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Abstract
Metal oxides are of great importance to the research and application of semiconductor devices.
Solution processed metal oxides, especially nickel oxide, have been applied extensively as the
interlayers in solar cells. The aim of this thesis was to develop understanding to the post annealing
process of solution processed nickel oxide (s-NiOx). Perovskite solar cells were fabricated to investigate
the optimised post annealing temperature for s-NiOx in perovskite photovoltaic applications.
Owing to its unique electronic structure, nickel oxide has been extensively studied in the past decades.
Literatures related to this work were reviewed in the beginning (Chapter 1), followed by a summary of
experimental methods (Chapter 2). The experimental work began by investigating the decomposition
routine of the sol-gel precursor (Chapter 3). The major decomposition event was found to end at
350 °C, but 250 °C appeared to be as sufficient to form nickel oxide nano-crystallites. At 250 °C, the
resulting s-NiOx was embedded in organic residuals, and its disordered nature was further elucidated by
the Urbach edge in optical characterisations. With increasing temperatures, the width of the band tail
states was reduced, and overall demonstrated a stronger p-type character. During thermal annealing,
the changes in s-NiOx composition was investigated by X-ray photoelectron spectroscopy (XPS, Chapter
4). s-NiOx oxygen 1s and nickel 2p core level spectra were studied by spectral peak fittings, from which
the oxygen to nickel atomic ratio was found to be greater than one overall. Analysis of Auger LVV
spectra further revealed the existence of nickel oxide at 250 °C. With understanding of the annealing
process, a series of perovskite solar cells were made to suggest an optimised annealing temperature for
s-NiOx (Chapter 5). Although s-NiOx crystallinity and p-type character were enhanced with temperature,
250 °C was found to produce the best solar cell performance, which was attributed to the lower series
resistance of the device. The understanding of the annealing process developed in this work has
implications to the temperature selection in post annealing of other solution processed metal oxide
interlayers in solar cell applications.
Additionally, aiming to further optimise solar cell performance, optical modelling was employed to
suggest an ideal thickness for the nickel oxide interlayer and perovskite active layer (Chapter 6).
Together with experimental results, it demonstrated that the purposely designed active layer thickness
is a practical method to improve the solar cell short circuit current density (Jsc) output. General
concluding remarks and suggestions to further works were discussed in the end (Chapter 7).
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1 Underlying Concepts
Studying solution processed materials requires understanding across several disciplines in physics and
materials science. This chapter intends to review the key concepts that are relevant to this work. An
overview in solar power is provided first, followed by introductions and discussions on the properties of
solution processed solids.

1.1 Energy production overview
As materials science is currently experiencing major advances in energy harvesting, more and more
attention has been invested in the new generation of energy productions, especially in renewable energy.
In the United Kingdom 2019, over 20 % of the total electricity generation is made through the mixed
portfolio of renewable energy, including wind and solar power generation [1]. As of the end of 2019, over
30 % of global power capacity is composed of renewable energy [2].
Fuelled by reduced production costs and favourable subsidies policies, solar power capacity has seen a
drastic increase from 230 giga walts (GW) in 2015 to over 650 GW by the end of 2019, accounting for 9 %
of total energy capacity globally [3]. However despite the soaring installation in solar power capacity
globally, in 2019, only 1% of total electricity production was achieved by solar power in China and the
United States [3]. Looking forward, there is much potential for solar power to become an integrated part in
the global energy mix.
Solar cells are a type of semiconductor devices that convert solar radiation into electricity [4]. The power
conversion efficiency (PCE) of a solar cell is therefore determined by the ratio between power output from
the solar cell to the power input from solar radiation. Although abundant energy is available from solar
radiation, a solar cell’s PCE is fundamentally limited by the Shockley-Queisser limit to ~ 40 % for single
junction solar cells [5].
To date, the record for a single junction solar cell was achieved with gallium arsenide (GaAs, 28.8% [6]).
Most commercially available solar cell products are commonly manufactured from silicon, owing to the
abundance of raw materials and the established manufacturing methods. On the other hand, solution
processed solar cells have become increasingly more attractive due to the lower cost of production in
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ambient environment. Solution processed perovskite solar cells (PeSCs) have been studied with great
interest, and the latest PCE has now exceeded 22% [6]. Solution processed PeSCs require suitable
interlayers to assist charge carrier transport. As a p-type interlayer, nickel oxide (NiOx) has received great
attention due to its chemical stability, ease in processing, and suitable electronic properties [7]. This work
focuses on the optimisation of solution processed nickel oxide (s-NiOx) through post annealing treatment.

1.2 Solution processed materials
This section begins with an introduction on the crystal structure of hybrid perovskite materials and nickel
oxide. Since solution processing creates a variety of disorder in the resulted materials, structural
randomness, and electronic and optical properties are discussed this section.

1.2.1 Crystal structure
Perovskite is a name to a type of crystal structure. For photovoltaics applications, perovskite usually refers
to a compound that can be described by an ABX3 unit cell, where A and B are cations of different sizes, and
X a halide anion. B is attached to X in an octahedral configuration, while A is positioned between the
adjacent BX6 octahedrals [8, 9]. The size of A is usually larger than B, and a suitable size must be selected to
ensure the close pack of the structure [8]. In perovskite, a vast variety of materials are available for the
choice of A, B and X, and their combinations lead to a wide range of perovskite materials that can be
synthesised. Among them, one of the most applied is methyl ammonium lead iodide (MAPbI3, or MAPI) ,
which has the organic cation methyl ammonia CH3NH3+ at A, the metal ion lead Pb2+ at B and the halogen
anion iodine I- at X [8]. In addition to MAPbI3, inorganic cations such as Cs2+ [10], metal cations such as Sn2+
[11], and halide anions such as Br- and Cl- [12], have been attempted to improve solar cell performance.
The choice of material combinations is crucial to the resulting optical and electronic properties.

Figure 1.1. Schematic of perovskite crystal structure ABX3 (adapted from Shi et al.
[13])
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The unit cell of perovskite is known to undergo phase transitions at different temperatures. Depending on
the lattice parameters a, b and c, the phases can be categorised into cubic (a = b = c), tetragonal (a = b ≠ c),
and orthorhombic (a ≠ b ≠ c) [14]. MAPbI3 usually adopts a tetragonal phase at room temperature, but can
change to orthorhombic at a lower temperature (< 160 ± 5 K), and to cubic at an elevated temperature (>
310 ± 5 K) [15]. In the tetragonal phase (a = 8.86 Å, c = 12.66 Å), the X-ray diffraction profiles usually show
two dominant peaks at 14° and 28.4° (2θ), corresponding to the (110) and (220) plane respectively [14].
NiO has a basic rock-salt cubic crystal structure, with lattice constant of 0.417 nm [16]. Using X-ray
diffraction, NiOx usually shows two dominant peaks at 2𝜃 37° and 43°, which corresponds to the (111) and
(200) planes respectively [17]. The crystallinity of nickel oxide usually depends on the processing method.
Evaporated NiOx thin films are usually amorphous as deposited, and post thermal annealing can enhance
the crystallinity of the film [18]. Solution processed NiOx films usually undergo post-annealing at elevated
temperatures, and therefore possess increased crystallinity.

Figure 1.2. Rock salt crystal structure of NiO, where each nickel atom (blue) is
attached to six oxygen atoms (red) (adapted from [19]).

Most of materials in this thesis are solution processed; for example metal oxides (solution processed nickel
oxide (s-NiOx)), hybrid materials (methylammonium lead iodide (CH3NH3PbI3, or MAPbI3)), and organic
materials (phenyl-C61-butyric acid methyl ester (PCBM)). Owing to the properties of these materials and
their precursors, the solution processed thin films can be either highly crystalline (e.g. MAPbI3), or
predominantly amorphous (e.g. PCBM and s-NiOx). Despite the different topographical features, all
solution processed materials contain extensive randomness or disorder. In fact, disorder exists in almost
every material used in this project, including the borosilicate glass substrates, and the thermally
evaporated tin doped indium oxide (ITO) and silver (Ag) electrodes. It is therefore vital to understand the
key types of disorder first.
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1.2.2 Randomness in crystal structure
In a perfect crystalline solid, atoms are arranged in a repeated and periodic fashion. The resultant material
is a single crystal, where the crystal lattice extends in the same orientation without interruptions [20].
However in practice, most crystalline solids are polycrystalline, in which crystals can possess different
orientations that are separated by grain boundaries. Apart from the randomness in crystal orientations,
grain boundaries also contain an area of highly disordered atoms. Regularity over a relatively large atomic
distances refer to long-range order, while the short-range order presents the regularity over relatively
short atomic distances [20]. Both single crystalline and polycrystalline materials possess long range order.
The concept of amorphous is used for materials that lack of long range order. Figure 1.3 demonstrates the
atomic arrangements in silicon dioxide (SiO2). In crystalline SiO2 (quartz), the periodic array of atoms
exhibits long range order, whilst amorphous SiO2 (fused silica) contains much disorder such as inconsistent
bond angles and periodicity, hence only exhibiting short range order.

Figure 1.3. Schematic illustration of atomic arrangements in a) crystalline silicon
dioxide (quartz) and b) non-crystalline silicon dioxide (fused silica), showing the
lack of long range order in (b). (adapted from Callister et al. [20])

Solution processed MAPbI3 can be made as a single crystal [13] or as a polycrystalline film [21], depending
on the method of synthesis. For organics, spin-coated PCBM readily forms a polycrystalline film at room
temperature, but can lose its long range order at 450 K [22]. s-NiOx is amorphous as deposited, and the
long range order can be enhanced by post annealing treatment [23].
Many material properties rely on the specific orientation of crystals, for example tensile strength, charge
carrier conductivity, complex refractive indices, etc. Such a directional dependence is known as anisotropy,
and is commonly studied through a single crystal [20]. In polycrystalline and amorphous materials, the
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disruptions in crystal orientation impairs the directional dependence of such properties. Independence of
these properties to the direction of measurement is known as isotropy.
Since most solution processed materials are polycrystalline or amorphous (or in between), properties of
these materials are usually isotropic on a macroscopic scale. Exceptions of anisotropic behaviour have
been reported in perovskite materials. During the rapid evaporation of solvents in spin coating, crystals
may have a preferable orientation to seed and grow due to factors such as epitaxial stress to substrate or
the temperature gradient across the film, etc [24]. This results in the directional distribution of grain
boundaries, which influences processes such as charge transport [25].

1.2.2.1 Defects
Apart from structural randomness in crystal orientations, imperfections can also take place in ordered
crystal structures. Depending on the scale of the imperfections, three types of defect are usually
addressed: point defects (zero-dimensional), line defects (one-dimensional), and interfacial defects (twodimensional). Line defects are usually linked to dislocations, and have been extensively studied in metals
and alloys. Point defects and interfacial defects are usually the focus in optoelectronic devices.
Point defects concern the placement of wrong atoms or impurities against the host crystal lattice. The
defect can be native for example vacancies (atom missing) and interstitials (atoms misplaced in unit cell).
Native defect can occur naturally, often during the material deposition. A perfect crystal of nickel oxide has
the stoichiometry of 1:1 between nickel and oxygen. However, NiO tends to possess excess oxygen in
ambient conditions, which is viewed as a lack of nickel or as nickel vacancies (𝑉𝑁𝑖 ). Therefore the
stoichiometry is no longer 1:1. To describe the nickel deficit, nickel oxide is presented as Ni 1-xO, or more
commonly NiOx (x > 1). Some would argue that this non-stoichiometry could mean that the nickel oxidation
states deviate from integers. However it is more commonly accepted that it is the mixed oxidation states,
for instance Ni2+ and Ni3+, that better explain the non-stoichiometry [26].
More specifically, the excess in oxygen can be imagined as extending the original stoichiometric NiO crystal
lattice by an additional layer of oxygen atom on the surface. In the beginning, we assume that the oxygen
added are neutral atoms. By extending the nickel oxide lattice with the added oxygen, the corresponding
nickel vacancy sites must also be accounted for. Such a process can be described using the Kroger-Vink
notation [27],
𝑥
𝑂 (𝑁𝑖𝑂) → 𝑥𝑂𝑜 + 𝑥𝑉𝑁𝑖
2 2

(1.1)
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When considering the charges associated with the newly formed species, the neutral oxygen atom on the
O2- site will be missing two negative charges, and hence appears to carry two positive charges. The absence
of Ni2+ will lead to two negative charges on the Ni vacancy.
′′
𝑥𝑂𝑜 + 𝑥𝑉𝑁𝑖 → 𝑥𝑂𝑂∙∙ + 𝑥𝑉𝑁𝑖

(1.2)

The newly attached oxygen atoms may eventually become O2- by attracting the two electrons from other
sites of the lattice, generating two holes.
𝑥𝑂𝑜∙∙ → 𝑥𝑂𝑜 + 2𝑥 ℎ∙

(1.3)

Therefore, combining Equation 1.1, 1.2 and 1.3, the following expression is obtained. As predicted, oxygen
surplus in nickel oxide can lead to additional holes in nickel oxide.
𝑥
′′
𝑂 (𝑁𝑖𝑂) → 𝑥𝑂𝑂 + 𝑥𝑉𝑁𝑖
+ 2𝑥 ℎ∙
2 2

(1.4)

The additional holes generated from the excess oxygen can in theory lead to a p-type semiconducting
behaviour, which has been confirmed experimentally [28, 29]. However the exact source of holes is not yet
completely clear.
Holes could originate from the ionisation of Ni2+, and therefore results in Ni3+ species on the Ni2+ sites. In
this case, the formation of Ni3+ can be included into Equation 1.4 as an additional hole on Ni2+ site
(Equation 1.5). The identification of the Ni3+ species has been the focus of many publications, especially
through X-ray photoelectron spectroscopy (XPS) which is capable of distinguishing different oxidation
states [30, 31]. Since Ni3+ helps hole-doping (p-type doping) in NiOx, many claims that it has a beneficial
role in optoelectronic applications [32, 33].
𝑥
′′
∙
𝑂 (𝑁𝑖𝑂) → 𝑥𝑂𝑂 + 𝑥𝑉𝑁𝑖
+ 2𝑥𝑁𝑖𝑁𝑖
2 2

(1.5)

Apart from native defects, impurities can also be added as interstitials or added to replace the original
atoms. The impurities usually possess a different chemical valence to the host atoms, resulting in an
altered charge carrier population. A classic example is n-type and p-type doping of silicon. In a diamond
cubic crystal structure, silicon’s four outer electrons are covalently bonded to four neighbouring silicon
atoms. For n-type doping, a Group V element (e.g. phosphorus) is used to replace the silicon. As a result,
only four out of five electrons are used in bonding, leaving a nonbonding electron loosely attached by
electrostatic force. The binding energy of this non-bonding electron is of the order of 0.01 eV, and
therefore can become a free electron at room temperature (kBT ≈ 0.025 eV at 300 K). Since the Group V
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atoms donates free electrons into the system, this doping method is known as the donor doping. In
contrast, p-type doping in silicon typically involves a Group III element with single electron deficit (e.g.
boron, gallium). This electron vacancy can be filled by attracting electrons from adjacent bonding. Since
the absence of an electron can be viewed as a hole, movements of holes are in the opposite direction to
the fillings and movement of electrons.
Although the non-stoichiometry provides NiOx with a weak p-type character, the hole concentration is
often too small to be exploited [27]. Acceptor doping with lithium has been widely regarded as an effective
method to improve the hole conductivity of nickel oxide [34, 35]. This process can be understood by
incorporating lithium oxide Li2O into the NiO lattice. Li doping can lead to two possible outcomes: 1)
forming Li1+ interstitials and 2) substituting Ni2+, both of which lead to the formation of oxygen vacancies,
and enhanced p-type character.
1) Li1+ interstitials:
′
𝐿𝑖2 𝑂(𝑁𝑖𝑂) → 𝐿𝑖𝑁𝑖
+ 𝐿𝑖𝑖∙ + 𝑂𝑂

(1.6)

2) Substituting Ni2+ (oxygen vacancies):
′
2𝐿𝑖2 𝑂(𝑁𝑖𝑂) → 2𝐿𝑖𝑁𝑖
+ 𝑂𝑂 + 𝑉𝑂∙∙

(1.7)

Assuming the newly formed oxygen vacancies are eventually filled with neutral oxygen atoms from the air,
it will attract two electrons from the lattice to become O2-, and hence creating two holes.
1
𝑉𝑂∙∙ + 𝑂2 → 𝑂𝑜 + 2ℎ∙
2

(1.8)

The substitution scenario becomes the following, and the additional holes contribute to the improved
electrical conductivity in Li-doped NiOx
1
′
2𝐿𝑖2 𝑂(𝑁𝑖𝑂) + 𝑂2 → 2𝐿𝑖𝑁𝑖
+ 2𝑂𝑂 + 2ℎ∙
2

(1.9)

The added hole population can influence the electronic structure of nickel oxide. In a band structure, the
position of the Fermi level shifts in response to n- and p- type doping. This phenomenon will be discussed
in the latter part of next section (1.2.3.3).
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1.2.3 Models of electronic structure
Classified by the force that holds the atoms together, solids have four basic types of bondings: molecular,
ionic, covalent and metallic [26]. However most metal oxides cannot be conveniently described by a single
class of bonding, but usually present as a complex combination. Therefore many theoretical approaches
have been proposed to describe the electronic properties of metal oxides, and can be broadly classified by
treating electron states being either localised or delocalised. Ionic models like crystal field theory is an
example of the localized approach, whereas the delocalised description can be found in formalisms such as
band theory.

1.2.3.1 Localised approach
1.2.3.1.1 Ionic model
An ionic model assumes that the bonding originates from the electrostatic attraction between ions. Taking
nickel oxide for example, the model treats oxygen atoms as O2- and nickel atoms as Ni2+. The bonding is
therefore formed by the transfer of electrons [9, 36].
Crystal field theory predicts the splitting in the degeneracy of electron orbitals. For transition metal oxides,
the model is often used to describe how the d-orbitals respond to the surrounding environment. In an
octahedral configuration (such as in NiO), each metal atom can be attached to six neighbouring oxygens on
axis x, y and z. Owing to the different shapes in d orbitals, 3dx2-y2 and 3dz2 both have the maximum
probability of pointing directly into the neighbouring oxygen, which raises the repulsion between
electrons, thereby increases their energy [26]. The other d orbitals, 3dxy, 3dxz, 3dyz, are more likely to
distribute in between the axis, and hence obtain a lower energy. The distinction between the two sets of
electron orbitals are termed eg (3dx2-y2 and 3dz2) and t2g (3dxy, 3dxz, 3dyz) respectively, between which the
difference is known as the crystal field splitting ∆𝐶𝑇 [36].
The filling of the d orbitals is governed by the d-orbital splitting and the Hund’s rule [37]. Hund’s rule
predicts that electronic repulsion can be minimised by placing electrons as far away from each other as
possible, in other words, maximising the number of unpaired electrons. When filling the d orbitals with
more than three electrons, a choice has to be made between pairing the t2g orbitals (to overcome pairing
energy) and filling the eg orbitals (to overcome the crystal field splitting). If the pairing energy is higher than
the crystal filed splitting, then the unpaired electrons in eg will become more favourable. Conversely,
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paring electrons in the t2g orbitals will become more likely if the paring energy is smaller than the crystal
field splitting, resulting in a smaller number of unpaired electrons. The distinction between the two
scenarios leads to the difference between the high spin and the low spin configurations. Most 3d transition
metals show a high spin configuration, and Ni2+ normally possesses a configuration of t2g6 and eg2 [26],
although low spin has been reported in nickel-complexes with purposely designed ligands [38].

Figure 1.4. Schematic illustration of the octahedral coordination, showing the
metal d-orbital energy levels split due to the octahedrally attached oxygen ions
(adapted from [39])

In crystal field theory, the bandgap is treated as the charge transfer between atoms. When estimating for
the bandgap in the ionic model, Figure 1.5 shows the basic steps involved. In nickel oxide, the charge
transfer process can be expressed as the excitation of electron from the orbital O 2p.
𝑂2− ⟶ 𝑂− + 𝑒 −

(1.10)

This proposed process proves to be sufficient in metal oxides such as MoO3 [39]. However for nickel, its
third ionisation energy appears to be just as accessible as the oxygen [26], and therefore the following
process is also considered in the estimation of the bandgap:
𝑁𝑖 2+ ⟶ 𝑁𝑖 3+ + 𝑒 −

(1.11)

Starting from free ions in gas phase, O2- ions are relatively instable, and possess higher energies than the
metal ions. Once arranged into a solid lattice, anions and cations would need certain energy to break the
coulombic attraction and stay separated. Madelung potential is usually used to account for the influence of
the Coulombic attraction. The oxygen anions usually have a negative Madelung potential, which stabilises
the ions and lowers the energy. On the other hand, the metal cations usually possess a positive Madelung
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potential and are therefore destabilised. After accounting for the Madelung potential, the bandgap is in
the correct sign [26].
To form a more accurate estimation of the bandgap, other factors must be taken into consideration. As the
electrons moving through the lattice, the associated polarisation deviates the bonding from an ideal ionic
behaviour. After accounting for the polarisation, the metal energy level would decrease, and the oxygen
level increases, which leads to a decrease in the estimated bandgap. Finally, the interaction between the
metal and the oxygen ion orbitals lead to the energy level broadening. Such a broadening effect is usually
estimated empirically, for example from the results of the X-ray photoelectron spectroscopy (XPS) [26]. As
a result, the top filled level of NiO is composed of the third ionisation of nickel. The excitation process thus
becomes the removal and addition of an electron on a Ni sites. The lowest unfilled state remains to be
predominantly Ni 3d (𝑁𝑖 2+ + 𝑒 − ⟶ 𝑁𝑖 + ). Therefore the ionic model predicts a splitting in the Ni 3d orbitals,
where the energy difference forms the bandgap [40].

Figure 1.5. Ionic model prediction of nickel oxide energy levels, showing a) free
ion energies, b) the Madelung potential, c) polarisation and d) band width. The
model shows that the bandgap originates from the splitting of Ni 3d orbitals.
(redesigned from [26], based on the calculations by van Houten [40]).
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1.2.3.1.2 Ligand field theory
In the ionic model, ligands are considered as negative point charges, and only allowed electrostatic
interaction with the metal centre. To develop a more realistic view, the covalent bonding between the
ligands and the metal centre are considered in the ligand field theory. The ligand field uses the molecular
orbital method to include the overlaps of orbitals. The model linearly adds the molecular orbitals together,
which forms constructive and destructive interference in the wave functions, creating bonding and antibonding orbitals [36]. For transition metal oxides, the molecular orbital method generates a range of
orbitals, including sigma (metal eg and oxygen 2p) and pi bonds (metal t2g and oxygen 2p). Sigma bonds are
formed by the direct overlap of orbitals, and therefore result in a stronger perturbation.
If we only consider the sigma bonds, Figure 1.6 shows the molecular orbital diagram between a transition
metal and an oxygen in an octahedral configuration. Three pairs of sigma bonds are formed between metal
3d, 4s, 4p and O 1s, 2s, 2p. The strength of the interaction is inversely proportional to the energy
difference between the atomic orbitals. Ni 3d eg is lower in energy, and hence results in more stable
molecular orbitals with O 2p.
In the resulting molecular orbitals, the ones lower in energies are the bonding sigma orbitals, dominated
by oxygen electrons. The top three are the antibonding orbitals, with a stronger metal character. The two
orbitals are present in the middle of the energy distribution are the metal eg antibonding and the metal t2g
nonbonding orbitals. This separation in metal d-orbitals energy creates the bandgap, which is in agreement
with the findings from the crystal field theory [26].
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Figure 1.6. Molecular orbital estimations of sigma bonds between a metal and
oxygens in an octahedral configuration

Apart from nickel oxide, understanding of the electronic structure of MAPbI3 have been attempted by
many [41]. Figure 1.7 shows the assignment to the valence band and the conduction band from the
calculation results of Brivio et al. and Umebayashi et al. [42, 43]. From a simplified molecular orbital
derivation, the maximum of the valence band (VB) reportedly consists of anti-bonding orbitals I 5p and
Pb 6s, and the minimum of the conduction band (CB) is predominately the antibonding orbitals of Pb 6p,
associated with small presence of I 5p and 5s. It should be noted that both conduction and valence bands
are formed by anti-bonding orbitals. In other classic semiconductors such as gallium arsenide (GaAs), the
bandgap is usually formed between bonding and antibonding orbitals. When defects (e.g. ionic vacancies)
are formed, the localised states tend to favour the energy ranges deep in the bandgap, which acts as the
recombination centres of charge carriers. However for bandgaps formed by antibonding orbitals, the
defects are more likely to exist inside the bands or as shallow trap states close to the edge of the CB or the
VB [8]. Hence the charge carriers could de-trap more easily.
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Figure 1.7. Molecular orbital model between Pb 6p, 6s and I 5p, 5s, showing
bandgap assignment to the conduction and valence bands. (designed from the
calculation results of Umebayashi et al. [43])

In addition, the excitonic binding energy of MAPbI3 has been reported to be under 16 meV at room
temperature, which is lower than the thermal energy provided by room temperature (kBT ≈ 26 meV at 300
K). This allows spontaneous separation of the excitons into free charge carriers. The carrier lifetime of
MAPbI3 ranges from 1 ms (polycrystalline film) [44] to a few hundred microseconds (single crystal) [45],
depending on the processing methods.
The defect-tolerant character helps MAPbI3 to obtain a long diffusion length, ranging from 1 µm
(polycrystalline film) [46] to 100 µm (single crystal) [45]. MAPbI3 has the characteristics of an intrinsic
semiconductor. The mobility of electrons and holes are closely balanced, and the magnitude ranges from
10 - 30 cm2V-1s-1 of (polycrystalline film) [47] to 164 cm2V-1s-1 (singe crystals) [45]. Measured by photo
luminescence, MAPbI3 shows a carrier lifetime of > 200 ns [44].
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1.2.3.2 Band theory
Moving away from the localised approaches in the previous section, band theory describes the movement
of electrons in a periodic lattice structure. For a crystalline material, the repeating lattice brings the
periodicity in the probability distribution of electrons. Therefore, the wavefunction 𝜓 can be described in
the form of a Bloch function [36]:
𝜓(𝑟) = 𝑒 𝑖𝑘𝑟 𝑢(𝑟)

(1.12)

where 𝑟 is the position, 𝑢(𝑟) the periodic function that modulates the periodicity of the lattice, 𝑘 the
wavevector, and 𝑒 𝑖𝑘𝑟 the plane wave that relates to free electrons. By solving the Schrodinger equation, a
plot of energy 𝐸 against 𝑘 can be obtained, which is known as the band structure [4]. In one dimension,
energy is often plotted against wavevector 𝑘 in the range of −𝜋/𝑎 ≤ 𝑘 ≤ 𝜋/𝑎, where 𝑎 is the lattice
parameter along the direction. Outside such a range, the energy tends to repeat in value, owing to the
periodicity of the lattice [4]. This region bounded by −𝜋/𝑎 ≤ 𝑘 ≤ 𝜋/𝑎 is also known as the Brillouin zone.
In two and three dimensions, Greek capital letters are usually used to refer to the high symmetry points in
the Brillouin zone, for example the centre (0 0 0) is denoted Γ.

Figure 1.8. Calculated band structure of MAPbI3, showing the conduction band
minimum and the valence band maximum occur at the same symmetry point,
indicative of the direct transition in bandgap (adapted from Yin et al. [48]).
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Band structure provides the visualisation of wave vector dependence of the energy states. Characteristic to
band structure, bandgap presents the minimum energy required to promote a valence electron to become
a conduction electron [49]. A bandgap is direct if the conduction band minimum and the valence band
maximum meet at the same symmetry point, and indirect if at different points [20] (Figure 1.8).
At 0 K, the Fermi energy 𝐸𝐹 is the highest energy an electron can occupy. For semiconductors, 𝐸𝐹 is usually
situated inside the bandgap. Developed from Fermi-Dirac statistics, the Fermi function 𝑓(𝐸) dictates the
probability distribution of electron occupancy at a given temperature [37]. The distribution follows the
form:
1

𝑓(𝐸) =
1+

𝐸−𝐸𝐹
𝑒 𝑘𝑇

(1.13)

where 𝑘 is the Boltzmann constant, and 𝑇 the temperature. As implied, the system temperature influences
the probability distribution. At 0 K, distribution shows a clear step function shape, which follows a cut-off in
the probability of occupancy (Figure 1.9a). As temperature increases, electrons possess higher kinetic
energy, able to occupy higher energy states. From the probability distribution of electrons, a smearing
effect occurs, and is centred at the Fermi level (Figure 1.9 b,c).

Figure 1.9. The Fermi function EF for three temperatures, showing a smearing
effect that enhances as temperature increases (T1 < T2 < T3). CB: conduction band;
VB: valence band, f(E): the Fermi function.

The Fermi function shows the probability distribution of electron occupancy. However this does not mean
that electrons necessarily exist between the bandgap. The occupancy of electrons comes from the product
between the Fermi-Dirac distribution function and the distribution of available energy states (known as the
density of states (DOS)) [4].
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The DOS is typically described by a distribution function. In an ordered material, the distribution of
available states follows a parabolic distribution, and no states are available within the bandgap. For a
system with disorder such as grain boundaries and amorphous phase, an exponential distribution or a
Gaussian disorder model (GDM) proves to be more practical, thanks to the consideration of localised
energy states that extends into the bandgap. While exponential distribution model proves to be relevant
for perovskite materials [50], the Gaussian disorder model suits both inorganic and organic semiconductors
[51-53]. A typical GDM of density of states follows a Gaussian function [49]:
𝑔(𝐸) =

𝑁0
𝜎√2𝜋

exp (−

𝐸2
)
2𝜎 2

(1.14)

where 𝐸 is the centre of the energy, 𝜎 the width of the distribution and 𝑁0 the total density of states per
volume. In Figure 1.10, the product between the probability of occupancy and the DOS (shown with the
Gaussian disorder model) results in the carrier occupancy in conduction and valence band (Figure 1.10c).

Figure 1.10. Schematic illustration of the occupancy of electron and holes in
relation to density of states DOS (approximated by the Gaussian disorder model),
and probability of occupancy ((a) electrons and (b) holes). (EC: the conduction
band edge; EV: the valence band edge)
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1.2.3.3 Disorder-controlled electronic properties
1.2.3.3.1 Defect and doping
The transition towards a higher conductivity can also be assisted by doping. As introduced in the previous
sections, nickel oxide can be p-type doped through intrinsic (oxygen excess) and extrinsic (acceptors)
means. In a band structure, p-type doping provides additional available energy states above the valence
band, to which electrons can be excited to provide mobile holes in the valence band. Since these additional
energy states can accept an electron from the valence band, they are named the acceptor states or
accepter levels (Figure 1.11b) [27].
Owing to the relatively small energy difference between the valence band and the acceptor levels, there is
a high probability for electrons to occupy the acceptor levels. Since the Fermi-Dirac distribution accounts
for the probability of electron occupancy, the position of the Fermi level will shift closer to the valence
band in response to the presence of electrons in the acceptor levels. As illustrated in Figure 1.11, as the
acceptor levels introduce additional available states above the VB edge, the Fermi Dirac distribution (𝑓(𝐸))
and the Fermi level (𝐸𝐹 ) shifts closer to the valence band.

Figure 1.11. Schematic illustration of band diagram for a) intrinsic semiconductor,
b) p-type doping, and c) n-type doping. It shows the position of the Fermi level
(𝐸𝐹 ) in relation to the conduction band (CB), the valence band (VB), the acceptor
levels (p-type doping) and the donor levels (n-type doping).

In nickel oxide, the naturally occurred Ni3+ states are estimated to be ~ 0.6 - 0.9 eV above the valence band
edge [54], which makes them difficult to be thermally excited at room temperature. Therefore the natural
non-stoichiometry in NiO has limited potential to be exploited as a p-type semiconductor [27]. In contrast,
extrinsic acceptor doping such as lithium is widely regarded as an effective method to increase hole
concentration. On the other hand, a more successful example is demonstrated with p-type doped silicon
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(e.g. boron, gallium), where the acceptor states can be thermally excited (EB of the order of ~ 0.01 eV) at
room temperature (kBT ≈ 0.025 eV at 300 K). The acceptor states in silicon gives rise to the hole
populations in silicon, which contribute to the improved hole conductivity.

In an intrinsic semiconductor, the conductivity of negative and positive charges is similar due to the
matched charge carrier populations. However, as doping selectively introduces charge carriers, the
conductivity of electrons and holes can be altered. In p-type doping, owing to the excess hole population,
positive charges become the majority carrier and are responsible for electrical conduction. In such a
scenario, the conductivity of holes can be approximated as [20]:
𝜎 ≅ 𝑝|𝑒|𝜇ℎ

(1.15)

where 𝜎 is the electrical conductivity, 𝑝 the number of conducting holes per unit volume, |𝑒| the absolute
value of electrical charge of an electron, and 𝜇ℎ the mobility of holes. In crystalline semiconductors, the
electrical conductivity is known to be reduced with higher temperatures. This is due to the thermal
scattering of carriers, which hinders the carrier mobility [55]. However, since the charge transport process
can be different in disordered material, mobility of non-crystalline materials can in fact increase with
temperature. To understand this difference in charge transport, the distinction between extended and
localised states are introduced in the next section.

