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Abstract

As global temperatures rise and energy demands increase, the need for clean, renewable
energy sources is more critical than ever. Solar energy is one of the key solutions, with the
majority of solar panels currently on the market being made from crystalline silicon. How-
ever, emerging photovoltaic (PV) technologies such as perovskite solar cells have already
demonstrated efficiencies comparable to those of silicon solar cells, making them a promising
contender to achieve even higher efficiencies.

Most of the layers in perovskite solar cells are deposited via spincoating, which is a fast and
easy process but can only be done on laboratory-scale. However, deposition through thermal
evaporation offers significant advantages, enabling fabrication of nanometer-thin films and
facilitating large-scale fabrication needed for future industrialization of perovskite solar cell.
Therefore, this research aims to develop perovskite solar cells entirely through thermal evap-
oration.

The reported number of hole transport materials deposited through thermal evaporation is
limited. Recently, fully thermally evaporated perovskite solar cells have been created using
the hole transport materials MoOx and TaTm, and these hole transport materials will be stud-
ies in this thesis.

The MoOx and TaTm were used as single and double hole transport layer to replace the
reference layer of spincoated PTAA. It was found that the MoOx in direct contact with the per-
ovskite resulted in a chemical reaction, which negatively affected the energy alignment. The
MoOx also showed poor charge carrier selectivity, resulting in high interfacial recombination.
Great hole extraction from the perovskite was observed for TaTm, however, a misalignment of
the band energy with the electrode hindered the hole collection. Improved hole transfer was
found with MoOx and TaTm being used a double hole transport layer. Here, the TaTm func-
tions as a passivation layer between the MoOx and perovskite, while effectively blocking the
electrons. In turn, the MoOx improved the energy alignment from the TaTm to the electrode
to improve the hole collection.

A thickness optimization of the hole transport layers was also performed. For MoOx as
single hole transport layer, it was found that number of oxygen vacancies decreased with
thickness, leading to less recombination. No change was observed for TaTm as single hole
transport layer when varying the thickness. However, as a double hole transport layer with
MoOx, increasing the thickness of TaTm led to an increase in Voc . Ultimately, a thin layer of
2 nm MoOx with a 5-nm thick TaTm showed the most promising results, demonstrating a final
efficiency of 4.73%.
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1
Introduction

1.1. Energy transition
Global warming is the defined by NASA as the long-term heating of Earth’s surface since the
pre-industrial period (which is between 1850 and 1900) [129]. The heating of the Earth is a
direct result of the increasing levels of heat-trapping greenhouse gases (GHGs) in the Earth’s
atmosphere. Human activities, most specifically the burning of fossil fuels, are responsible
for the release of GHGs, and have increased the average global temperature on Earth by
about 1 degree Celsius since the pre-industrial period. Figure 1.1 shows that this number is
predicted to increase every decade by more than 0.2 degrees Celsius with respect to the cur-
rent trend [153]. Global warming causes long-term change in average weather patterns, and
is expressed with certain indicators, such as increasing temperatures of land and ocean, ice
loss at the poles and in mountain glaciers, rising sea levels, increasing severity and frequency
of extreme weather such as floods, precipitation, hurricanes, heat waves, droughts, and wild
fires. In Figure 1.2, it can be seen that the annual number of extreme weather events have
more than tripled from 1980 to 2019 [124].

Figure 1.1: Temperature trend since the pre-industrial period in 1850 [153].
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Figure 1.2: Annual frequency of extreme weather events from 1980 to 2019 [124].

To counter the trend as shown in Figures 1.1 and 1.2, the Paris Agreement was presented
in 2015. The Paris Agreement is a legally binding international treaty on climate change with
the main goal to keep the increase of average global temperatures below 2 degrees Celsius
compared to pre-industrial levels, with the attempt to stay below 1.5 degrees Celsius. All 196
parties that adopted the treaty, also agreed to reach net-zero emissions (carbon neutrality) by
2050 [181].

The most important strategy in reducing carbon emissions is to replace energy generated
by burning fossil fuels with energy from renewable sources, such as solar, wind, hydropower
and biofuels. Figure 1.3 shows the global energy consumption by source from 1965 to 2022
[137]. It can be seen that oil, coal and gas are still responsible for the vast majority of energy
generation. However, energy from solar and wind have increased significantly over the last
decade, and based on the forecasted installed capacity in Figure 1.4 [71], it is predicted that
the solar and wind energy generation continues to grow exponentially. Currently, solar photo-
voltaics (PV) is the only renewable energy technology to keep up with the necessary progress
to reach the net-zero emissions scenario for 2050 [72]. In this scenario, solar PV will need an
installed capacity of 6044 GW and generate 8255 TWh in 2030. With the current generation of
1300 TWh in 2022, the average annual growth of the generation has to be around 26% during
the period 2023-2030 [73].



1.2. Solar energy 3

Figure 1.3: Global energy consumption by source [137].

Figure 1.4: Historical data and forecast of installed capacity of renewable energy technologies [71].

1.2. Solar energy
Solar PV is versatile compared to the other renewable energy technologies, as its applications
range from small residential roof-top systems to utility-scale power generation installations [73].
Solar PV can be installed in places where other renewable energy technologies cannot, such
as densely populated cities and small areas of land, and it can be integrated into buildings,
infrastructure, and vehicles. Solar cells can be categorized based on the development period
and the main features of the absorber materials.

Crystalline silicon (c-Si) solar cells form the first generation of photovoltaic technology.
They can be further divided into monocrystalline and polycrystalline silicon. Monocrystalline
silicon has a crystal lattice that is continuous and does not contain any grain boundaries over
the entire bulk. On the contrary, polycrystalline silicon is made out of many small randomly-
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orientated crystalline grains separated by grain boundaries [169][174]. This distinction is a
result of different manufacturing processes [94][174]. Crystalline silicon solar cells are the
current market leader with a 95% share of global PV production in 2020, of which 84% was
monocrystalline silicon [94]. Monocrystalline silicon has a world record efficiency of 26.8%
[133].
The second generation consists of thin-film PV made from amorphous silicon, cadmium tel-
luride (CdTe), and copper indium gallium selenide (CIGS) [94][44]. The absorber layers are
only a few micrometers thick and therefore much thinner than c-Si solar cells. This allows for
the deposition on flexible and lightweight substrates, which then can easily be applied to the in-
novative concept builing-integrated photovoltaics (BIPV) [174][44]. However, a disadvantage
of thin-film PV is the slighty lower efficiency compared to c-Si PV [169][94][174].
The third generation are emerging technologies that are still in the research and development
stages. The main three groups are organic solar cells, perovskite solar cells (PSC), and dye-
sensitized solar cells (DSSC) [94]. Like the second generation, these PV technologies are
thin film and can also be used for light weight and flexible PV modules [174][44]. It is pre-
dicted that they are going to be more cost-effective due to cheaper manufacturing [94][174].
However, all three technologies struggle with long-term stability, which is an essential aspect
for the commercialization of PV [94][174][44]. For now, the rapidly emerging perovskite solar
cells, only introduced in 2009 for the first time, are the only one to reach efficiencies that are
competitive with market-leading crystalline silicon PV [174]. The technology is built on the 20
years of experience with developing organic and dye-sensitized solar cells [169].

1.3. Perovskite
Perovskite initially referred to the oxide mineral calcium titanate (CaTiO3). CaTiO3 was dis-
covered by Gustav Rose in 1839 and was named after Russian mineralogist Lev Perovski.
Nowadays, “perovskite” is used for any compound with the same crystal structure of CaTiO3

[113][166]. The general formula for the perovskite structure is ABX3, where A and B are cations
and X is a halide anion [113][166][156][214][34]. The unit cell and extended network of the
ABX3 are depicted in Figure 1.5 [199]. Cations A and B are of varying sizes, of which A is
larger than B. The 3D structure of ABX3 changes to a low-dimensional crystalline when the
A-site cation is too large. Even though these low-dimensional perovskite are more versatile
because bigger molecules can be used with customized functions, they usually yield low effi-
ciencies and are therefore rarely used in photovoltaics [156]. This is one of the reasons why
of the numerous compounds with the ABX3 structure, only a limited number are suited to be
used as efficient light absorber for solar cells. Suitable compounds meet various requirements
such as proper light-harvesting performance, desired bandgap, alignment of energy level with
adjacent materials, high mobility and long charge carrier lifetime [214]. The ABX3 structure
of suitable perovskites is commonly composed as follows: A is for organic methylammonium
(MA = CH3NH3), formamidinium (FA = CH(NH3)3), or inorganic Cs or Rb. B is most often
occupied by Pb, and X is for halides I, Br, or Cl [34][101].
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Figure 1.5: ABX3 structure of perovskite as unit cell (left) and extended network (right) [199]

Perovskites have attracted much interest for optoelectronic applications due to their high
light absorption coefficient, long diffusion length and tunable bandgap [17][101]. The first per-
ovskite solar cell (PSC) was developed in 2009 by Kojima et al. with a PCE of 3.8% using
CH3NH3PbI3 [88]. The structure was based on dye-sensitize solar cells (DSSCs). Another
experiment with similar structure by Park et al. increased the PCE to 6.5% [74]. However,
the organolead halide perovskite dissolves in a polar solvent and therefore raises stability con-
cerns when used for liquid electrolyte-based sensitized solar cells. The first long-term stable
PSC was achieved in 2012 when Lee et al. designed the first solid state (non-sensitized)
PSC, which demonstrated a PCE of 10.9% [97]. Since then, several PSCs have been devel-
oped and the PCE has rapidly progressed to over 26% in 2023 [133], which is comparable
to the market leading mono-crystalline silicon solar cells [174]. The advancement of the PSC
throughout the years is projected in figure 1.6. This expeditious increase of PSC performance
has been attributed to the optimization of different factors [113][156]:

• The intrinsic materials properties, such as the band gap, the energy levels of the con-
duction and valence bands (or HOMO and LUMO)

• The charge transport properties
• Parameters such as layer thickness, morphology, homogeneity, surface coverage, crys-
talline quality, defect density, etc.

Figure 1.6: Power conversion efficiencies of perovskite solar cells compared to other types of solar cells [133]
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1.4. Architectures
In general, a PSC consists of a perovskite light-absorber material sandwiched in between two
electrodes. However, the perovskite/electrode interfaces allow for almost no charge trans-
portation. Charge transportation is improved by the implementation of interfacial buffer layers
such as electron transport layer (ETL) and hole transport layer (HTL) between the perovskite
layer and the electrodes [156]. The first PSCs were liquid-electrolyte perovskite sensitized so-
lar cells, where the liquid electrolyte containing both the perovskite material and mesoporous
TiO2 particles functions as the new “dye” molecules [166]. However, due to severe instability
these are no longer researched.

The mesoporous structure evolved from the DSSC and is depicted in Figure 1.7a) [163].
The liquid electrolyte was replaced with a solid-state hole transport layer material to avoid
degradation [166]. The mesoporous structure is based on thick alumina and titania nanopar-
ticles infiltrating the perovskite material, which allows the perovskite material to bind with the
mesoporous metal oxide and increase the light-absorbing area of the active absorber layer
[34]. This results in improved device performance [156]. The mesoporous configuration com-
bines both features from thin-film solar cells and DSSCs [166]. Lee et al. were first to design
a mesoporous PSC with a PCE of 10.9% in 2012 [97]. The PCE has since then improved to
over 23% [156][166].

Figure 1.7: Different architectures of perovskite solar cells, where a) mesophorous n-i-p and b) planar n-i-p and
c) planar p-i-n configuration [163].

A disadvantage of the mesostructured PSC is the need for high-temperature processing
methods. Low-temperature processibility of PSCs was achieved by using the planar config-
uration [156][166][34]. The planar heterojunction structure refers to the cell structure without
mesoporous scaffold , as can be seen in Figure 1.7b and 1.7c [214][163]. The absence of
the scaffold allows for an array of materials to be used as charge transport layers to go along
with the perovskite. This creates significant flexibility in the preparation methods of the PSCs
[156]. In the planar configuration, the perovskite layer contains the photo-generated excitons
and free carriers, which are transported along this layer due to the ambipolar charge transport
properties of the perovskite [113][9]. The electrons are injected to the ETL and the holes are
injected to the HTL. These are the primary charge separation steps, after which the free holes
and electrons are transported to their selective contacts [113][98]. Depending on the order of
the functional layers in the cell, a planar PSC can be either n-i-p (Figure 1.7b) or p-i-n (Figure
1.7c). This nomenclature originates from the Si-thin-film research community and has been
extended to PSC. Alternatively, those configuration with opposite polarities are called regular
(n-i-p) and inverted (p-i-n) within the PVK community:
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• Regular configuartion (n-i-p):
In the regular planar configuration, a TCO substrate has an n-type ETM deposited on
top, followed by the deposition of the perovskite absorber layer, a p-type HTM and top
metal electrode [156]. Ball et al. reported the first n-i-p planar PSC in 2013 with a
FTO/c-TiO2/CH3PbI3−xClx/spiro-OMeTAD/Au structure. However, due to difficulties in
fabricating pin-hole free perovskite, a low efficiency of 1.8% was obtained [18]. The
same group the optimized processing conditions and morphology of perovskite films to
achieve a PCE of 11.4% a year later [45]. Currently, efficiencies above 25% are recorded
for n-i-p PSCs [116].

• Inverted configuration (p-i-n): The inverted configuration has the charge transport layers
deposited inverted compared to the regular configuration. The HTM is deposited on the
TCO substrate, followed by perovskite absorber layer, ETM, and the top metal electrode
[156][34].
The inverted structure has advantages over the reuglar structure due to simple device
preparation, high PCE, low hysteresis, and of preceding the need of dopants in the
HTL [214][9]. The challenge in fabricating inverted planar cells is to create smooth and
pinhole-free perovskite films [214]. The first inverted cell is reported to have reached a
PCE of 2.6% by Kumar et al. in 2013 [93]. In the same year, Liu and Kelly created an
inverted PSC with a PCE of 10.2% [108]. The highest reported efficiency is currently
25% [80]. The improvement of inverted PSCs over the last few years is projected in
figure 1.8 [98].

Figure 1.8: Power conversion efficiencies of inverted perovskite solar cells over the last few years [98].

1.5. Hole transport layer
The hole transport layer (HTL) and electron transport layer (ETL) are the charge transport
layers in a PSC. The perovskite layer is sandwiched between the HTL and ETL (see Figure
1.7) to improve the separation and extraction of electron and holes and ultimately increase the
PCE. The transportation of the electrons and holes is depicted in Figure 1.9:
Under illumination, holes in the valance band (VB) are created due to the electrons exciting to
the conduction band (CB) (1). The holes diffuse to the perovskite/HTL interface (3) while the
electrons diffuse to the perovskite/ETL interface (2). Then, the charge carriers move through
their corresponding charge transport layer and are finally collected at the electrode [79].
Figure 1.9 also shows the undesired recombination processes indicated by the dashed yellow
arrows. This happens whenever an electrons moves from the VB to a hole in the CB of the
same layer or a layer it is supposed to move away from [32].
Proper selection of the charge transport layers is crucial for the performance of the PSC. An
ideal charge transport material (CTM) possesses the following characteristics:

1. The highest occupied molecular orbital (HOMO) or the VB of the HTM must be slightly
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higher than the HOMO of the perovskite. This helps to transport the holes at the HTL/per-
ovskite interface into the HTL and then move quickly to the ITO (in inverted PSCs)
[9][184][13][79]. Also, the electrons are effectively blocked from the ITO when there
is a higher band gap between the LUMO of the HTM and the perovskite [9][79][144].

2. Proper band energy alignment to promote charge carrier transport and selectivity.
3. High charge mobility of the CTM, which provides high chances of the charge carriers

created by the perovskite to reach the electrode quickly [184][32][79].
4. Good hydrophobicity and thermal stability to improve the stability of the PSC [184][32][79][144].
5. Absorption spectrum of CTM at the front and the perovskite should avoid overlap. This

broadens the device’s absorption spectrum range as the CTM absorbs light at different
wavelength ranges from the perovskite. Consequently, the performance of the PSC
improves [79].

6. Simple synthesis and easy manufacturing methods [32]
7. Transparent window in visible region for CTMs used in tandem PSCs and on the front

side of PSCs to allow for high light absorption by the device [184][32].

Figure 1.9: The charge carrier process of n-i-p structured PSC (left) and p-i-n structured PSC (right) [32]

1.6. Motivation
There are various methods to prepare perovskite cells, with spin coating being one of the most
popular deposition techniques. Spin coating is favored for its simplicity and speed, making it
ideal for producing uniform layers at the laboratory scale. However, this method has certain
drawbacks, such as difficulty in controlling film thickness, which typically is between 600-700
nm minimum [83]. Additionally, the use of hazardous solvents in spin coating can adversely
affect the film surface quality [16].
In this research, thermal evaporation was employed as the deposition technique. This vacuum-
based method involves the evaporation of source material to produce highly uniform films, with
a controllable thickness that can be reduced to just a few nanometers. An added advantage of
thermal evaporation is its suitability for both small and large areas, making it one of the highly
promising deposition techniques for the future industrialization of perovskite solar cells [106].

Over recent months, the perovskite research team at TU Delft has focused on developing
thermally evaporated solar cells. To date, the working devices have utilized PTAA as the hole
transport layer, which is applied through spin coating. The goal of this research, however, is
to create fully thermally evaporated devices.
To achieve this, the spin-coated PTAA must be replaced with a different hole transport layer.



1.7. Research objectives 9

The new layer must meet several criteria: it must be compatible with thermal evaporation depo-
sition, have favorable band energy alignment with perovskite to facilitate hole transport while
blocking electrons, and must remain stable during crystallization and perovskite formation, as
it is deposited first.

Currently, there are a limited number of hole transport materials (HTMs) that have been
successfully used with thermal evaporation, such as Spiro-OMeTAD [48], NPB [48], TCTA
[48][177], Me-4PACz [47], Spiro-TTB [168], and NiOx [87]. One of the chosen HTMs for this
research is molybdenum oxide (MoOx), an inorganic material known for its excellent thermal
stability. MoOx features a large bandgap and high work function, and the PVMD group has
prior experience using MoOx in crystalline silicon solar cells. In perovskite solar cells, MoOx

has a low electron injection barrier, and is therefore used as an interlayer with a more selective
contact. In this study, MoOx will be combined with TaTm.
TaTm, an organic material, has demonstrated suitable band energy alignment with perovskite.
Although TaTm is relatively new and the studies utilizing it are limited, a research group in Va-
lencia has successfully used the combination of MoOx and TaTm to produce high-performing
cells. In this research, the same stack used by the Valencia group is adopted, with the excep-
tion of the perovskite layer. The perovskite material, Cs0.15FA0.85PbI2.85Br0.15, is developed
by the perovskite group at TU Delft.

1.7. Research objectives
This study is based on three research objectives.

The first objective is:

• Prepare the integration of thermally evaporated MoOx and TaTm into the PSC.

