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Abstract

This thesis is dedicated to the improvement of photovoltaic performance and
stability of Perovskite Solar Cells (PSCs). Halide perovskites have recently
emerged as promising harvester materials for photovoltaic devices, achieving
record efficiencies over 25 %.However, theircurrent drawback is lifetime
stability, which is the key factor that impedes the commercialization of the

technology.

In this thesis work, the application of transition metal oxides (TMOs) have been
developed as transport layers in PSC, as a result, we observed an improvement
in the device stability. TMOs thin filmsshow excellent compatibility with halide
perovskites due to their good transparency and excellent charge transfer
properties. To achieve longer lifetimes in PSCs, the understanding of the
degradation processes, mainly occuring at the oxide/perovskite interfaces,
hasbeen deeply investigated. Thesehalide perovskite absorbers and
semiconductor oxide layers have be applied to two PSC architectures: inverted
PSC and C-based perovskite solar cell.The processable semiconductor oxide are
also characterized by their low cost, can be fabricated as water-based solutions
and are capable of being synthesized at low temperatures, thereby enabling the
production of flexible substrates with printable possibilities at large scale
fabrication. C-based PSCs are fully printable and provide an easy fabrication. We
have also found that the use of NiO, as a hole transport material (HTM) can
improve the photovoltaic parameters of PSC devices. Finally, the
functionalization of metal-oxide interlayers (TiO,/ZrO,) in C-based PSCs with the
use of organic molecules, such as 5 aminovaleric acid iodide (5-AVAI), can

increase the performance of this kind of solar cells.

This work addresses the technological issues stated above and proposes
suitable concepts for the improvement in terms of efficiency and stability

employing transition metal oxides (TMOs) in PSCs. We have used several



experimentaltechniques such as X-Ray Diffraction (XRD) and Photoelectron
Spectroscopies (XPS-UPS) in order to better understand the degree of
crystallinity and the electronic properties of the materials. Microscopy
techniques, such as Scanning Electron Spectroscopy (SEM), Atomic Force
Microscopy (AFM), Focused lon Beam (FIB) were also employed to determine
the morphology of the layers and to understand the degradation mechanisms
that occur at the interface level with the final aim of enhancing the photovoltaic

performance and stability of solar cell devices.
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Figure 5.23Photovoltaic average values for C-based PSC employing TPA and PABA additives, without the
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Figure 6.1 Stability test of cell A CPSCs under 1 sun AM 1.5G conditions stored in the dark under dry
atmosphere for almost 1 year.
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6200 hours without encapsulation. The cells D, E, F from the same batch, are stored in dark conditions
under dry atmosphere.

Figure 6.4 Stability test of CPSCs (a)cell G (over 6 h) and (b)cell H (over 48 h) under continuous
illumination in ambient conditions.

Figure 6.5 Stability test (over 1000 hours) of CPSCsin terms of (a) PCE (%), (b) V.. (V) and (c) Js. (mA/cmz)
with 5AVA under continuous illumination in ambient conditions. The samples are Cell I,Cell ] and Cell K.
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Figure A.1 Defects in semiconductors. Ideal structure (a) without defects and (b) after introducing
defects.(c)point defects, (d) defect arrays, and (e) higher dimensional defects.

Figure A.2 (a) Representation of the structure of a SAM. Extracted from [8]. And(b) Different bonding
modes of organic molecules on oxide surfaces.

Figure A.3 Schematic representations of (a) the different layers of the Carbon-based PSC studied in this
thesis work, (b) the corresponding band energy level alignment of layers and interfaces and (c) the
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Figure A.4 XRD patterns of mesoscopic TiO,/ZrO,/C on FTO glass (a) infiltrated MAPbI; using a two-step
method (MAPbI;3) and (b) infiltrated with 5-(AVA),(MA),,Pbl; using a one step method. (c) a study of the
Pbl, peak in function of PABA concentration infiltrated with 5-(AVA),(MA)..,Pbls(d)a study of the Pbl,
peak in function of the TPA concentration infiltrated with 5-(AVA),(MA),Pbls.

Figure A.5 (a) Image of the sample. (b) Schematic representation of the sample. (c)Scheme of the layer
distribution of the sample.

Figure A.6 (a) Optical microscope image of a sample showing the FTO and Au coating regions and (b)
KPFM map of the same region.

Figure A.7Image of topography and Kelvin mode in areas without the presence of SAMs, (a) TiO,/FTO
and (b) Au/TiO,/FTO.

Figure A.8 (a) Image of the molecular structure of SAVA.Cross section of thesurface potential image of
topography and Kelvin mode in areas with the presence of 5AVA. (b) 5AVA/FTO and(c) 5AVA/Au
float/FTO.

Figure A.9 (a) 5AVA molecule. (b) Comparative images of the topography and Kelvin mode of SAVA on
oxide surface and 5AVA on Au surface.

Figure A.10 (a) Image of the molecular PABA structure (b) KPFM image and (c) topography image of
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presence of PABA molecules.

Figure A.12 (a) TPA molecule.(b) KPFM images of the TPA molecules on top of TiO, and Au surfaces.
Figure A.13 (a) TPA molecule.(b) Different values of absolute WF values depending on the zone of the
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Chapter 1

Introduction

1.1 Energy

The ever increasing world population, which reached 7.6 billion people in 2017 and it is
expected to reach 8.6 billion by 2030, has a direct strong effect on natural resources
like water, food and energy. Thus, the demand of energy has become one of the most
challenging matters that we have to face in the 21* century [1]. The current energy
supply based on natural fossil fuels is no longer sustainable. In addition, environmental
issues such as the greenhouse gas effect, one of the main responsible for the climate
change, call for the urgent development of new technologies based on clean and
sustainable energy sources. Renewable energy is intensively studied since it comes
from inexhaustible natural resources such as sunlight, wind, rain, biomass or waves.
Figure 1.1 shows the estimated proportion of renewable energy sources in 2016,

which supplies about 23.7 % of the total world energy demand [2].

® Hydropower ® Wind

Fossil Fuels and Nuclear « Bio-power ® Solar PV

m All Renewables = Others

Figure 1.1 Estimated renewable energy sources of Global Energy for 2016. Extracted from [2].
As a conclusion of the United Nation Climate Change Conference held in Paris (COP21)
in 2015, the world nations prepared and adopted The Paris Agreement which central

aim is to reinforce the response of all nations to combat climate change. The

governments should achieve the goal of keeping the global average temperatures
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below the 2 degree Celsius (°C) increase. For instance, by 2020 EU aims to reach a
reduction of 20 % of greenhouse gas emissions [3]. If stronger action is not
implemented after 2030, the average temperature is expected to increase ~2.6 °C by

the year 2100 [4].

One of the main sources of clean energy comes from the sun. Solar energy is
sustainable, inexhaustible and CO,-free. Solar light can be converted to generate
electricity, heat (solar thermal energy) and chemical energy (solar fuels). The devices
based on semiconductor materials that convert solar energy into electricity are termed
as photovoltaics. The term photovoltaic comes from the Greek word phos, which
means light, and volt, which refers to Alessandro Volta, the Italian physicist who

invented the battery [5].