1.2.3.3.2 Anderson localisation
Disorder and defects tend to form localised shallow states. However, such an approximation becomes
inadequate when a large degree of disorder is present in the material [26]. The disordered states can have
a range of energy distributed in a band structure. These disordered states are usually considered localised,
because their distribution in the potential profile is deeper and more localised than the ones from the
regular lattice [56] - this phenomenon is known as Anderson localisation [55].
Anderson localisation requires formidable mathematical and theoretical derivations. To take a more
qualitative view, the disordered systems typically possess a range of energy states, randomly varying from
site to site [26]. When forming a band, it is statistically more likely for atoms with energy states closer to
the average value to find a neighbour with similar energy. However, for disordered sites, the energy
distributions usually deviate from the mean value, which means it is less likely for disordered sites to find a
neighbouring site with similar energy. Consequently, energy states closer to the centre of the band can
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have a higher chance to extend into the crystal lattices. States that deviate from the centre of the band
may remain localised [57].

Figure 1.12. Schematic illustration of band diagram of a) disordered and b)
crystalline materials, showing extended and localized states.

The degree of disorder dictates the width of the localised state distribution in comparison to that of the
extended states. For highly disordered systems (e.g. amorphous), localised states may even extend
throughout the band. If moderately disordered (e.g. polycrystalline), the localisation may be reduced to
the edge of the band as only a limited amount of disorder is present in the system. The difference in
distribution is proposed by Anderson as the ratio 𝑊/𝐵, where 𝑊 is the width of disordered states, and 𝐵
the band width without defects [58]. Anderson showed that if the ratio 𝑊/𝐵 is sufficiently large, all states
in the band are localised owing to the presence of disorder.

Figure 1.13. a schematic illustration of electron energy states in potential wells of
a lattice, showing the distribution of energy states in ordered and disordered
systems. Localisation occurs when band width is smaller than the width of
disorder. (Adapted from Zallen et al. [55])
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In Anderson’s theory, a sufficiently large 𝑊/𝐵 ratio can lead to total localisation of band states. To follow
this idea, it was found that for a smaller degree of disorder (smaller 𝑊/𝐵 than Anderson’s criteria), band
tail states will remain localised [59]. Therefore, it is commonly recognised that for a reasonably disordered
system, the central body of band energy states are extended, and the localised states are mainly
distributed at the edge of the band (Figure 1.12).

1.2.3.4 The interface with metals
In solar cells, nickel oxide is typically deposited above the ITO electrode, where charge carriers are injected
from nickel oxide into ITO. Therefore, the interface between the metal and the semiconductor needs to be
clarified.

1.2.3.4.1 Schottky junction
In general, two interfaces are commonly addressed, 1) non-rectifying (ohmic contacts) and 2) rectifying
(Schottky contacts). One of the key parameters that governs the difference is the injection barrier (IB),
which determines the dependence of current upon the voltage applied (I-V relationship). In an ohmic
contact, the lack of an injection barrier brings a linear relationship of I-V. For a Schottky barrier, the
rectifying effect is introduced due to band bending at the surface [4].
When a metal and a semiconductor surface are in contact, the Fermi levels will align to re-establish the
equilibrium in energy across the two materials. For instance, between nickel oxide and ITO, due to the
abundance of electrons in the metal, electrons will tend to flow from the metal into the NiO valence band.
In a short distance at the interface, this movement of electron will cause a band bending in the NiO [56].
This local bending creates an injection barrier, which forms the origin of the rectifying effect in the I-V
relationship.
Three quantities determine the character of an injection barrier: injection barrier height 𝐼𝐵, built-in
potential 𝑞𝑉𝑏𝑖 and depletion region width 𝑊 (Figure 1.14). In solar cell applications, built-in potential and
depletion region width are the two most relevant criteria.

37

Figure 1.14. Band diagram illustration of a metal-semiconductor (p-type)
interface, showing the alignment of the Fermi level across the two materials, and
surface band bending at the interface. (WFM: the metal work function, EFM: the
metal Fermi level, EFS: the semiconductor Fermi level, EC: the conduction band
minimum, EV the valence band maximum, qVbi: the built-in potential, IB: the
injection barrier, W: the depletion region width).

Built-in potential height is the difference between the work function of the metal and the semiconductor.
In the case of ITO (4.7 eV) and NiO (~ 5.0 eV), the built-in potential is thus in the range of ~ 0.3 eV. This
means that a forward bias of 0.3 eV can effectively eliminate this barrier in hole injection from nickel oxide.
Apart from forward bias, thermal excitation is one of the methods to overcome the barrier height.
However a barrier of 0.3 eV is hardly thermally accessible at room temperature (kBT ≈ 0.025 eV at 300K).
Tunnelling is another way to overcome the barrier. The success of tunnelling is related to the width of the
depletion region, in which tunnelling is more likely to happen at a small depletion width, typically in the
range less than 1 - 3 nm [60]. With p-type semiconductors, the depletion region width can be estimated
using the following relationship:
2𝜀𝑆 (𝑉𝑏𝑖 − 𝑉)
𝑊=√
𝑒𝑁𝐴

(1.16)

where 𝜀𝑆 the permittivity of the material, 𝑉𝑏𝑖 the built-in potential, 𝑉 the applied bias, 𝑒 the electron
charge and 𝑁𝐴 the number of ionised acceptor atoms. The experimentally determined width of depletion
region in NiO is shown to be at least 15 nm [61]. Therefore, tunnelling proves to be less likely to occur in
the injection barrier of nickel oxide.
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1.2.3.4.2 Charge transport in the presence of localised states
A Schottcky junction is usually demonstrated in crystalline materials. With disorder in the polycrystalline
and amorphous materials, the analysis of the interface needs a more careful interpretation with regard to
localisation and band tail states.
As introduced above, the injection barrier commonly concerns the position of the semiconductor valence
band edge (in relation to the metal work function), which is usually determined by techniques such as X-ray
photoelectron spectroscopy (XPS) and ultra-violet photoelectron spectroscopy (UPS). With the
photoemission spectra, the valence band (VB) edge is usually estimated by extrapolating the linear part
(the cutoff) of the photoemission profile to obtain the energy intercept. This energy cutoff is usually sharp
for crystalline materials, whilst the localised tail states in disordered materials tend to have photoemissions
at an energy range smaller than the cutoff energy [62]. This adds uncertainties to the determination of the
VB edge.
For a typical band structure of a disordered material, the difference in the localised tail states and the
extended states brings different mobility of charge carriers moving through these states. To distinguish the
two types of energy states, the concept of a mobility edge is introduced, which separates the localised
band tail from the extended states [63].
The difference in mobility between localised and extended states originates from the different charge
transport processes. A multiple trapping-and-release model (MTR) (Figure 1.15a) is typically used to
describe the charge transport process between the localised tail states, whilst extended states are more
closely related to band-like transport [64]. In a MTR model, the localised states are in the vicinity of the
extended states. Transport of charge carriers follows a repeated process that 1) charges arrive at the
localised states and become captured, and 2) the charges are subsequently released by thermal activation,
and continue with the band-like transport [65]. In a Schottky junction, MTR occurs at the mobility edge,
and therefore the estimation of an injection barrier uses a mobility edge instead of a valence band
edge [59]. The validity of this model is most recognised in amorphous silicon [62].
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Figure 1.15. Band diagram of density of states (DOS) and the metalsemiconductor junction, based on different transport mechanisms, a) multiple
trapping-and-release model (MTR), and b) hopping (through DOS of the Gaussian
disorder model) (adapted from Horowitz et al. [62])

As predicted by Anderson localisation, a large degree of disorder can lead to total localisation of band
energy states. This leads to the electron movement in localised states as variable-range hopping (Figure
1.15b). When considering a Schottky junction, instead of the mobility edge, hopping transport occurs at
the transport energy. Based on the Gaussian Disorder Model (GDM), theoretical studies predict that the
band-like transport is most likely to occur at the GDM maximum [65]. Hence in a Schottky junction, the
DOS maximum should be used to estimate the injection barrier.
Since hopping transport relies on charges jumping among a range of sites, as temperature increases,
hopping onto another site will become more successful. It is widely recognised that in amorphous
materials, both the conductivity and the mobility increases with higher temperature. Compared with
crystalline semiconductors, the inverse dependence on temperature is a distinct feature for the disordered
materials [27]. The associated thermal activation driven transport mechanism had been demonstrated in
nickel oxide [28].
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1.2.4 Optical properties
The most relevant optical property to this thesis is the absorption of a material. Absorption occurs as the
frequency of an electromagnetic wave resonates with the transition frequency of an energy transition,
leading to attenuation during propagation [50]. Typically, absorption originates from a range of transition
mechanisms, for example vibrational (phonon absorption) and interband transitions. The energy required
for interband transitions is determined by the bandgap, which ultimately depends on the electronic
structure of a material.

1.2.4.1 Band to band transition
As introduced in band theory, free atoms may have specified and discrete energy levels. However when
forming a solid, the outer orbitals of an atom interact with the neighbouring atoms [26]. Instead of
specified energy levels, electron orbitals can exhibit a range of allowed energy states, leading to the
formation of bands [66]. The energy states are not uniformly distributed in the band, and this brings the
concept of density of states (DOS). The statistical distribution of the DOS is usually characterised by a
distribution function.
In a perfectly crystalline solid, the DOS is often described using the parabolic band approximation, where
the DOS diminishes at the band edge and does not exist in the bandgap. This method provides a suitable
approximation to defect-free crystalline materials, for example mono-crystalline silicon. Accordingly, the
clear finish at band edges corresponds to a sharp fundamental absorption edge in the optical
spectrum [55].
For interband transitions, the absorption is determined by the magnitude of the bandgap. To estimate the
bandgap, Tauc proposed the following relation, which describes the dependence of the absorption
coefficient on photon energy [67]:
(𝛼ℎ𝑣)1/𝑛 = 𝛽(ℎ𝑣 − 𝐸𝑔 )

(1.17)

where 𝛼 is absorption coefficient, 𝑛 a power factor accounting for the transition mode (0.5 for the direct
and 2 for the indirect band gap), 𝛽 the Tauc constant, and 𝐸𝑔 the bandgap. Hence by plotting (𝛼ℎ𝑣)1/𝑛
against photon energy, the value of 𝐸𝑔 can be obtained from the energy intercept. Such a figure is known
as Tauc plot [67].
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1.2.4.2 Urbach tail
For a disordered or amorphous system, an exponential distribution or a Gaussian disorder model (GDM)
proves to be a more practical approach to the DOS, owing to the localised energy states located within the
bandgap. The Gaussian disorder model is widely recognised in molecular semiconductors [51-53]. In terms
of optical properties, the width of the DOS can influence the optical absorption at energies smaller than
the bandgap.

Figure 1.16. Schematic illustration of Gaussian distribution of density of states
(DOS), a) a typical relation of amorphous silicon absorption coefficient against
photon energy (adapted from Tauc [68]), showing three regions along the slope
that correspond to three types of transitions. A: Tauc absorption, band to band
transition; B: Urbach edge, transition between the band states and the tail states;
and C: Weak absorption tail (WAT), transition between the tail states.

In many polycrystalline semiconductors, it was found that the absorption follows an exponential decline
when energy falls below bandgap. Figure 1.16b shows three transitions involved in optical absorption, in
which A: Tauc absorption, dominated by the interband transition, B: the Urbach edge, dominated by the
transitions between the band states and the tail states, and C: Weak tail absorption (WAT), dominated by
the transitions between the tail states. Tauc proposed that they three types of transitions can be assigned
to the absorption coefficient dispersion (according to the different slopes) if using a logarithmic scale
(Figure 1.16a) [68].
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Overall, the absorption in energies less than bandgap implies the existence of energy states extended into
the bandgap. The influence of the width in DOS distribution can be estimated by evaluating the Urbach
energy. With Urbach’s rule, the absorption coefficient follows an exponential relationship at photon
energies below the bandgap [49]:
𝛼(ℎ𝑣) = 𝛼0 exp (

𝜎(ℎ𝑣 − 𝐸𝑔 )
ℎ𝑣 − 𝐸𝑔
) = 𝛼0 exp (
)
𝑘𝐵 𝑇
𝐸𝑈

(1.18)

where 𝛼 is absorption coefficient, 𝛼0 a fitting constant, 𝜎 relates to the steepness of the absorption edge,
and 𝐸𝑈 the Urbach energy, which is the energy width of the absorption edge [69]. Rearranging for 𝐸𝑈 , the
following relationship is obtained, where 𝐸𝑈 −1 can be found from the slope ∆(ln 𝛼)/∆(ℎ𝑣) [69]:
𝐸𝑈 −1 =

∆(ln 𝛼)
∆(ℎ𝑣)

(1.19)

The DOS distribution has origins from various types of disorder, such as grain boundaries, impurities and
amorphous phases [70]. Consequently, a temperature dependence of the Urbach energy is commonly
observed. In a disordered system, influences to the Urbach energy is further categorised into contributions
from temperature ((𝐸𝑈 ) 𝑇 ), structural ((𝐸𝑈 )𝑋 ) and compositional ((𝐸𝑈 )𝐶 ) disorder [69]. A small Urbach
energy magnitude is an indication of a lower degree of disorder in a material.
𝐸𝑈 = (𝐸𝑈 ) 𝑇 + (𝐸𝑈 )𝑋 + (𝐸𝑈 )𝐶

(1.20)

In order to develop further understanding of materials disorder, some publications attempt to separate
the temperature, structural and compositional components of the Urbach energy. To achieve this, more
detailed descriptions of these components are needed. The temperature contribution is mostly raised from
phonons (thermal lattice vibration, (𝐸𝑈 ) 𝑇𝑉 ) and dynamic structural disordering ((𝐸𝑈 )𝑋,𝑑𝑦𝑛 ) (Equation
1.21). The structural component usually consists of two terms that describe the static (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 and
dynamic disordering ((𝐸𝑈 )𝑋,𝑑𝑦𝑛 ) (Equation 1.22):
(𝐸𝑈 ) 𝑇 = (𝐸𝑈 ) 𝑇𝑉 + (𝐸𝑈 )𝑋,𝑑𝑦𝑛

(1.21)

(𝐸𝑈 )𝑋 = (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 + (𝐸𝑈 )𝑋,𝑑𝑦𝑛

(1.22)

Therefore if we rearrange for the Urbach energy 𝐸𝑈 , the following relation is obtained:
𝐸𝑈 = (𝐸𝑈 ) 𝑇 + (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 + (𝐸𝑈 )𝐶

(1.23)

Thus, if the measurement temperature and sample composition can be controlled, the three components
can be separately studied. Such an attempt was demonstrated by Kranjcec et al., where a range of alloy
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compositions were prepared to study the temperature, structural and compositional contributions
separately [71].
If temperature and composition contributions are less irrelevant, a simpler interpretation of the structural
disorder can be obtained. The structural disordering usually consists of a static term (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 and a
temperature-dependent dynamic term (𝐸𝑈 )𝑋,𝑑𝑦𝑛 [71]. The static component (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 describes the
degree of intrinsic disorder with the material, while the dynamic term responds to the temperaturedependent structural disordering. Their relation usually takes the following form [72]:
𝐸𝑈 (𝑇) = (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 + (𝐸𝑈 )1 (

1
)
exp (𝜃𝐸 /𝑇) − 1

(1.24)

where (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 is the static component, (𝐸𝑈 )1 a constant, and 𝜃𝐸 the Einstein characteristic
temperature that presents the mean frequency of the phonon excitation [73]. A recent study on perovskite
materials revealed that MAPbI3 has a smaller value in the static component (3.8 ± 0.8 meV) [72], in
comparison with other conventional semiconductor materials such as crystalline silicon (5.4 ± 0.5 meV)
[74] and gallium nitride (6.3 ± 0.2 meV) [75]. This shows that, although synthesised from solution
processing, MAPbI3 appears to possess a lower density of intrinsic defects, which helps to achieve high
optoelectronic performance.

1.2.4.3 Optical properties of perovskite materials
Perovskite materials possess a broad absorption range in the solar spectrum. Characterised by steady state
UV-visible spectroscopy (UV-vis), MAPbI3 usually exhibits three absorption features, located at
approximately 760 nm. 500 nm, and 380 nm. A transparent window at λ > 800nm is also characteristic of
MAPbI3.
The bandgap and absorption of perovskite materials can be readily tuned by varying the halide ion. In the
case of methylammonium lead halide, Figure 1.17a shows that the optical properties can be tuned by
varying the ratio among I-, Br- and Cl- [76]. The absorbance edge demonstrated a blue-shift as Br content
increases, showing an increase in the bandgap (Figure 1.17 b,c).
MAPbI3 is widely recognised to have a direct bandgap, which is the reason for its high absorption
coefficients [8]. As suggested by theoretical calculations, all major absorption features in MAPbI3 originate
from the transition between the maximum of the valence band and the minimum of the conduction band
[77]. However, depending on the approximations used, the theoretical predictions can vary widely, and
must be interpreted with caution.
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Figure 1.17. a) images of (CH3NH3Pb(BrxI1-x)3-yCly, 0 ≤ x ≤ 1) devices with various Br
content, b) absorbance spectra of the resulting film, and c) bandgap as a function
of Br content, extracted from the absorbance spectra (adapted from [76]).

Optical constants of MAPbI3 perovskite have been published by many groups. Figure 1.18 presents
refractive index n and extinction coefficient k reported for MAPbI3 perovskite. Most data agree on the
three absorbing features at approximately 760 nm, 500 nm, and 380 nm, especially the absorption edge at
~ 760 nm (Figure 1.18 (a)). The refractive indices n reported have a large deviation between authors,
mostly notably in the wavelength range 400 - 700nm. These differences partly originate from the difficulty
in the determination of complex refractive indices. Table 1.1 presents a summary of the method used in
determining n and k. Most groups chose the variable angle spectroscopic ellipsometry (VASE), owing to its
advantages in the reflection setup and the established data analysis methods [78, 79]. Ultraviolet - visible
spectroscopy (UV-vis) is also used by some groups, and this results in different types of experimental data
obtained.
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Figure 1.18. (a) Refractive index n and (b) extinction coefficient k from literature
references [78-81].

When analysing the experimental data, oscillator models are most frequently used for the enhanced
physical meanings associated the fittings. A range of oscillators were attempted, including Gaussian [82],
PSEmi-Triangle [83], Forouhi-Bloomer [81], and Tauc-Lorentz [84, 85]. Apart from Gaussian, all other
oscillator models include the consideration of a bandgap in the fitting parameters.
Difference in perovskite film quality also influences the complex refractive indices. Deposition of perovskite
films have been researched and improved since 2013. Among the publications related to perovskite optical
constants, a broad range of deposition methods were involved, including solution processing and vacuum
depositions. Solution processing is a more popular method owning to the ease in fabrication. In terms of
spin coating dispense types, both static [85] and dynamic dispense [77] were attempted, and both lead to
reasonable film qualities. Additional treatment such as the anti-solvent (e.g. toluene) dripping method [86,
87], and the gas assisted solvent evaporation method [79, 83], were used to accelerate the evaporation of
solvents, resulting in more consistent film morphology. In the process of post-annealing, most films were
annealed at a temperature of ~ 100°C to fully convert into perovskite crystalline films [81, 88]. Vapour
annealing was also attempted to improve the film morphology [80]. Apart from solution processing,
vacuum deposition methods were also studied, including pulsed laser deposition [84], and thermal
evaporation [82, 89]. Compared to the conventional evaporation method, pulsed laser deposition has
better control over the deposition rate.
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Table 1.1.Summary of methods used in the determinations of perovskite refractive indices
Perovskite
thickness

Publication

Method

Data processing

Manzoor et al. [85]

Ellipsometry,
UVvis

CompleteEASE, Fitting through K-K relation, 3 TL oscillators

Xie et al. [86]

Ellipsometry,
UVvis

Comparisons between Ellipsometry, K-K, UVvis and 1st principle

600nm

van Eerden et al. [90]

Ellipsometry

Fitting Kramers-Kronig model through VASE
Thickness by profilometer

145-160nm

Fitting through VASE and UVvis T, R

300nm

Fitted with TL oscillators, compared with DFT

400nm

Guerra et al. [87]
Shirayama et al. [84]

Ellipsometry,
UVvis
Ellipsometry,
DFT

n,k determined by Beer-Lambert Law.
Thickness by profilometer
Fitting through Forouhi−Bloomer model (k-k consistent), three
oscillators

Perovskite
processing method
Solution
w/o Anti solvent

230-365nm

Solution
w/ Anti solvent
Solution
w/o Anti solvent
Solution
w/ Anti solvent
Pulsed Laser
Evaporation
Solution
w/o Anti solvent
Solution
w/ Anti solvent

Yang et al. [91]

UV-vis

Loper et al. [81]

Ellipsometry,
UVvis

Jiang et al. [83]

Ellipsometry

WVASE, using two PSEmi-Triangle oscillators for absorption peaks
(1.6-2.8eV), Gaussians for the remaining regions.

Phillips et al. [92]

Ellipsometry

Fitting through CompleteEASE.
Thickness determined by fitting a Cauchy oscillator.

10-1500nm

Solution
Vapour annealing

Lin et al. [89]

Ellipsometry,
UV-vis

Fitting through CompleteEASE, using Kramers-Kronig
Thickness determined by profilometer.

300nm

Thermal
evaporation

Leguy et al. [77]

Ellipsometry,
single crystal

Fitting by WVASE 32 for thin films and
Winelli2 for single crystals.

Chen et al. [82]

Ellipsometry

Fitting through K-K relation, 5 Gaussian oscillators. Effective
medium approximation Thickness by fitting Cauchy

360nm

Thermal
evaporation

Jiang et al. [93]

UV-vis

WVASE, using two PSEmi-Triangle oscillators for absorption peaks
(1.6-2.8eV), Gaussians for the remaining regions.

170-271nm

Solution
Gas assisted

300nm

Solution
Gas assisted

Solution
Dynamic coating
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1.3 Perovskite Photovoltaics
The majority of commercially available solar cell panels are based on silicon, with efficiencies around
10 - 15 %. In the past few years, photovoltaic research has seen a rapid and significant development in
perovskite-based materials, which have since surpassed the efficiency achieved by organic solar cells [94].

1.3.1 Photovoltaic device
As perovskite materials absorbs light, an electron will be excited from the valence band to conduction
band, forming an electron-hole pair, known as an exciton [4]. The exciton will spontaneously dissociate
and form electron and hole free carriers. With the assist of n and p type interlayers, charge can be
selectively collected and transported to the external circuit [8].

1.3.1.1 Device structure
In the beginning of perovskite solar cells (PeSCs) development, mesoporous scaffolds (e.g. titanium oxide
(TiO2)) were used to collect and transport charges from the heterojunction between transport materials
and the active layer [95]. It was soon recognised that perovskite materials possess similar semiconductor
properties to silicon, and therefore the planar structure became more favourable in perovskite research
[96]. Both mesoporous and planar structures have demonstrated promising performance [97, 98] . Owing
to the need to anneal scaffolds at high temperatures, the mesoporous method limits the choice of
substrates. This thesis will focus on the planar structure.
Two widely recognised structures are commonly applied in planar structure, the n-i-p and the p-i-n,
known as the conventional and inverted structure respectively (Figure 1.19). In both cases, perovskite is
sandwiched between a p-type and n-type interlayer. In an inverted structure, the p-type interlayer is
placed between the bottom electrode (e.g. indium doped tin oxide ITO) and perovskite active layer, and
the bottom electrode (ITO) acts as an anode.
Most sol-gel derived metal oxide thin films require thermal decomposition of the precursor, which would
be detrimental to the underlying perovskite active layer if deposited directly above [99]. Therefore the
p-i-n structure allows for deposition onto the bottom contact, from which the benefits include the
availability of a wider range of metal oxides, and other inorganic materials as the p-type interlayer.
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As electron-hole pairs are generated in the active layer, a driving force is needed to drive the charge
carriers away from the point of generation. This requires the asymmetry in energy levels to create a
potential difference between the two contacts of the device [4]. The asymmetry can be created by
sandwiching the active layer with an n- and p-type interlayer, which selectively collects the charge
carriers. In organic photovoltaics, the difference of work function between the interlayers can influence
resulting open circuit voltage (Voc) of the device [39], and therefore the work function of the material
selected is crucial in the design of a device. However, such a correlation is not yet entirely clear in
perovskite solar cells [8]. Further work is still needed to fully understand perovskite solar cells operating
principles.

Figure 1.19. Band diagram of a typical charge separation process in a MAPbI3
base solar cell, built with a) an inverted structure (p-i-n), and b) a conventional
structure (n-i-p), showing the asymmetry in interlayer energy levels. HTL: hole
transport layer, ETL: electron transport layer.

1.3.2 Nickel oxide as hole transport layer
It is widely acknowledged that an ideal charge transport layer should have charge selectivity and relatively
good conductivity [100]. If using the p-i-n structure, it is further desirable to have the interlayer optical
absorption as low as possible in the active layer absorption range [101]. For perovskite materials,
chemical stability is also crucial in achieving good overall device stability [102].

49

Organic p-type transport materials such as poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) and
spiro-OMeTAD1 have been widely used in perovskite solar cells (PeSCs), especially in the n-i-p
structure [103, 104] . However organic materials also suffer from drawbacks such as chemical instability
and high costs. In contrast, inorganic transport materials can be a suitable alternative to the organic.
Transition metal oxides (e.g. molybdenum oxide (MoO3), vanadium oxide (V2O5), nickel oxide (NiO),
tungsten oxide (WO3)) and other inorganic materials (e.g. copper thiocyanate CuSCN) and in particular
NiOx has received great attention due to its chemical stability, ease in processing, and suitable electronic
properties [7].
To date, the PeSCs with NiOx have achieved remarkable progress. There are many methods to deposit
NiOx, such as sputtering electron deposition [105-107], pulsed laser deposition [108], atomic layer
deposition [109] and solution processing [110, 111]. Solution processing in particular has been extensively
studied as it does not require a vacuum environment [112].
Based on sol-gel precursors, solution processing consists of several techniques, resulting in various forms
of NiOx. Early research attempted mesoporous NiOx film, but only reached best PCE of 9.55 % [113, 114].
In contrast, planar films are more extensively studied over the years. Spin coating is arguably the most
common method to deposit planar NiOx thin films, whilst as with its variety, the combustion method
helps to lower the overall heating conditions, raising PCE to 17.3 % [115]. Spray pyrolysis has the potential
to scale-up in production, and showed promising PCE of 18.3 % [116]. Furthermore, sol gel developed
NiOx nanoparticles (NPs) is another method to deposit a thin film without the need to anneal the
substrate [117, 118]. NiOx NPs can be spin coated as a compact film, with the highest PCE of 18.4 % [119].
When compared with the commonly used PEDOT:PSS, many reported that MAPbI3 grown on top of NiOx
shows higher crystallinity and better film quality, which reduces the trap states and the charge carrier
recombination at the MAPbI3 / NiOx interface [120]. Additionally, the undoped NiOx has the valence band
at ~ 5.1 - 5.4 eV, which forms a more suitable energy level alignment to the VB of MAPbI3 (5.4 eV) [121,
122]. The high lying conduction band of NiOx (~ 1.8 eV) is also advantageous in blocking electrons,
reducing the solar cell dark current. Furthermore, owing to the excellent chemical stability of NiOx, the
resulting PeSCs usually show a stronger device stability than the ones using PEDOT:PSS
(poly(3,4 ethylenedioxythiophene) [110].

1
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1.3.2.1 Doping
Many strategies have been developed to improve the performance of solution processed NiOx (s-NiOx) in
PeSCs. Table 1.2 presents the summary of dopants used in previous publications. Using the MAPbI 3 based
solar cells, a standard s-NiOx can achieve up to 14.47 % [123]. As introduced previously, acceptor doping
is one of the most common strategies to improve the s-NiOx performance in solar cells. Table 1.2 presents
a brief summary of the dopants studied in the past. Traditionally, lithium (Li) is the most studied dopant
for NiOx. Nie et al. reported an increase in PCE from 11 % to 17.4 % upon 5 at% Li doping [120]. However,
Li doping is known to shift the valence band upwards, which is less favourable when in contact with
MAPbI3 [116, 124]. Therefore a second dopant is often introduced to compensate the shift, and this has
been successfully demonstrated in systems such as Li,Mg: NiO [116], Li,Ag:NiO [125], and Li,Co:NiO [126].
Li,Co:NiO [125] shows the most significant modification, in which the valence band is lowered from
4.84 eV to 5.27 eV. The second dopants can further increase the mobility, showing as high as 3.21e-2
cm2V-1s-1 for Li,Ag:NiO [125], and 2.28e-2 cm2V-1S-1 for Li,Co:NiO [126]. The highest PCE achieved so far is
with Li,Co:NiO, showing the PCE of 20.1 %.
The most reported dopants is Cu. In contrast to the upward shift of the VB in Li-doping, Cu-doping tends
to lower the VB and therefore forms a more favourable contact with MAPbI3 [115]. Almost all published
results agree that 5 at% Cu doping is the ideal doping level for s-NiOx in perovskite solar cells. Kim et al.
reported an increase in PCE from 8.7 % to 15.0 %, owing to the improved electrical conductivity [127].
Cu-doping can be further optimised by post treatment such as ultraviolet - ozone (UVO) [128]. To date,
the highest performance achieved with Cu:NiOx was demonstrated with a mix halide perovskite
(MAPbI3 xClx), showing the PCE of 20.1 % [111].
Apart from Li, most of the Group I elements were attempted as dopant in s-NiOx, including sodium [129],
potassium [130], rubidium [131], and caesium [132]. All dopants appear to lower the VB, which helps to
form a more favourable contact with MAPbI3. So far, according to our survey, caesium doping leads the
highest device performance (PCE: 17.44 %). Other dopant have also been demonstrated to improve the
performance of s-NiOx in PeSCs, for instance cobalt [125], silver [133] and lanthanum [35].

1.3.2.2 Post treatment
A range of post treatment methods have been explored for s-NiOx, including the ultraviolet - ozone (UVO)
treatment [134, 135], surface passivation [136, 137], and controlled thermal annealing [138]. The UVO
treatment is one of the first post treatment methods investigated for s-NiOx. The surface contaminations
are known to significantly reduce the work function of s-NiOx [139]. By removing the surface adsorbents
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with UVO, it exposes a clean surface of s-NiOx, lowering the work function. Hu et al. [134] and Jeng et al.
[135] reported work function of 5.26 eV and 5.4 eV respectively after the UVO treatment. Both are
significantly lower than the commonly cited value of 4.8 eV [139].
Nickel oxide is naturally Ni-deficit, and solution processing adds additional defects to the surface. Once
the active layer is deposited above s-NiOx, the defect sites may act as trap states, impairing the charge
collection and transport. Methods have been proposed to passivate the surface defects. Possible
passivation materials include polyvinylpyrrolidone (PVP) [136], diethanolamine (DEA) [137] and PhNaIT2
[140], which are solution processable and can be directly applied above s-NiOx. Passivation helps to
improve the device performance by enhancing the charge collection and reducing the interfacial
recombination.
Since the non-stoichiometry of nickel oxide is closely related to the surface oxygen, controlling the
annealing atmosphere becomes a reasonable strategy to alter the electronic properties of s-NiOx.
Zhao et al. found that annealing in air and oxygen resulted in a more p-type character of nickel
oxide [138]. In fact, the partial pressure of oxygen is crucial when optimising for higher performance. An
O2 / (O2 + N2) ratio of 30 % is found to produce the highest PCE of 16.32 %.

Apart from the forward mentioned optimisation strategies, the topic of annealing time and temperature
has been lightly touched with s-NiOx in PeSCs. The published annealing studies were mostly focused on
vacuum deposition methods such as PLD [108]. There is a need to clarify the changes of s-NiOx from
different annealing temperatures, and the influence on PeSCs device performance.