To integrate the MoOx and TaTm into the PSC, the film thickness of each HTL must be con-
trolled. In order to do so, their tooling factor must be determined. Also, MoOx and TaTm need
to be able to withstand the temperatures that they will be exposed to during the annealing of
the perovskite. Therefore, the thermal stability of optoelectrical properties is evaluated.

After integration of MoOx and TaTm in the PSC, the research focuses on their ability to extract
charge carriers from the perovskite. The second objective is:

• Assess the charge carrier extraction of MoOx and TaTm.

The charge carrier extraction can be assessed by comparing the influence of MoOx and TaTm
on the device parameters, both as single and double HTL. Furthermore, the charge carrier ex-
traction from solely the perovskite to the HTL is investigated. In both cases, MoOx and TaTm
will also be compared to reference HTL PTAA.

Lastly, a thickness optimization of the HTLs is performed. The third objective is:

• Determine the influence of the thickness of MoOx and TaTm on the device parameters.

The stoichiometry, atomic composition, and valence band energy of MoOx are evaluated for
varying film thickness. Moreover, the thicknesses of the MoOx and TaTm films are varied at
device level to gain an understanding of the influence of the film thickness on trends found for
device parameters. The thickness optimization is performed for both single and double HTL,
to investigate how presence of the additional HTL changes the trends for device parameters.
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1.8. Report outline
This report is divided into the following chapters:

Chapter 1 discusses the energy transition and the need for renewable energy. This is fol-
lowed by the development of solar energy and an introduction to perovskite solar cells. The
chapter ends by detailing the thesis project, such as the motivation of this research, as well
as the research objectives and questions.

Chapter 2 provides theoretical background on the fundamental concepts of solar cells. Here, it
goes over band diagram of heterojunctions, generation and recombination mechanisms, inter-
face phenomena, and the current-voltage curve. Moreover, a general overview of most used
hole transport materials and deposition techniques for perovksite solar cells is given. The last
section focuses on the electronic structure of high-work-function hole transport material in a
perovskite solar cell.

Chapter 3 describes the deposition methods and fabrication of the films used in the perovskite
solar cell. Furthermore, the working principles and the settings of the characterization tech-
niques used in this research are discussed.

Chapter 4 illustrates the process for determining the tooling factor of MoOx and TaTm. It also
discusses the change in optical properties and estimated bandgap of MoOx and TaTm after
annealing for different annealing times and temperatures.

Chapter 5 elaborates on the device parameters for perovskite solar cells with different hole
transport layers and supports these results with the obtained charge carrier extraction of sev-
eral HTL/PVK configurations.

Chapter 6 examines the effect of thickness on the stoichiometry, atomic composition, and va-
lence band energy of MoOx. Also, the trends found in device parameters for varying thickness
of MoOx and TaTm are evaluated.

Chapter 7 concludes the findings of the research and answers the research questions de-
scribed in Chapter 1. The potential of using thermally evaporated MoOx and TaTm as opposed
to the spincoated PTAA is discussed. Finally, recommendations on future research related to
using MoOx and TaTm to create fully thermal evaporated PSCs are given.



2
Theoretical background

The aim of this chapter is to provide theoretical background on the fundamental concepts
for solar cells and the perovskite solar cell used in this study. Section 2.1 discusses the
working principle of semiconductors. An overview of different hole transport materials and
deposition techniques for perovskite solar cells is provided in Section 2.2. Lastly, Section 2.3
explains high-work function hole transport layers and the associated charge carrier transfer in
perovskite solar cells using such a hole transport layer.

2.1. Semiconductor physics
2.1.1. Semiconductor junction
The energy diagram shows the allowed electron energy states as a function of position. The
Fermi level represents the average energy of electrons. Therefore, its position in the bandgap
is influenced by doping. In materials with a high concentration of electrons (also referred to
as n-type in c-Si), the Fermi level is closer to the conduction band, whereas the Fermi level
is closer to the valence band in materials with a high concentration of holes (also referred to
as p-type in c-Si). When p-type and n-type materials are brought together, a so-called space-
charge region (SCR) is created. The SCR only contains ionized donor and acceptor atoms,
as the mobile charge carriers are depleted due to the diffusion of holes from the p-type to the
n-type region. An internal electric field results from the SCR. This forces the charge carriers
to move in opposite direction of the concentration gradient, and is also called drift. The SCR
is represented in the energy diagram by the grey region in figure 2.2. When a heterojunction
is formed, the Fermi level of the two material must align, as the average energy of electrons
(also described as the Fermi energy) is constant across the junction. The vacuum energy
and the band-edge energies must be continuous and therefore a bending occurs in the bands.
The bending indicates an electric field, which causes a difference in electrostatic potential
difference Vbi across the SCR [169].

11
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Figure 2.1: Space charge region in a heterojunction [169]

Figure 2.2: Energy diagram of a heterojunction [169]

2.1.2. Generation and recombination
Generation is the formation of free charge carriers in a semiconductor through absorption of
photons [66]. Photons are absorbed when light penetrates the material. If the photon energy
is larger than the semiconductor’s bandgap energy, there is adequate energy to excite an
electron from the valence band to the conduction. This leaves a hole in the valence band, and
thus free charge carriers are formed [169].

Recombination is the process in which an excited electron in the conduction band loses
its energy and falls back to the valence band and occupies a hole. Depending on the type of
recombination process, the energy lost as a result of recombination is in the form of heat or
light. There are three types of recombination processes, which are depicted in Figure 2.3:

• Radiative recombination: Radiative recombination is also known as band-to-band or
direct recombination, and is the inverse of light absorption [164]. An electron in the con-
duction band loses energy and transitions back to the valence band where is recombines
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with an hole [169]. The electron emits a photon (light describes as a wave and particle)
that has the same energy as the band gap [24].

• Auger recombination: This is a three-particle process where the energy of a recombining
charge carrier is transferred to another charge carrier [169][164]. If the receiving charge
carrier is an electron, it will excite to higher levels in the CB. If the receiving charge carrier
is an hole, it will excite to deeper levels in the VB [169]. In both cases, the charge carrier
will relax back to their band edge and releases the energy and momentum to phonons
(lattice vibration describes as a wave and particle) [164]. No light is emitted, so Auger
recombination is a non-radiative process. Auger recombination strongly depends on the
charge carrier density since it is a three-particle process [169].

• Shockley-Hall-Read (SHR) recombination: This recombination occurs at defects that
are present in the crystal lattice. The defects have energy levels that lie in the energy
bandgap. Here, a charge carrier can be trapped and recombination will occur when the
opposite charge carrier is trapped in the same defect [169][164]. If the defects are close
to one of band egdes, recombination is less probable. Therefore, this recombination is
most effective for states close to the mid-gap [24]. SHR recombination is a non-radiative
process, where the dissipated energy is in the form of heat.

Figure 2.3: Band diagram of Radiative recombination, Auger recombination, and Shockley-Hall-Read (SHR)
recombination [31].

2.1.3. Semiconductor interface phenomena
Surface states
The most discussed phenomenon that occurs near the interface are surface states. The en-
ergy gap is based on the infinite periodic structure of a semiconductor. However, near the
boundary of a semiconductor, there is a discontinuity of the infinite crystal lattice of the semi-
conductor due to the start of a material with a different crystal lattice. Figure 2.4a shows the
discontinued lattice at the interface of Ge-NC and SiO2. This causes the occurrence of surface
states, which are electron states in the bandgap near the interface as depicted in Figure 2.4b
[126]. Surface states can lead to more complex phenomena, such as dangling bonds, the
adsorption of impurity atoms, change of position and/or chemical configuration of atoms at the
interface, irregularities at the interface, etc. [91]. Interface states can have a serious influence
on the performance of a solar cell, as they increase Shockley-Hall Read recombination and
can trap charge carriers at the interface [169].
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(a) Schematic diagram of the discontinued crystal lattice
and dangling bonds (DBs) at the interface of Ge-NC and

SiO2 [211] (b) Energy diagram with interface states in the bandgap

Figure 2.4: Interface states

Dipole
The formation of dipoles is another interface phenomenon. In general, a surface dipole is
explained using the “spillout effect”. Here, a surface-located electron wave function has a
‘tail’ spilling out into the vacuum (see figure 2.5). This results in surface having a net positive
charge and the region just outside the surface having a net negative charge. This separation
of positive and negative charge is defined as a dipole. When electrons reach the surface, they
are repelled by the negative charge outside the surface and attracted to the positive charge
inside the material, thus creating a field that resists electrons from leaving the material into the
vacuum [91].

Figure 2.5: Schematic of a surface dipole [91].

Dipoles also arise at semiconductor interfaces. As an dipole induces diffusion of charge
carriers, an electric field in opposite direction is set up to counteract the flow. Thus, an interface
dipole creates a SCR and causes bending of the bands [91].
The orientation of an interface dipole determines whether it is the transport of holes or electrons
that improves. When the positive side of a dipole is pointing towards material 1 (represented
by the right energy diagram in figure 2.6), the vacuum level of material 2 will go upward and
therefore the work function is increased. For simplicity, this is called a ‘positive’ dipole. The
valence band ismoved upwards, which improves the hole injection frommaterial 1 intomaterial
2. With a ‘negative’ dipole (the left energy diagram in figure 2.6), the positive side is pointing
outwards of material 1. This will move both the vacuum level and conduction band of material
2 downwards, which increases the work function and improves electron injection from material
1 into material 2, respectively [25][57].
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Figure 2.6: Interface dipole [25]

Dipoles to passivate surface states
The surface of perovskite suffers from interface states and dangling bonds that act as trap
defects. This increases charge accumulation and leads to recombination losses. The density
of states (DOS) can be reduces by the generation of dipoles, which function as field-effect pas-
sivation (FEP). The interface dipoles from insertion of a dielectric film result in the repulsion
and separation of free charges at the interface, therefore, reducing the minority carrier recom-
bination [117]. This is demonstrated in a study by Gao et al. [107]. Chemical passivation
was created to reduce the defect-assisted recombination on the interface of the perovskite by
using a dielectric ammonium salt. The energy level bending by the salt also reduced charge
accumulation and resulted in an FEP that repeled minority carrier recombination. Figure 2.7
shows the dipole induced by the ammonium salt and how this repels electrons and prevents
recombination.
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Figure 2.7: A perovskite solar cell without FEP (left) and with FEP (right). The FEP-induced interface dipole
blocks electrons and prevents recombination [107].

2.1.4. J-V curve
The performance of solar cells is characterized with the illuminate J-V curve. The measure-
ment to obtain the J-V curve is performed under standard test conditions (STC). Here, the
irradiance on the solar cells (Pin) is equal to 1 sun, which is 1000 W/m2 at AM1.5G [169][49].
The J-V curve consists or several main parameters and are depicted in Figure 2.8:

• Short circuit current density (Jsc): The current when the solar cell’s electrodes are short
circuited. When the circuit is short circuited, the voltage is equal to zero [169].

• Open-circuit voltage (Voc): The maximum voltage of a solar cell. This is reached when
no current is flowing through the circuit, meaning the current is equal to zero [169].

• Maximum power (Pmax): The maximum power that can be generated by the solar cell.
The corresponding voltage and current are the maximum power point voltage, Vmpp, and
the maximum power point current, Jmpp, respectively [49].

• Fill factor (FF): The ratio between the maximum power generated and the product of the
Voc and the Jsc [169][49]:

FF =
Pmax

Voc · Jsc
=
Vmpp · Jmpp

Voc · Jsc
(2.1)

The fill factor is represented by the green square under the J-V curve in Figure 2.8. The
fill factor is negatively affected by shunt resistance and series resistance.

• Power conversion efficiency (PCE): With the abovementioned parameters, the percent-
age of power generated by the solar cell from the incoming illumination can be calculated
[169][49]:

PCE =
Pmax

Pin
=
Vmpp · Jmpp

Pin
=
Voc · Jsc · FF

Pin
(2.2)
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Figure 2.8: J-V curve (left) and P-V curve (right) with solar cell parameters Voc, Jsc, Vmpp, Jmpp, Pmax, and FF
[49]

2.2. Perovskite solar cell
2.2.1. Hole transport materials
There are many different HTMs that have been used in PSCs. They can be categorized in
organic and inorganic HTMs. Organic HTMs:

• Spiro-OMeTAD
2,2′,7,7′-tetrakis (N,N-dip-pmethoxypheny-amine)- 9,9′-spirobifluorene (spiro-OMeTAD)
is one of the most popular HTMs in PSCs, as it paved the way to achieving high per-
formance PSCs in a very short period [184]. Spiro-OMeTAD was initially used in dye-
sensitized solar cells where it achieved a PCE of only 0.74% [113][79]. This is because
Spiro-OMeTAD has low hole mobility and conductivity due to its unique and pristine
structure [113][184]. Additives 4-tert-butylpiridine (t-BP) and Li[CF3SO2]2N have been
used to increase the aforementioned PCE to 2.56% [92]. The spiro-OMeTAD can be
structurally changed to adjust its HOMO energy level [32][79]. Jeon et al. changed the
position of the methoxy (-OCH3) group to create three different alterations: pp-Spiro-
OMeTAD, po-Spiro-OMeTAD, pm-Spiro-OMeTAD. The HOMO energy level went from -
5.22 to -5.31 eV and the devices with the altered Spiro-OMeTAD reached PCEs of 14.9%,
16.7% and 13.9%, respectively [78]. Hu et al. took another approach by using nitrogen
and sulfur substituents to adjust energy levels, of which the spiro-OMeTAD with the sul-
fur substituents reached the highest PCE of 15.9% [69]. Despite being able to increase
the conductivity of Spiro-OMeTAD with doping and alterations, the synthesis is complex
and high-cost and limits the large-scale application in the future [113][184][32][79].

• P3HT
Poly(3-hexylthiophene) (P3HT) has been shown to be a comparable HTM with spiro-
OMeTAD due to its cost-effectiveness, easy processing and high mobility [184][79]. Bi
et al. were the first to create PSCs using P3HT as HTM, resulting in a PCE of only 4.5%,
despite P3HT’s great optoelectrical properties [23]. The great potential of P3HT was
shown by Giacomo et al. when they used it as HTM in PSCs reaching a PCE of 9.3%
[51]. Sequential vapor deposition of the perovskite and adjusting the thickness of the
P3HT layer resulted in a PCE of 13.7% for Abbas et al. [1].
Despite the great properties of P3HT, it also has flaws such as strong electronic coupling
and poor physical contact between the P3HT and the perovskite, which results in a lower
performance [32]. Nia et al. were able to overcome these flaws by using a crystal-
engineering approach to deposit the perovskite. The contact between P3HT and the
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perovskite improved substantially, resulting in a PCE of 16.8% [132]. Lastly, surface
contact was improved and interface recombination between the P3HT and the perovskite
layer was reduced by Jung et al. They introduced a thin layer of halide perovskite with a
wide bandgap in between the P3HT and the perovskite film, which obtained an PCE of
22.7% [81].

• PEDOT:PSS
Poly (3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) is another ex-
tensively used HTM due to its high transmissivity and low manufacturing cost [79]. De-
vices with PEDOT:PSS as HTM often use an organic ETM such as [6,6]-phenyl C61-
butyric acid methyl ester (PCBM) or indene-C60 bisadduct (ICBA) [113][184]. You et
al. achieved a PCE of 11.5% with such structure, which was raised to 12.0% by Chen
et al. after optimizing the perovskite layer thickness [201][30]. Higher PCEs of 14.1%
and 20.1% were reported, increasing interest using PEDOT:PSS in combination with the
ETM PCBM [161][77]. Despite the high performances using PEDOT:PSS as HTM, its
acidic and hygroscopic characteristics seriously limit the long-term stability [32]. Different
dopants have been proposed to improve its properties. Dopamine was used to modify
PEDOT:PSS (DA-PEDOT:PSS) by Huang et al, to reduce its acidity and therefore im-
proving the stability of the device [70]. As DA-PETDOT:PSS has a higher work function
than PEDOT:PSS, a PCE of 16.4% was achieved. Another doping method was used by
Liu et al., who used F4-TCNQ as an additive in PEDOT:PSS, increasing the PCE from
13.3% to 17.2% [109]. F4-TCNQ improves carrier transport from the perovskite layer to
the HTL by altering the electrical properties of PEDOT:PSS and therefore lowering the
HOMO level.

• PTAA
Poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA) is used in high performing PCEs
due to its decent hole mobility and its proper HOMO level with respect to the perovskite
layer [184][79][99]. Hao et al. were first to report on PSCs using undoped PTAA as HTM,
which obtained a PCE of 12.0% due to greatly improved Voc and FF [64]. Other undoped
PTAA PSCs followed with throughout the years with PCEs of 15.3%, 18.0% and 18.2%
[155][85][190].
Unfortunately, PTAA suffers from poor conductivity and doping is needed to improve de-
vice performance [79]. Liu et al. used different dopants for PTAA and found the biggest
improvement from 14.2% to 18.2% using CuSCN [114]. NPB was later used as dopant
by both Pathipati et al. and Liu et al., achieving PCEs of 18.2% and 20.2%, respectively
[140][110]. NPB doping moves the VB energy of the PTAA closer to the perovskite layer
and achieves a larger grain size of the perovskite.
However, since doping has its own shortcomings, other methods of improving device
performance were researched without the use of doping. Surface treatment to modify
the PTAA has been shown to be very effective [99]. Zhang et al. treated the PTAA with
oxygen plasma to improve conductivity and reach a PCE of 19.0% [206]. The PTAA
film was textured by Xu et al. to decrease the internal optical reflection and achieve a
PCE of 20.8%. The use of an antireflection coating further improved the PCE to 21.6%
[194]. Most recently, other interface modifications has led to PCEs of 23.7% and 25.0%
[37][105].

Inorganic HTMs:
Inorganic semiconductor materials have desirable properties such as wide bandgap, high hole
mobility, simple fabrication and low production cost [32][79]. There are many different inor-
ganic compounds promising to replace organic HTMs: NiOx, CuOx, Cu2O, CuS, CuI, CuPc,
CuSCN, CuCrO2, CuGaO2, CuInS2, Cu2BaSnS4, CoOx, CoN, MoOx, MoS2, VOx, GOx, PbS
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and CrOx [9]. The most frequently used are discussed below

• Cu2O/CuO
Cupric oxide (CuO) and cuprous oxide (Cu2O) are suitable HTMs due to their energy
levels matching well with perovskite, low cost, high hole mobility, environmental friend-
liness, and diverse fabrication possibilities [9][79]. Chatterjee and Pal used successive
ionic layer adsorption and reaction (SILAR) method to obtain highly crystallized Cu2O
for the HTL [27]. With a structure of ITO/Cu2O/MAPbI3/PCBM/Al, a PCE of 8.23% was
achieved. Yu et al. prepared a PSC with the structure ITO/Cu2O/MAPbI3/PCBM/Ag and
used a thermal oxidation method for the deposition of Cu2O. The optical transmission
and series resistance were optimized by precise control of the thickness and properties
of the Cu2O layer, resulting in a PCE of 11.03% [202]. Both CuOx and Cu2O were tested
as HTMs by Zuo and Ding using a simple low-temperature method to achieve PCEs of
12.2% and 13.4% respectively [213]. Better efficiencies using CuO was achieved by
Sun et al. through facile solution-process method. A PCE of 17.1% was obtained for the
device with the structure of ITO/CuOx/MAPbI3/C60/BCP/Ag [175]. This PCE was later
raised to 19.0% using Cl− doping in MAPbI3 to create a hybrid MAPbI3−xClx perovskite
as a light absorber [151].