1.2 Solar cells

The photovoltaic effect was first discovered by the scientist Edmond Becquerel in
1839, who observed this effect in an electrolytic cell made of two platinum electrodes
in an electrolyte solution. Becquerel used silver chloride dissolved in an acidic media.
Then, the current of the cell was enhanced when his setup was irradiated with sunlight
[6].

Photovoltaic solar technology can be classified into three generations, depending on
the used materials and device architectures. The first generation of photovoltaics is
based on silicon and was developed by scientists at Bell laboratories in the early 1950s,
where the original solar cell had power conversion efficiency (PCE), [defined in next
Chapter see Eq 2.3], of 6 % [7]. Since then, the cell efficiency has significantly
improved. In April 2014, Panasonic’s HIT-IBC solar cells based on n-type crystalline-Si

wafers hold the world record with a conversion efficiency of 25.6 % [8].

This cell minimizes the optical, recombination and resistance loss which directly
enhance the conversion efficiency. This first generation includes monocrystalline (c-Si)

and polycrystalline silicon solar cells and the associated technology dominates the
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current photovoltaic market [9]. However, alternative technologies have also been
developed, called second generation solar cells, and known as thin films solar cells. In
this category we can find amorphous silicon (a-Si) and semiconductor materials such as
cadmium-telluride (CdTe) or copper indium gallium selenide (CIGS). In contrast to c-Si,
these materials are simpler and less expensive to produce, applied in a solar cell they
can achieve efficiencies as high as 22.9 % for CIGS and 21.0 % for CdTe [10].
Nevertheless, the toxicity and availability of several elements such as indium (In),
tellurium (Te) and selenium (Se) limit their potential for large-scale application [11].
The third generation solar cells encompasses the most recent technologies, such as
Organic Solar Cells (OSCs), Quantum Dot Solar Cells (QDSCs), Dye Sensitized Solar Cells
(DSSCs), all-oxide solar cells and Halide Perovskite Solar Cells (PSCs). These are
characterized by the possibility to be fabricated on light weight and flexible substrates

applying low-cost and scalable solution processing techniques.

These 3" generation solar cells will be described in the following section, giving special
emphasis to PSCs during this entire thesis. Figure 1.2 shows the evolution of the best
achieved conversion efficiencies of all kinds of solar cells since 1976 by the

corresponding research groups or companies.
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Figure 1.2 Reported timeline of the evolution of solar cell PCEs since 1976. Extracted from[12].
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1.2.1 Organic Solar Cells (OSCs)

In 2000, the Nobel Prize in Chemistry was awarded to the scientists Alan Heeger, Alan
MacDiarmid and Hideki Shirakawa for the discovery and development of organic
conductive polymers [13]. Several years later, these polymers were employed as
absorbers in OSCs. Figure 1.3 (a) shows the layered architecture of an OSC. The main
layer, the active layer, which is in charge of the absorption of photons, is composed by
the donor and acceptor materials (represented in blue and red colors, respectively). A
transparent conductive electrode (TCO) is necessary in order to let the light pass
through and reach the absorber material. The back electrode is usually a metal such as
Ag, Au or Al (among others). Transporting layers such as hole transport layer (HTL) and
electron transport layer (ETL) are included between the active layer and electrodes in
order to enhance the charge transport.

An organic semiconductor polymer serves as an electron donor and another polymer,
a fullerene compound, or small organic semiconductor molecule can serve as an
electron acceptor. Both, the ETL and the HTL, are blended together to form what is
called a bulk heterojunction. The most used organic donors include: poly(p-
phenylenevinylene) (PPV), poly(2-methoxy-5-(2-ethylhexyloxy)-1-4-phenylenevinylene)
(MEH-PPV), poly(p-phenylenebenzobisthiazole) (PBZT) and poly(3-hexylthiophene)
(P3HT)[14]. Some examples of organic acceptors include: poly(p-phenylenevinylene)
(CN-PPV), [6,6]-phenyl-C61-butyric acid methyl ester (PCsBM) or poly[2-aloxy-5-
alkanesulfonyl-1-4-phenylene vinylene] (SF-PPV). Most improvements have been
found with materials such as fullerenes PCsBM and PC;0BM, which represents the
state-of-the-art [15]. Figure 1.3 (b) shows the functional mechanism of an OSC. When
light reaches the active layer, a photon excites an electron from the HOMO to the
lowest unocopied molecular orbital (LUMO) in the donor material generating an
exciton. The charged species diffuse through the donor material to the donor-acceptor
interface. Finally, at this interface, the exciton dissociates and the electron moves to
the LUMO of the acceptor and to the electrode while the hole migrates to the other

electrode.
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Figure 1.3 (a) Scheme of different layers of an OSC. Adapted from [16](b) Functional mechanism of an

OSC. Adapted from[17].

The transport layers (in yellow color in Figure 1.3 (a)) play an important role in order to
promote ohmic contact formation and minimize series resistance (Rs) and charge
recombination [18]. From the PCE point of view, due to the used materials, an
impressive 12 % was achieved in 2012 [19].The record efficiency reached by OSC is 15
% for single junction solar cell [20]( ~11 % certified [21] ) and 17.3 % for a 2-terminal

monolithic solution processed tandem OPV [22] ( ~12 % certified [21]).

The relatively simple fabrication and molecular versatility is one of the most attractive
facts of the OSC technology. Different techniques such as simple roll-to-roll (R2R), spin
coating, spraying and vaporization were applied for mass production of OSCs [19].
However, further work is needed in order to find organic molecules with good
extinction coefficients for proper exciton dissociation process and also, an

enhancement of their PCE and stability for commercialization requirements.

1.2.2 Quantum Dot Solar Cells (QDSCs)

QDSCs have attracted considerable interest in the last 20 years, due to their
optoelectronic properties. Quantum dots have the potential to increase the PCE and
even surpass the Shockley-Quiessler limit [23]. The tunability of Quantum Dots

bandgap is possible through the control of the Quantum Dots size. This allows
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obtaining a broad light absorption spectrum. Several semiconductors have been used
in the QDSCs such as: PbS, CdS, CdSe, CulnS;, and Ag,S [24]. Surface engineering is one
of the key issues of the QDSCs [25].

Baek and co-workers achieved a PCE of 11.7 % using a PbS based QDSCs which was
able to retain over 90 % of its initial performance after 1 year of storage under
ambient conditions [25]. QDSCs applying TMOs as transport layers have been studied
by Gao and co-workers. In their work they used molybdenum oxide (MoO,) and
vanadium oxide (V,0,) as efficient HTLs in a ZnO/PbS QDSCs heterojunction exhibiting
a certified 4.4 % PCE [26]. Currently, the record certified efficiency of QDSCs is 13.4 %
based on CsPbl; QDs [27].

Despite of their advantages, one of the limitations in QDSCs is the fast electron-hole
recombination because of the defect states at the surface which provides many

recombination centres [28].