2
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Table 1.2. Summary of doping studies on s-NiOx , showing the corresponding device structure and device performance
parameters
Author

2015
2016
2017

2018

2019

Chen et al. [116]
Jung et al. [115]
Kim et al. [127]
Kim et al. [128]
Yue et al. [111]
Chen et al. [132]
Jo et al. [140]
Nie et al. [120]
Niu et al. [141]
Xia et al. [125]
Xie et al. [142]
Zheng et al. [133]
Chen et al. [130]
Girolamo et al. [129]
Fu et al. [131]
Teo et al. [35]
Wang et al. [126]
Zhou et al. [143]

Dopant
Ni,Mg
Cu
Cu
Cu
Cu
Cs
Cu
Li
Ni, Mg
Li, Ag
Co
Ag
K
Na
Rb
La
Li, Co
N

Device Structure
FTO/Ni15%Mg5%LiO/MAPbI3/PCBM/Ti(Nb)Ox/Ag
ITO/Cu-NiO/MAPbI3/C60/Ag
ITO/5% Cu-NiO/MAPbI3/C60/Ag
ITO/5% Cu:NiO/MAPbI3/PCBM/Ag
ITO/5% Cu:NiOx/MAPbI3-xClx/PCBM/Zracac/Ag
ITO/1% Cs:NiO/MAPbI3/PCBM/Zracac/Ag
TO/5% Cu:NiOx/PhNa-1T/MAPbI3/PC61BM/Ag
ITO/5% Li:NiOx/MAPbI3-xClx /PCBM/Al
FTO/Ni15%Mg5%LiO/MAPbI3/PCBM/Ag
ITO/0.5% Li,1.5%Ag:NiO/MAPbI3/PCBM/Ag
ITO/6% Co:NiO/MAPbI3/PCBM/Ag
ITO/5% Ag:NiO/MAPbI3/PCBM/Ag
ITO/3% K:NiO/Cs0.05FA0.81MA0.14Pb(Br0.15I0.85)3/PCBM/Ag
ITO/1.5% Na:NiO/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/C60/BCP/Cu
ITO/10% Rb:NiO/Cs0.1FA0.7MA0.2I3-xBrx/PCBM/BCP/Ag
ITO/3% La:NiO/MAPbI3/PCBM/BCP/Ag
ITO/10% Li,5%Co:NiO/MA1yFAyPbI3xClx/PCBM/BCP/Ag
FTO/30% N:NiO/MAPbI3/PCBM/BCP/Ag

Voc

Jsc

FF

PCE

(V)

(mAcm-1)

(%)

(%)

1.08
1.05
1.11
1.00
1.12
1.08
1.02
1.12
1.08
1.13
1.05
1.06
1.13
1.07
1.04
1.02
1.09
1.02

20.2
22.2
18.8
16.1
23.1
21.6
20.3
21.8
21.8
21.3
22.3
20.4
20.5
21.3
21.5
20.3
23.8
22.0

82.7
76.0
72.0
67.0
77.1
74.4
74.0
73.6
75.0
80.0
79.0
74.7
74.0
74.0
74.0
73.1
78.0
76.1

18.30
17.74
14.98
10.01
20.14
17.44
15.50
17.43
17.60
19.24
18.60
16.30
16.15
16.90
16.64
15.03
20.10
17.02
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1.4 Light matter Interaction
1.4.1 Light propagation in multilayer device
As light incidents on an optical medium, part of the light is reflected back by the first interface, obeying
the law of reflection. The rest enters the medium and propagates. When light reaches the opposite side
of the medium, the reflection will again occur at the second interface. The remaining part of the light will
transmit out of the medium [49].
Several phenomena are involved as light propagates across the medium, this includes refraction,
absorption, luminescence, and scattering [49]. Refraction describes the change in velocity as light enters a
medium. Absorption is the attenuation of light, which occurs as light frequency resonates with the
transition energy of the atoms or molecules. The absorption of energy leads to excited states in the
medium, and the corresponding relaxation causes the release of energy. Furthermore, scattering changes
the direction of light propagation, which can be either elastic or inelastic, depending on the preservation
of energy.
Assuming a material with no absorption, the total transmitted (𝑇) and reflected (𝑅) light intensity should
obey the following relationship:
𝑇 + 𝑅 = 100%

(1.26)

As absorption occurs, the formula is modified with absorbance 𝐴:
𝑇 + 𝑅 + 𝐴 = 100%

(1.27)

Among the afore-mentioned: reflection, refraction and absorption form the basic foundations of
interpreting light propagations within a multilayer device. Optical modelling of optoelectronic device have
been extensively studied, especially regarding solar cell devices [144-146]. Early research treated
absorption as exponential decay with respect to medium thickness, in which the influence of reflection
and light interference was excluded [145]. This treatment is usually valid for thick layers and rough
interfaces, from which the effect of spectral reflection and optical interference is small. As thin film
technology develops, improved surface and interface conditions brings the need to improve the methods
of optical modelling [144].

54

1.4.2 Internal electric field distribution
Light waves can be described by the oscillations of electric and magnetic field [147]. In solar cells, since
exciton generation is directly proportional to the optical electric field [4], much attention has been
focused on the modelling of internal electrical field of a solar cell. Many reported the application of the
transfer matrix method (TMM) to model the light propagation within a device [83, 88, 89].
The TMM separates the optical electric field into the forward direction E + , and the backward E − [146].
The two components resolves to obtain the electric field intensity at any given point in the device. [144].
The calculations of electric field involves two matrices, namely the interface matrix 𝐼, and the layer
matrix 𝐿. The interface matrix 𝐼𝑗𝑘 describes how the electric field changes as it propagates from layer 𝑗 to
layer 𝑘. The matrix depends on two parameters 𝑡𝑗𝑘 and 𝑟𝑗𝑘 , which in turn depends on the complex
refractive indices of layer 𝑗 and 𝑘 (𝑛𝑗∗ and 𝑛𝑘∗ ) [144, 148].
𝐸+
[ 𝑗− ]
𝐸𝑗

=

𝑟𝑗𝑘
𝑡𝑗𝑘 𝐸𝑘+
[ ]
1 𝐸𝑘−
𝑡𝑗𝑘 ]

1
𝑡𝑗𝑘
=
𝑟𝑗𝑘
[𝑡𝑗𝑘

𝐸+
𝐼𝑗𝑘 [ 𝑘− ]
𝐸𝑘

𝑛𝑗∗ − 𝑛𝑘∗
𝑟𝑗𝑘 = ∗
𝑛𝑗 + 𝑛𝑘∗

𝑡𝑗𝑘

2𝑛𝑗∗
= ∗
𝑛𝑗 + 𝑛𝑘∗

(1.28)

(1.29)

When calculating the light propagation through medium 𝑗, refraction and attenuation takes place, which
are described by a layer matrix 𝐿𝑗 . The matrix depends on the layer thickness 𝑑𝑗 , as well as a parameter 𝜉𝑗
that relies on the complex refractive index 𝑛𝑗∗ [144, 148].
𝐿𝑗 = [𝑒

−𝑖𝜉𝑗 𝑑𝑗

0
−𝑖𝜉𝑗 𝑑𝑗

0

𝑒

𝜉𝑗 =

2𝜋 ∗
∙ 𝑛𝑗
𝜆

]

(1.30)

(1.31)

Overall, as introduced above, the TMM requires an accurate determination of the complex refractive
indices. A detailed account in the determination of MAPbI3 complex refractive index is presented in
Appendix G.
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2 Experimental Methods
2.1 Thermal Analysis
2.1.1 Thermal gravimetric analysis (TGA)
Thermal gravimetric analysis (TGA) measures the change in the sample’s weight as a function of
temperature. Upon heating, the sample can either gain or lose weight depending on the nature of the
reaction. For most decomposition reactions, weight loss is more likely to occur. The weight loss can
be quantified, allowing assignment to each individual event (water loss, decomposition, etc.)
The thermogravimetric analyser consisted of a precision balance, positioned inside a computercontrolled furnace with compressed air supply. The temperature range and the heating rate are
programmable, and this study used a heating rate of 5 K per minute.

2.1.2 Differential scanning calorimetry (DSC)
Differential scanning calorimetry measures the change in heat capacity with respect to temperature.
Heat capacity is the amount of energy required to produce a unit change in temperature of a given
mass. As temperatures changes, the heat capacity is monitored by the change in heat flow between
the sample and a reference [149]. The reference is usually an empty pan, with a known heat capacity
profile. Therefore, transitions in the sample can be detected by changes to the heat flow.
A traditional DSC uses a feedback loop to track the amount of energy needed to keep the sample and
reference at the same temperature. For instance, an endothermic event in the sample will require
more energy to raise the temperature compared to the reference, and this design allows direct
measurement of the heat flow. An alternative approach is to measure the temperature difference
between sample and reference, and calculates heat flow with a calibration data. This study uses this
alternative approach.
The resultant DSC curve is the heat flow (mW) as a function of temperature. An endothermic event
will cause the sample to be cooler than the reference, which is usually shown as an inverse peak,
where the peak area is proportional to the energy of transition. In this study TGA and DSC data are
collected simultaneously (Mettler Toledo TGA / DSC) at a heating rate 5 K per minute, over the
temperature range 25 to 600 °C (298 - 873 K).
56

2.2 Structural Characterisations
2.2.1 Profilometer
Profilometer (Dektek) is a mechanical method that measures the film thickness from the vertical
difference between film and substrate surface [150]. The step in the surface profile can be created
either during or after the deposition.
When scratching soft materials with a metal object (e.g. needle), it is assumed that the metal will only
penetrate the thin film, but not the substrate underneath. This is usually the case for solution
processed perovskite films. However, nickel oxide appears to be much harder to scratch. As reported
in the literature, sputtered NiOx thin films and bulk nickel demonstrated hardness of 3.12 GPa [151]
and 2.45 GPa [152] respectively, which is close to that of borosilica glass (2 - 8 GPa [153]). Therefore
for s-NiOx, the substrates were partially masked with TiO2 paint prior to the deposition. In addition,
etching is an alternative method for some metal oxides, for example zinc oxide in hydrochloric acid
(HCl). Unfortunately nickel oxide is only dissolvable in strong acids, hence the etching method is not
applicable.

2.2.2 Atomic force Microscopy (AFM)
Atomic force microscopy (AFM) (Asylum MFP-3D) was used to investigate the surface morphology of
both s-NiOx and perovskite. AFM uses a cantilever with a sharp tip to scan the sample surface . A laser
source is used to capture the deflections in the cantilever. As the cantilever is attracted or repulsed
from the surface, the deflection will cause shifts in the reflected laser beam, captured by a position
sensitive photo diode (PSPD). The surface topography is calculated by the data from the PSPD.
In the contact mode, the cantilever is in contact with the sample surface and is dragged along the
area of interest. Therefore, when in contact with a feature on the sample surface, the repulsive force
will cause the cantilever to deflect. Due to the contacting nature, the gauging movement can cause
damage to the sample and to the tip itself, which impairs the accuracy of the measurement.
Therefore, the contact mode is more commonly used in liquid samples.
In the tapping mode, cantilever is made to oscillate above the sample surface, and the tip should not
touch the sample. Any contacts with sample surface will change the oscillation of the cantilever,
which can be translated into information related to the surface topography. The tapping mode should
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in theory maintain the tip sharpness, and keep the sample surface intact. This study used the tapping
mode for the analysis of surface topography.
AFM provides a quantitative survey of the surface topography, and can be used to calculate
parameters such as surface roughness. In this study, surface roughness was estimated by using the
root-mean-square (RMS) of all sample points, where 𝑁 is the total number of points, 𝑟 the deviation
from the average value [154, 155].
𝑁

1
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑅𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 (𝑅𝑀𝑆) = √ ∑ 𝑟𝑗2
𝑁

(2.1)

𝑗=1

2.2.3 Scanning electron Microscopy (SEM)
Scanning electron microscope (SEM, LEO 1525) uses focused electron beam to form images. The
electrons interact with the sample, creating either elastic or inelastic scattering [156]. This produces a
range of signals including backscattered, secondary and Auger electrons, as well as X-rays. The
secondary electrons (SE) are emitted as a result of ionisation by the incoming electron, which usually
emit close to the surface in lower energy. The contrast in the SE images are dominated by the edge
effect, in which the interacting volume is more exposed at the edge. All SEM images in this thesis are
produced by secondary electrons.
Apart from surface morphology, cross-section is used to measure film thickness. In the past, liquid
nitrogen was used for sharper fracture surface. However liquid nitrogen can be detrimental to
perovskite materials due to water condensation, leading to degradation and altered surface
morphology. For example, MAPbI3 is known to favour the hydrated phase, which would weaken the
bonding between MA+ and PbI6 octahedral. Short exposure to moisture can be beneficial to
crystallisations of MAPbI3 crystals [157]. However, condensation of water tends to degrade the
perovskite crystal structure, and transfers the material back to PbI2 and MA+. Microscopically, this is
typically demonstrated with the broken grain boundaries, and the damaged surface morphologies.
SEM samples need to be conductive to avoid charge accumulation. All samples were coated with
10nm chromium and grounded to an aluminium substrate holder via silver paste (RS Components
PRO Silver Conductive Paint). The choice of chromium is due to its good conductivity, small grain size
and relatively low cost.
From the cross-section images, it is usually difficult to distinguish the film from the underlying
substrate. Hence all cross-section samples were prepared on tin doped indium oxide (ITO) substrates,
of which the ITO thickness (approx. 110 nm) is used as a reference.
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Figure 2.1. SEM cross-section image of perovskite film (~ 327 nm) deposited
on an ITO substrate (110 nm)

2.2.4 Transmission electron Microscopy (TEM)
Transmission Electron Microscopy (TEM) uses transmitted electrons to obtain information of the
sample. A wide variety of imaging methods have been developed to extract different information
from the transmitted electrons.
In the imaging mode, optional apertures can be used to select the transmitted beams. A standard
bright field image selects only the central bright beam of transmitted electrons, which has better
contrast in atomic mass and thickness. A dark field image uses diffracted electrons, and is more
capable in diffraction contrast, which is often applied in detection of defects.
TEM also provides analysis to crystal structure through selected area diffraction (SEAD), the resulting
pattern is a projection of the crystal reciprocal lattice. For single crystals, the resulted pattern consists
of a regular array of spots. In polycrystalline samples, the crystal domains are more randomly
oriented, and appears in a ring pattern. The measurement of the reciprocal lattice helps to determine
the crystal structure of a solid.
TEM samples need to be sufficiently thin to for electron penetration. The form of sample can be
either solid or suspension. Solid samples can be ion milled (focused ion beam (FIB)) to the required
thickness. A typical TEM sample holder is made of a copper mesh with a layer of porous carbon tape.
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2.2.5 X-ray diffraction (XRD)
X-ray diffraction (XRD, PANalytical X’Pert Pro Multi Purpose Diffractometer (Reflectometer)) uses
X-rays to examine the crystal structure of solids. It uses lattice diffraction and X-ray wave interference
to detect crystal structure. In specific, the constructive interference of X-ray only takes place if the
Bragg’s Law is satisfied [158]:
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

(2.2)

where 𝑛 is the order of the interference, 𝜆 the wavelength, 𝑑 the interplanar spacing, and 𝜃 the
angle of incident beam.
The constructive interference of X-ray creates peaks at the Bragg angles. The peak position is
determined by the interplanar distance between the parallel planes in the same family. On the other
hand, peak intensity is determined by two factors, 1) the position of atoms located on the plane, and
2) the efficiency of X-ray scattering from each atom. As a result, the different planes can result in
different peak intensities.
All samples in this study are polycrystalline with randomly oriented crystal domains. In a disordered
material, the irregularities in atomic positions can hinder the peak intensity, and are thought to give
rise to the peak width [159]. The broadening can be used to estimate the crystal size. Scherrer
equation links the crystal size to the full-width-half-maximum (FWHM) of a peak [159]:
𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑑𝑜𝑚𝑎𝑖𝑛 𝑠𝑖𝑧𝑒 =

𝐾𝜆
(𝛽 − 𝛽0 )𝑐𝑜𝑠𝜃

(2.3)

where 𝐾 is the shape factor (usually 0.9), 𝜆 the X-ray wavelength (0.154 nm), 𝛽 the FWHM of the
dominant peak, 𝛽0 the instrumental broadening (0.08), and 𝜃 the Bragg angle. As predicted by the
equation, smaller crystal domain size can lead to larger peak broadening. It should be noted that the
Scherrer equation is an approximation to the crystal size, therefore the absolute value should be
treated with caution. The instrumental broadening has been previously determined from a silicon
standard to be 0.08 [160].
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2.3 Spectroscopies
2.3.1

Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was performed with the instrument NICOLET iS10,
(Thermo Scientific). The main purpose is to understand and identify the changes in the chemical
environment of the s-NiOx films, especially the organic residuals. This work attempted the method of
attenuated total reflectance (𝐴𝑇𝑅), from which the absorbance 𝐴 can be approximated using the
following expression [161].
𝐴 = −𝑙𝑜𝑔10 (𝐴𝑇𝑅)

(2.4)

In comparison with the conventional transmission and absorbance methods, the ATR spectra
resemble close similarity, but are more sensitive in shorter wavelength [162] . The merits of ATR
method include 1) minimal sample preparation (samples measured in natural state), and 2) ATR being
less sensitive to sample thickness (good for absorbing samples) [163, 164]. Therefore in this study,
ATR proves to be suited for powder samples.

2.3.2 Ultraviolet-visible spectrophotometry (UV-Vis)
An ultraviolet-visible spectrophotometry (UV-Vis or UV/Vis, Shimadzu UV-2600) uses light in the
visible and near-UV and near-infrared (NIR) ranges to measure the response of sample in this range. A
grated light source outputs monochromatic light beams (2 x 3 mm size) over the range of 220 1400nm.
To prepare for UV-vis measurements, baseline correction is an important step that accounts for the
influence from the background environment. In a transmission measurement, the baseline is
commonly corrected for air, which is assumed with 100% transmission. The measurement then
proceeds with a fused silica substrate.
With an integrating sphere (ISR-2600Plus), the equipment is able to measure reflectance and diffuse
reflectance. The integrating sphere is a hollow spherical optical component coated with white
reflective coating (BaSO4) inside.
The reflectance measurement in this study is a relative method, in which the reflectance value of the
sample is obtained by comparing with a known reference. A blank fused silica substrate (amorphous
SiO2 [165]) is used as reference owing to its low absorption and known reflection. The baseline is first
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′
corrected for fused silica, and the true reflection of subsequent samples (𝑅𝑠𝑎𝑚𝑝𝑙𝑒
) can be calculated

from the following relationship,
′
𝑅𝑠𝑎𝑚𝑝𝑙𝑒
(%) = 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 (%) ×

𝑅𝑓𝑢𝑠𝑒𝑑 𝑠𝑖𝑙𝑖𝑐𝑎 (%)
100

(2.5)

where 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 is the reflectance raw output from the equipment, and 𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 the reflectance of
fused silica. As previously explained, the reflectance of fused silica is used as the baseline, therefore
its reflectance is calculated from the transmittance using the following relationship, assuming no
absorption in the range of measurement [166]. In fact, fused silica remains a relative constant 93%
transmittance and 7% reflectance over the range 300 - 1200 nm, which is shown as a guideline in all
UV-vis plots in this thesis (see example in Figure 2.2).
𝑅𝑓𝑢𝑠𝑒𝑑 𝑠𝑖𝑙𝑖𝑐𝑎 = 100% − 𝑇𝑓𝑢𝑠𝑒𝑑 𝑠𝑖𝑙𝑖𝑐𝑎

(2.6)

Diffuse reflectance accounts for the irregular surface scattering and is measured by excluding
specular reflection. The measurement corrects the baseline against a white reference plate of BaSO4.
Films with a maximum diffuse reflectance less than 3% are normally considered a smooth film.

Figure 2.2. UV-vis transmittance (solid line) and reflectance (dotted line)
spectra, for MAPbI3 (blue) and fused silica (grey), showing the 93%
transmittance and 7% reflectance of fused silica.

The transmittance and reflectance data are usually used to calculate the absorption data and the
absorption coefficient, which is more comparable with literature values. There are two approaches to
the absorbance spectra, namely the absorbance approach (Beer-Lambert Law) and the absorptance
approach (A=1-T-R).
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The absorbance approach
The transmission approach to the absorbance is well-established through the Beer-Lamber Law. Such
relation can be expressed as:
𝐼
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = −𝑙𝑜𝑔10 ( )
𝐼0

(2.7)

The Beer-Lambert Law also takes the form with exponential term 𝑒 −𝛼𝑑 , where 𝑑 is the sample
thickness and 𝛼 the aborption coefficient.
𝐼(𝑧) = 𝐼0 𝑒 −𝛼𝑑

(2.8)

If combine the above two equations, the absorption coefficient can be calculated from absorbance:
𝐼
𝛼𝑑
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = −𝑙𝑜𝑔10 ( ) =
= 0.0434𝛼𝑑
𝐼0
𝑙𝑛10

(2.9)

Furthermore, extinction coefficient 𝑘 can be calculated through the following relationship,
𝑘=

𝛼𝜆
4𝜋

(2.10)

The above method has been extensively applied in thin film studies, including solution processed
nickel oxide and perovskite materials characterisations. However the results should be treated with
caution because the absorption relies completely on the ratio between incident and transmitted light.
In the part that is not transmitted, the light can either be absorbed or reflected. Therefore the
transmission approach can over-estimate the absorption, which is better suited for strong absorbing
materials.

The absorptance approach
When taking reflection into consideration, absorption then becomes:
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑎𝑛𝑐𝑒 = 100% − 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 − 𝑇𝑟𝑎𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒

(2.11)

Accordingly, the absorption coefficient is calculated with the following relationship:
𝛼=

1
1−𝑅
ln (
)
𝑑
𝑇

(unit: cm−1 )

(2.22)
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2.3.3 Variable angel spectroscopic ellipsometry (VASE)
Variable angel spectroscopic ellipsometry (VASE, J. A. Woolam VASE ellipsometer) studies optical
behaviour of a material, and is usually employed for extracting optical constants and determining thin
film thickness. VASE used in this study was set in a reflection mode, and the equipment measures the
change in polarisation from the reflected light beam. A polarised light can be characterised by two
components of the electric field: the p-component with electric field oscillating in the plane of
incident, and the s-component with electric field oscillating perpendicular to the plane of incident. In
the reflected light, the amplitude and phase will respond differently in p- and s- component. The
difference is quantified as the amplitude ratio Psi Ψ and Phase difference delta Δ. VASE can output Psi
Ψ and delta Δ over a range of angles.
The VASE setup used in this study includes important components such as a moving light source, a
rotating polariser, and a detector. The idea is to output a light beam with known polarisation and
record the changes in polarisation after reflection.
Psi Ψ and delta Δ can seldom be converted directly into optical constants. The data analysis (J. A.
Woollam CompleteEase software) aims to build a model of complex optical constants (n, k) or
complex dielectric constants (𝜀 ′ , 𝜀′′), and simulate the corresponding Psi Ψ and delta Δ. Complex
optical constants (or dielectric constants) are adjusted for a reasonable fitting to the experimental
data.
Both perovskite and nickel oxide absorb in short wavelengths. Therefore the fitting strategy is to find
the film thickness first using the transparent region (usually λ > 800nm), and then to include the
surface roughness by the effective medium method. Once the film thickness is determined and fixed,
the absorbing region can be described by a series of basis functions, or with oscillator models that
possess a strong physical meaning. Appendix F explains a detailed fitting process to MAPbI3
perovskite.

2.3.4 X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) uses emitted photoelectrons to study the electronic structure
of the sample surface. The popularity of XPS owes to its ability to reveal 1) chemical valence state and
environment, 2) stoichiometry between elements, especially oxygen ratios, and 3) electronic
structure such as the valence band density of states. XPS is especially important in the research of
transition metals (TMs) and their oxides (TMOs), as most ambient samples are influenced by defects
and therefore different oxidation states. XPS’s ability to characterise oxidation states and to quantify
stoichiometry is widely regarded in TMs and TMOs studies [167, 168].
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A typical XPS system uses X-ray to excite electrons bound to atoms or ions. In a simplified
photoelectron process, sample surface is first exposed to X-ray with known energy (ℎ𝑣), then the
electron overcomes the binding energy (𝐸𝐵 ), escape to vacuum, and eventually recorded at the
spectroscopy which measures the kinetic energy (𝐸𝑘 ).
Assuming the sample is metallic, and therefore when in contact with spectrometer, the two Fermi
level aligns (Figure 2.3). From the measured kinetic energy, binding energy can be derived according
the following relationship:
𝐸𝐵 = ℎ𝑣 − 𝐸𝑘 − 𝑊𝐹𝑆 − (𝑊𝐹𝑠𝑝𝑒𝑐 − 𝑊𝐹𝑆 )

(2.23)

where 𝑊𝐹𝑠𝑝𝑒𝑐 is the work function of spectrometer, 𝑊𝐹𝑆 the work function of sample, and the
difference between the two is the contact potential difference. Hence rearranging Equation 1:
𝐸𝐵 = (ℎ𝑣 − 𝑊𝐹𝑠𝑝𝑒𝑐 ) − 𝐸𝑘

(2.24)

where both ℎ𝑣 and 𝑊𝐹𝑠𝑝𝑒𝑐 are known for the system, and 𝐸𝑘 the variable measured.

Figure 2.3. Energy level diagrams of typical XPS experiment, where a
conductive sample (left) is in contact with spectrometer (right). (Figure
inspired from Briggs et al. [167])

During XPS measurements, the Fermi level alignment ensures the immediate charge compensation to
the electrons ejected during the photoemission process. Unfortunately, in some semiconductors and
most insulators, this compensation can be much slower due to the lack of free electrons, thereby
leaving a positively charged region at the surface [169]. As a photon electron leaving from a positively
charged surface, it would experience an electrostatic attraction, and arrive at the spectrometer with a
smaller kinetic energy. According to the equation above, a smaller kinetic energy will shift the signal
to a larger binding energy.
Although free electrons from the surroundings would partly compensate the positive charge, there
are methods to balance the surface charge. The flood gun is widely used for insulating surfaces, and
the principle is to provide an electron beam with low energy (~ 5-1000 eV) onto the sample surface
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[169]. The electrons recombine with positive charge, restoring the electrostatic potential on the
surface. A purposely coated gold layer (~ 1 nm) is also a widely practised method to provide free
electrons to the positively charged sample surface.
Specimen heating is another compensation method that promotes the population of free electrons by
heating the sample. However due to the heating nature, some material properties will be altered at
the elevated temperatures. Especially for insulating materials, the required temperature would be too
high.

2.3.5 Air photoemission spectroscopy (APS)
Air photoemission spectroscopy APS uses a grated UV light source to excite electrons from the
valence band. As electrons gain enough energy and escape from the sample surface, the atmosphere
above will be ionised. Although in an ambient environment the kinetic energy of electrons will be lost
due to inelastic scattering, the electric charge is preserved. By collecting and analysing the charged air
molecules (such as N2, O2, H2O) against excitation energy, one can obtain the information on the
position of the valence band edge.
Fowler theory is usually applied when analysing the photoemission signal of a metal surface. In Fowler
theory, the photocurrent 𝑅 is assumed to be in proportion with the photon energy 𝐸𝑝ℎ , and follows a
power law:
2

𝑅 ∝ (𝐸𝑝ℎ − ℎ𝑣0 )

(2.25)

where ℎ is the plank constant and 𝑣0 the threshold frequency. Therefore a linear relationship is
expected if taking the square root of the photoemission signal:
𝑅1/2 = 𝑘(𝐸𝑝ℎ − ℎ𝑣0 )

(2.26)

where 𝑘 is a constant. The equation implies that the threshold energy of a material can be extracted
from the x-intercept of the linear region of photoemission response.
When analysing semiconductors, it has been shown that cubic root of the photoemission response
would be better suited, such as Si and Graphene [170]. More recently, the cubic rule has been
exercised on a variety of materials, including metal oxides (s-NiOx [171]), organics (spiro-OMeTAD
[172], P3HT [173]), and hybrid materials (MAPBI3 perovskites [172]). More detail data analysis is
presented and discussed in Chapter 3.
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2.3.6 Kelvin Probe (KP)
The work functions are measured with Kelvin probe (KP Technology, APS / KP system). In theory, the
work function (WF) can be described as the minimum energy required to remove an electron from
the surface of a solid in the vacuum [174]. WF can also be defined as the difference between the
vacuum level and the Fermi level.
Kelvin probe measures work function indirectly through the Fermi level equalisation. In principle,
when two materials (e.g. sample and probe tip) are electrically connected, the Fermi level will
equalise by moving electrons. The movement of electrons creates a potential gradient, known as the
contact potential 𝑉𝐶𝑃𝐷 .
Kelvin probe is an indirect method, in which the system applies a bias (backing potential 𝑉𝑏 ) to the tip
until the electrons stop flowing between the sample and the probe tip. In this case, the backing
potential 𝑉𝑏 equals 𝑉𝐶𝑃𝐷 . The WF of the sample can be calculated if the tip WF is known.
In practice, a semiconductor thin film (< 100 nm) deposited on a glass substrate can suffer from the
conductivity problem, in which the signals do not stabilise. To overcome this, one can either use a
bulk material with thickness larger than 100 nm, or coat the thin film onto a conductive ITO substrate.
When measuring WF with respect to an ITO substrate, the sample thin film is taken as a modification
to the work function of ITO itself.
The raw signals need to be calculated against a reference with known work function. In this study, the
Kelvin Probe is integrated with APS under the same setup. The advantage of this setting is that the
absolute value of the reference sample is measured with APS, rather than assuming a constant value.
In practice, most users use a reference sample such as a highly oriented pyrolytic graphite (HOPG)
surface, or a freshly polished metal surface such as silver and gold. This study uses a freshly polished
silver surface.
It is known that the Kelvin probes the backing potential, and treats it as the difference between the
sample WF and the tip WF. For example in the case of silver, the backing potential 𝑉𝑏𝐻𝑂𝑃𝐺 is
generated as,
𝐴𝑔

𝑉𝑏

= 𝜙𝐴𝑔 − 𝜙𝑡𝑖𝑝

(2.27)

In the same way, the backing potential from the sample is,
𝑠𝑎𝑚𝑝𝑙𝑒

𝑉𝑏

= 𝜙𝑆𝑎𝑚𝑝𝑙𝑒 − 𝜙𝑡𝑖𝑝

(2.28)

Therefore the work function of the sample surface can be derived as:
𝐴𝑔

𝜙𝑆𝑎𝑚𝑝𝑙𝑒 = 𝜙𝐴𝑔 −

𝐴𝑔
𝑉𝑏

+

𝑠𝑎𝑚𝑝𝑙𝑒
𝑉𝑏

𝑠𝑎𝑚𝑝𝑙𝑒

𝜙𝐴𝑔 − 𝑉𝑏 + 𝑉𝑏
=
1000

(Unit: eV)

(2.29)
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Figure 2.4. Kelvin probe measurement example, showing the contact
potential difference stabilises over time (~ 120 seconds).

2.3.7 Photoluminance spectroscopy
Photoluminance spectroscopy measures the emission of light when excited carriers decay towards a
lower energy state. Measurements of the steady state photoluminance were taken by Tian Du. The
excitation is provided by a light emitting diode with output wavelength in the range 400 - 700 nm. For
perovskite films, 635 nm is chosen as the excitation wavelength. All samples were deposited onto
borosilicate glass substrate, and stored in nitrogen filled glove box prior to the experiment. The
measurement was taken with a spectrometer supplied by Horiba Scientific (FL 1039).

2.3.8 Time resolved photoluminance spectroscopy
Time resolved photoluminance (TRPL) studies the lifetime of fluorescence process, which is usually
measured through time-correlated single photon counting (TCSPC). TCSCP is a statistic method, which
records the time difference between the excitation pulse and the relaxation pulse of a single photon.
The measurement was taken by a system provided by Horiba Scientific. Excitation source used was a
diode laser at wavelength of 635 nm with a pulse energy of 164 pJ cm-2, equivalent to 0.12 mW cm-2
average power densities. The laser repetition rate was fixed at 1MHz.
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2.4 Device characterisations
2.4.1 Current density-voltage (J-V) characteristics
Solar cell current density-voltage (J-V) characteristics were measured with a Keithley 2400 meter, by
adjusting the external bias to the device, and recording the current response. AM 1.5 xenon lamp
solar simulator (Oriel Instruments) was used as the source of illumination. The intensity was adjusted
to 100 mW/cm-2 (one sun) with a reference silicon photodiode [21]. All devices were stored in dark
prior to the measurement and were measured in a nitrogen-filled chamber.
Device performance parameters such as open circuit voltage 𝑉𝑜𝑐 and short circuit current density 𝐽𝑠𝑐
are the corresponding maximum output when device is held at open circuit and short circuit condition
respectively [4]. Most solar cell devices are characterised by the power conversion efficiency (PCE),
and it is defined as the ratio between the maximum power density output 𝑃𝑜𝑢𝑡 and the incident
power density from the solar simulator 𝑃𝑖𝑛 .
𝑃𝐶𝐸 =

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

(2.30)

The power density output is calculated by multiplying the corresponding current density 𝐽 and voltage
𝑉 from the J-V curve (𝑃 = 𝐽𝑉). Along the operating regime of the solar cell, 𝑃 can reach a maximum
power point which lead to 𝐽𝑚 and 𝑉𝑚 . Fill factor (𝐹. 𝐹.) can be calculated by comparing the two with
𝐽𝑠𝑐 and 𝑉𝑜𝑐 .
𝐹𝑖𝑙𝑙 𝑓𝑎𝑐𝑡𝑜𝑟 (𝐹. 𝐹. ) =

𝐽𝑚 𝑉𝑚
𝐽𝑠𝑐 𝑉𝑜𝑐

(2.31)

𝐹. 𝐹. measures the “squareness” of the J-V curve. In an over-simplified view, losses in fill factor can be
caused by resistance and leakage current, which are attributed to series resistance and shunt
resistance respectively. Series resistance can arise from the active layer itself, or from the contact
resistance. The influence of series resistance dominates near the 𝑉𝑜𝑐 , and can be estimated from the
JV slope near the open circuit point.
Shunt resistance provides an alternative pathway for charge carriers to recombine. Therefore ideally
shunt resistance should be as high as possible. Losses in shunt resistance can originate from
manufacturing defects (dark current), or from traps that lead to trap-mediated recombinations. The
influence of shunt resistance dominates near the Jsc, and can be estimated from the JV slope near the
Jsc point.
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2.5 Solution processing
2.5.1 Spin coating
Spin coating deposits thin films onto flat substrates. Typically, a certain amount of target material is
first placed to cover the surface of the substrate, which is then rotated to uniformly spread the
material. As the spin proceeds at high speed, most of the material is spun off the substrate. The
airflow will rapidly evaporate the solvent, and eventually result in a compact film.
Different film thickness can be achieved by varying spin speed, solution concentration and repeated
deposition. In our study, perovskite film thickness was adjusted by varying the precursor
concentration, whereas s-NiOx thickness was controlled through the repeated deposition. To load the
solution onto the substrate, both static and dynamic dispense methods were used, where the former
is used for s-NiOx and perovskite precursor, and latter for perovskite anti-solvent dripping.
A successful spin coating deposition relies on full coverage of substrate by the solution. However,
such coverage often relies on the relative strength of surface energy. A good wetting is achieved if the
surface energy of surface is greater than that of the solution. In our study, UV-Ozone treatment can
temporarily increase the surface energy of a substrate by removing the surface contamination from
the ambient environment.
The advantage of spin coating is that the resulting film can be reproduced with high consistency and
relative ease. However, its drawback includes the lack of batch processing capability. Although spin
coating can now cover a relatively large substrate area, the technique requires a large amount of
materials to initiate the process, leading to much waste during the deposition. Nevertheless, despite
the drawbacks, spin coating provides a reliable ambient thin film deposition method for academic
research.