• CuI
Copper iodide (CuI) has relatively high hole mobility, large band gap (~3.1 eV) and facile
preparation [9][184]. Christians et al. used CuI as HTM to achieve a PCE of 6.0% [33].
Even though this efficiency is rather low, CuI shows electrical conductivity five orders of
magnitude larger than spiro-OMeTAD and was therefore worth exploring. Nejand et al.
prepared a device with the structure FTO/CuI/MAPbI3/PCBM/Al using thermal deposition
method for the CuI films, to obtain a PCE of 7.7% [130]. A similar PCE of 7.4% was
achieved by Gharibzadeh et al. using a gas-solid reaction method for the deposition of
the CuI [50]. This depositionmethod provided a uniform and compact CuI layer with large
grains. The same deposition method was used by Wang et al. for PSC with the structure
of FTO/CuI/MAPbI3/PCBM/PEI/Ag [188]. Optimized conditions resulted in a remarkable
PCE of 14.7%. Li et al. prepared the CuI film with a spray deposition method and used
Na-treated TiO2, which resulted in a PCE of 17.6% [103].

• CuSCN
Copper thiocyanate (CuSCN) is a favorable HTM because of its high mobility, wide
band gap (~3.6 eV), stable chemical properties and good transparency in visible and
infrared region that facilitates high light absorption and high photocurrent generation
[9][79]. CuSCN is often used to replace the organic PEDOS:PSS, due to its better match-
ing energy band levels with MAPbI3 [9]. CuSCN was used as HTM with CH3NH3PbI3
as absorber layer to achieve a PCE of 4.9% by Ito et al. [76]. The same PSC was
prepared by Chavhan et al. with CH3NH3PbI3-xClx as absorber layer to increase the
PSC to 6.4% [28]. Zhao et al. used solution method at low temperature to achieve
thin and smooth CuSCN films, which resulted in a PCE of 10.8% [212]. Ye et al. was
able to minimize both surface roughness and interface contact resistance between per-
ovskite layer and selective contacts using one-step fast deposition crystallization (FDC)
as opposed to conventional two-step sequential deposition when creating the MAPbI3
films onto CuSCN layer [198]. This led to a PCE of 16.6%. As research on PSCs using
CuSCN as HTM continued, numerous groups where able to create devices with PCEs
between 16.0% and 19.0% [186][86][119][189][82][197][120][191]. A PSC with CuSCN
as HTL has been reported to exceed 20% by Arora et al., who was able to create com-
pact and highly conformal CuSCN layers using a fast solvent removal method [8]. This
promoted rapid carrier extraction and collection.
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• NiOx

NiOx has attracted interest due to its high transmittance, high thermal/light stability, wide
band gap of 3.5-3.9 eV, and a suitable work function that matches with the VB of MAPbI3
perovskite [9][79][99]. Besides these properties, NiOx has the advantage of being low-
cost, abundantly available, and synthesized with ease using cost effective techniques [9].
The first to report on the use of NiOx as HTL in PSCs are Docampo et al., who obtained a
PCE of <0.1% with the device structure of FTO/NiOx/MAPbI3−xClx/PCBM/Al [38]. Poor
surface coverage of the peroskite and direct contact between the HTL NiOx and the
ETL PCBM were responsible for the low PCE. Hu et al. produced MAPbI3 instead of
MAPbI3−xClx films, and used two-step sequential dipping method to improve the qual-
ity of the perovskite. Improved surface coverage and crack-free crystalline nature were
observed, which yielded a PCE of 7.6% [68]. Later, the NiOx films were prepared in dif-
ferent ways. A PCE of 9.83% was achieved by Cui et al. when preparing the NiO layer
with magnetron sputtering [35]. Atomic layer deposition was used by Seo et al., which
produced ultra-thin NiO films that resulted in a PCE of 16.4% [162]. Park et al. created
NiOx layers with pulsed laser deposition method to achieve a PCE of 17.3% [138].
Doping and surface treatment are often employed to improve conductivity and thus op-
timize the performance of the PSCs [99]. NiOx is frequently single-doped with copper
(Cu2+), lithium (Li+), cobalt (Co2+), cesium (Cs+), silver (Ag+), magnesium (Mg2+), zinc
(Zn2+), and iron (Fe). Double-doping is also used to mitigate the loss of light transmis-
sion that occurs with single-doping [9]. Xia et al. prepared Li/Ag codoped NiOx films as
HTL to achieve a PCE of 19.24% [193].

• MoOx

Molybdenum oxide (MoOx) has been widely adopted due to its high work function (~6.9
eV), wide band gap (3.0-3.3 eV), high transparency in the visible region, ambient stability,
low cost, abundant availablity and nontoxicity [58][9][177][128]. It also creates optimal
contact with ITO and has low parasitic absorption [142]. Despite its advantages, MoOx

suffers from low selectivity and exhibits poor surface coverage of perovskite films on
MoOx [9][142]. MoOx is therefore often used in combination with more selective contacts
that will also improve a more uniform surface coverage. Increased hole transportation
and more uniform coverage occur when MoOx is used as an interlayer between ITO and
PEDOT:PSS. The device with structure ITO/MoO3/PEDOT:PSS/MAPbI3/C60/Bphen/Ag
achieved a PCE of 12.8%, as well as increased stability due to the ambient stability of
MoO3 [67]. MoOx has recently also been used as an interlayer in combination with the
newer organic HTM N4,N4,N4’,N4’-tetra([1,1’-biphenyl]-4-yl)-[1,1’:4’,1’- terphenyl]-4,4’-
diamine (TaTm). The research group by Bolink has investigated PSCs with MoOx/TaTm
as HTL and has repeatedly shown PCEs of over 18.0% for devices with different HTL
thicknesses, annealing conditions, perovskite materials, ETMs and deposition methods
[13][142][36][143][170][14][171][15][204].

2.2.2. Deposition methods
There are many deposition methods to manufacture perovskite solar cells. This applies not
only for the PVK absorber layer, but also for the other layers required to fabricate PSCs such
as the charge transport layers and the electrodes depicted in Figure 1.7 [163]. It is critical to
select the proper deposition method to obtain smooth, pinhole-free films with well-controlled
crystal shape and optoelectrical material properties. Figure 2.9 shows the categorization of the
manufacturing techniques [83]. The main two methods to fabricate laboratory-scale PSCs are
solution process and vapor deposition process. The most widely used deposition method is a
solution process called spin-coating. Its popularity is due to ease of perovskite synthesis and
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low cost [16]. The film thickness and quality is optimized by the spin-coating parameters: con-
trolling spin speed, spin time and spin acceleration [83]. The solvent used in the spin-coating
method also impacts the film surface quality, as it affects the crystallization rate [16]. On small
areas, spin coating can be used to create sufficiently uniform films. However, uniform films
cannot be produced on larger areas, due to varying thickness across the area and the large
number of pinholes that arise [83][16][4]. Other limitations of large scale manufacturing using
spin-coating is the high material wastage and the large number of variables that affect the film
quality [83][16].

Figure 2.9: Manufacturing techniques for perovskite solar cells [83]

Solution processing technique that are suitable for large scale manufacturing is roll-to-roll
printing. The highly reproducible technique uses rotating rolls to move the substrate while
depositing a thin film on it [83]. Figure 2.10 illustrates the different coating methods for the
deposition of the thin-film [179]. They can be described as follows:

• Spray coating: It is a contactless, printing-friendly technique that uses a nozzle to dis-
perse atomized liquid droplets on substrates [106][111][139]. The size of the droplet
and the deposition location of the droplet are random in the spraying process. For full
coverage, local overlap of several droplets is needed [106]. This method can be classi-
fied based on the type of dispersion: Pneumatic spraying (by fast gas flow), ultrasonic
spraying (by ultrasonic vibration) and electrospraying (by electrostatic repulsive force)
[178][106][154]. Compared to spin coating, spray-coated films have better charge trans-
fer capability and higher minority carrier lifetime, which results in better optoelectronic
properties and higher thermal stability [83].

• Ink-jet printing: This is another non-contact droplet-based technique that uses a nozzle
to disperse the precursor ink with precise control of the droplet size and deposition path
[106][111]. The external bias application causes the liquid-filled nozzle to contract and
eject a liquid droplet [83]. Although piezoelectricity is the most-used method to cause the
pressure change, other methods including thermal sources and structural sources exist
as well [178]. The advantage of ink-jet printing is that it does not require the substrate to
be of certain material or shape and the need for laser scribing is eliminated due to the
direct patterning of the printer layers [178][154].

• (Doctor) Blade coating: A blade is used to spread precursor solution on substrate to form
a liquid thin films [178][106]. The film thickness and quality is controlled by speed of the
blade moving over the substrate, the precursor ink concentration, and the gap between
the blade and the substrate [106][111][154][139]. The advantages of this method is that
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it is simple, vacuum free and low cost [154][83]. However, its simplicity also has its
downfall. There is no precise control of ink used and the ink chemistry may change over
time as the ink does not sit in a fully enclosed reservoir [178][83].

• Slot-die coating: Slot-die casting is similar to blade coating, applying ink over the sub-
strate using an ink reservoir with a thin slit [106][154]. The film thickness depends on
the geometry of the blade, web speeds, and ink feeding rate [178][139]. Slot-die casting
has the advantage of less material wastage and better control of the ink flow [106][83].
However, filling the ink reservoir and the supply pipe requires large quantities of ink and
this method therefore remains at early stages of development [106][111][154]. It must
be noted that slot-die coating does have large potential of being used in large-scale
roll-to-roll fabrication of PSCs in the near future [106][111].

Figure 2.10: Solution processing techniques for fabrication of perovskite solar cells [179]

Vapor deposition, also known as vacuum-based deposition, is an alternative to solution-
based deposition of perovskites where the precursor materials are deposited in vapor phase
at pressures below atmosphere [178]. Whereas solution-based can produce micrometer thick
films, vacuum-based deposition has high control of the material thickness down to in nanome-
ters [83]. With respect to solution-based techniques, these films are highly crystalline and
more uniform on large areas [83][4]. Vacuum-based deposition has been successfully applied
in large scale fabrication of PSC [106]. The only downside to this deposition method is the
requirement of high vacuum (10−7 - 10−3 mbar) to increase the mean free path of the evap-
orated materials, which is necessary to produce the highly uniform and highly pure thin films
[178][83]. Vapor deposition can be divided into physical vapor deposition (PVD) and chemical
vapor deposition (CVD). CVD are processes that initiate chemical reactions through pressure,
temperature, or plasma conditions, all in presence of specific chemicals that support the re-
action. Tubular flow reactors use inert transport gas inlet and a vacuum outlet to guide the
chemicals to the substrate [178].
PVD are processes that form a perovskite thin film by directly sublimating perovskite or their
precursors [106]. The most common PVD is the thermal evaporation method, where either
a perovskite precursor is directly synthesized and evaporated in a high-temperature tungsten
boat (dual source evaporation), or a perovskite is evaporated after being prepared separately
in a tungsten boat (single source evaporation) [16]. As PVD is solvent-free, traps and defect
sites that are formed by the solvent for precursor synthesis are avoided, resulting in uniform
films without pinholes [139]. The deposition becomes more uniform the longer the path length
between the evaporation source and the substrate. However, a longer path length does result
in reduced material yield due to parasitic condensation on the chamber walls [178]. There
are three different ways in which perovskites can be evaporated: co-evaporation of different
material components (simultaneous multi source evaporation), sequentially evaporating of dif-
ferent material components (sequential multi source evaporation), and flash evaporation of a
perovskite bulk material (single source evaporation) [178][16].
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Figure 2.11: Thermal evaporation techniques [185]

2.3. PSCs with high work function HTLs
2.3.1. TMOs
The transition metal oxides (TMOs) can vary in a large range of work functions. Controlling
the work function can be quite the challenge, as it is affected by the electron chemical poten-
tial and surface dipole [58][52]. Both are influenced by several factors: the chemical potential
is determined by the material’s chemical identity, its stoichiometry and the presence of any
impurities, whereas the dipole depends on radiation exposure, adsorbate coverage and sur-
face roughness [52]. Especially the stoichiometry is of large influence on metal oxides, as
it changes across a wide range. This is due to several different defects, such as vacancies
and interstitials of both cation and oxygen. In general, the increase of oxygen increases the
work function [53][207][58][56][52]. This is because a lower stoichiometry means more oxy-
gen vacancies, which results in cations with reduced oxidation states. An increase in reduced
cation concentration leads to the decrease of an oxide’s group electronegativity and as a con-
sequence also the decrease of its work function [52][55]. This relation between oxygen, cation
concentration and work function has been proven for the metal oxide MoOx. The oxidization
of MoOx increases the O/Mo ratio, and the results have shown the increase in work function
and the conversion of Mo4+ to Mo5+ and Mo6+ [20][56].
However, not every TMO behaves the same, as each TMO is more prone to a certain defect.
Depending on the defect, a metal oxide is acting like a n-type or p-type material. For exam-
ple, metal oxides like NiOx are ‘intrinsic’ p-type semiconductors due to its native O interstitials
[52]. Many other TMOs like MoOx, WO3 and TiO2 are ‘intrinsic’ n-type semiconductors due to
the native O vacancies. Therefore, the oxygen vacancies can be considered n-type dopants,
which raise the Fermi level and decrease the work function [53][207][52].

2.3.2. Tunneling
In the classic physics, an electron would need to have enough energy to get past a potential
barrier. However, in the quantum physics there is a phenomenon called quantum tunnelling.
Here, a particle is able to tunnel through the potential barrier. Particles that according to the
classic physics do not have enough energy to get past a potential barrier, are now able to get to
the other side of the barrier. This process is represented in figure 2.12. In quantum physics, a
particle is presented as a wave function. The probability function of a particle is represented in
figure 2.13, and its amplitude is lower than the height of the potential barrier. When tunnelling
through the barrier, the amplitude decreases exponentially, meaning the probability of finding
the particle inside the barrier reduces. If the barrier is not too wide, the probability function will
be non-zero on the other side on the barrier, meaning the particle was able to move through the
barrier. Its amplitude is lower than before tunnelling though the barrier, thus it is less probable
to find the particle past the barrier than before the barrier. The energy of the particle remains
the same [46].
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Figure 2.12: Ordinary heterojunction diode [146]

Figure 2.13: Quantum tunnelling projected as a wave function [46]

Quantum tunnelling can also occur through the band gap. Figure 2.14 depicts a tunnel
diode, were both sides of the heterojunction are highly doped, resulting in a very narrow de-
pletion region. The high electric field across the depletion region causes the Fermi level of
the p-region to go below the valence band and the Fermi level of the n-region to go above the
conduction layer. Electrons in the n-region’s conduction band are able to tunnel through the
narrow depletion region to the valence band of the p-region, and vice versa [149][22].

Figure 2.14: Tunnel diode [146]

2.3.3. Band diagram
The transfer of holes from the PVK to the electrode typically happens through the valence band.
However, when using high-work-function HTLs such asMoOx, other transfer occurs. The band
diagram of ITO/MoOx/TaTm/PVK is shown in figure 2.15. Holes in the VB of the PVK move to
through the VB of the TaTm to the MoOx/TaTm interface. The electrons in the CB of the PVK
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are blocked at the TaTm/PVK interface. On the other side, the electrons in the CB of the ITO
are moving towards the MoOx/TaTm interface, attracted by to the accumulation of holes in the
TaTm VB near the interface. On this path, the electrons tunnel through the small ”spike-like”
barrier at the ITO/MoOx interface. At the MoOx/TaTm interface, the electrons tunnel to the VB
of the TaTm and recombine with the holes. The electrons recombining with the holes promotes
continuous extraction of electrons from the ITO to the MoOx/TaTm interface. The electrons
moving from the ITO to the MoOx/TaTm is equivalent to holes moving from the MoOx/TaTm
interface to the ITO.

Figure 2.15: Band diagram of the front side of the PSC (ITO/MoOx/TaTm/PVK)



3
Research Methodology: Fabrication

and Characterization Methods

This chapter pertains to the methodologies for the fabrication characterization of the solar cells.
Section 3.1 discusses the used deposition methods for the film layers. The fabrication of the
solar cells is described step-by-step in Section 3.2. The working principles and the parameter
settings of the characterization methods used in this study are explained in 3.3.

3.1. Deposition methods
3.1.1. Thermal evaporation
Thermal evaporation is a physical vapor deposition technique for thin-films where the precur-
sor materials are deposited in vapor phase in high vacuum atmosphere. Figure 3.1 shows the
thermal evaporation of the perovskite Cs0.15FA0.85PbI2.85Br0.15. Vacuum increases the mean
free path of the evaporated materials, which results highly uniform and highly crystalline thin
films. The deposited film becomesmore uniform the longer the path length between the evapo-
ration source and the substrate. However, a longer path length does result in reduced material
yield due to parasitic condensation on the chamber walls [178][83].

Figure 3.1: Thermal evaporation of Cs0.15FA0.85PbI2.85Br0.15 [195].

26
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In order for the material to travel from the source to the substrate, the material must sub-
limate. This is done by heating it up to the point where the vapor pressure of the material
exceeds that of the vacuum environment [147]. Thermal evaporation most often uses resis-
tive heating, where heat is produced by passing current through a non-conductive material
such as a highly resistance wire. The wire is wound around the quartz crucible, which holds
the powered source material [19], as depicted in Figure 3.2. The amount of current needed for
heating the source material depends on the desired deposition rate of the evaporated material.
In general, the higher the current, the higher the temperature and the higher the deposition
rate of the evaporated material [40]. Therefore, thermal evaporation starts by increasing the
current through the resistance winding to increase the temperature. When the desired deposi-
tion rate is reached, a shutter covering the substrate moves to allow the vapor stream to reach
the substrate and start growing the film. The substrates are rotated to improve the uniformity
of the deposited films [60].

Figure 3.2: Crucible with resistive winding to heat the source material [39].