1.2.3 Dye-sensitized Solar Cells (DSSCs)

DSSCs are characterized by the application of a dye, responsible for light harvesting,
absorbed on a mesoporous semiconducting oxide layer. The DSSC field received
worldwide recognition after the appearance in a Nature publication by O’'Regan and
Gratzel, exhibiting an exceeding 7 % PCE [29]. The DSSC consisted in a I'/I'3 redox
couple in the electrolyte solution, a ruthenium coordination complex as light absorber
and a mesoporous oxide electrode (TiO,), as an ETL. The scheme of the DSSC working
mechanism is shown in Figure 1.4.The photon is absorbed by the dye, and then the
photo-excitation of the dye takes place, after that, the electron is injected into the
conduction band of the mesoporous TiO, (mp-TiO,), leaving the dye in the oxidized
state. The injected electron flows to the back contact and then through the external
load to the counter electrode. The dye molecule is regenerated by the redox system,
such as iodide/triiodide couple, and the redox system, at the same time, is reduced at
the counter electrode, by electrons passed through the load. The difference between
the Fermi level of the solid and the redox potential of the electrolyte corresponds to

the voltage generated under illumination [30].

18



Introduction

F 3 A
— o
ho e
E, B
t HOMO
Dye
VBM 4

Figure 1.4 Scheme of the functional mechanism of a DSSC witha I'/I'; redox couple. Adapted from

[31].

The PCE of the DSSCs depends on the different photovoltaic parameters. The open
circuit voltage (Vo.), is determined by the difference of the electrons of the TiO,
semiconductor in the Fermi-level and the energy level of redox potential in the
electrolyte solution. The short circuit current (Js.), which is the current through the
solar cell when the voltage across the solar cell is zero, is affected by the light-
harvesting capacity of the dye molecules.

The use of other dyes based on Co**/Co**, Fe*'/Fe** and Cu*/Cu®" have also been
investigated in order to enhance the working efficiency and reduce the voltage loss
[32]. Despite the great achievements in DSSC, the concern about long-term stability is
still a challenge. Many factors could induce to the degradation, such as the use of
volatile solvents (acetonitrile), the dye desorption in electrolyte solution, the
degradation of cobalt-based complexes [33], the electrode corrosion and the visible
light absorption by I/137[32].

To eliminate leakage and solvent evaporation from the electrolyte, in 1998, Gratzel
and co-workers developed the solid-state (ssDSSCs) by using 2,2’,7,7’-tetrakis(N,N-
dimetoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD) [34]. However, this kind
of technology revealed low PCE as compared to the liquid-based DSSCs. Hagen et al.
were the first to report on a solid-state device based on a molecular semiconductor

[35]. O’Regan et al. reported a system based on electrodeposited layers of ZnO with a
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PCE of 1.5 % [36]. Currently, the highest PCE for a DSSCs is 14.3 % with a Co(ll/Ill)
tris(phenanthroline) based redox electrolyte [37] and for ss-DSSCs the record is 11 %
PCE, using a solid HTL composed of a blend of [Cu(tmby),] (TFSI), and [Cu(tmby),]
(TFSI) [38].

1.2.4 Halide Perovskite Solar Cells (PSCs)

Organic-inorganic hybrid PSCs have become the most attractive emerging photovoltaic
technology due to the high efficiency achieved in just a few years: certified records of
24.2 % [12]and 27.3% [39] for single junction PSCs and perovskite/silicon tandem solar
cells have been reported, respectively.

Back in 2009 Miyasaka et al. reported a successful replacement of the dye in a liquid
electrolyte DSSCs by a perovskite absorber, leading to an unexpected 3.8 % PCE [40]. In
2012, Park et al. reported a higher PCE of 9.7 % using perovskite nanocrystals as the
light absorber, and a thick mp-TiO, film and spiro-MeOTAD as the ETL and HTL,
respectively [41-42].

Since then, significant improvement in PCE has been observed in only a few years
which are attributed to the enormous efforts in the optimization of the device
architecture, the fabrication methods, the interface engineering, the replacement of
the unstable materials that induce a fast degradation, the study of the solvents and the
deeper understanding of the physicalproperties of the device. For instance, Saliba et
al., has recently reported a stabilized efficiency of 21.1 % achieved with a triple cation
halide PSC using a mixture of cesium, methylammonium and formamidinium
(Cs/MA/FA) [43]. Another example is given by Seok and co-workers who were able to
reduce defects in materials and consequently reduce the energy loss in the device

towards manufacturing high performance solar cells of 22.1 % [44].

In a PSC photovoltaic device, the light-to-electron conversion initiates with the light (or
photon) adsorption by the halide perovskite, followed by the generation and transport
of the generated charges and finally the collection of the charges by the electrodes.
The study and the further understanding of the main operational processes in PSCs

have become a key point to reveal the properties of the perovskite material and the
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pursuit for optimal interfaces and electrodes in order to enhance the working device.

Figure 1.5 shows the working mechanism of PSCs.

ho

Energy

FTO ETL PVSK HTL Metal

Figure 1.5 Schematic band diagram and working principle of PSCs. Adapted from [45]

The optical properties of the perovskites can be modified through the combination of
monovalent cations (MA, FA) or halogen components (CI', Br, I'). The MAPbl; absorber
has a direct bandgap of 1.6 eV while MAPbBr; has a larger bandgap of around 2.3 eV
suitable for tandem solar cells applications [46]. FAPbl; shows a narrower bandgap of
1.5 eV, thus allowing theoretically larger currents when employed as an absorber [47].
The well-known MAPbI; perovskite presents an absorption onset of about 800 nm and
large absorption coefficient in the visible range (=10°cm™), thus it can guarantee an
efficient light-harvesting by creating a high density of photoexcited charges [48]. Also,
the hole mobility of the perovskite lies within 2-10 cm? V! s and the range of the
electron mobility is between 5-12 cm? V' s [49]. Figure 1.6 shows the band alignment
for different compositions of perovskite such as MAPbls, FAPbls;, FAPbBr; and MAPbBr3
with different band gap (E;) values and the different halide perovskites are sandwiched

between the ETL and the HTL [50].
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Figure 1.6 Schematic band matching for electron injection between perovskite, ETL and HTL for

different perovskite absorbers. Adapted from [50].

The aim towards excellent photovoltaic performance is the passivation of the surfaces
which can reduce radiative recombination and promote the acceleration of electron
transfer at the interfaces. The application of metal oxides as transport layers has
proved to be a successful strategy to avoid non-radiative recombinationin PSCs. For
instance, Jung and co-workers employed an MgO coating layer for delaying charge
recombination and consequently increasing the efficiency of the solar cell [51].
Palomares et al. applied an Al,0; overlayer on nanocrystalline TiO, films, which
hindered charge recombination [52].

Regarding the fabrication of the perovskite film, several preparation methods have
been reported, such as the dual source evaporation [53], sequential (two-step)
solution deposition [54] with an “anti-solvent” approach where the insoluble solvent
causes a supersaturation inducing a rapid crystallization of the perovskite, one-step
spin coating [55], vapour-assisted solution process [56] and screen printing process

[57].