2.5.2 Preparation of nickel acetate solution
Nickel actetate tetrahydrate (Sigma-Aldrich) was dissolved into 2-methoxyethanol (Sigma-Aldrich,
anhydrous, in dry bottle), and momethanolamine (MEA) (Sigma-Aldrich) was used as a stabiliser. The
molar ratio between nickel acetate tetrahydrate and MEA was kept at 1:1, and the resulted
concentration was aimed towards 0.2 M. Stirred overnight, and the resulting solution should be in
pale green colour with no precipitate.
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2.5.3 Deposition of the s-NiOx film
The aforementioned solution is filtered before deposition (0.2μm PTFE filter). All s-NiOx films were
spin-coated using static dispense method (~40 μL solution for each deposition). 4000 rpm spin speed
and 4000 rpm/s acceleration were selected as the coating parameters. Films are subjected to post
annealing on a preheated hot plate in air, and the annealing temperature is adjusted to requirement.
The resulting film thickness depends on the annealing conditions, post-annealing at above 250 °C for
20 minutes would result in a film of approximately 20 nm thickness.

2.5.4 Device fabrications
All devices were fabricated on pre-patterned indium-doped tin oxide (ITO) coated glass substrates
(Psiotech, UK). Before deposition, the substrates were first ultrasonically cleaned in acetone,
isopropanol and deionized water for ten minutes each and dried under argon ﬂow. The process was
followed by oxygen plasma treatment for ten minutes. For a n-i-p structure with
Poly(3,4ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS), PEDOT:PSS was spin-coated
onto the substrates at 3500 rpm for 45 seconds, and subsequently annealed at 150 °C for 15 minutes.
The MAPbI3 precursor solution was prepared by dissolving 1.2 M lead iodide (PbI2, Sigma Aldrich) and
methylammonium iodide (MAI, Solaronix) in a mixed solvent of gamma-butyrolactone and dimethyl
sulfoxide (Sigma Aldrich, volume ratio7:3). The solution was then stirred for 1 hour at 60 °C and
ﬁltered before use. The perovskite active layers were deposited through solvent dripping method as
described by Jeon et al. [96]. The precursor solution was ﬁrst statically dispensed, and spun at 500
rpm for 5 seconds, followed by 2000 rpm for 20 seconds. At the finishing moment, 50 ml of toluene
was dripped onto the ﬁlm and followed by spinning at 4000 rpm for 20 seconds. The ﬁlms were then
dried at 100 °C for 10 minutes to crystallise and promote crystal growth of the perovskite material.
As the electron transport layer, Phenyl-C61-butyricacid methylester (PC61BM, 18 mg/ml in
chlorobenzene) was deposited directly onto the MAPbI3 films by spin-coating at 1300 rpm for 60
seconds. Finally, the devices were completed by thermally evaporating 0.7 nm of lithium fluoride LiF
and 100 nm of silver Ag onto PC61BM at a vacuum pressure of at least 5 x 10-6 mbar. With the
exception of PEDOT: PSS and s-NiOx, all solution processing was performed inside a nitrogen-filled
glovebox.
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2.6 Optical Modelling
This project uses script written by Burkhard et al. [175]. The model uses the transfer matrix method
(TMM) to calculate light propagation, accounting for transmission, reflection, absorption and
scattering. The simulation uses AM 1.5 profile as the radiance source, and assumes normal incidence
of light.
The model itself is equipped with an extensive library of complex refractive indices, such as
PEDOT:PSS, PCBM, and silver. We modified the library to include a fuller database of complex
refractive indices, of inorganic transport materials and MAPbI3.
The script output two major results: 1) internal electric field of each wavelength at each position
inside the device (through TMM and refractive indices), and 2) generation rate of each position inside
the active layer, which is calculated by the method proposed by Pettersson et al. [11]. Short circuit
current density is calculated by the area of generation and assuming 100% internal quantum
efficiency

Figure 2.5. Flow chart of the modelling process written by Burkhard et al.
[175]
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3 Characterisations of solution
processed nickel oxide

3.1 Introduction

This chapter presents a systematic investigation on sol-gel derived nickel oxide films (s-NiOx). Thermal
analysis first reveals the decomposition routine of the sol-gel precursor. Chemical analysis, such as Xray photoemission spectroscopy and Fourier transform infrared spectroscopy, helps to identify the
composition of the film at each annealing temperature, which confirms the presence of NiOx and
organic residuals. The understanding to film formation is further enhanced with morphology
information provided by atomic force microscopy.
Basic optical properties are studied with ultra violet - visible spectroscopy, and the film absorption
coefficient is used to determine the bandgap of annealed s-NiOx. Insights into the localised tail states
were analysed through the Urbach edge. With additional electrical characterisations from Kelvin
probe and air photoemission spectroscopy, the work function and the valence band edge positions
were determined. Together, a full understanding to s-NiOx energy levels is obtained over a range of
annealing temperatures.
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3.2 Results and discussions
3.2.1 Thermal and chemical analysis
3.2.1.1 Thermal gravimetric analysis (TGA) and differential scanning calorimetry
(DSC)

After spin coating, the resulting film was annealed at elevated temperatures. The purpose of
annealing is 1) to thermally decompose the precursor to form NiOx, and 2) to promote NiOx crystal
growth. In the past, different temperatures were used for various applications, ranging from 250 °C to
600 °C [176, 177]. Temperatures over 350 °C usually lead to NiOx films with higher degree of
crystallinity [23, 176].

Figure 3.1. TGA and DSC profiles of nickel acetat tetrahydrate, showing three
stages in the thermal decomposition process.

The precursor consists of nickel actetate tetrahydrate (NiAc2), momethanolamine (MEA, as stabiliser)
and methoxyethanol (as solvent). Figure 3.1 presents the thermal decomposition profiles, using
thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). Pure NiAc2 shows
three stages of thermal decomposition [178]. From the TGA profile, the first stage occurred at 80 74

120 °C. The mass loss at the end of the first stage accounts for 32 %, which is attributed to the
dehydration process (4H2O = 33 % of Ni(CH3CO2)2·4 H2O molecular weight). As annealing temperature
increased, a second mass loss (~36 %) occurred at ~ 300 - 346 °C, followed by a third (~4.5 %) at ~ 360
- 383 °C.
There is in total ~ 75 % weight loss at the end of the thermal decomposition process. Nickel oxide is
expected a total 80 % loss if decomposed from Ni(CH3CO2)2·4 H2O. Therefore the resulting sample is
possibly a mixture of nickel oxide and residuals from thermal decomposition. On the other hand, it is
widely accepted that nickel oxide naturally favours the excess in oxygen. A ratio of Ni:O = 1:2 should
result in a weight loss of 72.5 %.
The DSC curve shows three endothermic events corresponded to each stage in TGA. The dehydration
occurred first at ~ 100 °C, followed by a complex series of endothermic events at 200 - 400 °C.
Especially for the second stage, there appear to be three overlapping processes, which indicates that
the decomposition of the acetate ligands consists of multiple processes.

Figure 3.2. TGA and DSC profiles of sol-gel based precursor (nickel acetate,
ethanolamine and methoxyethanol), showing a major decomposition event
at ~281 - 338 °C.

When mixing with solvents (MEA and methoxyethanol), the TGA profile shows a continuous decline in
mass since the start. Apart from the slight dehydration at ~100 °C, the continuous decline can be
attributed to the evaporation of MEA (170 °C) and methoxyethanol (125 °C). The major
decomposition event occurred at 280 - 340 °C. The end of this process (340 °C) accounts for 48.0%
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mass loss compared to the mass at 280 °C. NiO is expected a 70 % mass loss if decomposed from the
dehydrated nickel acetate. The difference implies the acetate group either started to decompose
before 280 °C, or it takes higher than 340 °C to fully decompose. However, the latter is less likely due
to the maximum 53 % mass loss at 450 °C, and higher temperatures would reduce the sample to Ni
metal. Therefore we conclude that the decomposition routine of the precursor is slightly different
from pure nickel acetate, and the acetate group will start to decompose before ~280 °C.
Following the results of thermal analysis, annealing temperatures 150 °C, 250 °C, 350 °C, 450 °C were
selected, especially 250 °C and 350 °C for the difference before and after the major decomposition
occurring at 280 - 340 °C.
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Figure 3.3. FTIR of chemicals (nickel acetate, methoxyethanol, monoethanolamine) involved in the precursor solution, where
functional groups are identified and labelled (υ for stretchin, δ for bending, as and s for asymmetric and symmetric respectively). The
spectra of precursor, and its 150 °C annealed sample are also included.
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3.2.1.2 Fourier transform infrared spectroscopy (FTIR)
In order to understand and identify the changes in the chemical substance of the s-NiOx films, Fourier
transform infrared spectroscopy (FTIR) was performed. This work attempted the method of
attenuated total reflectance (ATR) and converted to transmission using the Beer-Lambert Law. As
explained in the previous chapter, samples are measured in their natural states in the ATR mode, and
it is less sensitive to sample thickness [163, 164]. Therefore in this study, ATR proves to be better
suited for powders.
Figure 3.3 shows the FTIR spectra of chemicals used in the precursor, which was used to identify the
representative functional groups. In nickel acetate, the spectra have notable presence of H2O and
(COO)-. The (COO)- doublet originates from the resonance stabilisation of the carboxylate ion, where
the negative charge is delocalised and shared between the two oxygen. This results in the similar
bond strength (between the original C=O and C-O), and hence explains the symmetric and
asymmetric stretching vibrational mode at 1550 - 1350cm-1. In methoxyethanol, the broad peak of OH at ~ 3400 cm-1 is due to the influence of hydrogen bonding, leading to a range of O-H bond
strength. The features at 2700 - 3000 cm-1 is attributed to the C-H bond of sp3 hybridisation, including
both CH2 and CH3, as well as their symmetric and asymmetric stretching modes. Finally, for
monoethanolamine, the primary amine group NH2 results in the symmetric and antisymmetric
stretching vibrational mode at 3200 - 3400 cm-1, which coincides with the features of O-H at the
similar position. At lower wavenumbers, MEA also exhibits bending vibrations of NH2 at ~ 1600 cm-1,
and of sp3 C-H at 1300 - 1500 cm-1.

Figure 3.4. FTIR spectra of annealed s-NiOx samples, showing organic
residuals decompose significantly at temperatures beyond 250 °C.
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The afore-mentioned functional groups all have contributions to the resulting precursor. As a result,
the as-deposited precursor exhibits a broad O-H peak centred at 3250 cm-1, which is influenced by the
hydrogen bonding from the alcohol groups (solvents) and from the water molecules in nickel acetate
tetrahydrate. After annealing at 150 °C, such broad features are weakened by the evaporation of
water and solvent, leaving more defined signals from O-H, NH2 and C-H (sp3). At smaller
wavenumbers, the strong signal is partly due to the nature of ATR method, and partly owed to the
stronger dipole moment caused by the hydrogen bonds. Most features here can be attributed to the
stretching vibrations of COO-, and the bending vibrations of NH2 and C-H.
The boiling temperature of methoxyethanol and monoethanolamine are at 125 °C and 170 °C
respectively [179, 180], and hence both are expected to evaporate at 250 °C. As shown in Figure 3.4,
features of O-H and NH2 greatly diminished at 250 °C, while COO- (acetate group) is the only dominant
signal. As annealing temperature is raised to 350 °C and 450 °C, COO- feature is eventually reduced
due to the completion of thermal decomposition to the precursor.
Apart from the annealing temperature, the annealing time is also vital to control the quality of the
resulting film. A series of samples were annealed at 250 °C for different periods of time. Figure 3.5
shows that the sample annealed at 250 °C for 5 minutes still has notable presence of O-H and C-H. As
annealing time raised to 10 minutes and beyond, the COO- greatly declined, which is due to smaller
presence of the acetate group and/or smaller dipole moment (reduced hydrogen bond). As a result,
20 minutes appears to be an optimal choice for removing the solvents at 250 °C, while the acetate
group remains relatively stable until at a higher temperature.

Figure 3.5. FTIR spectra of s-NiOx samples annealed at 250 °C for various
period of time, showing the organic residuals diminish as annealing time
increases
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3.2.1.3 X-ray photoelectron spectroscopy (XPS)
To further examine the information of chemical species, X-ray photoelectron spectroscopy (XPS) was
employed to study the changes chemical environment produced by different annealing temperatures.
All samples were measured in the form of powder, and we found the powder samples are suitable for
XPS measurements. All spectra presented in this section has been charge-corrected against the C 1s
spectra C-C peak, assuming an unchanged position at 284.8 eV [181].
Figure 3.6 shows the C 1s spectra of annealed s-NiOx samples. C 1s spectra here are normalised in a
fashion that the area underneath is proportional to the species population. At 250 °C, there is a strong
presence of carbon species, including C-C (C-H), C-O and C=O, which are related to the precursor.
Raising annealing temperature beyond 350 °C, all carbon species greatly diminished in population,
indicating the thermal decomposition process of. In specific, the acetate-related C=O peak is in
decline and remains unchanged from 350 °C and beyond, suggesting that the decomposition is
practically completed. The remaining C 1s features from high annealing temperature can be attribute
to the surface contamination when preparing the specimen in an ambient environment.

Figure 3.6. C 1s core level spectra measured for precursor annealed at
250 °C, 350 °C and 450 °C, revealing the decline in C 1s signal after annealing
at higher temperatures3.

O 1s spectra in Figure 3.7 is more complicated to interpret. For nickel oxide, it is widely agreed that
the peak at ~ 529.0 eV represents the Ni-O bond [32]. As annealing temperature raises from 250 °C to
450 °C, this peak enhances from a shoulder feature (250 °C) to a defined and dominant peak (450 °C).

3

XPS measurements in this chapter were taken by Jonathan Ngiam.
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This evolution shows the development of nickel oxide upon annealing. More importantly, the Ni-O
shoulder at 250 °C suggests that the temperature is already sufficient to form nickel oxide, prior to
the complete decomposition of the precursor. Remaining features in O 1s are difficult to separate
without spectral peak-fittings. Nevertheless, it is generally accepted that the features at higher
binding energies that relate to surface oxygens such as adsorbed water and the hydroxide group O-H.
As shown in Figure 3.7, such feature is reduced upon annealing, proving the process of thermal
decomposition of precursor.

Figure 3.7. O 1s core level spectra measured for precursor annealed at
250 °C, 350 °C and 450 °C, revealing the growth of Ni-O peak at ~529.0 eV.

Figure 3.8. Ni 2p3/2 core level spectra measured for precursor annealed at
250 °C, 350 °C and 450 °C, revealing the growth of Ni-O peak at ~853.7 eV.
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Ni 2p spectrum consists of 2p3/2 and 2p1/2 due to spin-orbit coupling, whereas 2p3/2 is usually
preferred in data analysis for its more intense signals. Figure 3.8 shows the Ni 2p3/2 spectra of
annealed samples. In practice, Ni 2p3/2 is often difficult to be spectral fitted due to the overlapping
binding energy of different oxidation states. Both theoretical and experimental results show that
Ni1+,2+,and 3+ species overlap heavily around 853 - 858 eV. Fortunately, Ni-O has a distinct dominant
peak at ~853.8 eV, which is rarely overlapped with other species. In Figure 3.8, such peak underwent
significant development upon annealing, suggesting the surge of NiOx presence in the film. However,
without spectral fitting, it is difficult to interpret whether Ni-O truly exists at 250 °C. The broad
shoulder at lower binding energy could indicate the possible presence of Ni-O at 250 °C.
In summary, thermal analysis suggests that precursor requires temperature no less than ~340 °C to
complete the thermal decomposition. FTIR shows that annealing at 250 °C is sufficient to remove
solvents, but acetate group from the nickel salt will remain in the sample, which is confirmed by XPS
C 1s. Although not fully decomposed, XPS core level O 1s, N 2p3/2 all indicate the possible presence of
nickel oxide at 250 °C. Therefore it would appear that 250 °C annealing temperature results in a
mixture of nickel oxide and organic residuals from the precursor (dominated by the acetate group).

3.2.2 Structural analysis
3.2.2.1 X-ray diffraction (XRD)
In order to link the annealing temperatures to the NiOx crystal structure, sample films were studied
with X-ray diffraction (XRD). All samples were deposited onto silicon substrates, and a NiO reference
profile was used for peak assignment (ICSD: 01-073-1519 [17]). Sample thickness was kept for >
80nm, which is the minimum thickness for diffracting meaningful X-ray signals. All profiles are absent
from errors such as flat peak top, indicating a suitable choice of scanning parameters.
Cubic structured NiO has the characteristic peaks at 2𝜃 37.8°, 43.7° and 62.9° that corresponds to the
(111), (200) and (220) planes. The sample annealed at 250 °C showed slight fluctuation at 2𝜃 37.8°,
43.7°, but the signal does not resolve into significant enough peaks. This is partly because XRD needs
a reasonable presence of crystalline structure to diffract X-ray signals. It is only at 350 °C and 450 °C
that can samples become crystalline enough to diffract significant X-ray signals. This agrees with the
thermal profiles that the precursor only fully decompose after 280 °C.
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Figure 3.9. X-ray diffraction (XRD) profile of annealed NiOx, in which
significant NiOx peaks only present in temperatures higher than 350 °C. All
samples were prepared on silicon substrates, and a NiO reference profile is
shown (ICSD: 01-073-1519 [17])

With the fluctuations of XRD signal in s-NiOx 250 °C profile, it is tempting to suggest that a limited
amount of NiOx crystals have already formed at 250 °C. Table 3.1 lists the crystal size estimated by
Scherrer equation using the dominant peak (200), the estimation of 250 °C sample is also included for
completion. As predicted, NiOx crystal grows into larger sizes as annealing temperature increases. In
order to study the film crystal structure in richer details, Transmission electron microscopy (TEM) is
used to image the crystal structure of the sample annealed at 250 °C.

Table 3.1. s-NiOx crystal size estimated from the (200) plane for various
annealing temperatures, showing an increase in crystal size upon annealing.
Annealing temperature

250 °C

350 °C

450 °C

2𝜃 (degree)

43.0

43.4

43.6

FWHM (degree)

4.30

1.25

0.67

Estimated Crystal Size (200)

2.1 nm

7.2 nm

13.4 nm
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3.2.2.2 Transmission electron microscopy (TEM)
To prepare the TEM sample, two methods were attempted, namely 1) cross section cut by Focused
Ion Beam (FIB), and 2) a free-standing film annealed on the sample holder directly. FIB normally
requires the sample to be deposited onto a conductive substrate to avoid surface charging, for
example silicon. If successful, FIB-cut cross section would give a clear idea of film’s development after
annealing [182]. In practice, we found that the FIB cutting and milling can be a lengthy process of
optimisation. Due to the insulating nature of nickel oxide, it was difficult to achieve a desirable
thickness for the cross section. Appendix B demonstrates the best result achieved. Using the silicon
substrate as a reference of calibration, the specimen prepared was still slightly too thick to elucidate
the crystalline structure.
An alternative method to FIB is the free standing film onto the substrate, in which the precursor is
cast directly onto the TEM sample holder, and annealed together at a desired temperature. This
method is more convenient in preparation. Although the resulting film is free standing (in between
the copper grid), the thermal behaviour of the precursor should remain the same, and hence
representative to the spin coated films.
Figure 3.10 shows the TEM images of the crystalline structure formed at 250 °C. As shown from the
lattice fringes, although annealed at a lower temperature, nano-scale crystallites had already formed
from the precursor. The spacing between the lattice fringes corresponds to the interplanar distance,
and is measured to be dominated with 0.21nm (Figure 3.10). Referring back to the XRD profile, the
dominant (200) peak also corresponds to the similar interplanar distance.
In order to understand the crystal structure more quantitatively, Selected Area Electron Diffraction
(SAED) was performed to study the area of interest in the film. In practice the area selected is often
from a lower magnification to include as many crystal orientations as possible. Appendix B shows the
electron diffraction pattern, where the centre is partly shielded to avoid damage to the detector.
Drawing a line profile along the radius of the electron diffraction pattern, a profile of interplanar
distance can be obtained. Appendix shows that the obtained profile falls into the NiO reference
profile in the (200) and (220) plane.
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Figure 3.104. Transmission Electron Microscopy images of crystalline
structure formed at 250 °C.

In summary, XRD results suggests that nickel oxide crystal undergoes significant growth once
annealed at 350 °C and beyond. From TEM, nano crystallites are observed at 250 °C, with sizes less
than 5 nm. Its interplanar distance can possibly be attributed to nickel oxide (200). When reaching
annealing temperatures of 350 °C and 450 °C, the organic residual will completely decompose, and
the presence of nickel oxide will be enhanced.

3.2.3 Morphology
3.2.3.1 Atomic Force Microscopy AFM
Morphology of s-NiOx film is examined by AFM. All samples were deposited on ITO substrates, and
annealed at various temperatures. Figure 3.12 shows the height profiles of bare ITO and annealed sNiOx. It is apparent that the resulting films mostly follow the morphologies of the ITO substrate
underneath. Surface roughness is quantified by taking the root-mean-square (RMS) from all sample
points of the (topographical) height profiles obtained. It shows that the empty ITO has roughness of
approximately 2.6 nm, where thermal annealing of s-NiOx would lead to roughness of ~ 2.2, 2.4, and
2.1 nm for annealing temperatures 250 °C, 350 °C and 450 °C respectively. Although the difference in
absolute value is small, it would appear that the s-NiOx forms a smoother surface than empty ITO. As
annealing temperature increased from 250 °C to 450 °C, the s-NiOx surface would first turn rougher as
the decomposition completes s at 350 °C, but eventually become smoother at 450 °C as a result of
complete removal of impurities and increase in crystallinity. From the height images, both 250 °C and
350 °C has significant presence of impurities on the surface, and such impurities would not fully
decompose until 450 °C.

4

TEM images were taken by David Poussin
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3.2.3.2 Diffuse Reflectance

Figure 3.11. Diffuse reflectance spectra of samples as deposited (RT) and
annealed at 150 - 450 °C. Fused silica substrate (grey dotted line) is assumed
to be completely smooth and used as the baseline in this measurement.
Usually surfaces within 3% diffuse reflectance are considered smooth.

To further examine the morphology, diffuse reflection is measured to investigate the effect of surface
scattering. Figure 3.11 presents the diffuse reflectance spectra of annealed s-NiOx. Diffuse reflection
occurs when the incident light beams reflects in response to an uneven surface condition. It is
generally agreed that surfaces with diffuse reflectance less than 3 % can be accepted as a smooth
layer. The bare fused silica substrate (grey dotted line in Figure 3.11) is used to correct for baseline,
and assumed to be perfectly smooth in this measurement (0 % diffuse reflectance). Most of the sNiOx samples here showed diffuse reflection less than 1 %, indicative of excellent surface condition.
Notably, the diffuse reflectance increases as the annealing temperature raised from 250 °C to 350 °C,
implicating a rougher surface during thermal decomposition. The film eventually turns smoother at
450 °C, due to the completion of thermal decomposition and an enhanced crystallinity. This
observation is in agreement with AFM results.
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Figure 3.12. (a-d) AFM height profiles of empty ITO and s-NiOx annealed at various temperatures. (e-h) selected line profile of the
corresponding images above. Surface roughness is calculated by taking the root-mean-square of all sample point in the height
profiles (a-d).
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3.2.4 Optical analysis and electronic properties
3.2.4.1 Ultraviolet-visible spectroscopy (UV-vis)
Ultraviolet-visible spectroscopy (UV-vis) revealed the changes in optical properties during the
annealing process. Although mostly transparent at room temperature and 150 °C, the s-NiOx
absorption edge (~ 350 nm) starts to emerge at 250 °C, and become more pronounced at higher
temperatures.
All spectra were measured using fused silica (amorphous SiO2) substrates (dotted line in Figure 3.13),
where it is normally assumed to have no absorption (93% transmittance and 7% reflectance) over the
wavelength 300 - 1200 nm. Therefore the merit of using fused silica substrate is that the absorption
edge of NiOx can be revealed undisrupted at shorter wavelength 300 - 350 nm. On the other hand, if
using glass substrates, the substrate absorption is in the similar range to that of nickel oxide, and
hence affect the accuracy of absorption values.

Figure 3.13. UV-vis transmittance spectra of s-NiOx samples annealed at
various temperatures. Samples were prepared on fused silica substrates.
Transmission of quartz substrates (dotted line 93%) is shown as a reference.
Inset: absorption coefficient dispersion calculated from the absorption
spectra (A = 1 - R - T).
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The decline in transmission at the wavelength range 300 - 350 nm is known as the fundamental
absorption edge, dominated by the band to band absorption [183]. The position of the fundamental
absorption edge is determined by the bandgap of the material [49]. In a defect-free crystalline
material, the well-defined edges of the VB and the CB will ensure a sharp fundamental absorption
edge, and light with energies smaller than this will not be absorbed by the material. However, as
observed from Figure 3.13, a broad shoulder is present in the longer wavelength range 350 - 500 nm.
The loss in transmission indicates the existence of the localised tail states that extend into the
bandgap, resulting in additional absorption near the fundamental absorption edge. Overall, s-NiOx
250 °C shows the highest additional absorption, indicative of the higher degree of disorder (thickness
remains the same across samples).
Also in Figure 3.13, the absorption coefficient (𝛼) is calculated by taking sample thickness into
account, hence a characteristic property of a material. As introduced in the previous chapter, the
absorptions of the localised tail states follow an exponential relationship with the photon energy [67].
Demonstrated by Tauc et al. [183], if plotting ln (𝛼) against the photon energy (Figure 3.14a), the
absorption profile can be categorised into three processes owing to the nature of the transition: A)
between the weak tail states (weak absorption tail (WAT) [68, 183]), B) between the tail states and
the extended states (the Urbach edge) [67], and C) the extended states to the extended states (band
to band, Tauc absorption) (Figure 3.14b).

Figure 3.14. a) Absorption coefficient dispersion on logarithm scale for s-NiOx
annealed at 250 - 450 °C. The profile is divided into regions A, B and C
according to the change in slope. A: weak absorption tail (WAT), dominated
by transitions between the tail states; B: the Urbach edge, dominated by
transitions between the tail states and the extended states; C: Tauc
absorption, dominated by transitions between extended states to extended
states. b) The schematic illustration of the transition processes A, B and C,
and DOS is approximated with the Gaussian disorder model (GDM).
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In band to band absorption (process C in Figure 3.14), the absorption is determined by the magnitude
of the bandgap. To estimate the bandgap, the Tauc’s relation is followed for the higher energy range
(Tauc’s plot [67] (Figure 3.15)).
Tauc plots were attempted using both n = 0.5 (direct bandgap) and 2 (indirect bandgap) (Figure 3.15).
0.5 appears to be better suited to NiOx, which agrees with previous publications [107, 184]. At 250 °C,
the optical bandgap sharply reduces from over 5.0 eV to 3.77 eV, and further to 3.57 eV at 450 °C.
The transition of the optical bandgap at 250 °C indicates that the precursor had converted into a
composition that has similar optical properties to s-NiOx from higher temperatures. Annealing at over
350 °C has no significant influence on the magnitude of the bandgap.

Figure 3.15. Tauc’s plot of NiOx samples annealed at various temperatures.
The absorption coefficient is calculated from the absorption values according
to the equation: A = 1 - T - R. Values of the bandgap 𝐸𝑔 are obtained by the
x-intercept. An example is shown with the 250 °C sample to demonstrate the
determination of 𝐸𝑔 .

In the energy range smaller than the bandgap, the absorption involves the localised tail states. The
presence of the tail states is usually studied with the Urbach’s rule. From Equation 1.18, the following
relation can be obtained:
ln (𝛼(ℎ𝑣)) = ln (𝛼0 ) +

ℎ𝑣 − 𝐸𝑔
𝐸𝑈

(3.1)

where 𝛼 is the absorption coefficient, 𝛼0 a fitting constant, and 𝐸𝑈 the Urbach energy that indicates
the energy width of the absorption edge [69]. Therefore, by plotting ln (𝛼) against photon energy,
the Urbach energy 𝐸𝑈 can be found from the slope of the profile (Figure 3.16):
90

In Figure 3.16, s-NiOx 250 °C shows a lower slope, implying a larger magnitude in the Urbach energy
𝐸𝑈 . As summarised in Figure 3.16 inset, 𝐸𝑈 undergoes a significant decline as annealing temperature
increases. Since the magnitude of 𝐸𝑈 correlates to the energy width of the absorption edge, the
decline in 𝐸𝑈 is an indicative of smaller width in the tail states.

Figure 3.16. Dependence of ln (𝛼) on photon energy, showing a linear
relationship that obeys the Urbach’s rule. The Urbach energy 𝐸𝑈 is obtained
from the slope. Inset: decrease in the Urbach energy against higher
annealing temperatures.

As introduced previously, if measured at the same temperature, differences in the Urbach energy can
be attributed to static structural disorder (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 and compositional disorder (𝐸𝑈 )𝐶 , (𝐸𝑈 =
(𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 + (𝐸𝑈 )𝐶 ). At 250 °C, the resulting film possesses organic residuals (mostly acetate group)
from the precursor, which increases compositional disorder (𝐸𝑈 )𝐶 . As the annealing temperature
increases to 350 °C and 450 °C, the precursor decomposes completely. The oxygen to nickel atomic
ratio obtained from XPS suggests that the degree of compositional disorder remains at a similar level
between 350 °C (1.32) and 450 °C (1.38).
The static structural disorder (𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 is closely related to the crystallinity of the material.
Supported by the X-ray diffraction (Figure 3.9), as annealing temperature increases from 250 °C to
450 °C, the resulting film transforms from a highly disordered system into a more ordered structure.
The enhancement in crystallinity limits the presence of intrinsic defects, and results in a lower degree
of static structural disorder. Therefore as annealing temperature increases, the decline in both
compositional disorder ((𝐸𝑈 )𝐶 ) and static structural disorder ((𝐸𝑈 )𝑋,𝑠𝑡𝑎𝑡 ) contribute to a lower
Urbach energy (𝐸𝑈 ) overall, showing a reduced width of the localised tail states upon annealing.
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Figure 3.17 is developed from the common assignments to the absorption process [68], and combines
with the values obtained from Tauc’s plot (Figure 3.15) and Urbach’s rule (Figure 3.16). Tauc
absorption (region C) leads to the valuation of the bandgap (𝐸𝑔 ), and is indicated on the x-axis. The
value of 𝐸𝑔 falls into the Urbach edge (region B), implying that the localised tail states have
dominated the edge of the valence band and the conduction band. In fact, the Urbach edge covers
the energy range both above and below the bandgap, suggesting that a Gaussian disorder model
should be better suited to describe the disordered nature of s-NiOx. At an annealing temperature of
250 °C, a larger Urbach edge presents at the energy range below the bandgap, indicative of a wider
distribution of the localised tail states that extends deeper into the bandgap.

Figure 3.17. Absorption coefficient dispersion on logarithm scale for s-NiOx
annealed at 250 - 450 °C. The profile is divided into regions A, B and C
according to the change in slope. A: weak absorption tail (WAT), dominated
by transitions between the tail states; B: the Urbach edge, between the tail
states and the extended states; C: Tauc absorption, between the extended
states. Values of the bandgap are obtained through a Tauc relationship
(Figure 3.15).
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3.2.4.2 Air photoelectron spectroscopy (APS) and Kelvin probe (KP)
Optical characteristics are closely associated with materials electronic properties, especially the
position of energy levels. Therefore air photoelectron spectroscopy (APS) and Kelvin probe (KP) were
employed to gather the understanding of NiOx energy band positions. As electrons are excited from
the valence band, the air molecules above will be ionised. By collecting and analysing the charged air
molecules (such as N2, O2, H2O) against excitation energy, the information of materials valence band
edge position can be obtained.
Fowler theory is usually applied when analysing the photoemission signal of the metal valence band
edge. In Fowler theory, the photocurrent 𝑅 is assumed to be in proportion with the photon energy
𝐸𝑝ℎ , and follows a power law, therefore a linear relationship is expected if taking the square root of
the photoemission signal:
𝑅1/2 = 𝑘(𝐸𝑝ℎ − ℎ𝑣0 )

(3.2)

where 𝑘 is a constant. The equation demonstrates that the threshold energy of a material can be
extracted from the x-intercept of the linear region of photoemission response.
When analysing a semiconductor, it has been shown that cubic root of the photoemission response
would be better suited, such as Si and Graphene [170]. More recently, the cubic rule has been
exercised on a variety of materials, including metal oxides (s-NiOx [171]), organics (spiro-OMeTAD
[172], P3HT [173]), and hybrid materials (MAPBI3 perovskites [172]).
In fact one of the difficulties of analysing APS spectra lies in the selection of power law applied to the
photoemission response. The aforementioned cubic rule has been followed empirically, without clear
theory support. Nekrasovas et al. explored a range of power rule ( 𝑅1/𝑛 , 𝑛 = 1,2,3,4 ), and found
that estimated VB value decreases with higher 𝑛, but both n=2 and n=3 overestimate the reference
value [185]. Instead, Nekrasovas proposed to use the first derivative of photoemission response (with
respect to photon energy), and found more suitable results.
This study explored all methods mentioned above, including n = 2 (metal), n = 3 (with bandgap), and
the first derivative method proposed by Nekrasovas et al. [185]. Figure 3.18 shows the fitting
comparison between n = 2 and n = 3. The higher n number will lead to a steeper profile at high
energy, hence the higher value of x-intercept. The first derivative profile is out of scale, and therefore
not shown together.
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Figure 3.18. Calculations of degree 2 and 3 root of photoemission responses,
for s-NiOx samples annealed at left) 250C, right) 450C, showing the fittings to
the linear region of processed photoemission spectra.