Quartz crystal microbalance (QCM) sensors monitor the deposition rate (in Å/s) and the
deposited thickness (in Å) and are therefore of great importance to an accurate deposition.
The QCM is an piezoelectric material, which will produce an internal mechanical stress when
exposed to an external electrical potential. When this is an oscillating electric field, an acous-
tic wave is induced that propagates through the crystal and the QCM starts to mechanically
oscillate at a certain frequency [134]. The changes of the oscillation frequency are related to
the accumulated mass on the surface of the QCM [203]. Therefore, the deposited thickness
and the deposition rate can be determined by monitoring the frequency changes. Additional
information about the deposited material is needed:

• Material density
• Tooling factor: The tooling factor (TF) is the correction between the deposited thickness
on the QCM and the deposited thickness on the substrate [26]. The tooling factor de-
pends on the evaporated material, the sensor position, the substrate position, the source
position, and the geometry of the chamber [7]. The TF is calculated as follows:

TF =
tactual
tsensor

(3.1)

where tactual is the deposited thickness on the substrate and tsensor is the deposited
thickness on the sensor.
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Each material has a unique tooling factor that only needs to be determined once, pro-
vided that the position of the QCM, the source and the substrate holder does not change.

• Z ratio: The Z-ratio is used to match the acoustic properties of the deposited material to
the acoustic properties of the quartz material of the sensor, in order to correct the fre-
quency changes that are monitored for the deposition rate and thickness determination
[26]. The Z-ratio is calculated as follows [203]:

Z − ratio =
Zquartz

Zmaterial
(3.2)

whereZquartz is the acoustic impedance of quartz andZmaterial is the acoustic impedance
of the deposited material.
The Z-factor is not known for many materials. The Z-factor can be determined empiri-
cally, according to the steps shown in Appendix B. Alternatively, accurate depositions
can be done without knowing the Z-factor by changing the QCMs frequently. For QCMs
with a life above 85%, the error between the programmed and the actual Z-factor is
negligible.

The machines used to fabricate the thermal evaporated films are the OPTIvap and PER-
Ovap by the companyMBRAUN© (see Figure 3.3). Bothmachines are integrated in a glovebox
to operate in a nitrogen environment. This minimizes the exposure of oxygen and water to the
materials, while simultaneously protecting the operator from potentially harmful materials used
in the process.

The MoOx, TaTm, C60, BCP and silver are deposited with the OPTIvap. The vacuum
chamber contains six sources with four QCMs. Above the sources the substrate holder is
placed, which rotates up to 30 rpm during deposition. The substrate holder holds a mask in
which 25 substrate of the size 25x25 mm can be placed. The flux of evaporated material going
from the sources to the substrates can be blocked by controlling dedicated shutters for each
source and the substrate shutter.
The perovskite is deposited with the PEROvap. This vacuum chamber contains four sources
that each has its own QCM to enable a precise control of each precursor source. This sys-
tem allows for a simultaneously deposition up to 4 sources, making the system suitable for
co-evaporation or sequential evaporation. The sources are placed within an inner enclosure
to allow the temperature to go as low as -40◦C. The substrate holder and the shutters are the
same as with the OPTIvap.
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Figure 3.3: Deposition machines: OPTIvap2 (for HTL and ETL deposition), PEROvap (for PVK deposition) and
OPTIvap1 (for Ag deposition).

The deposition sequence for the OPTIvap and PEROvap:

1. Loading: Samples are placed in the mask and loaded in the substrate holder. The cru-
cibles in the sources are filled with precursor powder.

2. Evacuation: the vacuum chamber is evacuated to reach a pressure of 6x10−6 mbar.
3. Prepare phase: the temperature of the source is increased until the prepare setpoint

temperature is reached. Then it will soak, meaning the temperature stays at the setpoint
for a certain time.

4. Idle phase: the temperature goes up again to the idle setpoint and do another soak.
5. Ramping phase: The source shutter of the heated source opens to monitor the rate.

The temperature slowly increases to ramp up the rate. This continues until the rate is
within the allowed margin of the target rate (defined as the capture) uninterruptedly for
the duration of a certain time (defined as the capture time).

6. Deposition: The substrate shutter opens to expose the substrates and the deposition
begins. The temperature is tweaked during the deposition to keep the deposition rate
constant.

7. Turn off: When the target thickness is reached, the substrate shutter closes and the
deposition is completed. The temperature of the source decreases. When it is below
70◦C, the chamber can be vented and samples can be unloaded.

Operation parameters such as prepare setpoint and soak, idle setpoint and soak, capture and
capture time, target rate and target thickness are all registered in the recipe for each source.
Figure 3.4 displays the operational parameters within the thermal evaporation process.
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Figure 3.4: A sketch of the prepare phase, idle phase, and ramping phase for thermal evaporation deposition.

3.1.2. Spin coating
The most widely used deposition method in the PVK field is a solution process called spin
coating. Its popularity is due to ease of perovskite synthesis and low cost [83]. The film thick-
ness and quality is optimized by controlling spin speed, spin time and spin acceleration [16],
which differs for each material due to properties such as density, viscosity and surface tension.

To prepare for the spin-coating process, the precursor solution is prepared. This is done
by weighing the solid precursor powder and add the amount of solvent needed for the desired
concentration. The solution is placed in a vortex mixer to fully dissolve the precursor in the
solvent. The spin-coating process, depicted in Figure 3.5, can be divided into four stages:

1. Deposition onto the substrate:
The precursor solution is deposited onto the substrate by pouring it out using a nozzle
or spraying it on. Certain solutions require dispersion through a filter to remove any
particles that could contaminate the film [6]. An excess amount of solution is applied
on the substrate compared to the amount that is needed for the final film thickness to
ensure the entire surface is wet. Otherwise, this could lead to the substrate not being
fully coated by the end of the spin-coating [63].

2. Spin-up:
During this stage, the substrate is accelerating up to the desired rotation speed. While
the substrate continues to moving faster, the top of the fluid layer exerts an inertia which
causes spiral vortices. Ultimately, the fluid is thin enough and starts to co-rotate with the
substrate [6].

3. Spin off:
When the desired rotating speed is reached, the substrate rotates at a constant speed.
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This results in gradual thinning of the fluid [200]. The edge of fluid starts to uniformly
flow outward. Droplets formed at the edge are hurling off, which can cause difference
in thickness at the outline of the substrate. However, this depends on properties and
parameters such as surface tension, viscosity and rotational speed [6].

4. Evaporation:
As the spin-off advances, the dominating behaviour shifts from gradual fluid thinning to
solvent evaporation. This shift occurs when the fluid reaches a thickness where the
viscosity effects results in only minor fluid flow. The evaporation of the solvent increases
the viscosity of the remaining solution, which leads to the film to “gel” and stay in place
[6][63].

The remainder of the solvent is evaporated during the post-annealing process [200].

Figure 3.5: The four stages of the spin-coating process with a) deposition stage b) spin-on stage c) spin-off
stage d) evaporation stage [63].
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3.2. Solar cell fabrication

Step 1
Cleaning:

The solar cells were fabricated on 25x25 mm FTO covered
corning glass. The substrates are cleaned for five minutes
in acetone, followed by five minutes in isopropyl alcohol.

After drying the substrates with a nitrogen gun,
the substrates are ready for deposition.

Step 2a Step 3
PTAA:

50 µL of 1.5
mg/ml PTAA

(Sigma-Aldrich)
in Chlorobenzene
(Sigma-Aldrich,

99.8%) spincoated
for 30 sec at
6000 rpm with

an acceleration of
2000 rpm, then
annealed at

100◦C for 10 min.

Cs0.15FA0.85

PbI2.85Br0.15:
Three rounds of
single-cycle
deposition of
PbI2, FAI,

CsBr & PbCl2
(Sigma-Aldrich,
99.9%), then
annealed at

150◦C for 20 min.
(See Appx. B.3)

Step 2b Step 4
MoOx:

The thermal
evaporation of
MoO3 powder
(Sigma-Aldrich,
99.97%) at
0.1 Å/s for

a thickness of
2, 5, or 10 nm.

C60:
Thermal

evaporation of
C60 powder

(Sigma-Aldrich,
98%) at
0.2 Å/s for
a thickness
of 25 nm.

Step 2c Step 5

TaTm:
Thermal

evaporation of
TaTm powder
(TCI, >98%)
at 0.1 Å/s for
a thickness of
2, 5, or 10 nm.

BCP:
Thermal

evaporation of
BCP powder

(Sigma-Aldrich,
96%) at 0.1 Å/s
for a thickness

of 8 nm.

Step 2d Step 6

MoOx & TaTm:
See Step
2b followed
by Step 2c.

Silver:
Ag granulates
(Umicore,
99.99%) are
thermally

evaporated at
0.3 Å/s for
a thickness
of 300 nm.
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3.3. Characterization techniques
3.3.1. Spectral Ellipsometry
Spectral ellipsometry (SE) is an optical measurement technique that is used to determine the
optical properties, thickness, and composition of films. Light is an electromagnetic wave that
can be described by the vector of its electric-field intensity. The direction of the electric field
of the wave can randomly fluctuate in time, which is defined as unpolarized light. Light is
polarized when the direction of the light’s electric field is well-defined [43]. The electric field
of linearly polarized light is confined to a single plane along the direction of propagation, and
can be divided in the parallel (p-) and perpendicular (s-) component. When the polarized light
incides at an angle on a planar-layered sample, it experiences several interferences in the sam-
ple, which changes the amplitude and phase of the s- and p-components of the light. Spectral
ellipsometry measure these changes in amplitude and phase. The ellipsometric parameters
ψ and ∆ represent the change in amplitude and phase between the s- and p- component of
the reflected light, respectively [100]. These parameters are indicated in Figure 3.6. Together,
these are used to express complex reflection coefficients. The complex reflectance ratio forms
the basis for the analysis of ellipsometry measurements [183]:

ρ =
Rp

Rs
= tan(ψ) · exp(i ·∆) (3.3)

The complex reflection coefficients can be expressed using the Fresnel coefficients for s-
and p-polarized light at the interfaces ambient-film (0-1) and film-substrate (1-2) as indicated
in Figure 3.7 [100][183]:

Rp =
r01,p + r12,p · exp(−i · 2 · θ)

1 + r01,p · r12,p · exp(−i · 2 · θ)
(3.4)

Rs =
r01,s + r12,s · exp(−i · 2 · θ)

1 + r01,s · r12,s · exp(−i · 2 · θ)
(3.5)

The following expressions for the Fresnel coefficients as a function of the complex optical
constants of the ambient (N0), film (N1), and substrate (N1), illustrated in Figure 3.7, are
derived from Snell’s law [100]:

r01,p =
N1 · cos(φ0)−N0 · cos(φ1)

N1 · cos(φ0) +N0 · cos(φ1)
(3.6)

r01,s =
N0 · cos(φ0)−N1 · cos(φ1)

N0 · cos(φ0) +N1 · cos(φ1)
(3.7)

r12,p =
N2 · cos(φ1)−N1 · cos(φ2)

N2 · cos(φ1) +N1 · cos(φ2)
(3.8)

r12,p =
N1 · cos(φ1)−N2 · cos(φ2)

N1 · cos(φ1) +N0 · cos(φ2)
(3.9)

The phase difference between the boundaries of the film is expresses by the phase angle
θ [100][183]:

θ =
2 · π · d
λ

·N1 · cos(φ1) =
2 · π · d
λ

· (N12 −N2
0 · sin2(φ0))

1/2 (3.10)
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Figure 3.6: Schematic of the incoming and reflected light from a sample measured by the spectral ellipsometer
[135].

Figure 3.7: Side profile of the reflection and transmission of light in the film.

The spectral ellipsometry measurements were carried out on the M – 2000 J. A. Woollam
Co. inc. Spectroscopic Ellipsometer. It uses a tungsten halogen lamp as a light source. Be-
fore measurement, the lamp and the detector are aligned by following a calibration procedure.
Then, different light angles of 55-60-65-70º were used for samples with a glass substrates and
60-65-70-75º for wafer samples, with an 10 second acquisition time for each angle. Samples
with a glass substrate have magic tape on the backside to prevent back reflection. The sam-
ples fabricated for the spectral ellipsometry measurement are depicted in Figure 3.8.

(a) (b)

Figure 3.8: Fabricated samples for spectral ellipsometry measurement
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3.3.2. UV-Vis spectroscopy
UV-Vis spectroscopy is a non-destructive analytical technique that uses light in the ultraviolet
and visible spectrum to to measure the absorbance and transmittance of a sample at each
wavelength. In photovoltaic devices, it is often used to determine the optical properties of
materials.
In order for an electron in a material to excite to a higher energy state, it will need to absorbs
a certain amount of energy. The reduced intensity of the transmitted light through a material
compared to the incoming light represent the absorbed energy, and is equal to the energy
difference of the two energy levels that the electron moved between. The absorption of light
varies for each wavelength, and is different for each material.
UV-Vis spectroscopy measures the transmittance by detecting the difference between the
incident light (Io) on the sample and the transmitted light [167][180]:

T = I/Io (3.11)

Then the absorbance is defined as:

A = − log(T ) (3.12)

The PerkinElmer LAMBDA 1050 UV/Vis spectrophotometer has been used to measure the
transmittance and absorbance spectrum. It consists of a number of components needed to
measure these spectra:

• Light source: Two lamps are used for the UV and visible light source. The deuterium
lamp is provides for the UV light range and a tungsten lamp for the visible light range. The
spectrometer has to switch light source during the measurement, which often happens
between 300 and 350 nm. The light emission of both light sources is practically the same
at this wavelength, allowing for a smoother transition [167][182][180].

• Monochromator: This component separates the light into a narrow band of wavelength,
which is needed to probe the sample at each wavelength. The monochromator rotates
its diffraction gratings to choose only a specific wavelength to leave the monochromator
and incide on the sample [182][180].

• Detector: A photomultiplier tube (PMT) is used as the detector or the light in the UV and
visible range. It converts the light from the sample beam into a readable signal and is
compared to the reference beam in order to determine the spectrum [182][180].

The spectrophotometer has a 150-mm diameter integrating sphere at which the sample
beam is targeted. Figure 3.9 shows that placing the sample in front of the integrating sphere
measures the fraction of transmitted light (FT ), while placing the sample at the back of the inte-
grating sphere measures the fraction of reflected light (FR). Since light can only be transmitted
(IT ), reflected (IR), or absorbed (IA), the fraction of absorbed light (FA) can be calculated by
measuring both the transmitted and reflected light and subtracting this from 1:

FA + FR + FT =
IA + IR + IT

Io
= 1 (3.13)

The absorbed light can also be measured by placing the sample inside the integrating
sphere. The geometry and the Lambertian reflectance on the inside of the sphere captures
the diffuse components of the reflectance.
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Figure 3.9: Schematic of the UV-Vis spectrophotometer [42].

The measured aborbance can be used to determine the bandgap of semiconductors. This
is done through Tauc’s method. First, the measured absorbance (FA) as well as the film
thickness (t) is used to calculate the absorption coefficient (α) with the formula::

α =
2.302×A

t
(3.14)

Then, the optical bandgap is estimated using the Tauc’s relation:

αhν = B(hν − Eg)
n (3.15)

where α is the absorption coefficient, hν is the proton energy, B is a constant, Eg is the optical
bandgap and n is a parameter of the value 1/2, 2, 3/2, 3 for direct bandgap, indirect bandgap,
direct forbidden bandgap and indirect forbidden bandgap, respectively. The proton energy hν
is converted from the wavelength (λ):

hν =
1240

λ
(3.16)

The samples fabricated for the UV-Vis spectroscopy measurement are depicted in Figure
3.10. The samples consist of ITO coated glass substrates with 5-nm thick MoOx or with 7-nm
thick TaTm deposited on top. Data sheet information on the ITO can be found in Appendix B.2.
All the samples with the MoOx were deposited in one batch to have the samples as similar as
possible. The same is applied for the TaTm deposition. After deposition, all the samples were
annealed on a hotplate at different temperatures for different times.

(a) (b)

Figure 3.10: Fabricated samples for UV-Vis spectroscopy measurement.
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3.3.3. X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a non-destructive surface-sensitive method that
provides information on the atomic composition and chemical state of the elements in the
material [125]. XPS can measures the number of electrons released at any value of binding
energy. The binding energy is defined as the energy that it takes for a core electron to be
emitted and is unique to each element. All elements except for hydrogen and helium can be
detected, therefore being suitable for almost every material [173].
During XPS, the samples are exposed to an X-ray beam. The monochromatic photons excite
the electrons in the samples and the emitted kinetic energy of the electrons returning to the
ground state can be analyzed. The atoms present in the sample are determined with the
equation [173][29][165][125]:

Ebinding = Ephoton–Ekin (3.17)

Where Ebinding is the binding energy, Ephoton is the energy of the x-ray photons, and Ekin

is the kinetic energy emitted by the electron. The photon energy and the work function of the
spectrometer are known, while the kinetic energy of the electron is recorded by the detector.
Therefore, the binding energy can be determined by solving Equation 3.17. By recording the
number of electrons emitted for each binding energy, the composition of the sample is deter-
mined [29].
The spectrometer is housed within an ultra-high vacuum (UHV) environments. This is to pre-
vent the emitted electrons from scattering off air molecules while moving from the sample to
the analyzer. The vacuum also reduces surface contamination on the sample which could
greatly affect the results [173][165]. The most important spectrometer components are shown
in Figure 3.11 and described below:

• X-ray source: An heated tungsten filament is used to create a stream electrons that
are accelerated towards the high voltage x-ray anode. The energy of the x-ray source
depends on the anodematerial, andmust be strong enough to excite core-level electrons
in all elements of the periodic table [165].

• Monochromator: The X-rays are directed towards the quartz crystal monochromator
to diffract and filter out any unwanted x-ray lines, such as lower intensity lines and
Bremsstrahlung radiation [173][125].

• Lenses: Extraction lenses are placed in between the sample and the analyzer to define
the acceptance angle at which the emitted electrons from the sample are collected. The
electron collecting efficiency is improved by using a larger acceptance angle. The extrac-
tion lenses are also able to reduce the energy of the electrons travelling to the analyzer
in order to improve the energy resolution of the XPS [173][165].

• Analyzer: The concentric hemispherical analyzer consists of two hemispheres, where
applied voltage on the outer hemisphere is more negative than on the inner hemisphere.
Only electrons with a certain energy will be able to travel through the analyzer. Higher
energy electrons will collide with the outer hemisphere and lower energy electrons will
collide with the inner hemisphere. The energy of the electrons that are allowed to pass
through the analyzer can be adjusted by changing the applied voltage [173]. Also, in-
creasing the radius of the analyzer improves the energy resolution [165].

• Detector: A multichannel display detector is used to simultaneously detect the kinetic
energy of the electrons [165].
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Figure 3.11: Schematic of the XPS spectrometer [125].

The samples depicted in Figure 3.12 were used for the analysis of XPS. The samples are
FTO coated glass substrates with different thicknesses of MoOx or TaTm deposited on top.
Data sheet information on the FTO can be found in Appendix B.2. As a reference, a bare FTO
coated glass substrate was used.

(a) (b) (c)

Figure 3.12: Fabricated samples for XPS spectroscopy measurement.