1.2.5 Device Architecture

Although there is a variety of possible device architectures and materials, the majority
of photovoltaic energy conversions use semiconductor materials in the form of p-n
junctions. Basically, a PSC can be divided in five different layers (Figure 1.7): two
current collectors, two transport layers and the main absorber layer. The most
important layer of the solar cell is the main absorber (active layer), made of the halide
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perovskite. This layer is sandwiched between the two transport layers, which are
characterized by their electron and hole transport (or blocking) properties and thus are
known as HTL or ETL, respectively. These transport layers are employed to enhance the
separation of charges and improve charge extraction reducing recombination. These
three layers (ETL/halide perovskite/HTL) are at the same time sandwiched between
the two current collectors (or top and bottom electrodes in Figure 1.7). The electrodes
are responsible for the collection of charges obtained from the main absorber and
transport layers, and are characterized by their high conductivity. At least one these
top/bottom electrodes must be transparent (e.g. transparent conductive oxide (TCO),
aluminium doped zinc oxide (AZO), etc.) so the light can arrive to the interior of the
solar cell or the main absorber (active layer). The other current collector is usually
made of a metallic electrode (Au, Ag, Cu, C, etc). The TCO is coated on an insulating
substrate (e.g. glass, plastic, etc) as the bottom electrode. Due to their high
transparency and low sheet resistance, the most used TCOs are ITO, FTO or AZO.
Although the HTL and ETL can be made of organic or inorganic semiconductors, in this
thesis work we limit these materials to semiconductor oxides. The most applied
semiconductor oxides used as ETL are TiO,, SnO, or ZnO, among others. For the HTL,
the most applied oxides are bare or doped NiO, MoOs, V,0s5, among others.

The device configuration of perovskite based photovoltaics can be classified as either
normal-type or inverted-type structures [58] and the configuration depends on the
transport layer placed next to the TCO (bottom electrode). If an ETL is deposited next
to the TCO, the solar cell has the normal configuration but if the layer next to the TCO
is a HTL then we have the inverted configuration. Figure 1.7 shows the different layers
that form the normal (a) and the inverted (b) configuration PSC. In any of these two
configurations, if the layers are made as dense thin films, the configuration is called
“planar configuration”, but if any of the layers (especially the ETL) is made of
mesoporous oxide nanostructures (nanoparticles), the PSC configuration is known as

the “mesoporous configuration”.

The operational system widely accepted for both structures consists of a perovskite
absorber layer, which absorbs light and generates electron-hole pairs. The electrons

and holes diffuse and get separated through ETL and HTL and are finally collected by
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the corresponding electrode, also described in Chapter 1 on the physics in solar cell

[59].

(a) (b)

Top electrode (Au, Ag) Top electrode (Au, Ag)

Electron Transport Layer (ETL)

o

Figure 1.7 PSC stack in normal (a) and inverted (b) configurations. In both cases the configuration is
planar.

o

The photovoltaic performance of a PSC is highly dependent on the quality of the
perovskite crystals, the interface layer and the contacts. The most common device
configuration is the normal mesoporous configuration composed of several layers: an
FTO acting as the TCO; a blocking layer TiO, (bl-TiO,)/mp-TiO,) acting as the ETL;
CH3NH;3Pbls (MAPbI3) as the main absorber layer; Spiro-OMeTAD acting as the HTL; and
finally, a Ag or Au, acting as the top electrode. Previous studies have shown that the
highest reported PCE presently exceeds 24 % [12] achieved with normal configuration

shown in Figure 1.7 (a).

The fabrication of the normal configuration PSC employs TiO, as an ETL, which needs
high temperature sintering process for its fabrication. In the contrary, the inverted
configuration can be fabricated via a low-temperature and solution-processing
methods, which are compatible with large-scale fabrication, such as roll to roll (R2R),
printing/coating process [23-24] allowing for the fabrication of these solar cells on

flexible substrates.
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The carbon-based configuration consisted in a mesoporous TiO,/Zr0O,/C configuration.
This configuration led to an effective alternative as a low cost and abundant source in
order to replace the cost effective back electrodes in usual PSCs, such as gold or silver.
Also, the simple fabrication using printing methods made this configuration a

promising configuration towards the future commercialization.

In this thesis we focus on the development of inverted (Chapter 4) and carbon-based
PSCs (Chapter 5), the application of oxide interfaces, their efficiency improvement and

device stability (Chapter 6).

1.3 Perovskite solar cells stability

Although PSCs is a very promising technology, main challenges prevent their
development and commercialization. The two most important are related to the
toxicity of heavy metals such as Pb and Sn, and the stability of complete devices and
modules. In this section, the different parameters which directly affect the degradation

process and some possible solutions to avoid the degradation paths are discussed.

We can separate the main stability issues in three categories (Figure 1.8): light,
atmosphere, moisture and temperature, LAMT (a), extrinsic (b) and intrinsic (c) factors
[62]. The LAMT factors are those that have been extensively studied by the research
community and thus, many are the strategies already known and followed to
overcome them. The intrinsic and extrinsic factors relates to issues observed in
materials (chemical and physical properties) and devices respectively, as will be

described in the following section.
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Figure 1.8 Different parameters which could affect the long-term stability of the PSCs: Light,

Atmosphere, Moisture and Temperature (LAMT), extrinsic and intrinsic factors. Adapted from [63].

1.3.1 Light, atmosphere, moisture and temperature (LAMT)

Light is an important external factor to take into account for the PSCs lifetime. Snaith
et al. studied the photoinduced instability of PSCs and they found that performance of
the encapsulated device could degrade slower than for the unpacked device. For the
outdoor measurements it is necessary to use a UV filter to improve the photostability
[64]. Li et al. studied the light degradation of CH3sNHsPbls thin films, and they observed
that after 480 min of irradiation the ratio of metallic Pb with respect to the total Pb
amount was about 33 %. Their research exhibited an accelerated decomposition of
perovskite films by light [65]. Also, Faroog and co-workers investigated the impact of a
CH3NH3Pbls absorber exposed to different UV bands of the range between 310-317
nm. At 311 nm UV radiation directly decreases the J,. of all PSCs samples after 500 h
[66]. In this sense, Lee et al. investigated the effects of perovskite degradation under
UV light. A set of PSCs were exposed to 365 nm of UV light for 1000 h and an
important degradation was detected even in a glovebox conditions (absence of oxygen

or moisture) [67].

The second factor is the atmosphere. Degradation with oxygen may cause superoxide

species and the photo-oxidized CHsNHsPbl; decomposition into Pbl,. Crystalline
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perovskite films show a superoxide formation and consequently low stability. One way
to improve the stability is the passivation by iodide salts which reduce the superoxide
formation [68]. In addition, Yang and co-workers also found that oxygen induces the
transformation from CHsNH3Pbl; to Pbl, which could be due to absorbed oxygen at the
grain boundaries [69].