Table 3.2 shows the value obtained (in comparison with work function determined by Kelvin probe). n
= 2 results in lower values than n = 3, however both are deeper than the literature values (~-5.4eV). It
is the first derivative method that yields the shallowest VB, and in good agreement with references
[32]. Nevertheless, all fitting methods demonstrate a clear transition in the valence band position as
annealing temperature raised to 250 °C and beyond, implying a change in electronic properties
towards NiOx.

Table 3.2. Results of the valence band measurements using a variety of
fitting methods.
s-NiOx
annealing

Valence band (eV)

Work
function (eV)

n=3

n=2

dY/dhv

24 °C

-4.44

-5.82

-5.92

n/a

150 °C

-4.75

-5.81

-5.96

n/a

250 °C

-4.89

-5.64

-5.59

-5.4

350 °C

-4.97

-5.58

-5.50

-5.34

450 °C

-5.13

-5.59

-5.53

-5.38

temperature

Work functions in Table 3.2 are measured by Kelvin probe. Kelvin probe is an indirect measurement,
in which it measures the difference in work function between sample and the measuring tip (known
as the contact potential difference (CPD)). The CPD is obtained by biasing the tip with a potential that
equals to the CPD. Such measurement process may take some time to stabilise, and Figure 3.19
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shows that of raw measurements stabilise over two minutes. The value of work function in Table 3.2
is averaged over the stable part of data.
In this study, the Kelvin probe is integrated with APS under the same setup. The advantage of this
setting is that the absolute value of the reference sample is measured with APS, rather than assuming
a constant value. In practice, most users use reference samples such as highly oriented pyrolytic
graphite (HOPG) surface, or a freshly-polished metal surface such as silver and gold. This study uses a
freshly polished silver surface.

Figure 3.19. Work function measurements by Kelvin Probe, showing that the
signal stabilises over time.

Figure 3.20 and Table 3.3 presents the summary of the energy levels obtained APS and KP. In order to
be comparable with published results, values of the valence band are selected from the n = 3 fitting.
At 250 °C, the shift in the conduction and the valence band reveals a transition of the electronic
properties towards NiOx. Although the precursor may not fully decompose at 250 °C, the resulting film
possesses a similar electronic structure to NiOx from higher temperature. At 350 °C and 450 °C, the
presence of NiOx is enhanced, and becomes increasingly more p-type.
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Table 3.3. Values of band energy levels of Ni-complex annealed at various
temperatures

KP tip (Au)
24 °C
150 °C
250 °C
350 °C
450 °C

Work
Function
eV
-4.608
-4.44
-4.75
-4.89
-4.97
-5.13

Valence
Band
eV

Conduction
Band
eV

Optical
Band Gap
eV

-5.85
-5.89
-5.65
-5.56
-5.58

-0.72
-0.77
-1.64
-1.76
-1.80

5.13
5.11
3.83
3.57
3.59

Figure 3.20. Band energy diagram of Ni-complex annealed at various
temperatures, in which the valence is derived from air photoemission
spectroscopy (APS), the Fermi level from Kelvin Probe (KP), and the
conduction band from the optical bandgap (from Tauc’s plot (Figure 3.15)).

Characteristic of the band structure, the bandgap is formed between the maximum of the valence
band and the minimum of the conduction band. The difference between the Fermi level 𝐸𝐹 and the
vacuum level 𝐸𝑣𝑎𝑐 is the work function. The Fermi level 𝐸𝐹 can have different meanings depending on
the nature of the material. For metals, the valence electrons fill up to 𝐸𝐹 , which is equivalent to the
ionisation energy. Consequently, the work function is the minimum energy required to remove an
electron from the metal surface [26]. For non-degenerate semiconductors such as Si and NiO, the
Fermi level is usually located within the bandgap. In this case, the Fermi level concerns the probability
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distribution of electrons, and is defined as the energy at 50% probability of electron occupancy in the
Fermi-Dirac distribution [20].
In an intrinsic semiconductor, the population of the two types of charge carriers (electrons and holes)
remains the same under thermal equilibrium, and the Fermi level stays in the middle of the bandgap
[49]. In doped semiconductors, the excess carrier concentration can influence the probability
distribution of electron occupancy, and hence the position of the Fermi level. In NiOx, p-type acceptor
doping (e.g. excess oxygen) gives rise to the acceptors states above the valence band edge [28, 29].
Electrons can be thermally excited into these states, leaving holes in the valence band (Figure
3.21a) [20]. The available electrons in the acceptor states increase the probability distribution of
electrons, and therefore the Fermi level is shifted towards the valence band.
As confirmed from Figure 3.20, nickel oxide processes p-type character overall, and is enhanced upon
annealing. In a perfectly crystalline material, the acceptor states can be presented with a narrow band
width above the valence band. However, in a disordered material, it is possible for the localised tail
states to merge with the acceptor states [186] (as illustrated in Figure 3.21).

Figure 3.21. Schematic illustration of the band states and the acceptor states
of a) a crystalline solid, b) a disordered solid, showing the acceptor states
merges with the band states (CB: conduction band; VB: valence band; DOS:
density of states)

As annealing temperature increases, a stronger p-type character would indicate 1) a stronger
presence of the acceptor states, and / or 2) the acceptor states shift towards valence band. If
assuming all the acceptor states originate from the oxygen surplus, they are likely to locate at a
similar level [27]. As proposed in Figure 3.22, the presence of the acceptor states increases with
annealing temperature, resulting in a shift in the Fermi level towards the valence band (shifted
probability distribution of electron occupancy in response to the presence of the acceptor states).
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If we recall the optical absorption spectra, an overall decline in the Urbach energy is observed as
annealing temperature increases. This indicates a reduced energy width of the localised tail states. In
other words, the distribution of the tail states becomes closer to the valence band edge. Combining
the smaller band tail width with the stronger presence of the acceptor states, illustration in Figure
3.22 was proposed. It shows the combination of the decreased band tail width with enhanced
acceptor levels, which leads to a stronger p-type character, shifting the Fermi levels (EF) closer to the
valence band edge (EV)

Figure 3.22. Proposed DOS distribution at the valence band edge for
annealed s-NiOx, approximated by Gaussian disorder model (GDM), at room
temperature. It shows a combination of decreased band tail width and
enhanced acceptor states, which results in a stronger p-type character, and
hence the Fermi level (EF) shifts closer to the valence band edge (EV).
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3.3 Conclusion
Solution processed nickel oxide was studied to reveal material properties when annealed at different
temperatures. Thermal analysis suggests that the sol gel precursor requires no less than ~340 °C to
complete thermal decomposition. When annealed at 250 °C, although appearing amorphous by X-ray
diffraction, transmission electron microscopy revealed nanoscale NiOx crystallites have formed and
were embedded in organic residuals.
From X-ray photoelectron spectroscopy and Fourier transform infrared spectroscopy, at 150 °C, the
film composition is dominated by solvents and acetate ligands. 250 °C is sufficient to remove most of
solvents, and contains NiOx nano crystallites with acetate residuals. The majority of solvents and the
acetate ligands diminish with rising temperatures, and the presence of nickel oxide becomes
increasingly more dominant. All organic residuals are effectively removed at 350 °C, while 450 °C
further decomposes the impurities on the surface, and results in larger NiOx crystal size.
When deposited on ITO, the resulting film will follow the morphology of underlying ITO, but with a
smaller surface roughness. Annealed at 250 °C, the film still has significant impurities on the surface,
and were completely removed at 450 °C. Overall, all samples show low diffuse reflectance (< 1 %),
indicative of smooth surface.
All annealing temperatures result in films of excellent optical transmission, where the absorption edge
of NiOx started to emerge at 250 °C. Revealed by the Urbach energy, 250 °C possess the largest width
in the distribution of the band tail states, indicative of high degree of disorder. The estimated band
width decreases at higher annealing temperature, showing disorder is reduced upon annealing. With
measurements from air photoemission spectroscopy and Kelvin probe, the conduction band, the
valence band and the Fermi level positions were determined. A clear transition towards nickel oxide
occurs at 250 °C, of which p-type character of the resulting film enhances with temperature.
In this chapter, the temperature dependence of solution processed NiOx properties is studied and
discussed. To identify the chemical environment during the post annealing, the annealed samples
were more carefully measured by XPS in the next chapter.
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4 Interpretations of s-NiOx XPS
spectra

4.1 Introduction
This chapter presents the study of solution processed nickel oxide (s-NiOx), using X-ray photoemission
spectroscopy (XPS)5. In order to suggest a reasonable fitting profile to O 1s and Ni 2p3/2, previous
publications of NiOx XPS interpretations were first reviewed. Data processing methods, such as
charging correction and data normalisation were investigated and discussed.
During the thermal deposition of precursor, information of organic residuals such as the acetate
group were revealed by C 1s spectra. The presence of nickel oxide is investigated with both O 1s and
Ni 2p3/2, both assisted by spectral fittings. The valence band edge measurements were also carried
out to reveal to the changes in electronic properties upon annealing. Together, a full understanding to
s-NiOx surface properties is obtained over a range of annealing temperatures.

5

All XPS measurements in this chapter were taken by Jonathan Ngiam.
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4.2 X-ray Photoelectron Spectroscopy Interpretations
X-ray Photoelectron Spectroscopy (XPS) is an important tool for the study of electronic structure of
the sample surface. XPS reveals information such as the chemical valence state, the stoichiometry
between elements and the valence band structure. To assist the understanding of NiO XPS spectra,
the interpretations of oxygen 1s and nickel 2p spectra are reviewed.

4.2.1 O 1s in NiO
Early XPS research on NiO first tackled the oxygen 1s (O 1s) spectra. Typical features in O 1s spectra
were classified into three components: lattice oxygen, surface oxygen and surface water oxygen [187,
188] (Table 4.1). This interpretation is still valid in many studies. Over the decades, much effort had
been invested in the interpretation of the O 1s spectrum of NiO. The following section will briefly
review the developments in the analysis of nickel oxide O 1s.
Table 4.1. A traditional fitting profile of nickel oxide O 1s, consisting of three
components
O 1s binding energy
539.5 - 530.4 eV
531.0 - 532.0 eV
> 532.0 eV

Origin of the oxygen species
NiO Lattice oxygen (O2-)
Surface hydroxide (OH-)
Surface water oxygen

4.2.1.1 O 1s 529.5 - 530.4 eV, Lattice oxygen (O2-)
The peak is widely recognised to be the NiO lattice oxygen. In order to prepare the pure NiO samples,
NiO or Ni is usually first calcinated in ambient air at high temperatures (500 - 1100 °C), then heated in
vacuum environment to remove the attached water or hydroxide groups. As a result, peak at 530.4 eV
is usually the most dominant and occasionally the only O 1s peak presented. Therefore 530.4 eV is
linked to the lattice oxygen, and assigned the O2- valence state.

4.2.1.2 O 1s 531.0 - 532 eV, Surface hydroxide ion (OH-) and OPeak at 531 - 532 eV was initially observed when exposed to a water-saturated environment [189],
and therefore considered to be related to a surface hydroxide group. Since then, sample preparations
were focused on the process of water-saturation and high temperature evacuation - for the formation
and removal of said surface hydroxyl group. Fitting O 1s with three peaks, Benndorf et al. [190]
observed an increase in 531 eV and 532.8 eV when exposed to H2O near room temperatures.
Conversely, removing the intercalated water can lead to a decline in -OH peak at 531 - 532 eV [191].
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In addition to surface -OH group, Norton et al. [188] observed a similar enhancement upon
bombardment of Ar+ ions (reduction to Ni0) followed by oxidation, implying the contribution other
than the surface hydroxide group. Based on the fact that surface water is sufficiently removed during
high temperature evacuation, Roberts et al. [189] suggested that 531.4 eV could have the
contribution from O- species associated with Ni vacancies. Thereafter, it was suggested that 531.4 eV
not only resolves to hydroxyl group at lower temperatures, but also bears the character of O- species
that associate with Ni3+, or Ni vacancies. Due to the unstable nature of Ni+ and Ni3+, such association
to Ni3+ was further investigated in the form of KNiO2 [30]. Peak at 532.2 eV showed a rapid surge
during the formation of KNiO2, which is directly link to Ni3+. The same correlation to Ni3+ was also
observed in Ni 2p spectrum, which is discussed later in this review.

4.2.1.3 O 1s 532.2 eV and beyond, adsorbed water
The peak at 532.2 eV and above is usually assigned to water adsorbed on the NiO surface. Early
studies into nickel oxide often only focus on two peaks at 529.5 eV and 531.4 eV. Bennodorf et al.
[190] proposed O 1s fitting with three peaks (530.0, 530.8, 532.8 eV), and found that the higher
binding energy components (530.8 and 532.8 eV) increases with higher H2O exposure, and such
enhancements were attributed to the surface hydroxide groups (530.8 eV) and surface water oxygen
(532.8 eV). Carley et al. [192] came to similar conclusion on water oxygen at 533.6 eV, and
demonstrated a decline in these peaks upon heating.

Figure 4.1. a) Peak analysis of O 1s spectra at 300K, b) as water exposure
increases, it shows a decline in lower BE component a, and an enhancement
in higher BE component b and c. (Figure adopted from Bennodorf et al.
[190])

In conclusion, NiO XPS samples are commonly prepared by thermally oxidising nickel surfaces. O 1s
spectrum usually consists of three components. 529.5 - 530 eV for lattice oxygen, 531.0 - 531.4 eV for
surface hydroxide group or defects, and 532 - 534 eV for surface water oxygen. Post treatments
mostly focused on the addition and removal of water exposure, which leads to the variations in
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hydroxide group (531 - 531.4 eV) and water oxygen (532 - 534 eV). Additionally, the ratio between
oxygen and nickel is usually beyond one, implying the existence of nickel vacancies, or oxygen surplus.
Built on previous findings, Dupin et al. [193] provided a fuller comparison of O 1s binding energy
among different metal oxides, hydroxides and peroxides. An intense peak of lattice oxygen was
observed at around 530 eV for all TMOs, but slightly lower for NiO (529.5 eV). After reviewing genera
trends in TMOs, the following identifications were suggested to the O 1s spectrum.

Figure 4.2. O 1s binding energy scale for metal oxides, showing values of
various O species. (adopted from Dupin et al. [193])

4.2.2 Ni 2p in NiO
Ni 2p spectra proves to be much more complicated than the O 1s. Part of the difficulties owes to the
multiplet splitting and overlapped binding energy of different Ni oxidation states.
Taking spin-orbit interaction and crystal field theory into account, Gupta and Sen calculated the
multiplet envelopes of nickel with oxidation states +1 to +4 [194]. All Ni oxidation states demonstrate
significant multiplet splitting, a common character shared among many 3d transition metal cations.
Unfortunately the multiplet binding energy largely overlaps across various oxidation states, making it
difficult to quantify the stoichiometry between oxidation states. Therefore early research seldom
attempted spectral fittings.
Sample preparations were primarily focused on oxidising Ni foil under different conditions. It was
widely recognised that 854.8 eV should be attributed to Ni2+ of NiO. The discussions of the rest Ni 2p
spectra were focused on the identification of different species and oxidation states, namely Ni0, NiOH, Ni2+ and Ni3+
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4.2.2.1 Ni 2p3/2 852 - 853 eV: Ni0 metal
Bianchi et al. [195] completely reduced NiO to Ni metal in hydrogen environment at 523 K, showing a
sole dominant peak at 852.4 eV attributed to Ni metal. Using Ar+ sputtering instead, NiO surface was
found to be sensitive to sputtering, and readily reduced to Ni metal at 852.9 eV [196, 197].

4.2.2.2 Ni 2p3/2 854 eV: Ni-O
By exposing Ni foil to pure oxygen at room temperature, Norton et al. [188] observed a gradual
enhancement to the peak at 854.4 eV owing to the formation of NiO. In a more detailed study
through vacuum annealing, Roberts et al. [197] showed that NiO lost the excess oxygen during
annealing, but the stoichiometry between O and Ni was still much beyond 1. Aiming to establish a
standard XPS reference of NiO, both Biesinger and Ractcliff et al. [32, 198] showed the dominant NiO
feature at 853.8 - 854.1 eV.

4.2.2.3 Ni 2p3/2 855 - 856 eV: mixed states
The peak at 856 eV coincides with the binding energy of Ni3+ oxidation state. Ni3+ can exist in the form
of NiOOH or Ni2O3. In fact the two are arguably the same species since NiOOH has the same
stoichiometry as Ni2O3 - H2O [191]. Regarding the decomposition mechanism of NiOOH,
Moroney et al. [191] observed that Ni 2p3/2 experienced a peak shift from 856 to 854.8 eV, which was
attributed to the removal of intercalated water, and hence the conversion back to NiO.
1
2𝛽𝑁𝑖𝑂(𝑂𝐻)(𝑠) → 2𝑁𝑖𝑂(𝑠) + 𝑂2 (𝑔) + 𝐻2 𝑂(𝑔)
2

(1.16)

However, Ni3+ samples are difficult to prepare in practice. Its hydrated lattice causes peak shift in XRD,
and it is therefore difficult to identify an accurate crystal structure. Also, the reactive nature of the 3+
state makes the sample difficult to handle in ambient environment. To overcome these obstacles,
Carley et al. [30] investigate the Ni3+ state in KNiO2 instead. By depositing K followed by post
annealing, the sample surface showed a clear transition from 854.6 eV to a double peak at 856.7 and
852.8 eV, attributed to Ni3+ and Ni0 respectively. Thereafter, the assignment of Ni3+ to
856.5 - 856.8 eV has been widely recognised in most research today.
2𝐾 0 + 2𝑁𝑖𝑂 → 𝐾2 𝑂2 + 2𝑁𝑖 0

(1.17)

2𝐾2 𝑂2 + 2𝑁𝑖𝑂 → 2𝐾𝑁𝑖𝑂2

(1.18)
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4.2.2.4 Spectral peak fitting
Built on previous identifications, Grosvenor et al. [199] attempted to fit Ni 2p spectra with multiplet
envelopes of Ni(OH)2, NiOOH and NiO. However large uncertainty remains in the values of binding
energies assigned. Biesinger et al. [198] later revised the fitting by referring to O 1s and including Ni0
in the fitting profile. This leads to more reliable quantitative results, and were subsequently extended
to the other first row transition metals [31].
A more popular and practical approach is to fit the multiplet splitting with two peaks, which had been
demonstrated by Ratcliff et al. [32] and Biesinger et al. [198]. It utilised the fact that Ni-O, Ni-OH and
Ni3+ are each most dominant in a specific part of spectrum. Therefore this method does not treat
different oxidation states more quantitatively, but gives a more qualitative interpretation on the
possible oxidation states of nickel.

4.2.3 Solution processed nickel oxide
One common fact with the sample preparation is that most NiO samples were obtained by thermally
oxidising nickel foil under either pure O2 or ambient air. In some cases, to ensure a clean surface, the
nickel foil is cleaned by Ar sputtering (fully reduced to Ni0) prior to thermal oxidation.
Since the first publication on solution processed solar cells, more and more research reported the use
of solution processed nickel oxide (s-NiOx) as a charge transport layer, owing to its ease in processing,
lower cost, and suitable electronic properties [135]. As part of solution processing, s-NiOx relies on the
calcination of a precursor. Because of the complexity of the precursor, the resulting films usually do
not only possess NiOx, but also the impurities or organic residuals from the precursor. Additionally,
the ambient processing conditions add further complications to adsorbed water, surface hydroxide
groups, and surface defects.
Therefore s-NiOx XPS interpretations need to be refreshed from previous publications. Ratcliff et al.
[32] pioneered in this direction by comparing between reference spectra of NiO, s-NiO, and NiOOH.
The authors proposed that O 1s 532.1 eV and Ni 2p 856.4 eV in s-NiOx should be assigned to NiOOH.
NiOOH can be enhanced under UV-Ozone (UVO) treatment, and proves to be beneficial to solar cell
device performance.
Since NiOOH has the same stoichiometry as Ni2O3-H2O, it was previously argued that NiOOH and Ni2O3
could arguably be the same species. However, Ratcliff et al. was able to show that NiOOH is a more
favourable state at lower temperatures, while the existence of Ni2O3 is more likely in higher
temperatures (after complete dehydration). In fact, Ratcliff et al. proposed that NiOOH and Ni2O3
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would have distinct binding energies, Ni 2p 856.4 and 855.3 eV, and O 1s 532.1 and 531.3 eV
respectively.
Built on Ratcliff’s findings, Zhai et al. [201] attempted UVO treatment and thermal annealing at the
same time, and observed the enhanced NiOOH peak 532.1 eV upon post treatments. It was claimed
that the lower BE component 530.8 eV should be assigned to Ni2O3 instead of traditionally accepted
Ni(OH)2, despite the fact that Ni2O3 is more likely to form after a complete dehydration at higher
temperatures. Therefore, without a reference Ni2O3 spectrum, the possibility to observe the existence
of Ni2O3 instead of Ni(OH)2 at lower temperatures is questionable.
Nevertheless, the assignment of ~ 532 eV to NiOOH and ~ 531 eV to Ni2O3 has since been most widely
recognised and applied among the studies of s-NiOx in solution processed devices. However the claim
to Ni3+ states (e.g. NiOOH and Ni2O3) would need more careful interpretations considering the
complexity in solution processing.
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4.3 Data processing
4.3.1 Normalisation
For quantitative analysis, raw data is seldom compared directly but normalised against a factor.
Normalisation intends to remove the artefacts of measurement when comparing between samples.
Two normalisation methods were attempted in this study, namely normalisation against 1) self
spectrum area, and 2) area of a known spectrum (e.g. Ni 2p3/2). Figure 4.3 (a) shows the removal of
the redundant area before normalisation, whereas (b) and (c) the choice of different normalisation
factor.

Figure 4.3. C 1s core level spectra measured for annealed s-NiOx annealed,
showing a) raw data with the redundant area removed, b) normalised
against self area, and c) normalised against Ni 2p3/2 area.
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The merit of normalisation against C 1s’ own area is that it clarifies the difference in spectra shapes,
allowing easier identification to the changes in chemical states. In Figure 4.3 (b), as annealing
temperature increases from 250 to 350 °C, the higher binding energy (BE) component shifts towards
a lower BE, implying a decline in O-C=O group. This observation agrees with the conclusions from FTIR
in the previous chapter, in which the acetate group decomposes more completely at temperatures
beyond 250 °C.
However, the magnitude of intensity becomes less meaningful after such normalisation, which makes
it difficult to compare quantitatively between samples. Another choice of normalisation factor is from
a known element in the sample. In this study, Ni becomes a sensible choice as it is present in all
annealing conditions, and not easily affected by impurities. For each sample, its Ni 2p3/2 area is used
as the normalisation factor and applied to C 1s and O 1s. This method assumes that the number
density (number per volume) of nickel remains constant between samples.
In Figure 4.3 (c) shows an example of normalisation of C 1s against Ni 2p3/2 area. As annealing
temperature increases from 250 °C to 350 °C, C 1s intensity drops sharply. Because intensity and area
in the spectra is proportional to the number density (number per volume) of carbon in the sample, a
lower intensity shows a smaller presence of carbon. This adds further sights into the decomposition
process of Ni precursor, in which the carbon impurities are mostly removed from the sample, and
only a small proportion of carbon remain at the sample surface (possibly due to ambient
contamination).
Notably, the Ni2p3/2-normalised spectra bore close similarity to the raw data with redundant areas
removed. The similarity suggests that the choice of sample preparation and the measurement
method is suitable for this study.

4.3.2 Charging correction
When measure an insulating sample, it is inevitable that the surface will be left positively charged
once photoelectrons are ejected (insufficient free electron density to rebalance the positive charge).
Escaping from a positively charge surface, photoelectrons will arrive at the detector with lower kinetic
energy, and hence show a higher binding energy.
𝐸𝐵 = 𝐸′𝐵 − 𝐶

(6)

For a surface with a static potential 𝐶, the true binding energy 𝐸𝐵 can be derived from the apparent
binding energy 𝐸′𝐵 using the relationship above. Usually the charge 𝐶 is assumed not to be dispersive
but kept constant over the scan range. This assumption is based on a few conditions: 1) the sample
does not heat, 2) the sample does not degrade, 3) the potential from the spectrometer does not
108

penetrate the space surrounding the sample, and 4) the retarding potential of the spectrometer does
not throw more electrons back to the sample surface [167].
Therefore, to examine any shifts caused by surface charge, a reference of a known binding energy is
needed. Carbon 1s is a typical range used for reference, as carbon contamination is inevitable under
ambient environment. In this study, apart from ambient contamination, carbon also comes from
solution-processed organic residuals such as the acetate group as observed from FTIR. Although the
C-C peak is generally accepted as a reliable reference source [202], 0.4 eV (284.8-285.2 eV) is still a
considerable range of uncertainty. Alternatively, purposely deposited gold monolayer and its Au 4f7/2
peak is also widely used as a reference to determine charge shift more precisely [167].
When C 1s C-C is used for charge correction, it first underwent spectral peak fitting for the peak
position of C-C (using a fitting profile shown in Appendix C). The difference to the reference value
(284.8 eV) was then applied to O 1s and Ni 2p. In Figure 4.4 (a,b) , both O 1s and Ni 2p were shifted to
a lower binding energy after such charging correction.

Figure 4.4. XPS core level spectra of a) O 1s, b) Ni2p3/2 for before and after
carbon charge correction, and of c) O 1s, d) Ni2p3/2 for with and without Au
charge correction.
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When using Au 4f7/2 as the charging reference, a thin layer Au of ~1 nm thickness is first deposited
onto the sample surface, and spectral fitted for Au 4f7/2 peak position. The difference to the reference
(84.0 eV) is then applied to the spectrum of interest. Figure 4.4 shows the same sample with and
without Au reference layer. Apart from the correction to an overall lower binding energy, the
intensity of both O 1s and Ni 2p appear to be smaller than the samples without Au layer, indicative of
fewer O and Ni core level electrons escaped from the sample surface.
In terms of charge shift, we found the charge shift between C-C and Au correction is rather small (-0.3
eV and -0.6 eV respectively). Owing to the purpose of studying O 1s and Ni 2p in greater details, and
being comparable to published results, C-C charge correction was used for the majority part of the
following studies.

4.4 Results and discussions
4.4.1 Survey spectra

Figure 4.5. Survey spectra of Ni(Ac)2 under different annealing conditions,
compared against NiO reference sample (Sigma Aldrich). Core levels and
Auger lines of C, O and Ni are labelled individually.

A survey spectrum scans the entire energy range. When approaching the excitation energy, the signal
response would sharply increase, forming peaks and features. The sources of photoemission signals
depend on the electrons escaped from the samples, which usually include electrons elastically
scattered (sharp peaks), inelastically scattered (broad peaks), and electrons from internal relaxations
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(Auger). As an electron escapes from the surface, it may experience further complications from the
surroundings, forming features such as satellites (sudden change in coulombic potential of ions, e.g.
the shake-up satellite in Ni 2p), and plasmons (energy loss due to the interaction between
photoelectron and other electrons). The important peaks will be more carefully analysed for a smaller
noise level.
Background arises from the inelastic scattering of electrons, of which the kinetic energy is impaired
and electrons are recorded with higher BE. This explains the higher background in the larger BE part
of the spectra. From just the survey background shape alone, one could interpret the possible
locations where the photoelectrons originate from. Invented a background fitting method in 1980s,
Tougaard proposed that the raised background in higher binding energies indicates that 1) the
photoelectrons came from all depths, and 2) the surface is likely shielded with contaminations (e.g.
water and carbohydrate). This interpretation suits the powder state of the samples. Due to the nature
of high surface area of powder samples, the top surface of the sample is not compact but porous, and
could be contaminated during its exposure in ambient air.

4.4.2 Oxygen 1s spectra
As previously reviewed, O 1s is more established to interpret compared to Ni 2p, and hence was
attempted first for a general idea of the annealing process. Figure 4.6 shows a general comparison of
O 1s between annealed s-NiOx powder samples, and NiO references [32]. Although Ni-O lattice
oxygen at ~ 529.2 eV shows no presence at room temperature, it gains significant enhancement upon
annealing. Two NiO reference spectra: commercial grade 99% NiO (Sigma Aldrich) and literature
reference from Ratcliff et al. (thermally oxidised Ni) [32], were used for comparison. Although the two
reference spectra were obtained under different conditions, their difference is acceptable.
In order to understand the change in film compositions, O 1s was fitted with profiles adapted from
literatures [32, 198]. O 1s is traditionally interpreted by a 3-component profile, containing Ni-O, NiOH, and adsorbed water. Recently, a 4-component profile is attempted by many, and appears to be a
more suitable description to solution-processed NiOx.
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Figure 4.6. O 1s core level spectra measured annealed s-NiOx samples.
Reference spectrum from Ratcliff et al. [32], and the measured NiO
reference (Sigma Aldrich) are also presented.

Judging from the overall shape of O 1s profiles, samples annealed at higher temperatures bore closer
similarities to thermally oxidised nickel oxide, hence better suited for the 3-component profile.
However, samples annealed at lower temperatures present a more complicated structure at the
higher binding energies, and hence better fitted with a 4-component profile. Due to this reason, all O
1s spectra were fitted with both profiles. Figure 4.7 demonstrates the O 1s fittings for s-NiOx powder
annealed at 250 °C. Both fitting profiles reveal the presence of Ni-O at 250 °C, which remains at
~ 529.2 eV from both fittings. In a 4-component profile, NiOOH is separated from Ni-OH, leading to a
decline in both Ni-OH and adsorbed water.
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Figure 4.7. Peak fit analysis of the core level O 1s spectra of s-NiOx powder
annealed at 250 °C, in which a 3-component (left) and 4-compoent (right)
fitting profile was attempted.

In comparison, when annealing temperature reaches 350 °C, the presence of Ni-O surges significantly,
and remain the similar proportion compared to 450 °C. The changes in Ni-O content implies that the
conversion into NiOx completes at ~ 350 °C. As annealing temperature increases, Ni-O component
shifts to a slightly lower BE from 529.2 to 529.0 eV.
In addition, both Ni-OH and water lost their relative presence at higher temperatures, and the water
content almost entirely diminished in a 4-component profile at 450 °C.

Figure 4.8. Peak fit analysis of the core level O 1s spectra of s-NiOx powder
annealed at 350 °C, in which a 3-component (left) and 4-compoent (right)
fitting profile was attempted.
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Figure 4.9. Peak fit analysis of the core level O 1s spectra of s-NiOx powder
annealed at 450 °C, in which a 3-component (left) and 4-compoent (right)
fitting profile was attempted.

For a more detailed analysis, atomic percentages of each component are calculated and compared.
Figure 4.10 presents the changes in atomic percentage in a 3- and 4-component fitting profile. In both
fittings, Ni-O experiences significant development upon annealing, from ~ 25% at 250 °C to ~ 90% at
450 °C. More specifically, Ni-O peak shifted to a lower BE at 350 °C and 450 °C, which could indicate
that the chemical environment had become less electronegative. In general, 250 °C appears to
possess the most electronegative environment.
Apart from the surging NiO upon heating, all other species (Ni-OH, Ni-OOH, and adsorbed water)
experienced significant decline in atomic percentage agreed with literatures. Notably, 250 °C leads to
the highest presence of Ni-OOH, i.e. the Ni3+ species. The extra charge on Ni3+ is possibly the origin of
strong electronegativity at lower temperatures.
Unlike the large presence in the 3-component profile, adsorbed water is more closely resolved in the
4-component profile, demonstrating a more reasonable fitting result. The difference between a 3and a 4-component profile is most obvious at 250 °C where the presence of Ni-OOH is significant.
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Figure 4.10. Peak fit results of the core level O 1s spectra of annealed s-NiOx
samples, in which a 3-component (left) and 4-compoent (right) fitting profile
are presented.

In brief summary, O 1s shows that Ni-O lattice oxygen develop significantly upon annealing, growing
from ~ 25 at% at 250 °C to ~ 90 at% at 450 °C. Additionally, 250 °C could also lead to a large
population of Ni3+ states, which contributes to the peak shift of N-O towards higher BE (a more
electronegative environment).

4.4.3 Nickel 2p3/2 spectra
Due to the complex nature of Ni 2p spectrum, its spectral fitting proves to be more complicated than
O 1s. In the past, Ni 2p3/2 has been attempted with fitting profiles ranging from five to over twenty
components [31, 199]. Nowadays most research groups report a 5- or 6-component fitting profile for
its reasonable chemical meanings and ease in processing [203, 204]. In this study, a 5-component
approach is adopted. Each peak represents either a single oxidation state, or a mixed combination
[32]. Figure 4.12 presents the spectral fitting results of Ni 2p3/2 using a 5-component profile, where
the details are listed in
Table 4.4.
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Figure 4.11. Ni 2p3/2 core level spectra measured for annealed s-NiOx powder
samples, revealing the growth of peak at ~854.0 eV.
The most common form of Ni2+ is in either NiO or Ni(OH)2. Although the same oxidation state, two
species do not resolve to the same peak in Ni 2p. The key difference lies in the multiplet splitting in
Ni-O, forming two peaks at ~ 854.0 eV and ~ 855.5 eV, whereas Ni-OH only resolved into one major
peak at 855.5 eV [32]. Multiplet splitting occurs when the photoionisation process creates a core
electron vacancy. The unpaired core electron may interact with the unpaired electron in the outer
shell, creating a variety of final states. Between the doublets at ~ 854.0 eV and ~ 855.5 eV, Ni-O is
most strongly shown at ~ 854.0 eV, and seldom coincides with other Ni species, hence used for Ni-O
identification.
Figure 3.6 shows a comparison between the Ni 2p3/2 spectra of annealed s-NiOx powder samples.
Significant development of the Ni-O peak at ~ 854.0 eV took place when annealed at 350 °C and
450 °C. At 250 °C, the spectra show a slight shoulder at ~ 854.0 eV, implicating the possible existence
of Ni-O. The Ni-O multiplet splitting is most significant at 450 °C, showing two distinct peaks at
~ 854.0 eV and ~ 855.5 eV, indicative of a strong presence of NiOx.
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Figure 4.12. Ni 2p3/2 core level spectra measured for NiAc2 annealed at a)
250 °C, b) 350 °C and 450 °C, all fitted with a 5-component fitting profile,
revealing the development of Ni-O component at ~ 853.7 eV.