3.3.4. Photoluminescence spectroscopy
Photoluminescence (PL) spectroscopy is a non-destructive and contactless method that can
help with the analysis the electronic structure and the presence of defects in semiconductor
materials. The PL spectrum is obtained by directing light on the sample. This light is ab-
sorbed and excites electrons to higher energy states. When the electron relaxes and returns
back to the lower energy state, it will release energy [3][172]. The released energy is con-
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verted through non-radiative processes into heat or vibration, or through radiative processes
into the emission of light [115]. The emission of light or luminescence through this process
is photoluminescence (PL) and is detected by photoluminescence spectroscopy [3][65]. In
semiconductors, the non-radiative relaxation occurs when an electron goes from an excited
state in the CB to the lowest energy state in the CB. When the electron eventually goes from
the CB to the VB, the lost energy is converted into a photon which is emitted from the material.
Therefore, the peak of the PL signal represents the band gap energy [172].
In addition to the emission spectrum, the dynamics of the emission can be analysed. The ra-
diative decay from the excited states to the ground state make up the emission process [115].
The average time that the electron stays in the excited state is interpreted as the emission
lifetime. Different lifetimes and decay behaviour can have several causes, such as recombi-
nation from the CB to the VB or due to the presence of trap states [131]. The time-resolved
PL can therefore provide additional insight on occurring phenomena.

The Edinburgh Instruments FLS980 Photoluminescence spectrometer was used for the
steady state PL spectra. Figure 3.13 shows an overview of the PL spectrometer. A 450 W
xenon lamp is used to induce the excitation in the sample. The selected excitation wavelength
is 405 nm, as this is the fixed excitation wavelength for the recording of the time-resolved
PL. As the sample is excited, the emission monochromator selects a range of wavelengths of
600-850 nm to be allowed through to the PMT detector. This wavelength range was chosen
as the selected emission wavelength of 780 falls in this range. The PMT detects the light in
the UV and visible range and is before measurement cooled to -22◦C. The slit for both the
excitation and the emission beam was set to 2.5 mm. A filter of 590 nm was placed between
the sample and the monochromator. A step size 1 nm and a dwell time of 0.2 s were used for
the recording of the PL spectra.

Figure 3.13: Schematic of the PL spectrometer [131].

For the time-resolved PL measurement, the Edinburgh Instruments LifeSpec-ps lifetime
spectrometer was used. The excitation is induced by a picosecond pulsed diode laser. The
excitation wavelength is fixed at 405 nm and the emission wavelength is set at 780 nm to keep
the conditions the same as with the steady-state PL measurement. The width of the slits for
both the excitation and emission beam was 2 mm with a filter of 590 nm placed between the
sample and the monochromator. The time range was set at 500 ns with 512 channels, which
resulted in 0.9766 ns per channel.
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The samples fabricated for the PL measurements were quartz substrates with an HTL and
perovskite film on top. Different HTLs were deposited to compare the effect. As a reference,
a sample without HTL was used. The samples shown in the Figure 3.14 were fabricated by
depositing the PVK film in a single run. This expedient reduces the run-to-run variability and
allows for a consistent comparison of the HTL used.

(a) (b)

(c) (d) (e)

Figure 3.14: Fabricated samples for PL spectroscopy measurement.
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Film level testing of MoOx and TaTm

Before any devices with MoOx and TaTm can be fabricated, the MoOx and TaTm need to be
evaluated on certain fabrication aspects. First, the tooling factors have to be determined to
be able to control the thickness of the fabricated films. The process of establishing the tooling
factors is described in Section 4.1. Then, it is determined in Section 4.2 if MoOx and TaTm
are able to withstand annealing temperatures necessary to fabricate high quality perovskite.

4.1. Tooling factor determination for MoOx and TaTm
As discussed in Section 3.1.1, the film thickness is detected by a QCM positioned in the evap-
oration chamber. In order to fabricate films of a desired thickness, the tooling factor must
be calculated. The tooling factor is the correction between the deposited thickness on the
QCM and the deposited thickness on the substrate [26]. By knowing the QCM detected film
thickness and measuring the actual film thickness on a substrate, the tooling factor can be
determined.

MoOx

To determine the tooling factor for MoOx, 30 nm of MoOx based on the QCM reading was
deposited on a glass substrate and the thickness was measured using spectral ellipsometry.
However, the spectral ellipsometer was not able to detect a film thickness. There were a
variety of causes investigated:

• No deposition was executed: It was suspected that the deposition had been abrupted
since the spectral ellipsometer measured a film thickness of less than 1 nm. There was
also no change in color and reflectance visible of the sample by eye, unlike with the
TaTm sample. Another 30-nm MoOx deposition was done and frequently checked to
observe the entire deposition took place. However, the measured thickness with the
spectral ellipsometer was still less than 1 nm.

• Wrong material density: A 150-nm deposition of MoOx based on the QCM reading was
done to see how the thickness measurement would change. After the deposition, there
was a grey color on the sample which was another confirmation that there was MoOx

deposited. The spectral ellipsometer showed another layer thickness below 1 nm. It
was thought that the material density in the recipe could have been wrong, which would
have caused the QCM to detect a deposited layer thickness much thicker than the actual
deposited thickness. However, the density of MoOx indicated in the product information
as well as on different online sources was the same as the material density registered
in the recipe.

• Optical properties of MoOx too similar to glass: MoOx has previously been used for
silicon solar cells, where spectral ellipsometry was able to measure MoOx film thickness
[122]. Just observing by eye, a thin layer of MoOx is visible on a silicon wafer but not on
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a glass substrate. It was therefore suggested that the optical properties of the MoOx are
too similar to the glass for the the spectral ellipsometer to be able to detect a difference
in the glass and the MoOx.

To determine the tooling factor, 30 nm of MoOx based on the QCM reading was deposited on
a silicon wafer. A previously used model for MoOx was used with the spectral ellipsometer,
resulting in an average thickness 7.16 nm from 5 measurements. Thus, the calculated tooling
factor for MoOx is 4.19.

TaTm
To determine the tooling factor for TaTm, 30 nm of TaTm based on the QCM reading was
deposited on a glass substrate and the thickness was measured using spectral ellipsometry.
TaTm is a relatively new material and a spectral ellipsometer model for TaTm is not available.
Therefore, a model for another organic material, Spiro-TTB, was used. The spectral ellip-
someter measured thicknesses between 6.98 nm and 16.33 nm, which is too wide of a range
to accurately determine the tooling factor. It was suspected that a nonuniform distribution of
TaTm led to this wide range of measured thicknesses. To confirm this, a measurement us-
ing Atomic Force Microscopy (AFM) was done. Figure 4.1 shows the AFM images of MoOx

and TaTm on glass substrates. It can clearly be seen that MoOx is a rather uniform layer,
while the TaTm forms islands on the glass. This, the images confirm that the TaTm layer is
nonuniform across the substrates. This irregular morphology might be explained by adhesion
forces that are stronger among the TaTm atoms than the adhesion forces between the TaTm
and the glass substrate. To get a more uniform layer, TaTm was deposited on a silicon wafer.
The thickness measurements with the spectral ellipsometer on this sample were much more
precise, and resulted in a tooling factor of 1.83. However, as mentioned earlier, the measure-
ment was done with an spectral ellipsometer model developed for Spiro-TTB. Although this
measurement gave an indication of the actual film thickness, another measurement method
would be needed to confirm the thickness.

Figure 4.1: AFM images of MoOx (left) and TaTm (right) on glass substrate.

Other publications creating PSCs with TaTm have used a mechanical profilometer to mea-
sure the film thickness of TaTm [11][204][141][12][205]. The profilometer can accurately mea-
sure film thicknesses above 50 nm. Therefore, the sample created for this measurement was
a 200-nm deposition of TaTm (based on the QCM reading) on a silicon wafer. Unfortunately,
the profilometer at our disposal was not able to use a contact force low enough to measure
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the thickness of organic films. Instead of the stylus moving across the surface, the stylus was
sliding through the TaTm due to the softness of the TaTm.
Another method to measure the film thickness is Scanning Electron Microscopy (SEM). A
scratch was created on the same sample, causing the edges of the film along the scratch to
curl upwards. This exposes the cross section of the film, which is measured to determine the
film thickness. Figure 4.2 shows the SEM image of the scratch and of an up-curling edge in
the scratch. The average thickness measured was 111.11 nm from 12 measurements, result-
ing in a tooling factor of 1.80. This tooling factor is very similar to the tooling factor of 1.83
determined with the spectral ellipsometer.
It is important to note that determining the thickness in this way is not the most accurate, since
it is hard to say if the face of the edge is truly perpendicular to the microscope. If the edge
is measured under an angle, the measured film thickness is smaller than the actual film thick-
ness. Furthermore, it is also debatable whether the edge of the film truely curls upward, or if
the edge is accumulated material caused by the scratch.

Figure 4.2: SEM images of the scratch in the TaTm film on wafer.

Summary
• The film thickness of MoOx on a glass substrate cannot be measured using spectral
ellipsometry as the optical properties of MoOx is too similar to glass.

• The tooling factor for MoOx was determined to be 4.19.
• TaTm forms islands when deposited on glass and ITO coated glass, leading to nonuni-
form films.

• The tooling factor for TaTm was determined to be 1.80.

4.2. Thermal stability of optical and electrical properties of MoOx

and TaTm
In order to know if MoOx and TaTm are able to withstand annealing temperatures necessary
to fabricate high quality perovskite, the optical properties are measured for different annealing
conditions. The reference device that uses PTAA has an optimal annealing temperature of
150◦C for 20 minutes. To test effect of conditions surrounding this value, MoOx and TaTm
were annealed at temperatures between 100◦C-200◦C for 10, 20 and 30 minutes.
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Optical properties
The absorbance is measured to test if the HTLs degrade at higher temperatures or longer
annealing times. It has been shown in multiple studies that thermal degradation changes
the absorbance spectrum of the material [122][2]. Figure 4.3 shows the absorbance spec-
tra for MoOx and TaTm after annealing for 30 minutes at temperatures between 100◦C and
200◦C. The absorbance spectra for the other annealing times can be found in Appendix C.1.
For the MoOx, there is no clear relation between the annealing temperature and absorbance.
However, the change in absorbance is very small, which suggests that these changes are
negligible. Other studies have shown that the absorbance would increase with annealing tem-
perature due to the increase in oxygen vacancies [121][160][104][95][127].
The absorbance spectra for TaTm clearly remains unchanged for different annealing tempera-
tures (see Figure 4.3 right). It was therefore concluded that both MoOx and TaTm are optically
stable for the tested annealing conditions.

Figure 4.3: Absorbance of MoOx and TaTm annealed at temperatures from 100◦C to 200◦C for 30 minutes

Figure 4.4 shows the transmittance spectrum for MoOx after annealing for 20 minutes at
temperatures between 100◦C and 200◦C. The transmittance spectra for the other annealing
times can be found in Appendix C.2. The transmittance is above 80% for wavelengths larger
than 500 nm. The high transmittance of MoOx is beneficial for devices as it allows for light
absorption by the perovskite. It can be seen that the transmittance of MoOx decreases when
annealed from 100◦C to 150◦C. This is in agreement with literature, which a decrease in trans-
mittance with increasing annealing temperature related to the increase in oxygen vacancies
[104][62][58]. Our results show no further decrease in transmittance for the higher annealing
temperatures from 150◦C to 200◦C, which could indicate a stabilization in the number of oxy-
gen vacancies. However, in literature the transmittance of MoOx continues to decrease for
higher annealing temperatures.
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Figure 4.4: Transmittance of MoOx annealed at temperatures from 100◦C to 200◦C for 20 minutes

Bandgap estimation using the Tauc plot
The bandgap of the MoOx and TaTm annealed at different conditions can be estimated using
the Tauc plot. The Tauc plot is created by using the absorbance from Figure 4.3 to calculate the
absorption coefficient α. The Tauc plot is obtained by plotting the (αhν)1/2 as a function of the
proton energy hν. The formulas to calculate the absorption coefficient and the proton energy
can be found in Section 3.3.2. The leading edge of the spectra has a linear part in the slope. By
extrapolating the linear part to the baseline, the bandgap is estimated [209]. The extrapolation
in the Tauc plot is depicted in Figure 4.5 for the samples annealed at temperatures from 100◦C
to 200◦C for 20 minutes. Figure 4.6 summarizes the estimated bandgap of MoOx and TaTm
after annealing at temperatures between 100◦ and 200◦C for 10, 20, and 30 minutes. The
graphs show little change in the bandgap for the different annealing conditions. With the
errors from the UV-Vis measurement and the error from the bandgap estimation using the
Tauc plot, the change in bandgap is considered insignificant. This is in disagreement with
literature, where the bandgap decreases for higher annealing temperature due to the increase
in oxygen vacancies [62][58].
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Figure 4.5: Tauc plot for MoOx and TaTm annealed at temperatures from 100◦C to 200◦C for 20 minutes

Figure 4.6: Estimated bandgap of MoOx and TaTm after annealing at temperatures between 100◦C and 200◦C
for 10, 20, and 30 minutes.

Degradation of TaTm
For device preparation, substrates with MoOx and TaTm deposited on top were annealed
for the same abovementioned annealing conditions. After annealing, white opaque spots ap-
peared on certain samples with TaTm, as is shown in Figure 4.7. The samples on which the
white spots appeared were for the annealing conditions 170◦C for 30 minutes, and 200◦C for
10, 20, and 30 minutes. The appearance of the white spots at higher temperatures and longer
annealing times suggest that the TaTm has degraded. It remains unclear why the TaTm de-
graded in the second batch, but not in the first batch. However, annealing of samples at 150◦C
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for 20 minutes was done for the following batches of device preparation. TaTm showed no
degradation at this annealing condition in both the first and second batch, so the results of the
devices should not be comprised.

Figure 4.7: Degradation showing as white spots in the TaTm film after annealing at 200◦C for 20 minutes.

Summary
• The transmittance of MoOx decreased for lower temperatures, indicating an increase
in oxygen vacancies. No change in transmittance is detected for temperatures above
150◦C, suggesting that the number of oxygen vacancies stabilized.

• The absorbance spectra for MoOx showed no significant change with increasing temper-
ature and annealing time, suggesting that no degradation occured.

• No indication of degradation in the TaTm was initially found based on the samples for
absorbance measurement. Other samples (fabricated for devive preparation) showed
degradation through the appearance of white spots on the TaTm after annealing at 170◦C
for 30 minutes and at 200◦C for 10, 20, and 30 minutes.

• There was no significant change in estimated bandgap of both MoOx and TaTm after
annealing at various conditions.



5
Evaluation of charge carrier

extraction at the HTL interfaces

Hole transport layers are a crucial component in PSCs. However, the interface can introduce
additional recombination pathways which can negatively affect the Voc of the cell. In Section
5.1, the effect of the HTM on the device parameters is discussed. The focus shifts to the
HTL/PVK interface in Section 3.3.4 by measuring the photoluminescence yield of the HTL/PVK
heterojunction and assess the non-radiative interfacial recombination.

5.1. Effect of hole transport material on device performance
The J-V curves for devices with MoOx, TaTm, MoOx/TaTm as HTL are compared to each other.
First, we look into the use of MoOx and TaTm as single HTL to seek understanding on their
assets and limitations. Then, we explore the benefits of using MoOx and TaTm together and
the function of each HTL when used as double HTL. The devices are also compared to the
established reference cell that uses PTAA as HTL, in order to identify the potential of MoOx

and/or TaTm replacing PTAA.

Devices with different hole transport materials were fabricated according to the flowchart
in Section 3.2. Figure 5.1 shows the illuminate and dark J-V curve for these devices. The
rectangular shape of the dark J-V curves indicates diode curves proper of solar cells and is
observed for all four devices.
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Figure 5.1: Dark and illuminate J-V curves of solar cells with PTAA, MoOx, TaTm, and MoOx/TaTm as HTL.

PTAA
The illuminate J-V curve for PTAA is characterized by a strong S-shape. The S-shaped J-V
curve is indicative of charge transport bottleneck. The reduced charge transport is most likely
also responsible for low Jsc of 5.0 mA/cm2, since devices with PTAA from previous experiments
have shown a current density above 20 mA/cm2.

MoOx

The J-V curve for MoOx solar cell in Figure 5.1 demonstrates a poor Voc of 0.496 V. As the
poor Voc is only detected in this device, we can infer that the MoOx/PVK interface is responsi-
ble for high interfacial recombination. It has been reported by multiple studies that the MoO3

reduces to MoO2 when the MoO3 is direct contact with the perovskite MAPbI3 [159][112][5].
MoO2 is a metal and has a lower work function than MoO3 [54]. The reduction of MoO3 also
affects the PVK. The Mo6+ → Mo4+ reduction takes place when the MoO3 reduces to MoO2

and oxygen is released. At the same time, the Pb2+ → Pb4+ oxidation and 2I− → I2 oxidation
occur, where iodine is released. Liu et al. found that the chemical reaction happening at the
interface resulted in unfavourable energy level alignment unsuitable for hole extraction [112].
A potential barrier for hole extraction from the PVK to the MoOx due to the offset of the VB
was too large for the holes to overcome. Further, a small potential barrier for electron extrac-
tion due to CB offset was too small to surpress electron extraction from the PVK to the MoOx.
Similarly, Olthof and Meerholz reported an electron transfer from the PVK to the MoOx and a
high hole extraction barrier, resulting in the limited Voc [136].

TaTm
The J-V curve for TaTm shows a Voc almost twice the magnitude of MoOx. However, the Jsc
is significantly lower. The reduced slope of the J-V curve around the Voc is representative of a
high series resistance. As the low Jsc and high series resistance are only detected in this de-
vice, it is predicted that the FTO/TaTm interface is responsible. Avila et al. conducted a study
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in which a comparison was made between a PSC with and without the insertion of F6-TCNNQ
between the ITO and TaTm [11]. The low FF and S-shaped J-V curve for the device without
F6-TCNNQ indicate issues with charge extraction at the ITO/TaTm interface. They found an
increased FF and rectangular shape of the J-V curve for the device with the F6-TCNNQ inter-
layer indicates an alleviation of the charge extraction barrier. Similarly, Du et al. found that
an insertion of PEDOT:PSS or P3HT between the electrode and TaTm reduces the series
resistance and increases the FF [41]. The hole extraction barrier at the FTO/TaTm is there-
fore suspected to be caused by a mismatch of energy levels. For the MoOx, the interfacial
recombination at the MoOx/PVK interface resulted in a reduced Voc. For the TaTm, smaller
Voc losses are observed since the majority carriers (holes) are transported from PVK to TaTm
and can only recombine with minority carriers (electrons). However, since the the FTO/TaTm
still hinders efficient collection at the front contact, a large series resistance is observed [13].

