possibly contributed to the improvement of J values in our devices.

Last but not least, we can tell from Figure 6.15 that the improvement of performance is
significant once stored in nitrogen (1 hour), and no significant further improvement can be
found. This time scale suggests that the improvement is strongly affected by relatively fast

processes in the PbS film, which appear to be saturated after 1 hour of exposure to N,.

Air exposure

Finally, although these devices are stable when stored and tested under O,- and H,O-free
conditions, their lifetime is small — approximately 3 hours — when exposed to ambient
conditions. These stability problems have also been reported before for lead chalcogenide
nanocrystal cells[359] and for SnS/PbS nanocrystal cells.[410] In order to find out the
stability in air, [ have exposed the above devices to air in the dark and tested after 3 hours, 42
hours and 96 hours respectively. However, Ji. reduced from 6.5 mA/cm? to 2.9 mA/cm? after
3 hours exposure and to 1.9 mA/cm? after 42 hours exposure. V. reduced from 0.58V to
0.24V after 3 hours and 0.13V after 42 hours exposure to air. FF also reduced from 0.46 to
0.33 after 3 hours exposure and 0.25 after 42 hours. These have led to a PCE loss from 1.72%
to 0.23% after 3 hours, 0.06% after 42 hours, and ~0% after 96 hours exposure to air. We
observed that these devices lose nearly all their efficiency after ~42 hours exposure to air.
This suggested that these devices are very sensitive in air, which is primarily due to reactions

with oxygen and moisture.
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It is generally understood that there might be several causes for this degradation. First of all,
assemblies of QDs are inherently metastable, prone to oxidative degradation driven by their
large surface to volume ratios and high surface energies, which also limit their use in
practical devices.[376], [411] Ambient oxidation or reaction with moisture is usually
detrimental to QD devices because these reactions introduce traps,[382], [412] giving rise to
more recombination loss and mobility reduction.[373] Secondly, the QD films may lose
passivation and/or develop mid-gap recombination centers.[411] Unstable ligands such as
butylamine and ethanedithiol make the PbS films particularly sensitive to oxygen and
moisture. The butylamine is suspected of reacting with the shallow work function metal
contact. Koleilat et al.[358] have demonstrated improved lifetime in devices by passivating
PbSe with more robust 1,4-benzenedithiol. This indeed suggests that the stability of
passivation within the film may be a key factor for the stability of the devices. Furthermore,
Buckner et al.[413] suggested that the penetration of water into the nanocrystal structure
could create strain in the crystal, which creates trap sites for the exciton. Likewise, Somorjai
[414] has suggested that the adsorbed oxygen traps photogenerated electrons, which

decreases the free-electron lifetime by a few orders of magnitude.

Although these devices degraded rapidly during ambient storage, leading to almost complete
loss of PCE over 42 hours, they actually compare favourably with PbSe-EDT devices for
which nearly instantaneous degradation has been reported upon exposure to air.[376], [415]
Comparing our butylamine capped PbS QDs devices with the first high-efficiency reported
also employing butylamine,[416] their devices degraded in air within a few minutes. This
slightly better stability in air of our devices might be a result of using a deep work function
metal contact. Most devices reported employ a shallow work function metal contact; these

metals are known to oxidize rapidly. In contrast, our devices employ Au as the electrode,
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which is less reactive and improves the stability of the contact. This is consistent with other
reports which employ deep work function metals such as Au and ITO, which also

demonstrated much less degradation in air.[388], [417], [418]

6.5 Conclusion

In summary, the performance of inverted ZnO/PbS QD heterojunction photovoltaics was
significantly enhanced through engineering of the p-type PbS QD thickness, UV treatment of
the n-type ZnO layer, as well as storing the devices in the dark in nitrogen. The improved
device exhibited a respectable 3.36% solar power conversion efficiency, with 150nm thick
ZnO and PbS layers after exposing to N, atmosphere. The strategies presented in this chapter
enable good compromise between solar absorption and charge transportation, as well as good
device stability, whilst using inexpensive chemicals readily processed in solution. The work
presented here provides a roadmap for the optimization of metal oxide/quantum dots solar
cells. Further work may be performed in the area of device engineering, to design devices

that increase absorption and decrease the demand for long distance transportation.
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Chapter 7 - Summary

7.1 Conclusion

The aim of this thesis was to investigate zinc oxide in different photovoltaic device

architectures as outlined in Table 7.1 in a bid to improve device performance.