Spectral peak fitting was attempted using a 5-component fitting profile (Figure 4.12). The shoulder in
s-NiOx 250 °C shows a small presence of Ni-O at 853.9 eV. As temperature increased to 350 °C and
450 °C, Ni-O presence is resolved into a dominant peak. The peak position also shifts down from
853.9 eV(250 °C) to 853.4 eV (450 °C).
Peak positions and their relative atomic percentage are presented Figure 4.13. The development of
the component at ~ 854.0 eV shows the growth of Ni-O. Apart from Ni-O, peak at 855.5 eV shows
slight decline in atomic percentage, as well as a shift towards lower binding energy. Since the
development of Ni-O would raise both peaks, the decline in 855.5 eV implies the decline in other
species within these components, possibly Ni-OOH and Ni-OH. This interpretation agrees with the
previous observation from O 1s, where both Ni3+ and Ni-OH show a decline upon annealing.
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Figure 4.13. Peak fit results of the core level Ni 2p3/2 spectra of Ni(ac)2
annealed at 250 °C, 350 °C and 450 °C, in which the atomic percentage of NiO increases with rising temperature.

In fact, during the peak fitting analysis, the region at ~ 855.5 eV is the most complicated to interpret.
According to DFT calculations, all Ni oxidations state (1+, 2+, 3+) coincides heavily with this region,
making it difficult to assign an exclusive oxidation state. Typical Ni oxidation compounds, such as NiO,
Ni-OH, Ni-OOH and Ni2O3, all have major presence at 855 - 856.0 eV.
Previously, aiming to separate Ni-O, Ni-OH and Ni-OOH Beisinger et al. [198] attempted a fitting
profile with over 20 components, in which most components at 855 - 856 eV bears the character of
Ni-O, Ni-OH and Ni-OOH. Therefore in this study, the peak at ~ 855.5 eV is assigned with a single peak,
in a consideration that all three species (Ni-O, Ni-OH and Ni-OOH) may exist at the similar binding
energy. This generalisation has provided this study with a simpler approach in data processing.
However, changes in fitting results (855 - 856 eV) are not so obvious at different annealing
temperatures, which is due to the limitation of the 5-component fitting profile.

In summary, a 5 component-profile is used to analyse the Ni 2p3/2 spectra. As annealing temperature
increases from 250 °C to 350 °C, the component at ~ 854 eV shows the development of Ni-O.
Additionally, the peak shift and decline at 855.5 eV implies the reduction in Ni-OOH and Ni-OH upon
annealing, which agrees with the previous observations from O 1s.
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After the spectral fitting to both O 1s and Ni 2p, the peak intensity and area are both obtained. The
atomic ratio is derived by normalising the spectra area against the cross-section of the element (the
probability a photoelectron to be emitted). In Table 4.2, all samples exhibit a O : Ni ratio greater than
one, meaning the stoichiometry of NiOx is constantly in oxygen surplus. Such ratio is at the highest
(~ 2.1) at 250 °C, and reduces to ~ 1.3 at 350 °C and 450 °C.

Table 4.2. Ni to O atomic ratio for annealed s-NiOx samples, calculated from
XPS spectra area.
s-NiOx annealing temperature
250 °C
350 °C
450 °C

O : Ni atomic ratio
68 : 32 (2.13)
57 : 43 (1.32)
58 : 42 (1.38)

4.4.4 Auger electron spectra
Apart from O 1s and Ni 2p spectra, the Auger spectra is also useful when interpreting for Ni species.
Studies of the Auger spectra have been focused on two aspects, namely the overall shape and the
comparison of Auger parameters [32, 205].

Figure 4.14. Ni LVV Auger spectra for s-NiOx samples as deposited and
annealed at various temperatures. A reference spectrum is also included for
comparison.
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Biesinger et al. pioneered in the identification of Ni LVV shapes, and was able to link various Ni species
to its distinct LVV shapes [205]. Figure 4.14 shows the comparison between annealed s-NiOx samples
and a NiOx reference sample. Notably the feature at ~ 638 eV appears after annealing at 250 °C,
consistent with the NiO reference and s-NiOx from higher temperatures. According to published data,
the feature at 638 eV is unique to NiO and NiOOH, and therefore confirms the possible presence of
NiO at 250 °C.
In addition, Auger parameters 𝛼 ′ is usually used to extract further information from the spectra. The
concept is first introduced by Wagner et al., and later modified by Gaarenstroom and Winograd [206].
This study uses a commonly accepted form: 𝛼 ′ = 𝐸𝑘 + 𝐸𝐵 . For Ni, the two variables in the equation
are subjected to the energy of the highest signal of Ni LVV and Ni 2p3/2 respectively. In such a
calculation, 𝐸𝑘 and 𝐸𝐵 evolves in opposite direction, and hence any corrections to the charging shift
will be cancelled. The inclusion of charging shift preserves greater details when interpreting Auger
parameters.
Table 4.3 lists the values involved in auger parameter calculations. Regarding the absolute values of
Auger parameter, Beisinger et al. identified 𝛼 ′ of different Ni compounds, such as NiO, Ni(OH)2, and
NiOOH, and found that NiO has a lowest value of 1697.7 eV [205]. Varying the processing conditions,
Ratclilff et al. recorded 𝛼 ′ of pure NiOx (Ni film in pure O2) at 1698.3 eV, whilst solution processed
s-NiOx has similar 𝛼 ′ of 1698 eV. Oxygen plasma treatment to s-NiOx would raise 𝛼 ′ to 1699.6 eV,
which is partly due to the modified Ni species on the surface [32]. When comparing with the literature
values, our samples from 350 °C and 450 °C annealing falls in the range of NiOx. As annealing
temperature increases from 250 °C to 450 °C, 𝛼 ′ decreases from 1699.2 to 1697.6 eV, and the
difference is mostly from the Ni 2p3/2 peak maximum, where the N-O peak becomes increasingly more
dominant as a result of raising temperature.
Table 4.3. Ni 2p3/2 and Ni LVV peak maximum positions, and Auger
parameter (α′ ). Literature values are also cited as comparison.
Annealing
temperature

Ni LVV peak
maximum Ek/eV

Ni 2p3/2 peak
maximum EB/eV

250 °C
350 °C
450 °C

842.5
843.4
843.7

856.7
854.6
853.9

Auger
parameter
𝛼 ′ /eV
1699.2
1698.0
1697.6

Reference

NiOx (Ni in pure O2)
s-NiOx (as-deposited)
s-NiOx (OP treated)

1698.3
1698.0
1699.6

[32]

NiO
Ni(OH)2
NiOOH

1697.7
1698.4
1700.0

[205]
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Table 4.4. Spectral fitting parameters for C 1s, O 1s and Ni 2p, including binding energy
(BE), atomic percentage, and full-width-half-maximum.
Charge Corrected

250 °C
BE (eV)

O 1s
Fitting
Profile 1

O 1s
Fitting
Profile 2

350 °C
Atomic%

Ni-O

529.37

44.98%

Defect/-OH

531.4

44.88%

Adsorbed H2O

532.8

10.14%

Ni-O

529.34

42.97%

Defect/-OH

531.11

29.45%

NiOOH

531.92

22.05%

Adsorbed H2O

533.22

5.53%

Ni-O

853.88

11.0%

Ni-O, Ni-OH, NiOOH

855.66

46.33%

860.51

Ni 2p
shake-up satellite

FWHM

BE (eV)

450 °C
Atomic%

FWHM

BE (eV)

Atomic%

529.15

67.52%

530.9

24.74%

531.94

6.35%

531.86

7.74%

530.95

19.71%

529.14

66.11%

529.27

72.84%

530.8

20.83%

530.87

17.5%

531.56

10.99%

531.64

7.76%

532.8

2.06%

532.95

1.9%

1.35

853.61

12.65%

1.1

853.69

13.36%

3.37

855.35

44.77%

3.37

855.41

4.46%

25.02%

3.37

860.38

27.38%

3.37

860.49

862.84

12.42%

3.37

863.12

11.62%

3.37

865.87

5.23%

3.37

866.26

3.58%

2.6

1.48

1.19

529.27

Sigma Ref

1.14

1.11

FWHM

73.94%

BE (eV)

Atomic%

FWHM

529.46

64.91%

531.4

23.97%

532.8

11.11%

1.05

853.85

14.64%

1.26

3.37

855.6

45.65%

3.37

27.55%

3.37

860.75

27.69%

3.37

863.26

11.3%

3.37

863.57

9.57%

3.37

866.42

3.34%

2.49

866.76

2.45%

2.21

1.12

1.28

1.06

121

4.4.5 The valence band
The valence band edge measurements are present in Figure 4.15, which shows a comparison among
samples annealed at different temperatures. In most studies, the valence band structures are not
spectral fitted but compared with the theoretical calculations for the idea of peaks and features.
The assignment of the peaks and features were adopted from literatures, where the peak at ~ 2 eV to
the valence band edge should be dominated by Ni 3d [207, 208]. In Figure 4.15, the feature at ~ 2 eV
remained as a shoulder at 250 °C, but surged significantly at higher temperature, and further
developed at 450 °C, indicative of the formation of NiOx. Furthermore, the two O 2p features at ~ 4 eV
and ~ 7 eV both showed refinement in shape. The splitting in O 2p features are originated from
symmetry with respect to Ni 3d. As predicted by the ligand field theory, the symmetry of Ni 3d
orbitals leads to the splitting in Ni 3d, namely in axis eg and off axis t2g. The difference further extends
to O 2p orbital, leading to the sigma bond (7 eV, in axis) and pi bond (5 eV, off axis).

Figure 4.15. The valence band edge spectra measured for NiAc2 annealed at
250 °C, 350 °C and 450 °C, revealing the growth of Ni 3d peak at ~ 2 eV.

In addition, the linear extension to the edge of Ni 3d feature is often used to gauge the position of the
valence band edge. Figure 4.16 shows a detailed analysis to the valence band edge, and the values are
presented in Table 4.5. The Fermi level of sample is assumed to align with the equipment’s work
function, and hence labelled at 0 eV. Upon annealing, the valence band edge draws closer and closer
towards the Fermi level, showing an enhanced p-type behaviour. This observation agrees with our
APS measurements.
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In an ideal scenario, the XPS signal should surge as soon as it scans over the edge of Ni 3d energy
states. However, in practice, due to the presence of filled shallow defect states, the signal can appear
earlier at lower energies. In some studies, the area of this region (enclosed between the baseline and
the extension of the linear part) is used to estimate the population of filled defect states. Figure 4.16
presents an example of such estimation.
As a result, 250 °C possessed the highest population of filled defect state, which decreased upon
annealing. To link this with the previous observations in O 1s and Ni 2p, such decrease in defect state
could be associated with the decline in NiOOH (or Ni3+) upon annealing. In addition, the decrease in
DOS could also come from the fact that the precursor transforms into a more ordered nature, which
reduces the defect-rich boundaries between crystalline domains.

Figure 4.16. The valence band edge spectra measured for NiAc2 annealed at
250 °C, 350 °C and 450 °C.

Table 4.5. Values of the valence band edge (with respect to the Fermi level)
and density of state (DOS) for various annealing temperatures.
Annealing
Temperature
250 °C
350 °C
450 °C

Valence Band Edge
(eV, with respect to EF)
1.07
0.82
0.62

Density of State
(a.u.)
2.5
2.3
2.0
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4.5 Conclusions
X-ray photoemission spectroscopy was employed to investigate the solution processed nickel oxide (sNiOx) annealed at different temperatures. This study used a powder sample, of which the surface
geometry is confirmed by the overall shape of survey spectra.
C 1s spectra provides not only an accurate correction to the binding energy, but also an indication in
the annealing process. At 250 °C, significant organic residuals remain at the sample surface, including
O-C=O from the acetate group. By adopting a suitable data processing method, we observed the
decline in organic residuals as annealing temperature reaches 350 °C and beyond.
O 1s spectra fitting is attempted with both 3- and 4- component fitting profile. The consideration of
NiOOH (Ni3+) makes the 4-component profile more suitable for the complex nature of solution
processing. In Ni 2p, a generalised 5-component profile is used, in which the component at ~ 840 eV is
solely attributed to Ni-O.
From both O 1s and Ni 2p, nickel oxide shows limits presence at 250 °C, and experienced significant
development at higher temperatures. Defect states such as Ni3+ shows drastic decline as temperature
is raised from 250 °C to 350 °C. Overall, the atomic ratio between O and Ni remains constantly over 1,
indicating the oxygen-surplus nature at the sample surface. Such ratio is highest at 250 °C (> 2), which
is mostly attributed to the incomplete decomposition of precursor.
In the next chapter, we will apply our understanding of s-NiOx from the chapter 3 and 4 to perovskite
solar cell devices, and investigate the temperature dependence of device performance.
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5 Low temperature studies of s-NiOx
interlayer in CH3NH3PbI3
perovskite solar cells

5.1 Introduction
In this chapter, the previous understanding of the s-NiOx annealing process is further explored in
perovskite solar cell devices. The primary objective is to investigate the influence of s-NiOx thermal
annealing on device performance.
First, structural analysis was attempted by X-ray diffraction to ensure that the resulting MAPbI3 film
were of similar quality. Scanning electron microscopy and atomic force microscopy were both used to
observe the influence of underlying s-NiOx films on the morphology of perovskite films.
A series of perovskite solar cell devices were fabricated to examine the influence of thermal history of
underlying s-NiOx to the device performance. Further characterisations were followed, including
steady state and time-resolved photoluminance, in order to clarify the dependence of radiative
response from the s-NiOx / MAPbI3 interface. Furthermore, X-ray photoelectron spectroscopy was
carried out on s-NiOx deposited on indium doped tin oxide (ITO) substrates, aiming to study the
influence of annealing on s-NiOx / ITO interface.
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5.2 Results and discussion
5.2.1 Structural characterisations
To ensure the MAPbI3 film with appropriate quality is deposited above s-NiOx, X-ray diffraction (XRD)
is first employed to examine the crystal structure of MAPbI3. To prepare the samples, s-NiOx is first
deposited onto an ITO substrate, followed by MAPbI3 film. Figure 5.1 presents an overall survey of
the MAPbI3 perovskite crystal structure, where the peak of the underlying ITO substrate is indicated
separately and used as a reference for peak alignment. The absence of s-NiOx peak is due to its
insufficient thickness to diffract meaningful X-ray signals.

Figure 5.1. X-ray crystallography (XRD) profile of MAPbI3 perovskite films
deposited on s-NiOx annealed at various temperatures. All samples were
prepared on an ITO substrate, MAPbI3 and ITO peaks are indicated, the
planes are assigned according to [209].

Much attention of the published literatures are placed on the peak at ~ 12.5° and ~ 14°,
corresponding to the lead iodide (PbI2) (001) and the MAPbI3 (110) plane respectively. MAPbI3
perovskite is susceptible to degradation in ambient air, and the development of PbI2 is commonly
associated with the degradation. Therefore the PbI2 peak is an important indicator to film quality, in
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which MAPbI3 films with good quality should be able to resist degradation with little or no presence of
PbI2.
Figure 5.2 shows that the intensity of PbI2 peak (001) remains at a constantly low level, indicative of
reasonably good quality regardless of the underlying s-NiOx films. On the other hand, the MAPbI3
(110) peak shows high intensity overall, proving the highly crystalline nature of the film.
Notably, MAPbI3 on 150 °C s-NiOx shows the least peak intensity and full width half maximum
(FWHM). Driven by the difference in FWHM, crystal size is estimated using Scherrer equation (Table
5.1). It should be noted that Scherrer equation is only an approximation to the true crystal size, and
hence its absolute value has less importance. The variation in the estimated crystal size ranges from ~
74 - 78 nm, showing that the quality is relatively consistent regardless the processing conditions of
NiOx underneath. In terms of the trend, as annealing temperature increases, the crystal size readily
develops from 74.8 to 78.2 nm, showing that NiOx annealed at higher temperatures are likely to be
more suitable for MAPbI3 crystal growth. Although not fully decomposed from the precursor, s-NiOx
annealed at 150 °C and 250 °C also appears to be a suitable surface for MAPbI3 deposition, resulting in
crystal sizes not too different from higher annealing temperatures.
When consider the instrumental broadening (0.08°), the estimated crystal size becomes at least three
times the previous values. However the basic trend still remains, except the variation in size is
significantly larger.

Figure 5.2. Detailed plot of PbI2 and MAPbI3 (110) peak, in which s-NiOx
(150 °C) yields a MAPbI3 film with lowest MAPbI3 (110) peak intensity.
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Table 5.1. MAPbI3 (110) peak positions, FWHM, and estimated crystal size
(Scherrer equation), showing an enhancement in estimated MAPbI3 crystal
size as s-NiOx annealing temperature increases.
s-NiOx annealing temperature
Peak Position (2θ)
FWHM (2θ)
Estimated Crystal Size (110)
Less Instrumental Broadening

150 °C
14.17
0.108
77.5 nm
298.7 nm

250 °C
14.16
0.112
74.8 nm
261.4 nm

350 °C
14.14
0.109
76.9 nm
288.42 nm

450 °C
14.16
0.107
78.2 nm
309.8 nm

5.2.2 Morphology characterisation
To further understand the microstructure of the MAPbI3 film, samples were investigated under
scanning electron microscopy (SEM) for surface and cross section microstructure. Figure 5.3 (a-d)
shows the surface of MAPbI3 films deposited on s-NiOx. Although the MAPbI3 grain shapes are
irregular at 150 °C, they become more regular and repeatable when deposited onto s-NiOx annealed
at 250 °C and beyond. Notably the pinholes in 150 °C s-NiOx has significant presence throughout the
film, but they are removed completely as the s-NiOx annealing temperature increases. This reflects
the suitable surface of annealed s-NiOx for solution processed MAPbI3 films, and 250 °C is just as
sufficient as higher temperatures.
The grain-like microstructure is a common feature in solution processed perovskite films. Table 5.2
presents the estimated grain size from SEM images of surface and cross-section (Figure 5.3). The grain
size is relatively consistent. There is significant standard deviation to the measurement due to the
variety in grain shapes presented, and therefore the absolute value of the grain size must be
interpreted with care. Notably the grain size from SEM is quite different from the crystal size
estimated from XRD. If the XRD crystal size of ~ 75 nm is a reliable estimation, this implies that the
grain like structure in SEM is in fact polycrystalline, and likely consists of crystals of different
orientations. On the other hand, if take the instrumental broadening into consideration, the XRD
calculated grain sizes could be well beyond 260 nm, which overestimates the value obtained by SEM.
However this overestimation would confirm that the grain-like structures are indeed grains of the
same phase or orientation.
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Table 5.2. Gran size and film thickness for MAPbI3 films estimated from SEM
surface and cross-section images. Surface roughness is quoted from AFM
measurements.
s-NiOx annealing
temperature
Grain size (nm)
Film Thickness (nm)
Surface Roughness (nm)

150 °C

250 °C

350 °C

450 °C

196 ± 85
310 ± 6
2.7

164 ± 52
344 ± 3
7.3

165 ± 53
347 ± 3
9.8

161 ± 48
326 ± 5
8.6

The difference in film condition can lead to changes in surface roughness. Although SEM is useful in
inspecting film conditions, it is difficult to quantify the surface roughness and other surface
characteristics. Therefore atomic force microscopy (AFM) is used to examine the surface conditions in
more details.
Figure 3.12 presents the scan profiles of MAPbI3 films on s-NiOx, and Table 5.2 lists the surface
roughness by taking the root mean square (RMS) of height profile. It is apparent that the 150 °C sNiOx leads to a MAPbI3 film of lower roughness. This can possibly be attributed to the lack of the
clearly defined gain-like structure of the resulting MAPbI3 film. As the s-NiOx annealing temperature
rose beyond 250 °C, the MAPbI3 microstructure becomes more defined. The value of MAPbI3 surface
roughness increases from 2.7nm (on 150 °C s-NiOx) to over 7nm (on 250 °C s-NiOx and beyond), which
is reflected in the significantly rougher line profiles (Figure 3.12 e-h).
Overall, perovskite films showed consistently good quality MAPbI3 films on s-NiOx films annealed at
250 °C and beyond. However 150 °C - NiOx is less suitable for solution processed MAPbI3 films due to
the presence of pinholes. Therefore the study proceeded to investigate the influence of s-NiOx
annealing temperatures on perovskite solar cell device performance.
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Figure 5.3. SEM images of MAPbI3 films deposited on s-NiOx annealed at various temperatures, (a-d) surface, and (e-h) cross section.
The MAPbI3 film microstructure becomes more repeatable when the underlying s-NiOx is annealed at temperatures beyond 250 °C.
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Figure 5.4. (a-d) AFM height profiles of MAPbI3 films deposited on s-NiOx annealed at various temperatures. (e-h) selected line
profile of the corresponding images above.
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5.2.3 MAPbI3 based perovskite solar cells
Motivated by the relatively consistent quality of MAPbI3 films deposited on s-NiOx, MAPbI3 based
perovskite devices were fabricated to investigate the influence of NiOx annealing temperatures on
device performance (device structure: ITO / s-NiOx / MAPbI3 / PCBM / Ca / Ag). Figure 5.5 and Table
5.3 summarised the champion device’s performance, and Figure 5.6 and Table 5.4 presents the
statistics of the overall device’s performance.

Figure 5.5. J-V characteristics of the champion MAPbI3 PeSC devices under 1Sun illumination (selected from at least five devices). Device structure:
ITO / s-NiOx / MAPbI3 / PCBM / Ag.
Table 5.3 6. Device performance parameters of the champion PeSC devices
(selected from at least five devices).
s-NiOx Annealing
Temperature
250 °C
350 °C
450 °C

Jsc (mAcm-2)

Voc (V)

Fill Factor

PCE (%)

Rs (Ohm)

Rsh (Ohm)

21.1
21.9
21.1

1.07
1.09
1.09

0.73
0.58
0.45

16.46
13.86
10.25

75.4
211.4
531.9

4.7e5
2.4e5
1.8e5

Despite the similar short circuit current density Jsc and open circuit voltage Voc of all three devices,
250 °C leads to the lowest serial resistance and highest shunt resistance (Table 5.3), which facilitates
the highest fill factor (FF) and hence the largest power conversion efficiency (PCE). Although higher

6

Solar cell devices were fabricated and tested by Tian Du and Brady Lin.
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temperatures lead to fuller conversion into NiOx and higher crystallinity, the solar cell appears to be
more efficient with s-NiOx annealed at 250 °C, before the major decomposition of organic residuals.

Figure 5.6. Statistic PeSCs device parameters of (a) Jsc, (b) Voc, (c) Fill factor,
and (d) Power conversion efficiency, based on PeSCs with s-NiOx annealed at
various temperatures, showing a correlation between FF and PCE. (based on
five devices for each annealing temperature, errors bars are estimated by
the standard deviation)

Table 5.4. Statistics of device parameters of PeSC devices (based on five
devices for each annealing temperature, errors bars are estimated by the
standard deviation)
Annealing
Temperature
250 °C
350 °C
450 °C

Jsc (mAcm-2)
21.0 ± 0.13
20.6 ± 1.04
20.7 ± 0.30

Voc (V)
1.07 ± 0.01
1.08 ± 0.01
1.05 ± 0.04

Fill Factor (%)
71.0 ± 2.0
58.1 ± 0.6
43.2 ± 2.8

PCE (%)
16.0 ± 0.5
13.0 ± 0.8
9.5 ± 1.1

The statistics of the device performance reveals that the Jsc and Voc are unaffected by changes with sNiOx annealing temperature. In contrast, power conversion efficiency (PCE) is strongly correlated to
the fill factor (FF). As s-NiOx annealing temperature increases from 250 °C to 350 °C, the FF drops
from 71 % to 43 % (a 39 % decrease), which brings the PCE down from 16 % to 9.5 % (a 40 %
decrease). Therefore the impaired performance is strongly attributed to the lower fill factor.
The fill factor consists of shunt resistance Rsh and serial resistance Rs at low and high current density
respectively. Since the MAPbI3 films show consistent quality overall, the investigation focused instead
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on the interface of MAPbI3/s-NiOx, as well as s-NiOx itself, in hope to reveal their correlations to the
changes in Rs and Rsh.
Serial resistance originates from the resistance to current through the device [4], which can arise from
the resistance of the active layer, functional layers, electrodes, as well as the contact resistance with
every interface [210].

Figure 5.7. ITO substrates annealed at temperatures 250 °C - 450 °C, showing
sheet resistance surges at temperatures greater than 250 °C. Measurements
were taken by the van der Pauw method.

Influence to the serial resistance can come from the contact resistance. As explored in the structural
characterisations, obtained MAPbI3 are of similar qualities, and therefore the top contacts are less
likely to affect the overall performance. On the other hand, the bottom contact ITO were subjected to
annealing at high temperatures, which could impair its electrical conductivity. Hence the influence of
thermal annealing on ITO substrates is investigated through a van der Pauw configuration. As
annealing temperature increases, the sheet resistance of ITO increases moderately from 16.1 Ω/sq
(RT) to 17.1 Ω/sq at 250 °C, and further to 88.5 Ω/sq at 450°C, over five times the original value
(Figure 5.7). In other words, an annealing temperature of 250°C will preserve the conductivity of ITO,
which helps the achievement of a lower series resistance in the solar cell devices.
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5.2.4 Steady state and time-resolved photoluminescence
To explore the charge transfer process at the s-NiOx/MAPbI3 interface, steady state PL is employed to
characterise the photoexcited states. The relative rate of charge transfer from MAPbI3 to s-NiOx can
be estimated by the PL quenching efficiency (PLQE), listed in Equation 1,
𝑃𝐿𝑄𝐸(%) =

𝐼0 − 𝐼
× 100%
𝐼0

(5.1)

where 𝐼0 is the PL peak emission intensity of MAPbI3 alone, and 𝐼 the peak intensity of MAPbI3 in
contact with s-NiOx. The values of PLQE are listed in the legend of Figure 5.8.

Figure 5.8. Steady-state photoluminescence (PL) spectra of MAPbI3 films on
top of s-NiOx annealed at various temperatures (excitation at 465 nm). All
samples were prepared on a glass substrate. The bare MAPbI3 (grey) film was
used as a reference. PL quenching efficiency (PLQE) is quoted in bracket.

The PL signal shows a competitive process between radiative and non-radiative charge carrier
recombination, where a lower PL signal shows a larger proportion of non-radiative recombination.
MAPbI3 on 250 °C s-NiOx exhibited the highest PLQE of 88.3%, indicating that most photoexcited
states had recombined non-radiatively. In an ideal solar cell, without added bias, the radiative
recombination should be the only pathway available, as it is directly related to the bandgap of the
active layer [211]. The non-radiative recombination pathway indicates that intermediate energy
states are available, which are often related to trap states. In the past, published literatures reported
numerous modifications to MAPbI3 film structure, reducing the non-radiative recombination by
controlling the trap states. One of the strategies is to control the crystallinity of the MAPbI3 film. Shi
et al. reported an enhanced PL response in MAPbI3 films with larger grain size, which leads to less
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grain boundaries and less disorder [13]. Tian et al. came to the similar conclusion by varying the
methylammonia percentage, which in turn modifies the crystallinity [21].
Since the MAPbI3 films in this study has consistent quality regardless the s-NiOx, the nonradiative
recombination is therefore less likely to be assisted by MAPbI3 itself, but by the interface at MAPbI3 /
s-NiOx. In the past, different strategies were attempted to modify the MAPbI3 / s-NiOx interface.
Higher crystallinity [212] and richer defect states [138] had both been reported to suppress the
radiative recombination. In this study, the greatest PL signal drop is seen at interface with 250 °C
s-NiOx, which appears to possess a higher density of defect states compared to the ones annealed at
higher temperatures.

Figure 5.9. Time resolved PL spectra for MAPbI3 deposited on s-NiOx
annealed at various temperatures (probed at 765 nm). All samples were
prepared on an ITO substrate.MAPbI3 film on NiOx-250 °C shows large initial
fast decay.

To further understand the PL decay kinetics at the MAPbI3 / s-NiOx interface, the time resolved PL
(TRPL) is measured with time-correlated single-photon counting (TCSPC), probed at peak wavelength
of PL emission (770nm). The time resolved signal originates from the evolution of electron-hole
population after an impulsive photoexcitation [13]. Figure 5.9 shows the TCSPC spectra, where the
initial fast decay is significantly stronger at MAPbI3 / s-NiOx 250 °C. To quantify the carrier dynamics, a
2-component and 3-component fitting profile both were attempted in published literatures [13, 213].
This study investigated both. Equation 2 shows an example of a 3-component profile,
𝐼(𝑡) = 𝐼0 + 𝐴1 𝑒

𝑡
−
𝜏1

+ 𝐴2 𝑒

−

𝑡
𝜏2

+ 𝐴3 𝑒

−

𝑡
𝜏3

(5.2)
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where 𝐼(𝑡) is the PL intensity at time 𝑡, 𝐴 the amplitude of each component, 𝜏 the characteristic
lifetime. The relative contribution of each component is assessed by integrating the respective
exponential term. Equation 3 - 5 shows the derivation with respect to decay time. As derived, the
integral equals the product of amplitude 𝐴 and characteristic lifetime 𝜏.
𝑇

𝑎𝑟𝑒𝑎 = ∫ 𝐴1 𝑒

𝑡
−
𝜏1

𝑑𝑡

(5.3)

0

= −𝐴1 𝜏1 𝑒

𝑇
−
𝜏1

− (−𝐴1 𝜏1 𝑒

0
−
𝜏1 )

𝑎𝑟𝑒𝑎 = 𝐴1 𝜏1

(5.4)
(5.5)

Figure 5.10. Time-resolved PL of MAPbI3 thin film deposited on s-NiOx
annealed at 250 °C, showing the experimental raw signal (grey markers)
fitted with bi-exponential (dotted line) and with tri-exponential (solid line)
profile.

In a two-component profile, the initial fast component can be attributed to surface processes, (e.g.
the trap-assisted process), and the slow component represents the subsequent recombination of
remaining charge carriers [21]. In this case, MAPbI3 on 250 °C s-NiOx showed the highest proportion of
the fast decay, accounting for 15.5 % of the process. As the s-NiOx annealing temperatures were
raised to 350 °C and 450 °C, the proportion of fast decay decreased to 6% and 7% respectively.
In a three-component profile, an intermediate process is introduced, which is usually linked to the
charge transfer process. For many samples in this study, there are clearly three steps in the spectra.
Figure 5.10 shows the comparison between the two fitting profiles, in which the tri-exponential
method produces a better fit overall, resulting in a lower reduced chi-square. In MAPbI3/250 °C s-NiOx
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samples, fast (2.1 %) and intermediate (16.0 %) decay process accounted for the highest proportion
among all samples. This reflects that the surface process, such as the trap assisted charge transfer, is
likely to contribute to the more suitable electric properties of MAPbI3/250 °C s-NiOx interface.

Table 5.5. Parameters for the bi-exponential and tri-exponential fitting of the
TCSPC data for MAPbI3 films deposited on NiOx annealed at various
temperatures. Percentage contribution of each fitting component is also
quoted.

s-NiOx 250 °C /

MAPbI3
s-NiOx 350 °C /

MAPbI3
s-NiOx 450 °C /

MAPbI3

s-NiOx 250 °C /

MAPbI3
s-NiOx 350 °C /

MAPbI3
s-NiOx 450 °C /

MAPbI3

A1

τ1 (ns)

A2

τ2 (ns)

τ1 (%)

τ2 (%)

8.5

7.8

2.7

42.3

15.5

84.5

8.3

2

6.7

39.3

6.0

94.0

12.5

3.36

12.26

45.97

7.0

93.0

A1

τ1 (ns)

A2

τ2 (ns)

A3

τ3 (ns)

τ1 (%)

τ2 (%)

τ3 (%)

4.4

0.5

3.4

5.8

2.1

52.4

2.1

16.0

81.8

5.1

0.6

3.5

7.3

5.6

44.9

1.1

9.1

89.8

3.9

0.8

5.0

8.3

10.7

49.6

0.5

7.1

92.4

As it appeared that the interface of MAPbI3/ s-NiOx 250 °C has the more favourable properties for
charge transfer, possibly due to the trap assisted processes. It has been widely acknowledged that the
insulating properties of nickel oxide can be altered in the presence of defect states. Intrinsic NiO is
susceptible to excess oxygen in the crystal lattice, which leads to defects of nickel vacancies [26]. This
creates Ni3+ states that are thought to be the reason behind the conductivity enhancement in NiOx. As
explored in the previous chapter, s-NiOx possibly possesses significantly more defect states at 250 °C
than at higher temperatures, which could assist the suppression of radiative recombination.
In the previous chapter, s-NiOx was investigated in the form of powder, which helps to isolate the
material properties from the influence of the underlying substrate. However, as mentioned, ITO can
undergo significant modifications at high annealing temperature. Therefore the influence of ITO must
be taken into account. In the following XPS studies, s-NiOx samples were measured on ITO substrates
to elucidate the enhanced surface charge transport properties.
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5.2.5 Photoemission spectroscopy
Figure 5.11 presents the O 1s and Ni 2p3/2 spectra measured for s-NiOx deposited on ITO. Compared
with the previous chapter, the results here are mostly similar. The Ni-O peak at O 1s 530 eV and Ni
2p3/2 854.5 eV shows significant development upon annealing, indicative of the conversion from
precursor into nickel oxide. This observation is assisted with spectral peak fitting, of which the results
are shown in Figure 4.10 in the form of atomic percentage and peak binding energy position of O 1s.
Again, similar results were obtained, showing the development of Ni-O from 35% at 250 °C to over
50% at 450 °C. Annealing temperature 250 °C also possesses the stronger presence of Ni3+ states
(34%) than higher temperatures (25%).
However, the underlying ITO can further complicate the interpretations. Indium shows a small
presence in the survey spectra, which means oxide lattice oxygens such In-O and Sn-O can both
contribute to the O 1s spectra, impairing the interpretation to Ni-O. This is also observed from the
ratio of Ni : O, where the oxygen surplus is exceptionally high throughout samples (Table 5.6). Peak
fittings were attempted to separate the contributions from ITO. However all three peaks (In-O, Sn-O,
Ni-O) overlaps strongly in the region 529 - 531 eV, making the process a length investigation.
Fortunately, Ni 2p3/2 is undisturbed from In and Sn core levels. From the spectra, the characteristic
peak of Ni-O is already apparent at 250 °C. This observation is different from the powder sample,
implying that the s-NiOx thin films are more likely to be converted into nickel oxide at 250 °C.