MoOx/TaTm
The J-V curve for MoOx/TaTm shows a Voc similar to that of TaTm and a Jsc similar to that of
MoOx. This shows that combining the two HTLs results in the advantageous properties when
compared tot he solar cells with a single HTL.
As mentioned in the previous section, the MoOx/PVK interface is problematic mainly due to
two reasons. First, a chemical reaction occurs at the interface that affects both the MoOx and
PVK. Second, an electron transfer from the PVK to the MoOx takes place as a results of a
low electron extraction barrier. The presence of TaTm in between the MoOx and PVK alle-
viates these two issues. TaTm prevents the chemical reaction by inhibiting contact between
the MoOx and PVK. TaTm also acts as an electron blocking layer and hinders electrons from
transferring from the PVK to the MoOx, as is reported in literature [142].
The other way around, the FTO/TaTm suffers from a hole extraction barrier that prevents the
collection of holes at the front contact. The insertion of MoOx between the FTO and TaTm
alleviates the hole injection barrier by improving the band energy alignment.
It must be noted that the slight decrease in Voc of MoOx/TaTm compared to TaTm could hint
at a hole extraction barrier at the MoOx/TaTm. This would explain the series resistance in the
J-V curve.

It must be noted that all the devices exhibit a PCE below 1% and a Jsc below 5.00 mA/cm2.
The reference cell using PTAA has previously shown to consistently achieve a PCE above
10% and a Jsc above 20 mA/cm2. Since all the cells suffer from low PCE and Jsc, an issue
with either the PVK or ETL is assumed, considering all devices were in the same batch for
the deposition of these layers. From other experiments ran simultaneously in the lab, it is
suspected that the issue is with the ETL.

Summary
• The PSC with MoOx as HTL demonstrated a low Voc. A chemical reaction occurs at the
MoOx/PVK interface which results in unfavourable energy level alignment that allows
electron extraction.

• The PSC with TaTm as HTL demonstrates a large series resistance as a result of a hole
barrier at the FTO/TaTm interface. The hole injection barrier is caused by a mismatch of
energy levels.

• For the double HTL, TaTm acts as an electron blocking layer and passivation layer for
the MoOx interface, whereas MoOx improves the energy band alignment between the
FTO and TaTm.



5.2. Hole extraction at the HTL/PVK interface for different hole transport materials 51

• The PSC with PTAA demonstrates higher Voc and Jsc than the PSCs with MoOx and/or
TaTm.

5.2. Hole extraction at the HTL/PVK interface for different hole trans-
port materials

Based on the findings in Section 5.1, we focus our investigation on the HTL/PVK interface.
The photoluminescence yield of each HTL/PVK heterojunction is measured to assess the non-
radiative interfacial recombination at this interface. The results are also used to confirm some
of the characteristics of the HTLs discussed in Section 5.1 and to seek a connection between
the interfacial recombination and the device parameters.

The samples for PL measurement are HTL/PVK stacks deposited on quartz substrates.
Quartz substrates were chosen instead of FTO-covered glass substrates to only create charge
carrier transfer between the HTL and PVK. Additional charge carrier transport between the
FTO and HTL would influence the result and make it harder to interpret. A schematic of the
samples is shown in Figure 3.14 in Section 3.3.4. The thickness of the hole transport layers
for these samples is the same as for the devices discussed in Section 5.1.

Figure 5.2: Steady state PL of PVK deposited on top
of quartz, PTAA, MoOx, TaTm, and MoOx/TaTm.

Figure 5.3: Time-resolved PL of PVK deposited on top
of quartz, PTAA, MoOx, TaTm, and MoOx/TaTm.

The photoluminescence (PL) originates from the radiative recombination process when
the electron relaxes and goes from the CB to the VB, resulting in the emission of light/lumi-
nescence. Figure 5.2 represents the steady-state PL, and shows the intensity of the emitted
luminescence as a function of the different wavelengths of the emitted luminescence. The
peak intensity for all stacks is at a wavelength of 807 nm. A low peak intensity indicates low
hole extraction. The lowest peak intensity is found for pristine PVK, followed by MoOx/PVK
and PTAA/PVK. The highest peak intensities is detected for TaTm/PVK and MoOx/TaTm/PVK
stacks.

Figure 5.3 depicts the time-resolved PL, which represents the intensity of the emitted lu-
minescence over time. The intensity decreases over time and is also referred to as the PL
decay. The decay is caused by the excitation of many electrons to the CB at once, which over
time fall back to the VB and recombine. When all exited electrons have returned to the VB, no
PL intensity can be detected. A fast decay indicates low hole extraction. The fastest decay is



5.2. Hole extraction at the HTL/PVK interface for different hole transport materials 52

found for the pristine PVK and MoOx, followed by the the MoOx/TaTm/PVK and PTAA/PVK.
The slowest decay is detected for the TaTm/PVK.

When comparing the different HTLs, it can be seen that TaTm has a high PL peak intensity
and the slowest PL decay. This means that a small amount of non-radiative recombination
takes place at the TaTm/PVK interface compared to other HTL/PVK interfaces. Based on the
findings in Section 5.1, the PL results confirm that the TaTm is effectively blocking the elec-
trons due to favourable energy band alignment, as was discussed in Section 5.1. It could also
suggest that there is a low number of defects at the interface due to TaTm functioning as a
passivation layer.

Contrary to TaTm, a low PL intensity peak and a fast PL decay is found for MoOx. In Sec-
tion 5.1, it was discussed that MoOx/PVK interface has a low electron extraction barrier. The
low PL intensity peak could confirm the electron transfer from the PVK to the HTL due to poor
energy band alignment. Additionally, a large number of defects at the MoOx/PVK interface
will further enhance the non-radiative recombination rate.

By inserting the TaTm between the MoOx and PVK, it can be seen that the PL decay slows
down and the PL intensity increases. This can be an indication that the TaTm effectively pre-
vents electron extraction, which did not occur at the MoOx/PVK interface. It is also suspected
that there are less defects at the TaTm/PVK interface than at the MoOx/PVK, which reduces
the non-radiative recombination.

Figure 5.4: The PL lifetime derived from the TRPL measurement of the HTL/PVK stack and the Voc and FF
measured from the full device.

The PL lifetime of the samples is determined from the TRPL measurement. The calcula-
tions for the PL lifetime are depicted in Appendix D. Figure 5.4 displays the PL lifetime of the
HTL/PVK samples, as well as the Voc and FF of the full devices.
The PL lifetime of MoOx/PVK and MoOx/TaTm/PVK is shorter than for pristine PVK, while the
PL lifetime of PTAA and TaTm is larger. For the most part, it can be seen that the Voc and FF
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follow the same trend as the PL lifetime, which is in agreement with literature [10]. However,
the exception for this trend is the TaTm/PVK stack. This stack shows the highest PL lifetime,
but not the highest Voc and FF. This deviation is a result of the hole extraction barrier at the
FTO/TaTm interface as was discussed in Section 5.1. The FTO/TaTm interface is responsible
for high series resistance, which negatively affects the FF. However, the TaTm/PVK stack for
the TRPL measurement does not have an FTO/TaTm interface and the negative effects of its
hole extraction barrier are therefore not reflected in the PL lifetime. PTAA has the second high-
est PL lifetime. Compared to TaTm, it is possible that PTAA has more defects at its interface
with the PVK or does not block the electrons as well as TaTm does, resulting in more non-
radiative recombination. However, the Voc and FF are higher for PTAA, suggesting that the
hole extraction at the FTO/PTAA interface is better than the hole extraction at the FTO/TaTm.
This could be the reason why PTAA outperforms TaTm as HTL on a device level.

It must be noted that there is a certain contradiction in the PL and TRPL results for MoOx/TaTm.
The PL measurement implies that there is less non-radiative recombination with MoOx/TaTm
compared to the other HTLs. However, the decay in the TRPL suggests that there is more
non-radiative recombination with MoOx/TaTm than for the stacks with PTAA or TaTm. This
difference could be caused due to nonuniform thickness of the TaTm layer, as is discussed
in Section 4.1. The spot on the sample that was used for the PL measurement could have
less or more TaTm than the spot on the sample for the TRPL measurement. Since both mea-
surements show an improvement in hole extraction of MoOx/TaTm compared to MoOx, it can
be presumed that this is valid. However, the PL and TRPL results of the hole extraction of
MoOx/TaTm compared to that of PTAA and TaTm are contradictory. Therefore it is not possi-
ble to reflect on the hole extraction of MoOx/TaTm in comparison with PTAA and TaTm.

In many papers, the PL intensity peak of pristine PVK is higher compared to the PL inten-
sity peak of an HTL/PVK stack [210][10][75][145][159]. It is reasoned that for samples with
the addition of HTL, the holes are extracted from the PVK, which reduces the radiative recom-
bination in the PVK and results in lower PL intensity peak. The holes and electrons will either
be depleted due to non-radiative interfacial recombination, or the holes will accumulate in the
HTL (due to absence of the electrode) which can eventually also lead to interface recombina-
tion [41]. In the time-resolved PL (TRPL), it is reasoned that the extraction of holes from the
PVK by the HTL accelerates the PL decay. The stronger the decay, the higher either the hole
extraction rate and interfacial recombination rate.
However, the opposite is observed in this study, where the PL intensity peak in the PLmeasure-
ment is lower and the PL decay in the TRPL measurement is faster for pristine PVK compared
to the HTL/PVK stack. The following explanation on the PL behavior is considered.
Figure 5.5 shows a schematic of the band diagram for pristine PVK, where defects are present
at the surface. There is a 50% chance of an electron and a 50% chance of a hole to be found
at the defect. The same chances are for one of the charge carriers to reach the filled defect
and recombine. This is non-radiative recombination and is thus not detected by the PL spec-
trometer. When the PVK is deposited on top of an HTL, a heterojunction is formed and band
bending occurs at the interface. A defect in this position is most likely filled with a hole, since
a sufficient HTL only extracts holes and blocks electrons. Therefore, the chance of an elec-
tron being near the defect is slim, and thus the non-radiative recombination rate decreases.
The decrease in non-radiative recombination (and thus an increase in radiative recombination)
results in a higher PL intensity peak and slower PL decay for HTL/PVK stacks.
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Figure 5.5: A sketch of the band diagram of pristine PVK and a HTL/PVK junction. Defects are found at the
surface of pristine PVK, as well as near the HTL/PVK interface.

Summary
• The low non-radiative recombination at the TaTm/PVK interface confirms the presence
of a high electron injection barrier.

• The non-radiative recombination at theMoOx/PVK interface confirms the presence of the
low electron barrier at the interface and/or indicates a high number of interface defects.

• The addition of TaTm between MoOx and PVK decreases the non-radiative recombina-
tion by blocking the electrons and/or reducing the defects at the PVK interface.

• The TaTm/PVK interface demonstrates less non-radiative recombination than the PTAA/PVK
interface. However, the Voc and FF is highest for PTAA, which indicates that the FTO/-
TaTm interface compromises the device performance.



6
Impact of Film Thickness of MoOx and

TaTm on Device Parameters

The previous chapter compared the extraction properties and device performance of MoOx

and TaTm as single and double HTLs. The aim of this chapter is to examine how the thick-
ness of these hole transport layers affects the device parameters. Section 6.1 discusses the
influence of the thickness on the stoichiometry of MoOx. The effect of layer thickness for
MoOx and TaTm is investigated as single HTL and double HTL in Section 6.2 and Section 6.3,
respectively.

6.1. Effect of layer thickness on the atomic composition of MoOx
The stoichiometry (x) of MoOx reportedly influences semiconductor material parameters such
as the work function [54]. The impact of the film thickness on the stoichiometry is investigated
by performing x-ray spectroscopy (XPS). XPS gives information on the atomic composition
and chemical state of the elements in MoOx. The samples used for this measurement have a
MoOx layer with the thickness 2 nm, 5 nm and 10 nm and are displayed in Section 3.3.3. Figure
6.1 shows the XPS survey that is obtained from the measurements. Each peak represents the
presence of a certain element. The spectrum for the 2-nm thick MoOx has peaks at binding
energies that do not show up in the spectra for the 5-nm and 10-nm thick MoOx layer. The
peak at 27 eV and the peak at 720 eV can be related to tin (Sn), which is one of the compounds
found in FTO. The FTO is probably detected because the thin MoOx film does not uniformly
cover the entire substrate. Thicker MoOx provides better coverage and the FTO is therefore
not detected in the 5-nm and 10-nm thick MoOx.

55
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Figure 6.1: XPS survey of MoOx for different thicknesses.

Figure 6.2 shows the Mo 3d and O 1s peaks and Table 6.1 summarizes their binding
energies. A peak deconvolution is performed to distinguish the overlapping peaks. Figure 6.2
shows the Mo 3d doublets of MoOx, where the peak in the range of 232.5-233.0 eV represents
Mo 3d5/2 and the peak in the range of 235.5-236 eV represents Mo 3d3/2. By comparing the
spectra for MoOx with thicknesses from 2 to 10 nm, we observe slight asymmetry in the peak,
indicating the presence of mixed oxidation states of Mo. The peak deconvolution shows that
Mo5+ and Mo6+ are the oxidation states of Mo present in all three films. Both peaks become
narrower with increasing film thickness, indicating the reduction of Mo5+ compared to Mo6+.
The increased presence of the Mo6+ compared to Mo5+ can be related to the O 1s peaks
shown in Figure 6.2. The measured spectrum at film thickness of 2 nm is characterized by a
clear asymmetric peak, where the right side of the peak is very wide. As the film thickness
increases, the asymmetry and the width of the peak decrease. The peaks also shift to lower
binding energy with increasing film thickness. The peak convolution shows the presence of
three peaks, where the peak in the range of 530.4-531.0 eV is attributed to the O2− ions
present in the MoO3 lattice, while the peak in the range of 531.6-532.3 eV is attributed to
the oxygen vacancies. The peak in the range of 533.2-533.7 eV represents the loosely bound
oxygen on the surface. As the film thickness increases, the peak area of the oxygen vacancies
consistently reduces and the peak area of the oxygen in the lattice increases. The peak for
loosely bound oxygen on the surface is present in the 2-nm and 5-nm thick film but could not
be detected in the 10-nm thick film.
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Figure 6.2: XPS Mo and O scan for MoOx with thicknesses of 2 nm, 5 nm, and 10 nm.

Table 6.1: XPS results for 2, 5 and 10-nm thick MoOx

Thick-
ness

Binding energies (eV)
Mo Mo6+ Mo5+

3d5/2 3d3/2 3d5/2 3d3/2 3d5/2 3d3/2
2 nm 232.68 235.88 232.84 236.19 232.18 235.52
5 nm 232.88 235.98 232.98 236.19 232.38 236.19
10 nm 232.68 235.78 232.69 235.88 232.08 235.36

Thick-
ness

Binding energies (eV) Ratios
O 1s LO OV SO O/Mo Mo6+/Mo5+ LO/OV

2 nm 531.08 530.98 532.28 533.68 8.60 2.05 1.99
5 nm 530.78 530.68 531.68 533.28 2.89 3.24 2.70
10 nm 530.48 530.48 532.18 - 2.12 11.05 19.20

The atomic O/Mo ratio is the ratio of the lattice oxygen peak area and the Mo 3d peak
area. The O/Mo ratio is equal to the stoichiometry (x) of MoOx, which should have a value
between 2 and 3. However, an unrealistic value of 8.60 was calculated for the 2-nm thick film.
When discussing Figure 6.1 at the beginning of this section, it was determined that the XPS
also detected the FTO on which the MoOx is deposited. FTO is rich in oxygen and therefore
most of the detected oxygen does not belong to the MoOx. The O/Mo ratios for the 5-nm and



6.1. Effect of layer thickness on the atomic composition of MoOx 58

10-nm thick films result in more consistent values of 2.89 and 2.12, respectively. However,
the decrease of ratio does not follow the trends reported in literature, where the O/Mo ratio
increases with high peaks of Mo6+ and lattice oxygen [62][58][208]. Another indication of the
O/Mo ratio is the ratio between lattice oxygen and oxygen vacancies, as well as theMo6+/Mo5+
ratio. For stoichiometric MoOx, where the O/Mo ratio is close to 3, we can conclude that there
is a proper amount of oxygen in the lattice and therefore a low number of oxygen vacancies.
The relative area of the three peaks in the O 1s spectra are extracted from Figure 6.2 and
plotted in Figure 6.3 for all film thicknesses. As observed earlier, the oxygen in the lattice
increases and the oxygen vacancies decreases, which indicates a higher O/Mo ratio. Figure
6.3 also illustrates the relative area of the Mo5+ and Mo6+ in the Mo 3d spectra. It can be
observed that the relative area of Mo6+ in Mo 3d is almost equal to relative area of lattice
oxygen in O 1s. For example, the relative area of Mo6+ in Mo 3d is 91.70% and the oxygen
vacancies in O 1s is 95.05% for a thickness of 10 nm. The same trend is seen for the relative
area of Mo5+ in Mo 3d (32.08% in 2-nm thick film) with the relative area of oxygen vacancies in
O 1s (31.17% in 2-nm thick film). These trend are in agreement with literature, that has shown
that stoichiometric MoOx mostly contains Mo6+ and that the increase of oxygen vacancies
increases the presence of lower oxidation state Mo [62][58][148][208][21].

Figure 6.3: Atomic composition in % for Mo and O in different layer thicknesses of MoOx. Those values are
extracted from the spectra reported in Figure 6.2.

The valence band can be estimated at the lower binding energies of the XPS spectrum.
The Fermi level is positioned at a binding energy of 0 eV. The leading edge of the spectra has
a linear part in the slope. By extrapolating the linear part to the baseline, the valence band
with respect to the Fermi level is obtained [209]. The extrapolation is depicted in Figure 6.4 for
all samples. It can be seen that the valence band with respect to the Fermi level decreases
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from 3.329 eV at 2 nm, to 3.128 eV at 5 nm, to 2.759 eV at 10 nm. A study by Mandani et al.
shows similar results, where the valence band of e-beam evaporated MoOx films decreases
with film thickness [118]. In the above mentioned work, the authors also looked at larger film
thicknesses of 50 nm and 100 nm, and found that these valence bands are the same as the
valence band of the 10-nm thickness. It could be reasoned that there is no further increase in
lattice oxygen, as has been shown to occur for thickness increase from 2 to 10 nm. This tells
us that the film is stable from 10 nm onwards.

Figure 6.4: XPS for valence band calculation of MoOx and TaTm with thicknesses of 2 nm, 5 nm, and 10 nm.

Summary
• The XPS measurement also detects the FTO for the 2-nm thick MoOx. The XPS there-
fore determined an unrealistic stoichiometry of 8.60.

• The Mo6+/Mo5+ ratio increases with MoOx thickness and correlates with to the Lattice
Oxygen / Oxygen Vacancies ratio. So the most Mo5+ and oxygen vacancies is found in
2-nm MoOx and decreases with thickness.

• The valence band with respect to the Fermi level decreases with MoOx thickness.
• The MoOx is stable from 10-nm onwards.