The components in ambient conditions, such as moisture, H,O and O,, directly
influence the chemical stability of PSCs, leading to a degradation of the perovskite
layer with the colour changing from dark brown to yellow. Wang et al. reported the
hydrolysis reaction when the perovskite material is under exposure to moisture. First,
CHsNHsPbls degrades into Pbl, and CHsNHsl in presence of water, where
methylammonium iodide (MAI) further decomposes into CH3;NH, (ag) and HI (aq).
Simultaneously, HI (ag) with O, could produce H, (g) and I, (s), which can easily induce
a faster degradation process for non-encapsulated devices [70]. Liu et al. reported the
use of oxides such as Mn304, ZnO and TiO,, obtained by a simple and scalable
fabrication method to achieve better humidity tolerance [71]. Given the sensitivity of
the perovskites to moisture, a controlled humidity environment is mandatory for
perovskite preparation and film growth [72]. In addition, Snaith et al. reported
perovskite thin films fabricated under controlled humidity conditions where the quality
of films exhibited an improvement in photoluminescence, resulting in a reduction of

trap density in the film [73].

The last LAMT factor which directly affects the stability of PSCs is temperature, which
plays a crucial role in the degradation pathways. The crystal structure of the perovskite
material is affected by temperature since CH3NHs3Pbls has three different structural
phases, a cubic phase (Pm-3m) above 56.8 °C, a tetragonal phase (14/mcm) from -113.1
°C to 56.8 °C, and an orthorhombic phase (Pnma) below -113.1 °C[74]. The thermal

stability of the methyl ammonium halide perovskite is already proved above 300 °C.

However, Rensmo et al. demonstrated by in situ analysis (under UHV environment)
with PES that the degradation of CH3NH3Pbls can occur at low temperatures, closer to
100 °C, where the halide perovskite decomposes by sublimation into CHsNH, and Hl,

resulting in the formation of the Pbl, residue [75].
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1.3.2 Extrinsic and intrinsic factors affecting device stability

The extrinsic factors are more related to device configuration, device fabrication and
device encapsulation. In terms of device stability, the inverted planar architecture
ofITO/PEDOT:PSS/VO,/MAPbI3,Br,/PCsoBM/Ag could maintain nearly 90 % of their
initial PCE after 4000 h under storage under N, conditions [76]. An alternative solution
to avoid degradation was found by Han and co-workers with the implementation of
the hole-transport free PSCs with carbon stack configuration (HPSC), also called C-
based PSCs (CPSC) [57]. The group developed a triple-layer perovskite junction: a layer
of mp-TiO, which acts as an ETL, a mesoporous layer of insulating ZrO, (mp-ZrO,) used
as a scaffold and finally a porous carbon layer used as back electrode. The perovskite
solution is infiltrated by drop-casting through the carbon layer which, thanks to its
hydrophobic nature, prevents the degradation of the solar cell by moisture. Stability
over 1000h has been demonstrated in ambient air for printable carbon-based hole-
conductor-free  mesoscopic PSCs without any encapsulation under continuous
irradiation [77]. And very recently, Nazeeruddin et al. reported a remarkable long-term
stability over 10,000 h by fully printable industrial-scale process [78]. This triple
junction CPSC could be the closest architecture to commercialization. The reasons
behind are in the elimination of expensive HTL and electrodes, such as spiro-MeOTAD
and gold for instance. The record efficiency in carbon-based PSC was achieved by
Zhang and co-workers. They inserted SrCl, as a precursor solution, in the perovskite
crystal structure which lead to better pore filling and consequently better PSC

performance of 15.9 % [79].

Device encapsulation is another important extrinsic factor to take into account in the
degradation studies. For instance, Dong and co-workers used the UV-curable epoxy for
the encapsulation and better results in terms of performance compared to thermally
curable epoxy were achieved. Using UV-curable epoxy 90 % of their initial efficiency
was maintained after 48 h of light soaking at 85 °C and 65 % R.H.

Intrinsic factors affecting the degradation process of PSC refer to the physical and
chemical properties of materials in any part of device (absorber layer, interlayers or
electrodes), as well at the interfaces (perovskite/transport layer or transport

layer/electrode). For example, the partial substitution of the caesium cation for
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HC(NH,)** in a FAPbIl; perovskite has been proposed. The combination of different
cations in the halide perovskite is a new strategy to enhance device efficiency and
stability. Saliba et al. reported a mixture of a triple cation Cs/MA/FA, achieving a PCE of
21.1 % under operational conditions after 250 h. Adding Cs to MA/FA mixture provides

better crystal growth and robustness to the device [43].

Another strategy is the use of additives to grow large-size grains of the halide
perovskite. The resulting PSCs show an improvement in defect passivation and stability
in comparison with PSCs with smaller grain-size. In addition, the application of TMOs
and their functionalization can reduce the intrinsic degradation. TMOs are being
employed as a replacement of organic semiconductors, such as spiro-MeOTAD. As will
be described in detail in the following section, TMOs can be found as simple binary
oxides or as doped oxides, as bilayers with another oxide layer, as complex oxide or
functionalized with organic modifiers. For instance, Kim et al. applied a Cu-doped NiO,
as a HTL in the inverted architecture ITO/Cu:NiO/perovskite/PCBM/Cgo-bis
surfactant/Ag.

They exhibited a remarkably enhancement of the electrical conductivity and the
perovskite film quality, resulting in the improvement of PCE up to 15.4 % [80]. In
addition, Yao et al. studied the insertion of polyethylenimine (PEI) cations within the
layers of 2D perovskite. An improvement of resistance to moisture and an
enhancement in charge transport has been proved [81]. Wang et al. introduced a thin
Al,O3 layer which protected MAPbl; from moisture and at the same time, reduced
charge recombination [70]. In this sense, employing highly stable and water-resistant
additives can guarantee an enhancement of the long-term stability of PSCs. Also the
use of mixed-ion perovskite such as MAPb(l;.,Bry)s can improve stability due to the

smaller size of Br anion [46].

This thesis work is based on two of the strategies mentioned above: (a) the application
of TMOs as replacement of the transport and the scaffold layers in PSCs and (b) the
application of organic modifiers which can functionalize the oxide and the halide
perovskite surface. This is accomplished by the application of two different

architectures for PSC: inverted structure PSCs and the Carbon-based PSCs respectively.
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The aim of this work is the fabrication of devices which can stand long operational
stability. The following sections will describe the reasons behind the selection of the

materials and the PSC architecture applied in this thesis work.

1.4 Improving PSC stability through Transition Metal Oxides (TMOs)

The application of TMOs as transport layers in PSCs can guarantee low cost, versatility,
large scale fabrication and the most important, the enhancement of the stability and
moisture resistance. You et al. reported a solution-processed lead halide PSC with p-
type NiOy as HTL and n-type ZnO as ETL. This structure was
ITO/NiO,/perovskite/ZnO/Al, where ZnO isolates the perovskite layer from the Al
electrode, preventing device degradation. After 60 days of storage in air at RT, the PCE
still retained the 90 % of their initial PCE [82]. In this context, Najafi et al. also applied
NiO as HTL and ZnO as ETL in flexible substrates where PSCs exhibited excellent
stability, retaining more than 85 % of the initial efficiency after 1000 h soaking [83].
Zheng and co-workers used a CrOy as an interfacial layer between the ETL and the
electrode. After 20 days the cells with CrO, exhibited much less degradation as
compared to the cells without CrO,. This metal oxide provides a favourable energy-
band matching and a protection against water and oxygen [84]. Yoon et al. applied
In,03 by a solution process as an ETL in PSCs resulting in an enhancement of the photo-
stability due to the wide E; of the metal oxide, which leads to a 14.6 % PCE [85].