Figure 5.11. O 1s core level spectra measured for s-NiOx films annealed
various temperatures.
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Figure 5.12. Peak fit results of the core level O 1s spectra of s-NiOx films
annealed at 250 °C, 350 °C and 450 °C, presenting a 3-component (left) and
4-compoent (right) fitting profile.

Apart from the core levels, the XPS valence band edge measurement was followed. Figure 5.13 shows
VB spectra, as well as the determination of the valence band edge. Similar to the powder samples, the
valence band edge draws closer to the Fermi level after annealing, exhibiting a stronger p-type
behaviour at higher annealing temperatures.
The biggest difference comes from the estimated density of states (DOS). In the previous chapter, we
observed the opposite trend, in which the annealing temperature of 250 °C possesses the largest
DOS, and was attributed to the Ni3+ defect states. However, when measured with ITO substrates, the
trend reversed: DOS rose with an increase in annealing temperature. If refer to the previous chapter,
powder s-NiOx contributes a DOS of 2.5 at 250 °C, which is similar to the thin film sample (2.7). Since
ITO conductivity remains relatively the same as the non-annealed, it is likely that ITO at 250 °C has
little influence to the resulting s-NiOx. Therefore we attribute the difference in DOS to the added
influence from annealed ITO.
The conductivity of ITO originates from the oxygen vacancies [214]. Annealing at elevated
temperature enhances the crystallinity of ITO, but also eliminates the oxygen vacancies, thereby
reduces the conductivity [215]. Therefore it would appear that both Ni and oxygen vacancies will be
lost at high temperatures, which impairs the overall electrical property. Although the exact
contribution (chemical species) to the increase in DOS is not entirely clear at this stage, it would
appear that ITO and its interface with s-NiOx from high temperature will possibly contribute to the
change.
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Figure 5.14. a) The valence band (VB) edge spectra measured for NiAc2
annealed at 250 °C, 350 °C and 450 °C, revealing the growth of Ni 3d peak at
~ 2 eV. b) Detailed VB spectra, showing progressively more p-type property
upon annealing. DOS is estimated from the area enclosed.

Table 5.6. Values of valence band edge (with respect to the Fermi level) and
density of state (DOS) for various annealing temperatures.
Annealing
Temperature
250 °C
350 °C
450 °C

Valence Band Edge
(eV, with respect to EF)
1.00
0.79
0.68

Density of State
(a.u.)
2.7
4.4
5.1

Ni : O
74 : 26 (2.8)
69 : 31 (2.2)
70 : 30 (2.3)

In brief, from the analysis of O 1s, Ni 2p and VB edge spectra, we can arrive at two conclusions. Firstly,
a 250 °C annealing temperature is sufficient for nickel oxide to form from the precursor. Second, ITO
and its interface with s-NiOx may form an electrically less favourable interface at temperatures higher
than 250 °C.
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To confirm that the electronic properties of MAPbI3 films remain the same regardless the s-NiOx
annealing temperature, samples were measured by air photoemission spectroscopy APS to examine
the energy level positions. As presented in Figure 5.15, all MAPbI3 samples have the valence band
edges coincide at ~ 5.6 eV, regardless of the thermal annealing history of s-NiOx. The DOS estimation
also revealed that all samples have similar population of states at the surface, indicating the
consistent film qualities throughout.

Figure 5.15. Cubic root photoemission spectra of MAPbI3 films deposited on
s-NiOx annealed at various temperatures. All samples use an ITO substrate.
Both the valence band position and the DOS show similar values regardless
the annealing condition of s-NiOx, indicating similar qualities of MAPbI3
deposited (EVB: the valence band edge).

When comparing the measured MAPbI3 valence band with previously obtained energy levels, MAPbI3
forms a good alignment with the valence band of s-NiOx at ~ 5.6 eV. Among the s-NiOx films, 250 °C
showed the least p-type character, accompanied with a slightly deeper valence band. Furthermore,
the VB of s-NiOx is not easily influenced by annealing temperature. Therefore the alignment between
MAPbI3 and s-NiOx partly explains the consistency in device Voc against various s-NiOx annealing
temperatures.
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Figure 5.16. Summary of the energy level positions relative to the vacuum
level for materials relevant to this work.

5.3 Conclusion
Solution processed nickel oxide (s-NiOx) has potential as a hole transport material in hybrid perovskite
solar cells (PeSCs). In this chapter, we demonstrated that controlling the annealing temperature of sNiOx is a reasonable strategy to optimise the PeSCs performance, and 250 °C leads to a highest power
conversion efficiency of 16.46%. Higher annealing temperature would reduce the fill factor, which
impairs the device performance.
At the MAPBI3 / s-NiOx interface, s-NiOx annealed at 250 °C shows the most suitable transport
properties, possibly assisted by the trap states. As annealing temperature increases, the s-NiOx would
gain an enhanced crystallinity and a more p type electronic property. However the merit of trap
assisted transport and hole mobility will be impaired at higher annealing temperature. Indium doped
tin oxide substrates will also lose the conductivity at annealing temperatures beyond 250 °C.
By analysing the surface composition, it was found that 250 °C is sufficient for nickel oxide to form
from the precursor. More importantly, 250 °C is especially favourable in preserving the Ni3+ states,
which benefit the enhanced charge transport properties of s-NiOx. Higher annealing temperatures
could result in a less favourable interface between ITO and s-NiOx. Therefore we conclude that 250 °C
makes the optimal post-annealing temperature for s-NiOx in MAPbI3 based perovskite solar cells.
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6 Characterisations of thickness
dependence in CH3NH3PbI3
perovskite thin films

6.1 Introduction
This chapter presents a thickness dependence study on the CH3NH3PbI3 (MAPbI3) perovskite thin film,
with an emphasis on optical characterisations and optical modelling. A range of perovskite film
thickness was achieved by solution processing from different precursor concentrations. Structural
analysis, such as X-ray diffraction, helps to identify the perovskite crystal structure and confirm the
consistency in film quality. Film thickness was measured by both profilometer and scanning electron
microscopy cross section. Atomic force microscopy is employed to observe the perovskite film
morphology through quantitative analysis.
Basic optical properties were first attempted with ultraviolet-visible spectroscopy, from which the
transmittance and reflectance were measured. However, the strongly absorbing nature of MAPbI3
impedes the validity in the transmission method, and therefore variable angle spectroscopic
ellipsometry was pursued in reflection setup to determine the complex reflective indices.
With the obtained optical constants, light propagations in multilayer planar MAPbI3 based solar cell
devices were modelled through the transfer matrix methods. The theoretical Jsc output was then
calculated from the internal optical field. Finally, the modelled Jsc output was compared with
experimental results.
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6.2 Results and discussions
6.2.1 Structural characterisations

Figure 6.1. a) XRD profiles of MAPbI3 films from different precursor
concentrations, b) a detailed plot of MAPbI3 (110) peak, in which the peak
profile remains the similarity regardless the difference in film thickness.

Different MAPbI3 film thicknesses were achieved using a range of precursor concentrations. The XRD
profile (Figure 6.1 a) showed that the resulting films are of reasonable quality, with little or none lead
iodide peak presented in the profile. Taking a closer analysis to the (110) peak, all peaks position and
peak widths were closely resolved to each other (Figure 6.1 b), leading to an estimated crystal size of
~ 66 nm or ~ 186 nm (less instrumental broadening) using the Scherrer equation.
Further structural characterisations were carried by scanning electron microscopy (SEM) and atomic
force microscopy (AFM), and Figure 6.2 presents a selected comparison between two film thicknesses
211 nm and 327 nm, prepared from 1.0 M and 1.4 M precursor concentration respectively.
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Figure 6.2. (a, b) SEM cross-section images of MAPbI3 perovskite films
deposited on ITO substrates, the yellow line indicates the boundary between
MAPbI3 and the underlying ITO. (c, d) AFM height profiles covering an area of
5 μm x 5 μm. The grey line indicates the location where the line profiles (e, f)
were taken. Overall, two thickness of MAPbI3 films were compared: 211 nm
(a, c, e) and 327 nm (b, d, f).

The primary purpose of SEM cross-section is to determine the film thickness. In order to minimise the
tilt distortion in the resulting images, all cross-section surfaces were adjusted to be perpendicular to
the detector. When measure for the film thickness, the underlying ITO film were measured first as a
reference (~110 nm), as indicated below the yellow line in Figure 6.2 (a, b)). As a result, 1.0 M and
1.4 M precursor concentration produced a film thickness of 211 nm and 327 nm respectively. For
completion, Appendix G shows a collection of top view and cross section for five precursor
concentrations: 0.6 M, 0.8 M, 1.0 M, 1.2 M, and 1.4 M. No apparent difference is observed from the
SEM surface images, showing similar sizes in the grain size across difference perovskite thickness.
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To quantify the surface conditions, AFM tapping mode was used to obtain the height profiles of the
film surface. Figure 6.2 (c, d) presents the height profile for the two films, plotted under the same
scale. The smaller thickness film 211 nm presented a darker colour, indicative of smaller height profile
on the surface. The line profile (Figure 6.2 (e, f)) also shows that the thicker 327 nm film has higher
fluctuations in vertical distance.
To quantify the surface condition, surface roughness is estimated by taking the root mean square
(RMS) of the AFM height profile (from the entire data points). Results show a surface roughness RMS
of 4.6 nm and 5.9 nm for 211 nm and 327 nm film thicknesses respectively. It would appear that the
thicker film is likely to produce a rougher top surface. In the SEM cross section, the thicker film is
more likely to have multiple grains stacked vertically. Since the crystal sizes are similar across different
thickness, the stacked microstructure possibly contributes to the rougher surface.
Apart from the SEM cross section images, film thickness was also determined by using a profilometer.
Figure 6.3 presents the thickness values obtained by both methods, showing agreeable magnitudes.
A linear relationship was fitted to both, leading to a gradient of 250 - 260 nm / M and a y-inception of
a negative value. The gradient means that with every molar unit added to the precursor
concentration, the resulting film will become 250 - 260 nm thicker.
The negative y-interception implies that the deposition is increasingly more difficult as precursor
concentration decreases. It is possible that the linear relationship becomes less relevant as the
precursor becomes diluted. Hence the correlation must be reconsidered at lower concentrations,
possibly leading to a non-linear relationship overall. For this study, we found the linear relationship in
Figure 6.3 suits our need in achieving thickness variations.

Figure 6.3. The correlation between precursor concentration and MAPbI3
film thicknesses. The thickness values were obtained from two sources, SEM
cross section and Dektek, showing similar results. devices (based on ten
measurements each concentration, errors bars are estimated by the
standard deviation)
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6.2.2 Optical Characterisations
6.2.2.1 UV-visible spectroscopy

Figure 6.4. Optical spectra (transmittance, reflectance and absorption) of
MAPbI3 perovskite film, approximately 59nm in thickness.

MAPbI3 films usually present a dark brown colour under sunlight owing to the strong absorbing
nature. To characterise the optical properties, MAPbI3 films with various thicknesses were measured
with ultraviolet-visible spectroscopy (UV-vis). For thickness of 59 nm, the transmission is the lowest at
λ ~ 380 nm, and poses several absorption features in the range 400-800 nm. Reflection also presents
numerous features, and gradually decreases at λ > 800 nm. Once taken reflection into consideration,
the true absorption reveals a transparent region beyond 800 nm. Overall, MAPbI3 shows a
semiconductor behaviour, with a bandgap of ~ 1.55 eV.
However, the absorbing nature of MAPbI3 poses a challenge in UV-vis experiments. In Figure 6.4,
transmittance drops to 5 % at λ ~ 380 nm, showing that the absorption is nearly saturated. Adjusted
for reflection, the absorption at λ ~ 380 nm is close to 70 %. However, as film thickness increases, the
transmission is expected to saturate (drop to 0%), which will in turn lead to errors in absorbance
values (A = 1 - T - R).
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Figure 6.5. Optical spectra (transmittance, reflectance and absorption) of
MAPbI3 perovskite film (approx. 271 nm)

The absorption spectra in Figure 6.4 and Figure 6.5 were calculated with reflection included. More
traditionally, the absorption data were derived from transmission data only, using the Beer - Lambert
law:
𝐼0
𝐴 = 𝑙𝑜𝑔10 ( )
𝐼

(6.1)

where 𝐴 is absorbance, 𝐼0 the incident light intensity, 𝐼 the transmitted light intensity. When
considering a more traditional form (Equation 6.2), the absorbance can then be related to the
absorption coefficient 𝛼 and film thickness 𝑑 (Equation 3). The dependence of absorption on film
thickness is clear in Figure 6.4 and Figure 6.5. At λ = 700 nm, MAPbI3 films showed an increased
absorption from 13 % to 38 %, for film thickness 59nm and 218nm respectively.
𝐼 = 𝐼0 𝑒 −𝛼𝑑
𝐼
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = −𝑙𝑜𝑔10 ( ) = 𝛼𝑑
𝐼0

(6.2)
(6.3)

In order to examine the optical properties more quantitatively, the absorption coefficients are
calculated and compared from two approaches, Figure 6.6 (a) from the absorption data (A=1-T-R),
and Figure 6.6 (b) from the transmittance data by Beer-Lambert’s law.
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As implied by its unit (cm-1), the absorption coefficient α is an intrinsic property of a material,
independent of the film thickness. Judging from the structural characterisations, although the films
have various thickness, their quality should not vary greatly, and therefore are expected to share a
absorption coefficient. Both methods showed three absorbing features at λ = 380 nm, 500 nm, and
750 nm. In this absorbing region, the absorption approach shows a higher consistency overall. At
wavelength < 500 nm, the consistency in α breaks down as the absorption saturates in the
measurement. As a result, the absorption feature at λ = 380 nm is completely lost in thicker films.

Figure 6.6. Absorption coefficient spectra for MAPbI3 samples with various
thickness, obtained from: (a) absorption approach (A=1-T-R), and (b)
transmittance approach (Beer Lambert’s Law). Both figures show the
scattering of the absorption coefficient at λ = 1000nm.

The transmission approach appears to underestimate α over the entire absorbing range. The
consistency in α is slightly disrupted by the film with least thickness. The validity of both approaches
were compared by the value of α at λ = 1000 nm. This wavelength falls into the transparent region of
MAPbI3, which should correspond to an α value close to zero. In Figure 6.6, the scattering of α at
λ = 1000 nm is plotted against film thickness. Compared with the relatively large deviations in the
transmission approach, the absorptance approach (A = 1 - T - R) showed more agreeable values that
were close to zero.
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Figure 6.7. Extinction coefficient spectra for MAPbI3 samples with various
thickness, obtained from the absorption approach (A = 1 - T - R). Literature
values from Loper et al. is also shown in comparison.

When compared with published results, the absorption of MAPbI3 film is commonly expressed in the
form of extinction coefficient. To link the absorption coefficient 𝛼 to extinction coefficient 𝑘, the
following relationship was used, where 𝑘 depends on both 𝛼 and wavelength of radiance [148]:
𝑘=

𝛼𝜆
4𝜋

(6.4)

Loper et al. [81] and Jiang et al. [79, 93] both provided a reliable reference for extinction coefficient 𝑘,
showing three absorption features, with the strongest at λ = 360 nm. Using the 𝛼 of 59nm perovskite
film only, our value agrees well with literature references, and shows a slightly enhanced absorption
feature at ~ 500 nm. However, as film thickness increases, our k values at λ = 360nm show large
deviation due to the inaccuracy in film absorption.
In conclusion, due to the strong absorption, UV-vis measurements revealed that only MAPbI3 films
with small thickness (< 100 nm) can be measured with sufficient accuracy. The absorption spectra is
calculated from two approaches. From the transmittance approach, more absorbing films appears to
be more accurately predicted for the Beer-Lambert law. When taking reflectance into consideration,
the absorption coefficient shows a better consistency overall and a more reasonable transparent
window. Our extinction coefficient data matches the basic trends observed from the published data.
In thicker films, the absorption feature at ~360 nm is lost due to the limitation in transmission-based
measurements.
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6.2.2.2 Variable angle spectroscopic ellipsometry (VASE)
As previously discussed, the strong absorbing nature of MAPbI3 can impair the accuracy in the
transmission based optical characterisations. Therefore variable angle spectroscopic ellipsometry
(VASE) becomes a favourable method owing to its reflection setup. In a reflection setup, Ellipsometry
measures changes in polarisation between the incident and the reflected light. Such change in
polarisation is then quantified as amplitude ratio Psi Ψ and phase difference Delta Δ. Ellipsometry
data analysis is usually indirect, where the optical constants are modelled and compared with Psi Ψ
and Delta Δ.
The spectral fitting studies were explained and demonstrated in detail in Appendix F. In general, the
transparent region (800 - 1000 nm) was first fitted with the Cauchy model for the film thickness and
roughness. To extract the complex refractive index, the fitting was then extended with four
Tauc-Lorentz oscillators to the absorbing region (300 - 800 nm).

Figure 6.8. Experimental (coloured lines) and modelled (short dotted lines)
spectra of (a) amplitude ratio Psi and (b) phase difference Delta. The
ellipsometry data were collected from a MAPbI3 perovskite film deposited on
a silicon substrate, at three incident angles: 65°, 70° and 75°.

Figure 6.8 presents the experimental and modelled spectra of amplitude ratio Psi Ψ and Phase
difference delta Δ. Overall, good agreement was achieved between the measured and the modelled
spectra. A mean squared error (MSE) of 3.8 shows the oscillator model provides a sufficiently
accurate description to the optical properties.
The resulting refractive index 𝑛 and extinction coefficient 𝑘 were calculated and presented in Figure
6.9. 𝑘 exhibits close resemblance to the values obtained by UV - vis, where its value falls to zero at
800 nm and beyond, showing the transparent window. On the other hand, 𝑛 shows corresponding
features in the absorbing region, which is a result of Kramers-Kronig consistency used in the analysis.
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When comparing with the literature values (Figure 1.18), our values of 𝑘 and 𝑛 are in close agreement
with that of Loper et al. and Jiang et al., showing strong absorption features at 360 nm, 480 nm and
730 nm [79, 81]. As discussed in the introduction, MAPbI3 synthesis received much development in
the past, which results in thin films with a range of morphologies and imperfections. Our results show
reasonable similarity with Loper et al. and Jiang et al., who employed similar solution processing
methods [79, 81].

Figure 6.9. Refractive index n and extinction coefficient k of MAPbI3 film,
fitted ellipsometry data with four Tauz-Lorentz oscillators.

Figure 6.10. Comparison of (a) refractive index n and (b) extinction
coefficient k with literature references [78, 79, 81, 89, 92], showing a good
agreement on the overall trend and magnitudes.
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6.2.3 Device simulations
6.2.3.1 The active layer thickness

Figure 6.11. Calculated Jsc against various MAPbI3 thickness using published
data [78, 79, 81, 89, 92], and the previously obtained data. Device structure:
ITO (150 nm), PEDOT:PSS (44 nm), MAPbI3 (50 - 350 nm), PCBM (42 nm), Ag
(100 nm).

Short circuit current density Jsc has the contributions from generation and recombination. If taking
a simplified view to assume no recombination, then the Jsc generation should be proportional to
the photons absorbed [4]. Hence the higher light absorption in the active layer, the higher the Jsc
generation.
Without varying the bandgap, the most applied strategy towards higher absorption is to increase
the active layer thickness [216]. Such correlation between the absorption and the film thickness
has been previously demonstrated by our UV-vis studies (Figure 6.4 and Figure 6.5).
Most thin film solar cells fabricated nowadays use a sandwiched structure, in which the active
layer is sandwiched between an indium doped tin oxide (ITO) coated glass substrate and a
reflective metal electrode (e.g. Ag, Au). As light incidents from the ITO and propagates through
the active layer, part of the light will reach the back metal electrode and be reflected back. The
incident and reflected light will form optical interference within the active layer. The resulting
interference can be either constructive or destructive depending on the specification of the
sandwich structure, namely the optical property and thickness of each layer.
To investigate the dependence of light absorption on thickness, the transfer matrix method
(TMM) is employed to model the active layer absorption, using a model developed by Burkhard et
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al. [175]. Figure 6.11 presents the modelled Jsc against a range of MAPbI3 thickness. The model
uses the complex refractive index derived from previous ellipsometry studies (Figure 6.9), and
compared with the ones adopted from literatures [78, 79, 81, 89, 92].
As MAPbI3 thickness increases from 50 nm to 350 nm, the Jsc output does not respond with a
monotonic increase, but instead shows local maximum and minimum. When modelled with
published optical constants, the oscillations in Jsc output appears to be of a universal trend
regardless of the variations in MAPbI3 film optical quality. Using the complex refractive index from
ellipsometry, our calculation results demonstrate local Jsc maximums with ~ 170 nm and ~ 320 nm
perovskite thickness, and a local minimum with ~ 220 nm perovskite thickness.

Figure 6.12. Optical field distribution in MAPbI3 based device, varying for
MAPbI3 thickness of 160 nm, 200 nm and 300 nm, and sampled for
wavelength of 400 nm, 500 nm, 600 nm and 700 nm. For shorter
wavelengths (< 500 nm), majority of light is attenuated within the film
thickness, showing virtually no optical field reaching the back electrode.
Longer wavelength (> 500 nm) is less absorbed, and hence exhibit higher
presence throughout the film thickness. Generation rate was calculated
assuming 100 % internal quantum efficiency.
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Optical field distribution was calculated for three thickness of interest (170, 220 and 320 nm), and
sampled for four wavelengths (λ = 400, 500, 600 and 700 nm) (Figure 6.12). For shorter wavelengths
(λ < 500 nm), the majority of AM 1.5 sunlight is attenuated within the first 100 nm the film thickness,
showing virtually no optical field reaching the back electrode. In contrast, the mid-range wavelength
(λ > 500 nm) is less absorbed, showing a higher presence of electric field throughout the film
thickness. In contrast, larger thicknesses demonstrate an improved absorption to the mid-range
wavelength, for instance the 320 nm MAPbI3 layer showed a significantly reduced electric field of
500 -700 nm wavelength.
Figure 6.12 also presents the generation rate at every position in the active layer, calculated by
summing the internal optical field over a range of wavelength (300 - 800 nm) at each position inside
the active layer. Assuming 100 % IQE, the area underneath the generation rate distribution is the
theoretical Jsc output from optical modelling.
As a common feature, the generation rate is high for the front 100 nm and the end 50 nm of the
active layer. In the first 100 nm, the high generation rate is due to the high absorption to the shorter
wavelengths, whereas the high rate in the end 50 nm is attributed to the immediate reflection from
the back electrode, mostly the mid-range wavelengths. The low point at the end 90 nm is due to the
reflection from the back electrode, resulting in destructive interference at a similar position.
Varying the MAPbI3 film thickness has a significant impact on the generation rate distribution. As
MAPbI3 thickness increases from 170 nm to 220 nm, the generation rate is reduced at both the front
and the end region, possibly owing to unfavourable interference and less back-electrode reflection.
220nm film shows an additional generation feature at ~ 100 nm position, but the overall generation
rate distribution is still lower than that of 170 nm. As film thickness increases to 320 nm, there is a
substantial increase in the generation rate at the middle and the end of the active layer, which
originates from the higher absorption to the mid-range wavelengths (λ > 500 nm).
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6.2.3.2 s-NiOx interlayer thickness in inverted device structure
With the understanding of the Jsc dependence on MAPbI3 thickness, our optical modelling seeks to
optimise the configuration of interlayers. Since the thesis focuses on the solution processed nickel
oxide (s-NiOx), an inverted device structure is attempted first. Figure 6.13 shows the calculated Jsc
over a range of s-NiOx interlayer thickness (0 - 100 nm), and s-NiOx annealed at 250 °C and 450 °C,
were compared (Figure 6.13). The optical constants were determined by ellipsometry, using the same
data analysis method as MAPbI3 (Appendix F, Figure F8).
Despite the slight difference in Jsc output between s-NiOx 250 °C and 450 °C, both profiles show
fluctuations in Jsc as s-NiOx thickness increases from 0 to 100 nm. If take s-NiOx 250 °C as an example,
the Jsc output first dips as s-NiOx is inserted between the ITO front electrode and the MAPbI3active
layer, reaching a local minimum Jsc output at 15 nm. The output would then increase towards a local
maximum at s-NiOx thickness of 85 nm (Figure 6.13). Although 15 - 85 nm is a large change in
thickness of interlayer, the resulting internal electric field distribution is mostly similar.
However, given the insignificant increase in Jsc (~ 0.3 mA cm-2), whether the enhancement of Jsc output
can be observed from experiment is in doubt. In practice, we found that NiOx thickness larger than
30 nm could significantly impair solar cell performance, mostly due to the unfavourable increase in
serial resistance. Therefore we found an optimum thickness of 20 nm achieves the highest
performance. Although 20nm is predicted as the unfavourable thickness, to further reduce the film
thickness would require either higher spin coating speed or further dilution to the precursor. Both
would increase the risk in the formation of pin holes.

Figure 6.13. Calculated Jsc against various s NiOx thickness (annealed 250 °C
and 450 °C). Device structure: ITO (110 nm) / s-NiOx (0-100 nm) / MAPbI3
(300 nm) / PCBM (42 nm) / Ag (100nm).
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Figure 6.14. Optical field distribution in MAPbI3 based device, varied for
s-NiOx interlayer thickness of a) 15 nm and b) 85 nm, and sampled for
wavelength of 400 nm, 500 nm, 600 nm and 700 nm. Generation rate is
presented within the active layer, and was calculated assuming 100%
internal quantum efficiency.

Comparing with the limited improvement from varying s-NiOx thickness, the improvement in Jsc
between s-NiOx 250 °C and 450 °C is even smaller (less than ± 0.1 mA cm-2). Similarly, the internal
electric field distribution is mostly the same across the device. Figure 6.16 shows the difference in the
generation rate inside the MAPbI3 active layer with two s-NiOx (250 °C and 450 °C). It appears that
most enhancement is originated from the front 100 nm of the active layer, which is dominated by the
absorption of shorter wavelength. s-NiOx 450 °C has a slightly higher refractive index n at shorter
wavelength, which could help to form a more favourable interface with MAPbI3 [49].
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Figure 6.15. Optical field distribution in MAPbI3 based device, varied for sNiOx interlayer annealed at 250 °C and 450 °C, and sampled for wavelength
of 400 nm, 500 nm, 600 nm and 700 nm. Generation rate was calculated
assuming 100% internal quantum efficiency.

Figure 6.16. Calculated generation rate within the active layer. Left axis:
generation rate from NiOx interlayers annealed at 250 °C (𝐺𝑁𝑖𝑂 250) and
450 °C (𝐺𝑁𝑖𝑂 450 ). Right axis: difference between the two generation rates
(𝐺𝑁𝑖𝑂 450 − 𝐺𝑁𝑖𝑂 250 ).
Device structure: ITO (110 nm) / s-NiOx (30nm) / MAPbI3 (300 nm) / PCBM
(42 nm) / Ag (100nm).
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6.2.3.3 s-NiOx interlayer thickness in conventional device structure
Although the thesis focuses primarily on the inverted structure, the conventional device structure is
also widely studied, especially with organics and p-type inorganic nanoparticles [100]. Owing to the
need to thermally decompose the precursor, sol-gel derived NiOx films have never been successfully
applied in the conventional structure. Alternatively, a sol-gel derived NiOx nanoparticle film has been
demonstrated successfully with a perovskite solar cell in a conventional structure [217]. The key to
the problem is to approach the nanoparticle synthesis with the appropriate solvents, so that the
resulting nanoparticles can be dispersed in non-polar solvents such as toluene. Non-polar solvent can
be used above the active layer without causing damage to the perovskite materials.
To explore the validity of using s-NiOx in a conventional structure, optical modelling is employed to
calculate the Jsc outputs with the device structure:
ITO (110 nm) / PCBM (42 nm) / MAPbI3 (300 nm) / s-NiOx / Ag (100nm).

Figure 6.17. Calculated Jsc against various s-NiOx thickness in a conventional
device design. Device structure: ITO (110 nm) / PCBM (42 nm) / MAPbI3
(300 nm) / s-NiOx (0-100 nm) / Ag (100nm).

Figure 6.17 shows the change in Jsc output as s-NiOx thickness increases from 0 to 100 nm
(conventional solar cell structure), showing a local maximum Jsc at ~ 35 nm s-NiOx thickness. Overall,
the calculated Jsc output from conventional structure (~ 20.1 - 20.8 mA cm-2) is less than that from the
inverted structure (~ 21.7 - 22.0 mA cm-2). This implies the merit in the design of inverted structure
from the perspective of optical absorption within the active layer.
Despite the slightly lower Jsc output, inserting s-NiOx between MAPbI3 and back electrode (silver)
immediately increases Jsc, achieving a local maximum at 35 nm s-NiOx thickness. Jsc output begins to
decline if s-NiOx thickness is increased further. From the internal distribution of the electric field, it is
clear that inserting an interlayer in front of the back electrode can redistribute the electric field within
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the active layer, most significantly with longer wavelengths. For example, an interlayer of 35 nm sNiOx can lead to a higher electric field of 700 nm wavelength within the active layer (Figure 6.18b).
Since the generation rate is calculated by integrating the electric field over the spectrum and the
active layer thickness, an increase in electric field contributes directly to the increase in Jsc output.

Figure 6.18. Optical field distribution in MAPbI3 based device (conventional
structure), varied for s-NiOx interlayer thickness of 35 and 70 nm. Generation
rate is presented within the active layer, calculated assuming 100 % internal
quantum efficiency.

In a broader context, owing to the ability to modulate the internal electric field distribution, such an
interlayer between the back electrode and the active layer is known as the optical spacer [218]. Since
most devices use reflective back electrodes such as aluminium and silver, the immediate reflection
can create zero electric field intensity in front of the electrode (the dead zone [219]). Without an
optical spacer, part of the active layer will be located within such a dead zone, leading to inefficient
generation of excitons.
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Two methods had been proposed to overcome the problem, namely 1) to increase the active layer
thickness, and 2) to insert an optical spacer to shift the active layer away from the dead zone. Owing
to the excellent electric properties and defect tolerance, it is indeed feasible to create a perovskite
active layer thickness over 1 micrometre [45]. In the first part of this section, we have demonstrated
the validity of such a strategy, and proposed to avoid thickness ~ 220 ± 10 nm due to unfavourable
optical interference.
Research on optical spacers has been centred on the electron transport layer due to the availability of
low temperature fabrication methods. Titanium oxide [218], zinc oxide [220, 221] and Phenyl-C61butyric acid methyl ester (PCBM) [219] are among the most studied materials for optical spacer. Apart
from being low-temperature processable, an optical spacer should also possess favourable optical
properties when in contact with the active layer and the back electrode. Additionally, since a certain
thickness is required, good electrical properties are also desirable [219].
The application of an optical spacer has not yet been extensively demonstrated in perovskite solar
cells. Kim et al. [220] used a combined n-type interlayer of PCBM / ZnO, and used ZnO as the optical
spacer. By varying the ZnO thickness, Jsc could be enhanced by 16%. Through the transfer matrix
modelling of internal electric field distribution, it was found that the increase in Jsc is mostly attributed
to the shift in internal electric field, creating enhanced absorption in the wavelength range of 500 700 nm. However, increasing the interlayer thickness can influence other aspects that also contribute
to device operation, such as interlayer defect populations and carrier transportation [100]. Therefore
this requires more careful studies to separate the influence from redistributed internal electric field.

In summary, by using optical modelling, we predict the changes in Jsc outputs from different MAPbI3
active layer thickness. As the MAPbI3 thickness increases, the mid-range absorption (λ > 500nm) is
enhanced. However at thickness ~ 220 nm, the destructive interference impairs the internal optical
field, and leads to less favourable Jsc output. In contrast, both ~ 170 nm and ~ 320 nm thickness
demonstrate locally optimised Jsc outputs.
In the later part of this section, we explore the optimisation of s-NiOx thickness in both conventional
and inverted structure. In an inverted structure, 80 nm appears to be the optimum thickness for
s-NiOx interlayer, but unrealistic in practice. In a conventional structure, nickel oxide was attempted
as an optical spacer between MAPbI3 and back electrode, and we found 40 nm s-NiOx 250 °C should in
theory optimise the internal distribution of electric field. However the improvement from s-NiOx
thickness is significantly less than that from varying the active layer thickness. Therefore our optical
modelling appears to suggest that varying the active layer thickness is the most effective strategy to
optimise for Jsc in perovskite photovoltaics.
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6.2.4 Perovskite solar cell devices

Figure 6.197. Comparison of modelled and experimental short-circuit current
density Jsc, showing the experimental output obeys the trend predicted by
optical modelling (assuming 100 % internal quantum efficiency (IQE)).