6.2. Effect of single hole transport layer thickness on the device
performance

In this section, the device parameters of solar cells with MoOx or TaTm as single HTL are
discussed. By examining MoOx and TaTm as single HTL, it can give more insight on the
thickness-dependency of each material.
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Solar cells demonstration with MoOx as HTL
Devices with varying thickness of MoOx as hole transport layer were fabricated according to
the flowchart in Section 3.2. Figure 6.5 shows the illuminate and dark J-V curve of these
devices. The rectangular shape of the dark J-V curves indicates diode curves proper of solar
cells and is observed for all four devices. The illuminate J-V curve for PTAA is characterized
by a strong S-shape, which indicates an issue with charge carrier extraction. In Section 5.1,
it has been explained that this issue is the result of the faulty ETL and affects all the devices.
The S-shape is weaker when replacing the PTAA with the MoOx. However, using MoOx as
HTL also results in lower Voc and Jsc. When comparing the curves for 2, 5 and 10-nm thick
MoOx, it is shown that the Voc increases with thickness. The Jsc seems the same for the 2 and
5-nm thick MoOx, but is higher for 10-nm thick MoOx. Lastly, it is observed that the curve for
the 5-nm thick MoOx has a slope at higher voltage that is less steep compared to the 2 and
10-nm thick layer, indicating that there is a higher series resistance.

Figure 6.5: Dark and illuminate J-V curves of solar cells with PTAA as reference HTL and 2, 5 and 10-nm thick
MoOx.

Figure 6.6 depicts the Voc and FF for the 2, 5, and 10-nm thick MoOx. The boxplots contain
data from 18 cells for each thickness. Boxplots for other device parameters can be found in
Appendix E. The average values of the device parameters are extracted from the boxplots
and summarized in Table 6.2. A clear trend can be seen where the average Voc increases
from 0.410 V at 2-nm thickness to 0.596 V at 10-nm thickness. A potential explanation for this
behavior is related to the atomic composition of MoOx for the layer thickness. As discussed
in the Section 6.1, the MoOx is more stoichiometric with increasing thickness. The Mo6+ and
oxygen in the lattice increase with thickness, while the Mo5+ and oxygen vacancies decrease.
It is reported that the decrease in Mo5+ and oxygen vacancies in thicker MoOx increases the
work function, resulting in an increased interfacial dipole between the MoOx and PVK [118].
Numerical simulations by Yang et al. have shown that the dipole enhances the built-in electric
field, resulting in less charge accumulation at the interface [187]. This leads to reduced non-
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radiative interfacial recombination and an improved Voc.

Figure 6.6: Box plots for Voc and FF of solar cells with 2, 5 and 10-nm thick MoOx. The data is retrieved from 18
cells for each thickness.

From Table 6.2, it can be observed that the same trend for Voc exists for the PCE. The in-
crease of PCE with film thickness is also in agreement with findings from Mandani et al. [118].
The authors also found that the PCE remains unchanged with further increase of the MoOx

above 10 nm. Although thicknesses above 10 nm are not tested in this work, the stabilization
of the PCE found by Mandani et al. could suggest that the increasing trend seen for Voc and
PCE in this work does not continue for thickness of MoOx above 10 nm.

As discussed, the device with 2-nm thick MoOx has the lowest Voc. However, it also demon-
strates the highest FF. This is in contradiction with the results from Mandani et al., which sees
an increase of FF with the MoOx thickness [118].

Table 6.2: Device parameters of solar cells with 2, 5 and 10-nm thick MoOx for forward and reverse scan. The
data is the average value retrieved from 18 cells for each thickness.

Device
Parameters

Thickness
2 nm 5 nm 10 nm

Forward Reverse Forward Reverse Forward Reverse
Voc (V) 0.410 0.426 0.491 0.489 0.596 0.498

Jsc (mA/cm2) 1.970 1.960 1.998 1.995 2.465 2.362
FF (%) 51.23 51.35 44.62 48.42 47.51 47.16
PCE (%) 0.415 0.429 0.435 0.470 0.704 0.554
Rs (Ω) 75.69 72.61 144.32 116.69 79.46 73.16
HI (-) 0.037 0.074 0.268

Solar cells demonstration with TaTm as HTL
Devices with varying thickness of TaTm as hole transport layer were fabricated according to
the flowchart in Section 3.2. Figure 6.7 shows the illuminate and dark J-V curve of these
devices. The rectangular shape of the dark J-V curves indicates diode curves proper of solar
cells and is observed for all four devices. The illuminate J-V curve for PTAA is characterized
by a strong S-shape, which indicates an issue with charge carrier extraction. In Section 5.1,
it has been explained that this issue is the result of the faulty ETL and affects all the devices.
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The S-shape for the PTAA is no longer present when replaced with the MoOx. However, using
TaTm as HTL reduces the Voc and significantly diminishes the Jsc. When comparing the curves
for 2, 5 and 10-nm thick TaTm, the Voc and Jsc are constant. The reduced slope of the J-V
curve around the Voc indicates a high series resistance, and is observed for all three thickness.

Figure 6.7: Dark and illuminate J-V curves of solar cells with PTAA as reference HTL and 2, 5 and 10-nm thick
TaTm.

Figure 6.8 depicts the Voc and FF for the 2, 5, and 10-nm thick TaTm. The boxplots contain
data from 18 cells for each thickness. Boxplots for other device parameters can be found in
Appendix E. The average values of the device parameters are extracted from the boxplots
and summarized in Table 6.3. It was initially hypothesized that the increased TaTm thickness
would reduce the islanding and therefore improve the coverage of TaTm on the FTO. Then
there would be less contact points between the FTO and the PVK, resulting in less recombi-
nation and an improved Voc. However, it is observed from Figure 6.8 that the thickness has
no effect on the average Voc. In Section 5.1, it was discussed that there is poor energy level
alignment at the FTO/TaTm. The Jsc is very low, which means that charge carriers are not
collected at all. Therefore, it could be possible that there is so much recombination at the
FTO/TaTm interface that the thickness does not play a role.

Susic et al. also conducted a thickness optimization study using TaTm as the HTL [176].
Other than a different perovskite, the same device structure and the same variation of thick-
nesses for TaTm were used. Similarities between the results can be found. They also ob-
served no change in Voc. However, some other results of their study contradict with our re-
sults. The results by Susic et al. show a reduced performance with the 10-nm film, where a
slight S-shape of the J-V curve, a reduced FF and increased series resistance were observed
compared to the smaller thicknesses. In our devices, a large series resistance is observed for
all thicknesses of TaTm.
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Figure 6.8: Box plots for Voc and FF of solar cells with 2, 5 and 10-nm thick TaTm. The data is retrieved from 18
cells for each thickness.

Table 6.3: Device parameters of solar cells with 2, 5 and 10-nm thick TaTm for forward and reverse scan. The
data is the average value retrieved from 18 cells for each thickness.

Device
Parameters

Thickness
2 nm 5 nm 10 nm

Forward Reverse Forward Reverse Forward Reverse
Voc (V) 0.803 0.800 0.790 0.789 0.816 0.815

Jsc (mA/cm2) 0.502 0.511 0.916 0.936 0.575 0.518
FF (%) 48.84 45.83 37.29 34.42 47.48 43.40
PCE (%) 0.196 0.185 0.269 0.254 0.223 0.205
Rs (Ω) 481.27 489.94 559.29 565.99 489.30 537.77
HI (-) 0.059 0.062 0.089

Although the unvaried Voc suggest that the thickness does not influence the device per-
formance, the device with 5-nm thick TaTm shows deviant results. The FF of the 5-nm thick
TaTm is considerably lower than for the 2-nm and the 10-nm film. The study by Susic et al.
also showed deviance in the results for the 5-nm layer, with low FF and Voc compared to the
2-nm layer [176]. However, the value of these parameters stabilized and were comparable
with those of the 2-nm layer after 3-4 repetitions of the J-V measurement. The same dynamic
behaviour was observed under simulated solar illumination, a LED solar simulator with UV-
component and a halogen lamp with no UV-component. Susic therefore suggested that the
light spectrum plays no important role in the device activation.
For our study, the J-V measurement were not repeated. It is possible that similar stabiliza-
tion is needed to retrieve accurate values for the device parameters. The device performance
with the 5-nm layer is therefore expected to the same as the 2-nm and 10-nm layer, and it is
carefully concluded that the thickness of the TaTm layer has no influence on the device per-
formance. This would be in line with the study by Du et al, where no change in FF or series
resistance with increasing film thickness of TaTm as HTL was observed [41].

Summary
• MoOx has a clear trend where the Voc increases with thickness. The decrease of Mo5+
and oxygen vacancies in thicker MoOx increases the WF and interface dipole, resulting
in less interfacial recombination.
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• The thickness of TaTm has no influence on the Voc.
• The PSC with 5-nm thick TaTm showed a lower FF than the 2-nm and 10-nm thick TaTm.
Due to device activation, the FF of the 5-nm thick TaTm is expected to stabilize and reach
a similar FF as the others after multiple repetitions of the J-V measurement.

6.3. Effect of double hole transport layer thickness on the device
performance

After examining MoOx and TaTm as single HTLs, the device parameters of solar cells with
MoOx and TaTm as double HTL are discussed in this section. The thickness of one HTL is
kept constant while the thickness of the other HTL is varied. This gives insight on the thick-
ness dependency of each material when used as a double HTL as opposed to being used as
a single HTL.

Solar cells demonstration with TaTm on top of 5-nm MoOx

The same devices with varying TaTm thickness as in Section 6.2 have been fabricated with the
insertion of a 5-nm thick MoOx between the FTO and TaTm. This is done to see how the high-
WF interlayer influences the effect of TaTm thickness on the device parameters. The dark and
illuminate J-V curve of the devices are displayed in Figure 6.9. The rectangular shape of the
dark J-V curves indicates diode curves proper of solar cells and is observed for all four devices.
The illuminate J-V curve for PTAA is characterized by a strong S-shape, which indicates an
issue with charge carrier extraction. In Section 5.1, it has been explained that this issue is the
result of the faulty ETL and affects all the devices. The S-shape for the PTAA is no longer
present when replaced with the double HTL of MoOx and TaTm. However, using MoOx and
TaTm as HTLs reduces the Voc and the Jsc. When comparing the curves for 2, 5 and 10-nm
thick TaTm, the Voc increases with thickness while the Jsc stays constant.

Figure 6.9: Dark and illuminate J-V curves of solar cells with PTAA as reference HTL and 2, 5 and 10-nm thick
TaTm on top of 5-nm thick MoOx.
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In Section 6.2, it was hypothesized that the thickness-increase of TaTmwould lead to better
coverage and improved Voc. This explanation was not confirmed by our experimental findings
for TaTm as single hole transport in Section 6.2. However, based on the results in Figure 6.10,
the hypothesis seems to be valid when the TaTm is combined with MoOx. In Figure 6.10, the
average Voc shows a larger improvement when increasing the TaTm thickness from 2 to 5 nm
than from 5 to 10 nm. This can be explained by the island growth that has been shown for
TaTm in Section 4.1. At the lower thickness, there are many islands. As the deposition of the
TaTm increases, the size of the islands will expand and connect. The coalescence or merging
of the islands result in elongated structures that will ultimately form into a flat film [196]. The
Voc increases the most for the initial increase of film thickness, as this is when the growth of
the islands improves the coverage the most. When the islands start to merge, the coverage
slows down and hence the increase in Voc becomes smaller. The Voc will be constant once
the substrate is reaches full coverage at a certain thickness.
An additional explanation for the increase of Voc with thickness of TaTm is that the electron
blocking is improved. For a thin layer of TaTm, it is possible for electrons to tunnel through
the TaTm and reach the MoOx. These electrons will recombine with the holes, which results
in a low Voc. However, the probability of a charge carrier to tunnel through a layer decreases
when the layer thickness increases. So, a thicker layer of TaTm reduces the recombination
and result in a higher Voc.

In Figure 6.10, an increase of FF with increasing thickness of TaTm is also found, which
indicates that the Voc has the most influence on the device performance. It is observed from
Table 6.4 that the Jsc stays constant and thus seems to be independent of the TaTm thick-
ness. The series resistance also does not increase, meaning that the thickness of TaTm is
not considered too thick yet where it limits the hole mobility and negatively affects the FF and
PCE. The thickness of TaTm could thus be increased further than 10 nm to improve the device
performance.

Figure 6.10: Box plots for Voc and FF of solar cells with 2, 5 and 10-nm thick TaTm on top of 5-nm thick MoOx.
The data is retrieved from 18 cells for each thickness.
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Table 6.4: Device parameters of solar cells with 2, 5 and 10-nm thick TaTm on 5-nm thick MoOx for forward and
reverse scan. The data is the average value retrieved from 18 cells for each thickness.

Device
Parameters

Thickness
2 nm 5 nm 10 nm

Forward Reverse Forward Reverse Forward Reverse
Voc (V) 0.540 0.537 0.616 0.614 0.632 0.622

Jsc (mA/cm2) 1.665 1.687 1.652 1.592 1.663 1.667
FF (%) 37.99 42.92 40.86 44.53 43.20 45.38
PCE (%) 0.342 0.386 0.416 0.436 0.454 0.471
Rs (Ω) 206.96 183.99 158.69 157.44 136.28 134.14
HI (-) 0.122 0.047 0.052

Solar cells demonstration with MoOx in between FTO and 5-nm TaTm
The same devices with varying MoOx thickness as in Section 6.2 have been fabricated with
the insertion of a 5-nm thick TaTm between the MoOx and PVK. The dark and illuminate J-
V curve of the devices are displayed in Figure 6.11. The rectangular shape of the dark J-V
curves indicates diode curves proper of solar cells and is observed for all four devices. The
illuminate J-V curve for PTAA is characterized by a strong S-shape, which indicates an issue
with charge carrier extraction. In Section 5.1, it has been explained that this issue is the result
of the faulty ETL and affects all the devices. The S-shape for the PTAA is no longer present
when replaced with the double HTL of MoOx and TaTm. However, using MoOx and TaTm
as HTLs reduces the Voc and the Jsc. When comparing the curves for 2, 5 and 10-nm thick
MoOx, the Voc decreases with increasing thickness of MoOx while the Jsc remains constant.
The steep slope of the J-V curve around the Voc for the 2-nm thick MoOx indicates low series
resistance compared to the devices with thicker MoOx.

Figure 6.11: Dark and illuminate J-V curves of solar cells with PTAA as reference HTL and 2, 5 and 10-nm thick
MoOx in between FTO and 5-nm thick TaTm.



6.3. Effect of double hole transport layer thickness on the device performance 67

Table 6.5 summarizes the average values of the device parameters for 2, 5 and 10-nm
thick MoOx interlayer. It shows that the highest FF is achieved for the 2-nm MoOx. The high
FF using a thin layer of MoOx can be related to the results from Section 6.1, where it was
observed that the thinner MoOx layer has the most oxygen vacancies. Mo5+ originates from
the oxygen vacancies, and is shown by several studies to be the origin of the gap state in
the MoOx layer [84][158][192]. Kanai et al. reason that this gap state is nearly aligned with
the HOMO level of an organic layer on the MoOx, which reduces the hole-extraction barrier
[84]. This can be explained with the band energy diagram discussed in Section 2.3.3. The
gap states of the Mo5+ will be filled the electrons moving from the FTO to the MoOx/TaTm
interface. The alignment with the VB of TaTm enables holes in the TaTm to reach the gap
states and recombine with the electrons. The recombination at MoOx/TaTm interface sup-
ports further influx of electrons from the FTO to the MoOx/TaTm interface, which is equivalent
to holes moving from the MoOx/TaTm to the FTO. Compared to the thicker MoOx, the higher
FF of the 2-nmMoOx is an indication of better hole transport resulting from the reduced barrier.

Figure 6.12 shows the device parameters for 2, 5 and 10-nm thick MoOx interlayer. The
boxplots contain data from 18 cells for each thickness. A clear trend can be observed where
the 2-nm thick MoOx has the highest Voc and FF, but the values decrease significantly when
increasing the MoOx thickness to 5 nm. Increasing the MoOx to 10 nm improves the Voc and
FF, although not back to the values observed for the 2-nm MoOx. It is more difficult to suggest
the explanation for this trend. A possible explanation is that there are no longer gap states
that align with the HOMO level for interlayer thicknesses above 2 nm. Therefore, the hole
extraction barrier between the MoOx and TaTm becomes higher. Beyond a thickness of 2 nm,
the device shows the same behaviour as the devices without TaTm layer, where an increase
in MoOx thickness increases the interface dipole and results in an higher Voc (see Section 6.2).
The TaTm solely functions as buffer layer between the MoOx and the PVK. Similar behaviour
is noticed in a study by Schulz et al. [159], where they increased the thickness of MoOx which
was sandwiched between the ITO and organic HTL Spiro-MeOTAD. They found that when the
MoOx was increased to a thickness above 2 nm, the electronic structure was the same as for
the device without Spiro-MeOTAD interlayer.

Figure 6.12: Box plots for Voc and FF of solar cells with 2, 5 and 10-nm thick MoOx in between FTO and 5-nm
thick TaTm. The data is retrieved from 18 cells for each thickness.
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Table 6.5: Device parameters of solar cells with 2, 5 and 10-nm thick MoOx in between FTO and 5-nm thick
TaTm for forward and reverse scan. The data is the average value retrieved from 18 cells for each thickness.

Device
Parameters

Thickness
2 nm 5 nm 10 nm

Forward Reverse Forward Reverse Forward Reverse
Voc (V) 0.736 0.761 0.616 0.614 0.681 0.674

Jsc (mA/cm2) 1.815 1.804 1.652 1.592 1.755 1.740
FF (%) 53.80 54.05 40.86 44.53 47.17 50.38
PCE (%) 0.745 0.742 0.416 0.436 0.563 0.591
Rs (Ω) 85.37 91.72 158.69 157.44 131.53 123.04
HI (-) 0.025 0.047 0.047

Final results
A last batch was created to compare solar cells using PTAA with solar cells using MoOx/TaTm,
without the influence of the faulty ETL. Due to time limitation, the only fabricated devices were
with PTAA and with one combination of MoOx and TaTm.
Based on the results in this chapter, the device with a double HTL of 2-nm thick MoOx and
5-nm thick TaTm showed to be the most promising configuration. The most promising config-
uration having a MoOx interlayer with a thickness between 0.5 and 3 nm, is in agreement with
findings in the review on metal oxide/organic interfaces by Greiner et Lu [54].

The dark and illuminate J-V curves of the fabricated solar cells are shown in Figure 6.13.
An improvement of Voc and a significant increase in Jsc is observed for the J-V curve of both
PTAA and MoOx/TaTm compared to the previous batch. Also, the J-V curve for PTAA has
a much weaker S-shaped while the S-shape in the J-V curve for MoOx/TaTm has slightly
increased compared to the previous batch.