Also, Hongwei Han and co-workers applied the mesoporous double oxide layer of

TiO,/Zr0O,, which provides more than 1000 h in ambient air under full sunlight [86].

Figure 1.9 shows the efficiency response (performance loss) after stability analysis
observed in PSCs applying oxides as transport layers. We can demonstrate that
performance loss in the PSCs is reduced in six different scenarios: (1) After the
replacement of organic semiconductors (e.g., poly (3,4-ethylenedioxythiophene)
polystyrenesulfonate, PEDOT) by oxides as in (a) and (p). (2) with the application of
doped oxides as in (f), (h), (n) and (q). (3) with the application of ternary or complex

oxides as in (m). (4) after the replacement with double oxide layers as in (b), (c), (d), (j)
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and (k). (5) with the application of oxides as both the ETL and the HTL as in (e), (r) and
(s). (6) by the functionalization of the oxide interface with organic molecules as in (c),
(g), (i), (o) or (t). In all cases, the application of metal oxide layers results in an

enhanced stability of the PSCs.
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Figure 1.9 Performance loss (%) using metal oxides or interface engineering in stability analysis of
PSCs. Different stability test were applied for each study.(a)lITO/NiO,/perovskite/ZnO/Al and
ITO/PEDOT:PSS/perovskite/PCBM/AI [871;(p) ITO/PEDOT:PSS/perovskite/PCBM/Cg/Ag and
ITO/CuNiO/perovskite/PCBM/Cgo/Ag )[88]. () ITO/Ceo-SAM; (h)
FTO/NiMgLiO,/perovskite/PCBM/NbTiO,/Ag [89], 1.8n with the configuration of
ITO/NiCo,0,/perovskite/PCg;BM:Cqo/ZrAcac/Ag [90], 1.8q with the configuration of FTO/
CrO,/perovskite/PCBM/Ag and FTO/Cu-CrO,/perovskite/PCBM/Ag [91].(Figure 1.8b with the
configuration of FTO/TiO,/mp-TiO,/Al,03/NiO/MAPbI,_,Cl,-NiO/Spiro-OMeTAD/Au [92], 1.8c using the
configuration FTO/ZnO/perovskite/Spiro-OMeTAD/Au and FTO/Zn0O/MgO/perovskite/Spiro-
OMeTAD/Au [93], 1.8d with the architecture of FTO/ZnO/perovskite/Spiro-OMeTAD/Au and
FTO/ZnO/MgO-EA/perovskite/Spiro-OMeTAD/Au  [93], 1.8 employing the architecture of
FTO/TiO,/ZrO,/carbon with infiltrated 2D:3D perovskite [78] and 1.8k using the configuration of
FTO/TiO,/ZrO,/carbon and FTO/TiO,/Zr0O,/Co3;0,4/carbon with infiltrated perovskite [94].(Figure 1.8e
ITO/Cgo-SAM/SNnO,/PCe,BM/perovskite/dopedSpiro-MeOTAD/MoO,/Au and ITO/Cgo-
SAM/Sn0,/PCe,BM/perovskite/PDCBT/Mo0O,/Au[95], 1.8r with rigid glass/ITO/NiO,-
np/perovskite/PCBM/Zn0O-np/Al, 1.8s using flexible PEN/ITO/NiOx-np/perovskite /PCBM/ZnO-np/Al.
Extracted from [96].

1.4.1 Transition metal oxides as hole transport layers (HTL)

Basically, the HTL materials are in charge of the extraction of holes from the absorber
material (perovskite) to the electrode. An ideal HTL for PSCs has to fulfil the following
requirements: (a) matching the CB and VB energy level with the absorber material, (b)

high mobility, (c) low-temperature solution processablility, (d) suitable surface energy
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and (e) chemical inertness [97]. TMOs semiconductors such as NiO,, CuO,, CrO,, MoQ,,

V,0shave been widely used as HTL.

NiO is a p-type semiconductor, where the valence band maximum (VBM) and the
conduction band minimum (CBM) contain contributions from the Ni 3d states [98]. NiO
is an excellent electron blocker due to the small electron affinity (2.1 eV). NiO is also an
attractive functional gas-sensing material for application both in thermoelectric and
chemiresistive gas sensors. NiO films can be formed by UVO treatment or oxygen
plasma treatment of metallic nickel, or solution processed nickel containing
precursors.

MoOs; was firstly applied in organic light-emmiting diode (OLEDs) for the good
efficiency as a hole injection material acting as a p-type semiconductor. The 4d band of
molybdenum oxide is unoccupied and contributes to the conduction band of the oxide.
MoO3; became an attractive HTL for improving device performance and stability in
OSCs [99]. M0oOs can be synthesized at low temperatures and cost-effective processing
methods [100]. Also, MoOs is more stable as compared to widely used organic
PEDOT:PSS. Furthermore, MoOs is highly transparent and easy to process [101].
Several preparation methods can be applied such as: sputtering, thermal evaporation
and solution processing [102]. Very important for environmental issues is that MoOs is
a non-toxic material [103].

CuO has been widely investigated for practical applications such as high temperature
superconductivity, magnetic storage, gas sensing, photoelectrochemical catalysis and
photovoltaics. CuO is an intrinsic p-type semiconductor [104]. Cupric oxide present the
advantage of being abundant, low-cost, easy to prepare and exhibits good matching
with VBM levels of perovskite absorber layer in inverted PSCs [105].

V,0s5 can be deposited by low temperature solution processing methods such as sol-gel
precursors. The most widely used fabrication method is the application of sol-gel such
as vanadium (V) oxytriisopropoxide (ViPr), however, this precursor exhibits high cost,
high toxicity and high reactivity. In this thesis, a water-based solution processable V,0s
was used [106].

Al,O3 is an oxide usually used as an insulating layer in order to reduce the degradation

rate of the perovskite. Wang et al. fabricated PSCs employing a bilayer of Al,03/NiO to
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avoid interface recombination and they achieved PCE of 10.1 %. Also, the PSCs without
encapsulation exhibited stability over 270 days under ambient conditions [92].

Another example is NiCo,04 which is a p-type semiconductor where Ni occupies
octahedral sites and Co occupies both octahedral and tetrahedral sites [107]. It has
been found in several applications such as oxygen reduction, Li-ion batteries and
electrocatalysis [90]. For instance, Ouyang and co-workers inserted this ternary oxide

as a HTL and reached a PCE of 18.2 % due to a better growth crystallization [90].

1.4.2 Transition metal oxides as electron transport layers (ETL)

In ETL, electrons are injected and transported through the electrode. Also, some
requirements must be satisfied for a good ETL: (a) high transmittance inthe UV-Vis
region, (b) band alignment matching with perovskite and (c) chemically inertness
[108]. TMOs semiconductors such as TiO;, ZnO, Sn0O,, ZrO,, In,03 andNb,0s have been
widely used as ETL. TiO, is also an attractive candidate for many applications (paints,
coatings, plastics, fibers, cosmetics, etc.). Fujishima and Honda firstly reported the
possibility of use TiO, as a photoelectrode to decompose water [109]. TiO, can be
deposited by magnetron sputtering, evaporation, sol-gel processing and chemical

vapour deposition (CVD).