Table 7.1. Summary of the application of zinc oxide in various photovoltaic architectures
investigated in this thesis.

Function of ZnO Device Architecture Chapter

TCO electrode Glass substrate/ZnO/PEDOT:PSS/P3HT:PCBM/ALI 4

Buffer layer Glass substrate/ITO/ZnO/P3HT:PCBM/ PEDOT:PSS/Au 5

Junction material Glass substrate/ITO/ZnO/PbS /Au 6

From these studies, the following conclusions can be drawn:

Transparent electrodes Chapter 4 described the development of a simple and cost-effective
way to manufacture AZO thin films by sol-gel spin-coating method for the application
as transparent electrodes in solar cells. Modifying thermodynamics and processing
conditions optimised the optoelectronic properties. In particular, 1.5 at.% Al doping
improved carrier concentration as shown by Hall Measurements, while thin films
grown from 1M precursor solution improved carrier mobility due to reduced grain
boundary scattering as suggested by the AFM images. In addition, a vacuum-annealing
treatment improved both carrier concentration and mobility by approximately two
orders of magnitude. This was ascribed to three main factors; improved crystallinity

(enhanced c-axis orientation and relieved stress), larger grain size (reduced scattering
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and improved mobility) and increased oxygen vacancy concentration (one oxygen
vacancy can effectively donate two free electrons). Finally, we successfully
demonstrated the fabrication of OPV devices employing AZO electrodes. The AZO
devices were less efficient than those made with sputtered ITO, a result of the higher

electrical resistivity leading to parasitic resistive losses.

Buffer layers Chapter 5 addressed the leakage current issue in inverted OPV devices by
inserting a zinc oxide buffer layer between the organic photoactive layer and ITO
electrode, with different Al dopings and various thicknesses. The zinc oxide buffer
layer favors the transport of electrons and block holes, owing to the well-aligned energy
levels of ZnO and the electron acceptor material. In addition, device series resistance
was reduced by doping the zinc oxide buffer layers with aluminum, owing to the lower
resistivity of AZO. Next, the influence of AZO buffer layer thickness on the device
performance was explored relating the AZO sheet resistance to device series resistance.
An optimized 1.5at% Al-doped, ~60nm thick AZO buffer layer was found optimum,
due to its low resistance and high electron-extraction and hole-blocking properties. This
improved electrode selectivity lead to reduced charge carrier recombination and

improved photocurrent generation.

Junction materials Chapter 6 investigated the application of zinc oxide as a type-II
heterojunction material in conjunction with PbS quantum dots, in order to improve the
inverted oxide/QD device performance. The effect of PbS thickness was investigated in
both undoped ZnO and 0.5% Al-doped AZO systems, an optimized ~150nm PbS was
found to improve device Js.. A UV cure was demonstrated to consistently enhance the
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device J regardless of the degree of Al concentration in AZO layer (0-0.4at.%), owing
to the release of oxygen on ZnO surface which 1) increased the concentration of mobile
electrons (i.e., n-type doping) and i1) decreased the number of trap states. Lastly, these
devices demonstrated a good stability when stored in the dark in N, atmosphere upto
336 hours, and an instant (within ~1 hour) performance boost was achieved upon such
N, exposure, owing to the passivation of electron trapping sites by N, molecules. A

respectable 3.36% power conversion efficiency was achieved.

7.2 Suggestions for Future Investigations

An in-depth investigation on optimizing the optoelectronic properties of AZO thin films was
presented in Chapter 4, with the preliminary study on the application of these AZO as
transparent electrode in OPV devices was carried out. A thorough exploitation of other ways
to optimize the device performance, such as adding various buffer layers and work function

modification of AZO electrode could be an interesting topic.

In Chapter 5, I demonstrated the enhancement of charge extraction by inserting an AZO
buffer layer. Further device improvement may be possible by treating the buffer layers in
reduced environment, this is most likely to reduce the resistance and lead to further

enhancements of device performance.

The inverted ZnO/PbS devices presented in Chapter 6 was optimized in three aspects, p-type
material thickness, UV cure and N, exposure. Another interesting subject to explore will be

the device engineering in order to increase absorption and decrease the demand for long
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distance charge carrier transportation at the same time. Possible areas to study would be
making use of the excitonic behaviour of the ZnO/PbS devices to make bulk heterojunction
devices that aids charge separation, or to grow ZnO nanorods/nanowires and infiltrate with

PbS QDs that aids charge transportation.
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