Table 6.6 displays the device parameters of the two PSCs. It shows that the Voc, Jsc and
FF are lower for MoOx/TaTm than for PTAA. The lower FF and higher series resistance for
MoOx/TaTm can indicate a hole extraction barrier at the FTO/MoOx, MoOx/TaTm and/or TaT-
m/PVK interface. The Jsc is the most limiting factor, being only 10.622 mA/cm2 for MoOx/TaTm
compared to 23.513mA/cm2 for PTAA. In the end, a PCE of 4.725% is achieved forMoOx/TaTm
compared to a PCE of 12.284% for PTAA, showing that further research is needed to improve
the device with MoOx/TaTm before it can replace the spincoated PTAA.
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Figure 6.13: Dark and illuminate J-V curves of solars cells with PTAA and MoOx(2 nm)/TaTm(5 nm)

Table 6.6: Device parameters of highest performing solar cells with PTAA and MoOx(2 nm)/TaTm(5 nm).

Device
Parameters

HTL
PTAA MoOx/TaTm

Voc (V) 0.978 0.904
Jsc (mA/cm2) 23.513 10.622

FF (%) 53.40 49.18
PCE (%) 12.284 4.725
Rs (Ω) 10.564 49.994

Summary
• The Voc and FF increase with increasing thickness of TaTm on 5-nm thick MoOx. Due
to the islanding of TaTm, the increasing thickness leads to better coverage of the TaTm
on the MoOx. This results in improved electron blocking between the PVK and HTL.

• The Voc and FF is highest for 2-nm thick MoOx between FTO and 5-nm thick TaTm. The
gap states of Mo5+ align with the VB of TaTm which improves the electron transfer from
the FTO to the MoOx/TaTm interface and therefore decreases the hole extraction barrier.
For larger thicknesses of MoOx between FTO and 5-nm thich TaTm, the same trend for
single HTL MoOx is observed in which Voc increases with thickness.

• In the final batch, PTAA achieved a PCE of 12.28%andMoOx(2 nm)/TaTm(5 nm) achieved
a PCE of 4.73%. The Jsc is the limiting factor for the MoOx/TaTm compared to PTAA.



7
Conclusion and Recommendations

A study has been carrier out to incorporate thermally evaporated MoOx and TaTm as hole
transport layers in perovskite solar cells. The study focused on tree research objectives: (i):
Preparing the integration of thermally evaporated MoOx and TaTm in the PSC by determining
the tooling factor and evaluating the thermal stability of optoelectrical properties, (ii) Assess
the charge carrier extraction of MoOx and TaTm, (iii) Determine the influence of the MoOx and
TaTm thickness on the device parameters. The main findings of this study are summarized
in Section 7.1. Based on the findings in this study, suggestions for further investigation are
proposed in Section 7.2.

7.1. Conclusion
Preparing the integration of thermally evaporated MoOx and TaTm in the PSC
The tooling factors of MoOx and TaTmhave been determined to be able to control the thickness
of the fabricated films. The optical properties of MoOx are too similar to the glass substrate in
order for the spectral ellipsometer to be able to measure the MoOx thickness. Therefore, the
MoOx was deposited on silicon wafer to measure its thickness. For TaTm, it was found that
the film was nonuniform on glass and ITO covered glass due to the formation of islands. A
thicker layer of TaTm deposited on silicon wafer created a more uniform film. The film thick-
ness was eventually determined with SEM, by measuring the cross section of the film. With
the measured film thicknesses, the tooling factors of MoOx and TaTm were found to be 4.19
and 1.80, respectively.
Furthermore, the optoelectrical properties of MoOx and TaTm after different annealing condi-
tions were studied to determine if MoOx and TaTm are able to withstand annealing tempera-
tures necessary to fabricate high quality perovskite. For MoOx, a slight decrease in transmit-
tance was detected, which is attributed to an increase in oxygen vacancies. For both MoOx

and TaTm, no significant change in absorbance was found, indicating that there is no degra-
dation at any annealing condition. However, white spots were visible in the TaTm film of other
samples after annealing at 170◦C for 30 minutes and 200◦C for 10, 20 and 30 minutes, indi-
cating the occurrence of degradation. Lastly, the estimated bandgap of MoOx and TaTm were
retrieved from the Tauc plot and also showed no change after annealing at various conditions.

Assess the charge carrier extraction of MoOx and TaTm
The charge carrier extraction of MoOx and TaTm are discussed by comparing J-V curves of
the devices with single and double hole transport layer and supporting the finding with (TR)PL
measurements.
The low Voc of the PSC with MoOx as HTL indicates an unfavourable energy level alignment,
which was found to be caused by a chemical reaction occurring at the MoOx/PVK interface.
The energy level alignment of MoOx allowed for electron extraction. This was supported by
the (TR)PL measurements of the MoOx/PVK stack that showed high interfacial recombination.
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The PSC with TaTm as HTL demonstrated low Jsc and high series resistance, originating from
a mismatch of energy levels at the FTO/TaTm interface. This is also supporter by the (TR)PL
meausrements, that showed low interfacial recombination at the TaTm/PVK interface, and
thus the hole extraction barrier must be located at the FTO/TaTm interface.
The PSC with MoOx and TaTm as double HTL shows a Voc similar to the TaTm HTL and
a Jsc similar to the MoOx HTL, indicating that FTO/TaTm interface and MoOx/PVK interface
were the bottleneck in the PSCs with single HTL. TaTm acts as an electron blocking layer and
passivation layer for the MoOx interface, whereas MoOx improves the energy band alignment
between the FTO and TaTm.
The PSC with MoOx and TaTm as double HTL demonstrates lower Voc and Jsc than the refer-
ence PSC with PTAA. The (TR)PL measurements also showed more interfacial recombination
in the MoOx/TaTm/PVK stack than in the PTAA/PVK stack, indicating more charge carrier ex-
traction by PTAA.

Determine the influence of thickness of MoOx and TaTm on device parameters
The influence of film thickness on atomic composition, stoichiometry and valence band en-
ergy of MoOx was determined with XPS measurement. The Mo6+/Mo5+ ratio increases with
film thickness. The same trend was observed for Lattice Oxygen / Oxygen Vacancies ratio
increasing with thickness, indicating that the Mo6+ correlates with lattice oxygen and Mo5+
correlates with oxygen vacancies. The stoichiometry determined by the XPS measurement
showed an unrealistic value of 8.6 for the 2-nm thick MoOx, which is caused due to the de-
tection of oxygen-rich FTO. The stoichiometry values for 5-nm and 10-nm thick MoOx were
realistic, but the trend of decreasing stoichiometry with increasing thickness is in disagreement
with the increase of Mo6+/Mo5+ ratio and Lattice Oxygen / Oxygen Vacancies ratio. From the
XPS measurement, it was also observed that he valence band energy with respect to the
Fermi level decreases with thickness.
The influence of thickness of MoOx and TaTm was tested on device level as single HTL. For
MoOx, a clear trend was observed where the Voc increases with MoOx thickness. The de-
crease of Mo5+ and oxygen vacancies in thicker MoOx increases the work function and inter-
face dipole, resulting in less interfacial recombination. For TaTm, the thickness showed no
influence on the Voc or FF.
The influence of thickness of MoOx and TaTm was also tested on device level as double
HTL. For thickness variation of MoOx with 5-nm thick TaTm as double HTL, 2-nm thick MoOx

showed the highest Voc and FF. The gap states of Mo5+ align with the VB of TaTm which
improves the electron transfer from the FTO to the MoOx/TaTm interface and therefore de-
creases the hole extraction barrier. For larger thicknesses of MoOx between FTO and 5-nm
thich TaTm, the same trend for single HTL MoOx is observed in which Voc increases with
thickness. For thickness variation of TaTm on 5-nm thick MoOx, it has been observed that
the Voc and FF increase with increasing thickness of TaTm. Due to the islanding of TaTm, the
increasing thickness leads to better coverage of the TaTm on the MoOx, resulting in improved
electron blocking between the PVK and HTL.

In the end, the 2-nm thick MoOx with 5-nm thick TaTm showed to be the most promising HTL.
This PSC achieved a PCE of 4.73%, compared to a PCE of 12.28% for the reference PSC with
PTAA. It has also been observed that the Voc and Jsc are better for the PSC with PTAA than
for the PSC with MoOx/TaTm. Therefore, further investigation is needed to improve the PSC
with MoOx/TaTm before the thermally evaporated MoOx and TaTm can replace the spincoated
PTAA as HTL.
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7.2. Recommendations
Below are several suggestions provided for further investigation of MoOx and TaTm as double
HTL in PSCs:

Hole-only devices
Hole-only devices can tell more on the hole-injection of the electrode to the absorber layer.
The hole-only devices are devices in which the ETL is replaced with another HTL. The current
measurent when a voltage is applied on the device is only carrier by holes. The magnitude
of the current is an indication of the hole-injection abilities. The current is highly sensitive to
changes in the height of the barrier [89]. The J-V curve of hole-only devices can give more
information on the hole-extraction abilities for varying thicknesses of MoOx and TaTm.

EIS & IMPS measurement
Resistances related to interfacial charge transport can be identified with electrical impedance
spectroscopy (EIS). EIS can measure [61]:

• Charge transfer resistance: This represents a potential barrier to the flow of current
at an interface, influencing the rate of charge transfer. The resistance, Rct, is voltage-
dependent, as voltage affects the width of the depletion region.

• Recombination resistance: This term refers to the process where electrons (or holes) are
captured, transitioning from the conduction band (or valence band) to defects within the
bandgap or surface states. The recombination resistance, Rrec, is influenced by carrier
density, which varies with both the applied voltage and the intensity of illumination.

• Series resistance: This resistance accounts for the combined effects of contact resis-
tance, wire resistance, and sheet resistance.

A method to determine the time rates of charge transfer, charge accumulation, and charge re-
combination is Intensity-modulated photocurrent spectroscopy (IMPS) measurements. Here,
the occurrence of processes on different time scales can be separated in a relatively simple
manner [152].

Simulations
Simulations can be executed to give more insight on the changes in the band diagram when
varying the film thickness of the MoOx and TaTm to enhance transport selectivity. Such
changes in the band diagram can be band bending at interfaces, shift in Fermi level, and
the size of energy barriers for electrons in the CB and for holes in the VB [150]. Furthermore,
the charge carrier density across the charge transport layers and absorber layer can be simu-
lated. Meskini et Asgharizadeh used this method to determine when the bulk recombination
is the dominant mechanism, and when it shifts to interfacial recombination being the dominant
mechanism [123].
Using the experiments in this study, it is difficult to conclude which interface is responsible
for the observed changes in the results, especially since the effects of multiple interfaces
can interfere. Simulations can increase the understanding of specific interfaces, such as the
MoOx/TaTm interface. One of the many parameters that can be adjusted with the simulations
related to the charge extraction is the defect density, the position of the defects, and the charge
carrier cross-section area [59].
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To further improve the device performance, the following suggestions can be explored:

Annealing of the HTLs
In this study, the only annealing during the device fabrication is done after the deposition of the
perovskite. However, Babaei et al. researched the effect of annealing after MoOx deposition
compared to annealing after TaTm deposition [13]. They varied the annealing temperature
ranging from 60◦C to 200◦C to determine its influence on the device parameters. It was found
that annealing after TaTm deposition improved the FF and PCE, suggested as a result of
improved ohmic contact at the MoO3/TaTm interface. Although it was not shared how the
device parameters without annealing of the HTLs compare to those with the annealing of
the HTLs, it is possible that the annealing of HTLs after deposition can improve the device
performance.

Interlayer between MoOx and TaTm
Similarly to the previous suggestion, Pérez-del-Rey et al improved the ohmic contact between
the MoO3 and TaTm [142]. However, instead of annealing the HTLs, a 2-nm thin layer of
wide bandgap TPBI is inserted in between MoO3 and TaTm. The performance of the devices
with unannealed MoO3 and TPBI interlayer is similar to the devices with annealed MoO3. It
is hypothesized that the charge transport between the TPBI and MoO3 is facilitated due to
a reaction of the TPBI with the MoO3 surface through an electron transfer. Other molecules
such as TCTA and CBP were also used as interlayer and improved the device performance
as well, but not to the extent of the TPBI interlayer. This is due to the smaller difference in IE
of the CBP and TCTA with the HOMO level of the TaTm.

Using different HTMs
Another possibility is to replace one (or both) of the HTMs. For example, TaTm can possibly be
replaced by other organic HTMs with similar energy levels that have reportedly been used with
thermal evaporation, such as Spiro-TTB [168], Spiro-OMeTad [48], and NPB [48]. Similarly,
MoOx can be replaced by other thermally evaporated TMOs with a comparable high work
function, such as V2O5 [157] and WO3 [102]. However, TaTm has also been paired with
other organic semiconductors [41], which have a work function more similar to TaTm than
MoOx. One of those organic HTMs is P3HT, which has reportedly also been used with thermal
evaporation [90].
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A
Fabricated devices for thickness

optimization

A schematic of the devices fabricated for the thickness optimization are are shown below.

(a) 2 nm MoOx (b) 5 nm MoOx (c) 10 nm MoOx

Figure A.1: Devices with MoOx as single HTL

(a) 2 nm TaTm (b) 5 nm TaTm (c) 10 nm TaTm

Figure A.2: Devices with TaTm as single HTL
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(a) 2 nm MoOx and 5 nm TaTm (b) 5 nm MoOx and 5 nm TaTm (c) 10 nm MoOx and 5 nm TaTm

(d) 5 nm MoOx and 2 nm TaTm (e) 5 nm MoOx and 10 nm TaTm

Figure A.3: Devices with MoOx and TaTm as double HTL

Figure A.4: Reference cell with PTAA



B
Device fabrication

B.1. Z-ratio calculation
Z-ratio calculation manual [96]:

1. Deposit the material until the crystal life is either near 50% or end of life.
2. Place a unused substrate next to the used QCM.
3. Deposit 100 to 500 nm of material on the substrate.
4. Measure the actual film thickness on the substrate by forx example using a profilometer

or iterferometer.
5. Correct the thickness reading that is shown by adjusting the Z-factor of the instrument.

B.2. Data sheet information of ITO and FTO
** To be added **

B.3. Recipes of thermal evaporated films

Table B.1: Recipe parameters for the thermally evaporated films.

Parameters HTL PVK ETL electrode
MoOx TaTm PbCl2 CsBr PbI2 FAI C60 BCP Ag

Idle
setpoint (◦C) 450 230 230 265 190 130 380 70 16%

Idle soak
(MM:SS) 00:30 00:30 00:30 00:30 01:00 01:00 00:30 00:10 01:00

Ramp
setpoint (◦C) 450 240 250 295 220 160 400 75 24%

Ramp rate
(K/min) 20 10 10 20 10 3 10 5 4 %/min

Ramp soak
(MM:SS) 00:30 00:00 01:00 00:30 01:00 10:00 01:00 00:10 01:00

Capture (%) 25 20 25 35 25 35 20 30 30
Capture time
(MM:SS) 00:30 00:00 03:00 01:00 01:00 00:00 00:30 00:40 00:20

Density
(gram/cm3) 4.69 1.26 5.85 4.44 6.66 2.31 1.60 1.20 10.50

P rate 20.0 20.0 20.0 10.0 15.0 10.0 20.0 20.0 20.0
I rate (s) 0.9 0.9 0.9 0.9 0.9 0.9 2.0 0.9 2.0
D rate (s) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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B.3. Recipes of thermal evaporated films 91

Table B.2: QCM-detected thickness and deposition rate for each source material of the three round single-layer
deposition of PVK.

First round
Source material Thickness (Å) Rate (Å/s)

PbI2 268.8 2.0
PbCl2 5.0 0.4
FAI 539.0 2.0
CsBr 6.0 0.1

Second round
Source material Thickness (Å) Rate (Å/s)

PbI2 361.5 2.0
PbCl2 5.0 0.1
FAI 515.0 2.0
CsBr 9.0 0.1

Third round
Source material Thickness (Å) Rate (Å/s)

PbI2 361.5 2.0
PbCl2 5.0 0.1
FAI 539.0 2.0
CsBr 9.0 0.1



C
Results of thermal stability for optical

properties

All the absorbance and transmittance spectra for the tested annealing conditions are presented
below.

C.1. Absorbance

Figure C.1: Absorbance spectra for MoOx after annealing at temperatures from 100◦C to 200◦C for 10, 20, and
30 minutes
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Figure C.2: Absorbance spectra for TaTm after annealing at temperatures from 100◦C to 200◦C for 10, 20, and
30 minutes



C.1. Absorbance 94

Figure C.3: Absorbance spectra for MoOx after annealing for 10 to 30 minutes at temperatures 100◦C, 130◦C,
150◦C, 170◦C, and 200◦C.



C.1. Absorbance 95

(a)

Figure C.4: Absorbance spectra for TaTm after annealing for 10 to 30 minutes at temperatures 100◦C, 130◦C,
150◦C, 170◦C, and 200◦C.
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C.2. Transmittance

Figure C.5: Transmittance spectra for MoOx after annealing at temperatures from 100◦C to 200◦C for 10, 20,
and 30 minutes



C.2. Transmittance 97

Figure C.6: Transmittance spectra for MoOx after annealing for 10 to 30 minutes at temperatures 100◦C, 130◦C,
150◦C, 170◦C, and 200◦C.



D
TRPL

Figure D.1: Expontenial fit of the TRPL graphs.

Table D.1: Exponential fitting parameters retrieved from Figure D.1.

Lifetime = (t1 ·A1 + t2 ·A2 + t3 ·A3)/(A1 +A2 +A3)

PVK MoOx/PVK MoOx/TaTm/PVK PTAA/PVK TaTm/PVK
A1 23.140 111.621 67.053 15.249 60.738
A2 6.898 1824.893 135.719 56.216 126.048
A3 8.067 12.414 0.481 19.193 11.253
t1 3.485 4.265 10.872 2.167 4.289
t2 3.487 0.240 2.050 13.754 21.679
t3 20.581 7.441 386.400 40.655 79.305

Lifetime
(ns) 7.105 0.516 5.869 17.500 19.620
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E
Device parameters for thickness

optimization

Boxplots of device parameters for all devices from the thickness optimization are shown below.

Figure E.1: Voc of all devices from the thickness optimization.
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Figure E.2: Jsc of all devices from the thickness optimization.

Figure E.3: Fill factor of all devices from the thickness optimization.
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Figure E.4: Efficiency of all devices from the thickness optimization.

Figure E.5: Series resistance of all devices from the thickness optimization.



F
Final device

Figure F.1: J-V curves of forward and reverse scans of the optimized device with 2-nm thick MoOx and 5-nm
thick TaTm.

Table F.1: Device parameters for forward and reverse scans of the optimized device with 2-nm thick MoOx and
5-nm thick TaTm.

Parameters Scan 1 Scan 2 Scan 3
Forward Reverse Forward Reverse Forward Reverse

Voc 0.9043 0.8877 0.9023 0.885 0.9011 0.882
Jsc 10.622 9.655 10.436 9.684 10.233 9.473
FF 49.18 44.61 49.86 44.71 49.4 44.91
PCE 4.725 3.823 4.695 3.832 4.555 3.753
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