ZnO is currently used as ETL in PSCs. The ionization potential (IP) of ZnO is large
enough to act as a good hole blocking layer. ZnO can be preparedwith sol-gel [110],
solvothermal [111]or hydrothermal processes [112]. Another metal oxide used in PSCs
is the well-known SnO,. This metal oxide is suitable for various applications such as
solar cells, catalytic support materials, transparent electrodes and solid state chemical
sensors [113]. The interest of SnO,is based on its high IP, its good thermal stability and
good mechanical durability, excellent optical transparency, high mobility and easy
preparation procedure at low temperatures. In addition, SnO, shows good band

alignment with the perovskite [114].

WO, is another attractive metal oxide which exhibits high chemical stability, high
electron mobility, and excellent light transmittance [115]. WOs is highly stable, with

the capability of survive in a harsh and corrosive strong acidic media. Also, this oxide
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has a Eg in the range of 2.6-3.1eV depending on its crystal structure, which makes it
very attractive for their optical and electronic properties and their application in the
aerospace and aeronautic fields [116]. In order to prepare WO, several synthesis
methods can be applied: thermal evaporation, CVD and hydrothermal procedures
[117].

Lanthanum doped-BaSnO; exhibits a high carrier mobility of 0.69 cm?/Vs and its wide
Eg of 4.0 eV makes this material promising as a transparent insulator oxide [118]. Shin
et al. developed a new strategy to obtain LaBaSnO, below 300 °C and they achieved a
champion PCE of 21.2 % [119].

Zn0O/MgO is another example of bilayer semiconductor oxide. MgO is a semiconductor
oxide with a E; of 7.6 eV, also it can be used for gas sensors, superconductivity, solar
cells, electronics and catalysis [120]. ZnO-MgO thin films can be fabricated by several

techniques such as pulsed laser deposition, CVD or magnetron sputtering [120].

1.5 Defect passivation through the functionalization of oxide surfaces

Together with the application of oxides as transport layers, the functionalization of
oxide surfaces by organic molecules (organic modifiers or organic additives) is a
promising alternative to enhance the stability of PSCs. The main issue resides in the
evaluation of PSCs under more realistic operational conditions like continuous light
illumination or outdoor testing. Studies under such conditions are very scarce [118-
119]. Reported stability studies made to PSCs showing no more than ~10 %
performance loss after > 1000 h stability analysis under continuous 1 sun AM 1.5G
illumination are summarized in Figure 1.10.

The graph indicates that long operational stability can be achieved (i) in any of the
three PSCs configurations: normal (green area), inverted (yellow area) and C-based
(purple area); (ii) applying 3D, 3D/2D [78] and 2D [123] halide perovskites (HPs)
structures containing Cs, Rb, MA and/or FA cations, as in MAPbI; [86-116] double
cation MAFA [95] or CsFA [121-122] triple cation RbCsFA [126] or CsMAFA [124-125]
and quadruple cation RbCsMAFA (this work) (iii) by replacing the unstable spiro-
OMeTAD with novel organic hole transporting materials (HTMs) like EH44,BDPSO
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[129], and PDCBT [95]; (iv) if metal oxides are applied as transporting layers in the form
of doped [86-127], complex oxides [119] as oxide multilayers [75-128] or as metal
oxide layers functionalized with organic molecules [127], polymers [92-123] or Cgo
derivatives; or (v) by the application of additives for the passivation of defects. In all
these examples, a recipe to achieve these exceptional PV stabilities resides in the
engineering and passivation of defects found in any material of the device, the
absorber, the transport layers or the interfaces [93-129]. The normal configuration
which shows a small performance lost is:1)
ITO/SnO,/PCBM:PMMA/CsMAFA/PMMA/Spiro-OMeTAD/Au[134]2)
ITO/SnO,/CsFAMABrI/EH44/Mo0,/Al [127], 3) ITO/Cg-SAM/FAMABTrI/ PDCBT/Ta-WO,/
Au [95], 4) FTO/c-TiO/mp-TiO,/ CsFAMABrl/ CuSCN/ r-GO/Au[128], 5) FTO/La-
BaSn0O5;/MAPbI;/NiO/FTO/glass [119], 6) FTO/c-TiO,/mp-TiO,:0M/CsFAMABTrI/Spiro-
OMeTAD/Au[96]. For inverted configuration
1)ITO/NiO/CsFABrl/LiF/PC60BM/SN02/ZnSn0O2/ITO/LiF/Ag [124], 2)
FTO/PEDOT:PSS/BAMAI/PCBM/AI[123],3)FTO/NiMg(Li)O/MAPbI,/PCBM/Ti(Nb)O,/Ag
[89], 4) ITO/BDPSO/MAPbI3/Ceo/BCP/Ag [129], 5) FTO/LiNiO/CsFAMAI/Ceo/Al[135], and
finally the carbon-based PSC: 1)FTO/c-TiO,/mp-TiO,/ZrO,/MAPbDI;-
5AVA/carbon[131],2)FTO/c-TiO,/mp-TiO,/Zr0O,/(HOOC(CH,)4NH3),Pbls/carbon[78],
3)PET/Gr/TiO,/PCBM/MAPbIs/ Spiro:OMETAD/CSCNT[136]. The reduction of defect
density mitigates recombination and prolongs the lifetime of charges leading to

efficient and stable PSCs.

35



Chapter 1

Back metal electrode

"I. o
6 e. &
m 5 g
¢ o s?‘@“’x*“qd’ ‘-5" Co ca e
50
45 L e S > 20
< 40 ° .
= o o e
jzs- » S ?
220— 10 %
215- . E
L oo o 5 w
S 54 * s 0 ®
o o= . L ¢ o i
(s 1) O'b
‘(‘01 \’3:\‘\\ c,o ‘0\\- \}w\ :}1,

U'? ,&\()ﬂ-\;a Q\QQ \,\ >

Transparent conducting oxide

NORMAL  INVERTED = C-Based + IcN2

Figure 1.10 Operational PSCs stability studies reported in the literature with less than 10%

performance loss after analysis of more than 1000h under continuous 1 sun illumination [96].

In all these cases, engineering and passivation of defects has been the key component
to enhance device stability. The reduction of defect density mitigates recombination
and prolongs charge carrier lifetimes leading to efficient and stable PSCs. Defects can
be found in the oxide or perovskite materials in the bulk or interfacial layer and are the
responsible for detrimental processes in the PSCs such as charge recombination or ion
migration, among others. Defects can also facilitate oxygen migration through the
perovskite material, which could accelerate the degradation processes in operational

devices [137].