Following the optical studies in the previous section, a series of MAPbI3 based solar cell devices were
fabricated aiming at different MAPbI3 layer thicknesses. Figure 6.19 presents a comparison between
modelled and experimental Jsc output with respect to a range of MAPbI3 thickness. The devices mostly
follow the trend predicted by the optical model. At a thickness of ~ 110 nm, the absorption is limited
by the thickness, and hence exhibited the lowest Jsc output overall. As thickness increased to 165 and
325 nm, the Jsc output reaches the local maximum, at 19.6 and 21.2 mA cm-2 respectively. Also as
predicted, MAPbI3 thickness of 212 nm results in a local minimum, leading to Jsc of 16.9 mA cm-2, a
14 % drop from the Jsc of 165 nm thickness.

7

Solar cells were fabricated by Tian Du.
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Figure 6.20. Statistic PeSCs device parameters of (a) short circuit current
density (Jsc), (b) open circuit voltage (Voc), (c) fill factor (FF), and (d) power
conversion efficiency (PSE), based on PeSCs with a range of MAPbI3 thickness
(at least five devices for each thickness, errors bars are estimated by
standard deviation).

The enhancement in Jsc was further investigated by external quantum efficiency (EQE), which
represents the ratio between the charge carrier collected and the incident photons [222]. To examine
the validity of our modelling, a much greater thickness 750 nm was fabricated to compare with the
220 nm thickness. The external quantum efficiency EQE spectra in Figure 6.21 was measured from
PeSC devices with two MAPbI3 thickness, 220 nm and 750 nm. Both devices show a similar absorption
edge at ~ 780 nm, an indicative of similar bandgap. However the overall absorption in 750 nm MAPbI3
device is enhanced in both short and long wavelength, especially in the range 600 - 780 nm. Such an
enhancement in longer wavelength is mostly as predicted from the optical modelling (Figure 6.22), in
which the internal electric field of 500 - 700 nm wavelength is attenuated to a much greater extent in
750 nm film thickness. In 220 nm MAPbI3 film, the loss at the lower wavelengths is possibly due to the
less favourable light propagation, resulting in destructive interference in the device. Therefore by
integrating the area underneath EQE spectra, the device with 750 nm MAPbI3 yielded a higher Jsc.
Finally, apart from the changes in Jsc, there was an additional enhancement to the Voc as perovskite
thickness increases (Figure 6.20). The main scope of this chapter is emphasised on the correlation
between perovskite thickness and Jsc. The thickness dependence of Voc was more carefully explored
by Du et al. in a recent manuscript. For completion, a brief discussion of such a relationship is
attempted in Appendix G.
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Figure 6.218. External quantum efficiency (EQE) spectra of PeSC devices with
MAPbI3 thickness of 220 nm and 750 nm, showing an enhancement in EQE in
750 nm MAPbI3 device.

Figure 6.22. Optical field distribution in MAPbI3 based device, varying for
MAPbI3 thickness of 220 nm and 750 nm, and sampled for wavelength of
400 nm, 500 nm, 600 nm and 700 nm.

8

EQE data was obtained by Tian Du
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6.3 Conclusion
A range of MAPbI3 perovskite thin films were achieved by varying precursor concentration
(0.6 - 1.4 M). The thickness is examined by profilometer first, and confirmed with SEM cross section
images. This resulting in a variety of thicknesses, ranging from 166-325nm.
XRD survey showed a high consistency in film quality overall, regardless of the film quality. No
presence of PbI2 was observed from the survey. Film morphology was examined by AFM. The height
profile showed a higher surface roughness as MAPbI3 thickness increased, leading to a root mean
square of 5.8 nm for film thickness of 325 nm. This observation was subsequently cross-examined
with UV-vis diffuse reflectance, which showed a higher surface scattering as film thickness increased.
All films showed diffuse reflectance less than 3%, indicative of a smooth surface overall.
In optical characterisations, basic transmission and reflection was attempted by UV-vis. However, the
strong absorbing nature of MAPbI3 impaired the accurate acquisition of absorption spectra. Therefore
VASE was attempted as an alternative approach owing to the merits of the reflection based setup.
Optical constants were fitted through ellipsometry data with four Tauc Lorenz oscillators, and showed
good agreement with published references.
Light propagation was modelled through the transfer matrix method. The theoretical Jsc output was
calculated by summing the internal electrical field and adjusted for optical constants. Our modelled
result showed that an increase in MAPbI3 thickness did not result in a monotonic enhancement in Jsc,
but instead showed local maximum at ~ 170 nm and ~ 320 nm thicknesses. The Jsc local minimum
occurred at ~ 220 nm thickness, owing to unfavourable optical interference and less absorption of
higher wavelengths. Optimisations of s-NiOx thickness in both conventional and inverted structure
were also attempted. However the improvement from s-NiOx thickness was significantly less than that
from varying the active layer thickness. Therefore our optical modelling appears to suggest that
varying the active layer thickness was the most effective strategy to optimise for Jsc in perovskite
photovoltaics.
Guided by the prediction, our device data agreed well with the theoretical prediction, showing local
maximum Jsc output at 165 nm and 325 nm MAPbI3 thickness, and a less favourable thickness at
220nm.
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7 Conclusions and outlook
This thesis aimed to develop understanding to the post annealing process of solution processed nickel
oxide (s-NiOx). A range of characterisation techniques have been employed to elucidate the optical
and electronic properties of s-NiOx from different annealing temperatures. With MAPbI3 based
perovskite solar cell devices, it was shown that s-NiOx can be used as a suitable p-type interlayer. In
addition, optical modelling was employed to explore the possibility of thickness optimisations with
MAPbI3 and s-NiOx in perovskite solar cells.
Chapter 3 presents an investigation into the annealing process of s-NiOx. The primary focus was to
understand the decomposition process from the sol-gel precursor. Thermal analysis suggests that the
precursor requires at least 350 °C to complete the thermal decomposition. When annealed at 250 °C,
although appearing amorphous, structural and electronic characterisation both revealed possible
existence of NiOx nano-crystallites, embedded in organic residuals. The disordered nature of the
resulting films is further clarified by the Urbach edge. As the annealing temperature increases, a
stronger p-type character is developed, and the tail states become more confined towards the VB
edge.
To identify the change in compositions during thermal annealing, in Chapter 4, s-NiOx samples were
investigated by XPS. Through spectral peak fittings, the existence of nickel oxide was identified at
250 °C, and the atomic ratio between oxygen and nickel was found to be greater than one overall. As
annealing temperature increases, the development of nickel oxide shows a clear trend in core level
spectra O 1s and Ni 2p, and Auger LVV. The position of the Fermi level was found to draw increasingly
closer to the valence band, showing an enhanced p-type behaviour upon annealing.
In Chapter 5, using the understanding of the annealing process of s-NiOx, MAPbI3 based perovskite
solar cells were fabricated to find an optimised s-NiOx annealing temperature for photovoltaic
applications. As a result, solar cells showed enhanced performance with s-NiOx annealed at 250 °C,
mostly due to the lower series resistance from the device. Owing to the insulating nature of nickel
oxide, the lower resistance at 250 °C is attribute to the smaller sheet resistance of ITO substrate,
which increases from 17 Ω/sq to 88 Ω/sq as annealing temperature increases from 250 °C to 450 °C.
Finally, aiming to further improve the perovskite solar cell performance, thicknesses optimisation of
MAPbI3 active layer and s-NiOx interlayer were studied through optical modelling in Chapter 6. Short
circuit current density (Jsc) was calculated by the transfer matrix method (TMM), which simulates the
light propagation within the solar cell device. It was found that an increase in the active layer
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thickness does not lead to a monotonic increase in Jsc output. Thicknesses of approximately 170 nm
and 320 nm were predicted to produce locally maximum Jsc, while a thickness of 220 nm appears to
be less favourable due to the destructive interference of light within the active layer. In addition,
tested in both inverted and conventional structure, varying s-NiOx thickness did not appear to
contribute significantly to Jsc improvement. Following this prediction, a series of MAPbI3 based
perovskite solar cell devices were fabricated with different active layer thicknesses, and showed close
agreement to the modelling predictions. This suggests that varying the active layer thickness is an
effective strategy to optimise Jsc outputs in perovskite photovoltaics.

A few directions could be followed to expand the current understanding to the topics presented in
this work. Firstly, regarding s-NiOx, the solution processing method results in films that are noncrystalline and extensively disordered. Due to the mixed types in disordering (structural, defects, etc),
it is difficult to separate the influence of a specific type of disorder. The electrical conductivity of
nickel oxide relies on its p-type character (i.e. non-stoichiometry), and therefore the control over
material disorder can lead to a better understanding of the defect structure of nickel oxide. On the
other hand, vacuum deposition methods such as atomic layer deposition (ALD) [223] and pulsed laser
deposition (PLD) [108] are proven methods in creating metal oxide films with controlled composition
and crystallinity. These provide the opportunity to control the structural disorder and hence separate
its influence from the electronic properties of nickel oxide.
In order to further investigate the electronic properties of nickel oxide, more advanced
characterisations methods can be considered, such as the ultraviolet photoemission spectroscopy
(UPS) for the conduction band measurements, and work function measurements in XPS [32]. Hence a
more accurate understanding of nickel oxide electronic structure can be obtained. Since these
measurements are all under ultra-high vacuum, it is possible to study the properties of nickel oxide
without exposing to ambient air, thus reducing the existence of oxygen excess.
Owing to the insulating nature of nickel oxide, its conductivity of positive charges is not as high as its
organic alternatives [100]. To improve, doping with extrinsic acceptor dopants such as lithium [126]
and copper [224] is widely regarded as an effective method to improve nickel oxide hole conductivity.
On the hand, in order to facilitate a higher probability of tunnelling, a smaller thickness of nickel oxide
could be attempted, which can be achieved by either optimising the solution processing parameters,
or through carefully controlled vacuum depositions.
With methodologies developed in Chapter 3 and 4, the nickel-base precursor can be further
optimised by replacing the solvent and the nickel-salt. Nickel acetate was selected due to its extensive
application in the literature. Alternative sources of nickel have been explored previously but
insufficiently understood, such as the nickel acetylacetonate and nickel nitrate [101]. Further studies
168

are needed to characterise and understand the difference in their decomposition process. As
annealing temperature is crucial to ITO conductivity, to find a precursor that decomposes sufficiently
at < 250 °C may pose as an effective method to further improve the performance of nickel oxide in
perovskite solar cells.
Furthermore, regarding the perovskite materials, the stability study of perovskite in contact with
nickel oxide needs to be addressed. In this study, compositions of s-NiOx varied much during post
annealing process, especially with the remaining organic residuals at 250 °C. Although more stable
than PEDOT:PSS, perovskite degradation mechanisms need to be clarified between different
annealing temperatures of s-NiOx. Besides, nickel oxide is known to naturally have excess oxygen, and
hence the influence of its oxygen to perovskite stability requires elucidation [42].
MAPbI3 is the primary choice of the active layer material in this study, owing to its well-established
processing methods and stable performance. A few recent publications address the importance of
mixed ion perovskite materials, from which the adjusted bandgap and the valence band positions
improve the energy level alignment of s-NiOx [12, 111].
Finally, the optical properties of mixed ion perovskite materials are yet to be sufficiently reported.
More efforts should be invested to build a reliable and comprehensive database of complex refractive
indices for the vast family of hybrid perovskite materials.
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Appendix A
X-ray diffraction
XRD instrumental reliability is tested by repetitive scans of a same specimen, which has been inserted
and removed multiple times. Since the specimen height is kept constant, the resulted profile should
be the same. Both spin and no-spin modes were tested. Although the two modes show a certain
difference in the resulted profiles, they both demonstrate the same peak position, an indicative of
good equipment precision.
Apart from the instrumental error, specimen preparation can also lead to significant error. In an ideal
case, the specimen surface should 1) be positioned at the centre of the diffractometer circle and 2) lie
on the tangent of the focusing circle. However in practice, the following specimen errors may occurs:
flat surface, surface displacement and thickness.

Flat surface
In practise, the edge of the specimen is also in focus, but the focusing circle on the edge is deviated
from that of the centre of the specimen, leading to a change in position the signal received. As
illustrated in Figure 2, such a deviation in focusing circle can be controlled by using a divergence slit to
regulate the signals from the source. In case of the XRD facility used in this study, a divergence slit of
1° is used, which should allow reliable measurements beyond 18° (2Θ).

Surface displacement
Specimen height displacement can also cause the similar deviation in the focusing circle, and it is the
more significant source of error in this study. Surface displacement error can be expressed in the
following form:
∆2𝜃 = −

1145.59𝑠 ∙ 𝑐𝑜𝑠𝜃
𝑅

where s is the displacement of the specimen from the focusing circle (r-r’ in Figure 2), R the radius of
the diffractometer circle (24 cm in our study), and 𝜃 in degrees.
Considering the NiO(200) peak at 43.3°, in order to observe a peak shift less than 0.02°, specimen
preparation should satisfy surface displacement of less than 5.75um. This implies the difficulties in the
sample preparation, especially for plasticine.

Sample thickness
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One of the preduction from the focus circle deviation is that thick sample may impose a higher error,
because x-ray signals may focus at different depth of the film. However if the film is too thin, the
diffracted x-ray signal may not be sufficient to draw meaningful results. For NiOx samples, it is found
that a minimum thickness of approx. 40nm is needed for resolving meaningful x-ray signals.

Scan Speed
Furthermore, important features in an XRD profile usually include 1) peak positions and 2) peak
intensities and shapes. It was found that the latter can be greatly influenced by scanning speed.
Figure 4 shows the silicon peak (from the same sample) scanned for 10, 20 and 30 seconds per step,
without offset. (need to remove 10s per step)

Figure A1. XRD patterns of silicon peaks under various scan speeds, ie 10, 20
and 30 seconds per step.

Figure A2. XRD Phi scan on silicon peaks at 33.2° (2Θ)
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Firstly, the profile intensity will be enhanced as time per step increases. This is due to the detector
receives higher amount of signal when stays longer at each step. The increase in signal helps to form a
sharper peak, presenting the peak position with a greater precision.
Secondly, due to the symmetry of the silicon crystals from the substrate, scanning speeds can affect
the resulted profile. Figure 5 shows a Phi scan of the substrate at 33.2° (2Θ), in which the substrate is
rotated 360° during the scan. In the normal spinning mode, signal is collected while the sample spins.
Longer time per scan such as 30sps allows a fuller inclusion of the symmetries, and hence a smoother
profile.
Therefore, 30s seconds per step (sps) appears to be a suitable speed, and 30sps it is used throughout
the project for the compromise between accuracy and time cost.
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Appendix B
Characterisation of s-NiOx

Figure B1. Transmission Electron Microscopy cross-section image of
specimen prepared by FIB, showing areas of platinum (Pt), s-NiOx annealed
at 250C, and Si substrate. Unfortunately the specimen was too thick to
resolve any crystalline structure.

Figure B2. Transmission Electron Microscopy electron diffraction pattern of
s-NiOx annealed at 250C
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Figure B3. Transmission Electron Microscopy image of s-NiOx annealed at
250°C from a smaller magnification, showing formation of small crystallites
of sizes less than 5nm.

Figure B4. a) electron diffraction pattern taken from the selected area, and
b) radial integrated intensity against interplanar distance d, that has been
transformed from k space
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Figure B5. UV-vis transmittance spectra of NiOx samples annealed at various
temperatures, prepared on borosilicate glass. Transmission of empty
substrate is shown as reference, indicating the overlapping absorption to sNiOx samples

Figure B6. Calculations of first derivative of photoemission responses with
respect to energy for annealed s-NiOx samples.
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Appendix C
XPS data processing

Figure C1. Peak fit analysis of the C 1s core level spectra measured for NiO
reference sample (Sigma Aldrich).

Table A1. A typical example of C 1s fitting profile
Chemical state
C-C
C-O-C
O-C=O

Binding energy C 1s / eV
284.8
~286
~288.5
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Table C1. Spectral fitting parameters for C 1s, O 1s and Ni 2p raw data, including binding energy (BE), atomic percentage, and fullwidth-half-maximum.
Raw Data

250 °C
BE (eV)
Literature
C-C

C 1s

O 1s
Fitting
Profile 1

O 1s
Fitting
Profile 2

350 °C
Atomic%

FWHM

0.32eV shift

BE (eV)

450 °C
Atomic%

0.23eV shift

284.8eV

285.12

64.29%

C-O-C

~286.0 eV

286.52

11.24%

O-C=O

~288.5eV

288.78

24.46%

Ni-O

529.69

44.98%

Defect/-OH

531.72

44.88%

Adsorbed H2O

533.12

Ni-O

64.58%

286.68

82.80%

288.44

27.15%

529.38

67.52%

531.13

24.74%

10.14%

532.09

529.66

42.97%

Defect/-OH

531.43

29.45%

NiOOH

532.24

22.05%

Adsorbed H2O

533.54

5.53%

Ni-O

854.2

11.0%

Ni-O, Ni-OH, NiOOH

855.98

shake-up satellite

BE (eV)

Atomic%

71.62%

286.57

98.80%

288.28

18.49%

529.35

73.94%

532.02

6.35%

7.74%

531.03

19.71%

529.37

66.11%

529.35

72.84%

531.03

20.83%

530.95

17.5%

531.79

10.99%

531.72

7.76%

533.03

2.06%

533.03

1.9%

1.35

853.84

12.65%

1.1

853.77

13.36%

46.33%

3.37

855.58

44.77%

3.37

855.49

860.83

25.02%

3.37

860.61

27.38%

3.37

863.16

12.42%

3.37

863.35

11.62%

866.19

5.23%

3.37

866.49

3.58%

1.48

1.19

BE (eV)

Atomic%

FWHM

0.29eV shift

284.88

1.45

FWHM

0.08eV shift

285.03

Ni 2p

FWHM

Sigma Ref

285.09

81.60%

286.87

85.30%

288.84

98.70%

529.75

64.91%

531.69

23.97%

533.09

11.11%

1.05

854.14

14.64%

1.26

4.46%

3.37

855.89

45.65%

3.37

860.57

27.55%

3.37

861.04

27.69%

3.37

3.37

863.34

11.3%

3.37

863.86

9.57%

3.37

2.6

866.5

3.34%

2.49

867.05

2.45%

2.21

1.59

1.14

1.11

1.55

1.12

1.49

1.28

1.06
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Appendix D
XPS spectral peak fittings of
ITO/s-NiOx

Figure E1. Ni LMM Auger spectra s-NiOx films annealed at 250 °C, 350 °C and
450 °C, in comparison with NiO reference, showing the similarities in shape.

190

Figure E2. Peak fit analysis of the core level O1s spectra of Ni(ac)2 annealed
at 250 °C, in which a 3-component (left) and 4-compoent (right) fitting
profile was attempt

Figure E3. Ni2p3/2 core level spectra measured for NiAc2 annealed at a)
250 °C, b) 350 °C and 450 °C, all fitted with a 5-component fitting profile,
revealing the development of Ni-O component at ~853.7eV.
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Table S1. Charge corrected spectral fitting parameters for C1s, O1s and Ni2p, including binding energy (BE), atomic percentage, and
full-width-half-maximum.

Charge Corrected

250 °C
BE (eV)

O1s
Fitting
Profile 1

O1s
Fitting
Profile 2

350 °C
Atomic%

Ni-O

529.37

44.98%

Defect/-OH

531.4

44.88%

Adsorbed H2O

532.8

Ni-O

FWHM

BE (eV)

450 °C
Atomic%

529.15

67.52%

530.9

24.74%

10.14%

531.86

529.34

42.97%

Defect/-OH

531.11

29.45%

NiOOH

531.92

22.05%

Adsorbed H2O

533.22

5.53%

Ni-O

853.88

11.0%

Ni-O, Ni-OH, NiOOH

855.66

Ni2p
shake-up satellite

FWHM

BE (eV)

Sigma Ref
Atomic%

529.27

73.94%

531.94

6.35%

7.74%

530.95

19.71%

529.14

66.11%

529.27

72.84%

530.8

20.83%

530.87

17.5%

531.56

10.99%

531.64

7.76%

532.8

2.06%

532.95

1.9%

1.35

853.61

12.65%

1.1

853.69

13.36%

46.33%

3.37

855.35

44.77%

3.37

855.41

860.51

25.02%

3.37

860.38

27.38%

3.37

862.84

12.42%

3.37

863.12

11.62%

865.87

5.23%

3.37

866.26

3.58%

1.48

1.19

FWHM

BE (eV)

Atomic%

FWHM

529.46

64.91%

531.4

23.97%

532.8

11.11%

1.05

853.85

14.64%

1.26

4.46%

3.37

855.6

45.65%

3.37

860.49

27.55%

3.37

860.75

27.69%

3.37

3.37

863.26

11.3%

3.37

863.57

9.57%

3.37

2.6

866.42

3.34%

2.49

866.76

2.45%

2.21

1.14

1.11

1.12

1.28

1.06
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Appendix E
Spectral fitting of MAPbI3
ellipsometry data
Determination of film thickness
Variable angle sp[ectroscopic ellipsometry measures changes in polarisation between incident and
reflected light. The change is quantified as amplitude ratio Psi and phase difference Delta.
Ellipsometry data analysis is usually indirect. At first the optical constants are constructed by fitting
with various models, and then compared with Psi and Delta.
The beginning of the process is to determine the film thickness. In the previous section, we explained
the determination of thickness through profilometer and SEM cross-section. Although the exact
thickness is unknown, the previously determined thickness helps to anchor an approximate range of
thickness. To determine the exact thickness, we selected the transparent window (λ > 800nm) and
fitted the refractive index with a Cauchy’s equation. The model takes the following form, where A, B
and C are the coefficients used to construct and fit for refractive index.
𝑛(𝜆) = 𝐴 +

𝐵
𝐶
+ 4+⋯
2
𝜆
𝜆

Usually A and B are sufficient to describe n. Figure shows the experimental and modelled spectra of
Psi and Delta. The Cauchy model leads to a best fitting with mean square error of 7, leading to a film
thickness of 278.3nm, which falls into the range determined previously.
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Figure F1. Experimental (coloured lines) and modelled (Cauchy’s equation,
short dotted lines) spectra of (a) amplitude ratio Psi and (b) phase difference
Delta. Cauchy coefficients A and B were selected to be 2.2 and 0.13
respectively, and thickness was fitted to be 278.31nm. Overall, the fitting
shows mean square error (MSE) of 7.

Figure F2. Experimental (coloured lines) and modelled (short dotted lines)
spectra of (a) amplitude ratio Psi and (b) phase difference Delta. Surface
roughness of 6.38nm was added to the Cauchy model, leading to an
improved MSE to 1.68.
In addition to the Cauchy’s equation, we model the MAPbI3 film by considering two layers: a bulk
layer (the MAPbI3 layer, described in the previous section), and a surface roughness layer. The surface
roughness layer is modelled through the effective medium approximation proposed by Bruggeman et
al. and Aspnes et al. The method builds the surface roughness layer with 50% air and 50% film. Figure
shows the fitting results after including surface medium into the equation. Fittings to Psi undergoes
significant improvement, resulted in MSE of 1.68, a 76% decrease from Cauchy model alone.
Furthermore, roughness of 6.38 nm suits our measurement from AFM height profile root mean
square of 5.8 - 6.8nm.

194

Uniqueness of fitting
To any fitting processes, there is the possibility of reaching a local minimum, not the global minimum.
This is especially true for Ellipsometry spectral fitting as many fitting parameters were involved. Figure
shows the MSE survey of thickness fitting with a Cauchy model (A = 2.2, B = 0.12) and surface
roughness 6.38nm. As a result, two local minimum occurs at 150nm and 273nm. Fortunately with the
previous thickness measurement, we are able to determine the value more confidently.

Figure F3. A survey of mean squared error (MSE) over a range of MAPbI3
thickness, calculated from the difference between the raw ellipsometry data
and the Cauchy model (A = 2.15, B = 0.22, roughness = 6.38nm). It shows the
film thickness 273nm is at the global minimum.

Basis function
After the determination of thickness and surface roughness, the fitting of the optical constant is then
extended to the absorbing region. Multiple basis functions are used to model the optical constants.
The function are equally spaced in photon energy range of interest, and the amplitude of each basis
function is adjusted to fit the overall shape of Psi and Delta.
Depending on the complicity in overall shape of n and k, different numbers of basis function are
needed. There is therefore a need to optimise the energy spacing between the function. As a general
rule, amorphous dielectrics, semiconductor and metals normally require spacing of 0.3-0.5eV,
whereas organics and crystalline materials would be better suited with spacing of 0.05-0.1eV. As a
hybrid (organic - inorganic) crystalline semiconductor, the complex features of MAPbI3 optical
constants are better suited with spacing of 0.05eV.
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In the comparison between Figure and Figure, we found that 0.3eV spacing results in a MSE of 22.9,
while 0.05eV spacing improves MSE to 1.9. Both fitting profiles well describe the most absorbing
regions (λ < 500nm). The difference between the two fitting profiles is centred at the transition
between absorbing and transparent region ((λ > 700nm).

Figure F4. Experimental (coloured lines) and modelled (Basis function, short
dotted lines) spectra of (a) amplitude ratio Psi and (b) phase difference
Delta. Basis function spacing of 0.3eV results in reasonable fit in the most
absorbing region, and lead to a MSE of 22.9.

Figure F5. Experimental (coloured lines) and modelled (Basis function, short
dotted lines) spectra of (a) amplitude ratio Psi and (b) phase difference
Delta. Basis function spacing of 0.05eV results in an enhanced fitting in the
entire spectra, leading to a MSE of 1.9..
As observed from the general trend in MAPbI3 optical constants, absorbing features in n and k
correspond to each other. In other words, the two quantifies are not entirely separated, but linked
together to describe absorption. The same applies to the complex dielectric function, between the
real and imaginary part. Such a correlation is commonly described by the Kramers-Kronig relationship,
where the real part of the dielectric function is calculated from the imaginary part.

196

∞
2
𝜔′𝜀2 (𝜔′)
𝜀1 (𝜔) = 1 + 𝑃 ∫
𝑑𝜔′
𝜋 0 𝜔′2 − 𝜔 2

Both Figure and Figure were modelled to be K-K consistent. Figure presents the fitting showing the
exact same configuration to Figure (basis function spacing 0.05eV), and showed a less suitable fitting
result, especially in Delta at λ = 700nm. This lack of K-K consistency leads an increase in MSE from 1.9
to 2.2.

Figure F6. Experimental (coloured lines) and modelled (Basis function,
spacing 0.05eV, short dotted lines) spectra of (a) amplitude ratio Psi and (b)
phase difference Delta. The removal of Kramers-Kronig (K-K) relationship
resulted in a less suitable fitting especially in Delta, and increased MSE from
1.9 to 2.2.

Tauc-Lorentz Oscillator
Basis function is a convenient method to obtain the optical constants for the complex refractive index
and complex dielectric functions. However, the MAPbI3 film would require at least 0.05eV spacing to
sufficiently describe the profile. This results in fitting of more than twenty basis functions, which can
be computationally intensive. Also, basis function is usually lack of physical considerations such as
bandgap, and not usually K-K consistent unless explicitly forced upon. Therefore most published
literatures use oscillator models instead to describe the optical properties.
This study uses four Tauc Lorentz oscillators to build the imaginary part of the complex dielectric
function 𝜀2 . The Tauc Lorentz model for 𝜀2 is as following, where 𝑛 is the number of oscillator, 𝐴𝑚𝑝
the amplitude of the function, 𝐸𝑔 the bandgap, 𝐸𝑜 the centre energy, and 𝐵𝑟 the broadening.
𝐴𝑚𝑝𝑛 𝐸𝑔 𝑛 𝐵𝑟𝑛 (𝐸 − 𝐸𝑔 𝑛 )2 1
𝜀2 = [ 2
∙ ]
(𝐸 − 𝐸𝑜 𝑛 2 )2 + 𝐵𝑟𝑛 2 𝐸 2 𝐸
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Table 7. Values applied for four Tauc Lorentz oscillators
# of Oscillator

𝐴𝑚𝑝

𝐵𝑟

𝐸𝑜

𝐸𝑔

1

53.8

0.93

3.2

2.3

2

16.2

0.76

2.5

1.57

3

0.7

0.42

2.0

1.57

4

50.34

0.12

1.6

1.57

Table 7 shows the values applied for the four T-L oscillators, where the bandgap is set to be no less
than the one obtained by the 4th oscillator. As a result, a bandgap of 1.57eV is obtained, which agrees
well with the previous measurements through UV-vis. Finally, the fitting to Psi and Delta were
presented Figure 6.8, showing a reasonable fittin overall, and resulted in MSE of 3.8. Although the
fitting is slightly worsen than that from the basis functions. The oscillator shows a better physical
meaning, and overall less parameters in the fitting process.

Figure F7. Experimental (coloured lines) and modelled (four T-L oscillators,
short dotted lines) spectra of (a) amplitude ratio Psi and (b) phase difference
Delta. The T-L oscillator produces a reasonable fit to entire spectra, and
leads to MSE of 3.8.
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Figure F8. Complex refractive indices of s-NiOx annealing at 250 - 450 C, a)
extinction coefficient k, and b) refractive index n.
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Appendix F
MAPbI3 thickness dependence
characterisations and device data
discussions
Device TEM cross section

Figure G1. TEM cross section of a MAPbI3 device, showing a device structure
of ITO,PEDOT:PSS, MAPbI3,PCBM and Ag top electrode (image prepared by
Dr Claire H. Burgess, and adapted from Tian et al.).
As discussed in the previous chapter, MAPbI3 thickness was determined by both profilometer and
SEM cross section images. Thickness of other layers in the MAPbI3 base device was determine
according to the TEM cross section presented in Figure. PEDOT and PCBM shows a thickness of
approximately 40nm. MAPbI3 shows a relatively rough top surface, in which the surface profile
seemingly follows the grain growth. As PCBM subsequently deposited, the surface roughness of
MAPbI3 is siginificanttly modified, and resulted in a smooth top surface profile of PCBM.

SEM top view and cross section
The full range of SEM top view and cross section images are presented in Figure, showing the
corresponding precursor thickness. No obvious changes are observed from the grain structures in the
top view images, an indicative of reasonable consistency in MAPbI3 films regardless the film thickness.
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Figure G2.SEM cross section of MAPbI3 films resulted from a range of the
precursor concentration.
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Thickness dependence of device performance
Table G3. PeSCs device performance parameter
MAPbI3 thickness (nm)

Jsc (mA cm-2)

Voc (mV)

FF (%)

PCE (%)

114

13.4 ±1.0

716.1±5.8

72.0±1.1

6.9±0.4

165

19.6 ±0.5

813.0 ±3.0

73.3 ±1.4

11.7 ±0.3

212

16.9 ±0.6

855.0 ±2.0

74.6 ±1.5

10.8 ±0.5

272

20.8 ±0.4

893.7 ±1.2

75.2 ±1.4

14.0 ±0.3

325

21.2 ±0.8

854.5 ±2.4

73.6 ±1.0

13.4 ±0.5

In Table , apart the predicted variations in Jsc, we also observed an enhancement of Voc upon the
increase in MAPbI3 thickness. Such a correlation was more carefully investigated by Du et al. in a
recent publication. A brief explanation to correlation is included here for completion.
The open circuit voltage (Voc) of most solar cells can be evaluated by the ratio between the short
circuit current and dark current. Therefore a high Voc can be achieved by maximising the Jsc and
minising dark current.
𝑉𝑂𝐶 =

𝑘𝑇
𝐽𝑆𝐶
𝑙𝑛 ( )
𝑞
𝐽0

In an ideal solar cell device, if held at short circuit, free charges should be effectively converted from
the incident photons, and be collected to the external circuit. In this process, recombination, radiative
or non-radiative, is expected to be as small as possible. On the other hand, at open-circuit condition,
no charges are expected to be collected to the external circuit, and therefore all free charges are
supposed to recombine. The recombination can undergo either the radiative or non-radiative
pathway. In a perfect solar cell, radiative recombination should be the only mechanism available,
because it is the pathway directly related to the photon absorption through bandgap.
In practice, both radiative and non-radiative recombination exist in solar cells. The charge
recombination mechanism can be investigated by the steady-state photoluminescence (SSPL). In this
case, SSPL was taken from the complete solar cells at open circuit (OC) and at short circuit (SC). At
short circuit, all free charges are expected to be extracted, and hence should produce a PL as low as
possible. An increase in PL at short circuit is possibly due to the limitations in charge collection. At
open circuit, radiative recombination is supposed to be the only recombination available, and hence
the PL signal is expected to be as large as possible. Therefore non-radiative recombination mechanism
(e.g. trap mediated recombination) can impede the PL response.
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Figure G1. Steady-state photoluminescence (PL) spectra of MAPbI3
perovskite solar cells, excited with 635-nm laser adjusted to 1-Sun equivalent
of intensity.
Figure shows the PL response at open circuit and short circuit for three MAPbI3 thickness: 250nm,
500nm, and 750nm. Since the absolute PL signals between samples are not entirely reliable, a ratio
between PLOC and PLSC are compared instead. Under 1 sun illumination, as thickness increases from
250nm to 750nm, the ratio PLOC/PLSC raised from 2.4 to 6.2. The increase in the ratio can originate
from the higher PLOC and/or the lower PLSC, corresponding to lower non-radiative combinations
and/or better charge extraction.
Charge extraction enhancement is less likely in thicker films, owing to the longer diffusion length
needed for free charges to reach the electrodes. Reduced non-radiative recombination however is a
reasonable explanation, as charges can be more homogeneously distributed inside the active layer,
and less effected by trap-mediated recombination pathway at the contact interface.
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