Several studies about the functionalization of the interfaces have been reported in
order to passivate the defects and consequently enhance PSCs device performance by
the use of SAMs, also called organic modifiers. Different functional groups, such as
silanes, phosphonates, carboxylates, catechols, alkynes, alkenes and amines, can be
applied for interfacial modification. Silanes and carboxylates are the mostly studied
ones due to the environment-friendliness of carboxylic acid and the high reactivity of

silanes [138]. Han et al. inserted an organic silane SAM between TiO, and CH3NH3Pbls
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in hole-conductor free PSCs based on carbon. Optimized interface band alignment and
enhancement of the charge lifetime were achieved. As a result, a PCE of 12.7 % was
obtained. Also, it was proved that the silane SAM helps to reduce the charge
recombination through defects [139]. Wang et al. reported the study of a SAM with a
carboxylic acid group that was added to the inverted perovskite architecture of
FTO/NiO,/SAM/MAPbI3/PCBM/bis-Ceo/Ag. The selected SAM was 4-bromobenzoic acid
and the PCE showed a value exceeding 18 % [140]. De Marco and co-workers
introduced Guanidinium additive in order to passivate the defects thorough the
suppression of iodide vacancies. Eventually, the V.. was improved and better
efficiencies exceeding 17 % were obtained [141]. These different SAMs applications in
PSCs will be discussed more in detail in Chapter 5 and Annex. Another passivation
approach is the use of 3D-2D perovskites. Grancini et al. used the 2D-3D perovskite
blend and a solar cell of 11.2 % efficiency with a long-term stability for more than

10,000 h were obtained [78].

Taking all the information described above on the effect of TMOs and their surface
functionalization to enhance PSC efficiency and stabilityinto account, in this thesis we
have focused on (a) the fabrication of inverted PSCs applying metal oxides as transport
layers and (b) the application of the C-based PSC configuration fabricated by screen
printing, where two different TMOs are applied as mesoscopic films and organic

modifiers passivate defects at interfaces.
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1.6 Objectives of the thesis

1.6.1 General objective
The main objective of this work is the development of synthesis and processing
methods for the fabrication of halide PSCs with high efficiency and stability applying

TMO:s as transport layers.

TMOs have been selected due to the high thermal and moisture resistance that confer
to PSCs. These were synthesized by sol-gel methods and used as transport and as
scaffold layers in PSCs. When possible, the TMOs were obtained by low temperature
synthesis methods.

Organic modifiers have been selected in order to functionalize oxide (and halide
perovskite) surfaces in order to passivate defects. The latter should decrease charge
recombination and reduce device degradation. As a result highly efficient PSCs are
obtained.

PSCs with two different configurations have been chosen: (a) inverted PSC fabricated
by spin coating, and (b) C-based PSCs fabricated by screen printing. These two
configurations have been selected due to their characteristic enhanced efficiency and

stability.

1.6.2 Specific objectives

1.6.2.1 Synthesis of solution processing TMOs

Synthesis of solution processing HTL and ETL made from TMOs, including NiO, ZnO,
TiO,, MoO3, CuO and V,0s. Their syntheses are low cost atlow-temperature with the

possibility to carry out under water or alcohol solvents.

1.6.2.2 Characterization of TMOs thin films

Another specific objective is the study of TMOs thin films properties such as optical,
electronic, morphological, and crystallographic properties to further understand the
functionalities of these oxides applied in the PSCs.These studies were carried out
usingdifferent techniques such as X-Ray and Ultraviolet Photoelectron Spectroscopy

(XPS-UPS) to understand the electronic properties of the material and XRD to better
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understand the crystallinity properties of the TMOs. Also, Ultraviolet-visible

spectroscopy was employed to determine the transparency and E; of the TMOs.

1.6.2.3 Surface functionalization and characterization

Another specific objective is the application of surface functionalization through the
application of organic molecules in order to reduce charge recombination and enhance
the crystallization of the perovskite. The organic molecules were selected and
introduced during the fabrication process of the PSCsand further characterized in
order to know the interaction between them and the perovskite material inside the
photovoltaic device. In-depth study of the interaction between the organic molecules
and the selected surface was made through the fabrication of SAMs on oxides. The
characterization was then carried out with AFM, Kelvin probe, XPS/UPS and

microscopy analysis.

1.6.2.4 Fabrication of Perovskite Solar Cells

Fabrication of complete PSCs devices, employing TMOs in inverted configuration PSC
and in hole transport-free carbon based PSC, was carried out by low-cost techniques
such as spin coating or screen printing. Additionally, thescreen printing technique

permits the fabrication of PSCs on almost any substrate and at large scale.

1.6.2.5 Complete solar cell characterization

Finally, the complete PSCs under investigation were measured by a sun simulator
setup under ambient air conditions. Microscopy techniques such as Scanning Electron
Microscopy (SEM), AFM and Focused lon Beam (FIB) were employed to determine the

morphology of the layers.

1.6.2.6 Stability analysis of complete PSCs
In order to control the degradation process of the complete PSCs studies of lifetime
following the 1SOS-protocols were carried out, in the dark or under continuous

illuminationin ambient conditions.
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1.7 Scope of the work

The different TMOs and PSCs are presented in different chapters. At the beginning
of each of these chapters have a short introduction and a literature review of the
reported solar cells. Then, it follows a description of the results and finally the

conclusions and references.

This thesis is organized in the following way:

Chapter 1: A complete introduction is presented in this chapter which provides a
brief overview of photovoltaic technologies and the requirements to use renewable

energy sources such as solar energy.

Chapter 2: Describes the experimental methodologies and characterization

instruments employed in this research and their application in PSCs.

Chapter 3: The optical, electronic and crystallographic properties of TMOs are
discussed in this chapter. A characterization study between different temperatures
and their properties is presented. Techniques such as, XRD, Ellipsometry, UV-Vis and

XPS/UPS are used.

Chapter 4: Is focused on the study and optimization in terms of photovoltaic
response of inverted PSCs using TMOs as transport layers and SAMs for the interface

engineering experiments.

Chapter 5: The results of the optimization of C-based PSCsin terms of photovoltaic
response using TMOs as HTL and ETL are presented. In this chapter, two different
infiltration methods are described (one step and two step) also the results of the

insertion of SAMs in PSCsis exhibited.

Chapter 6: The stability results regarding the lifetime of C-based PCSs are exhibited.

Two ISOS protocols are employed such as, ISOS-D and ISOS-L.
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Annex: preliminary results on the electronic study of SAMsand their surface

funtionalization are presented.

And finally, at the end of this thesis work, the main conclusions are discussed.
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Chapter 2

Methodology and Materials

The understanding of the properties of the material, thin films and devices used in this
present work requires systematic characterization and optimization. In this chapter,
the different materials employed, as well as the synthesis and fabrication processes
developed, including a brief description of the used equipment for characterization,

are described.

2.1 Materials

This section summarizes the different materials used in this thesis both commercially

available or prepared and synthesized in our laboratory.

2.1.1 Commercial materials

All chemicals and reactants are commercially available and used as-received without

further purification.

2.1.1.1 Chemical reactants
e Oxide precursors: titanium isopropoxide [Ti(OiPr)s] (97%, Sigma Aldrich); zinc

acetate dihydrate Zn(OAc),.2H,0 (99.99 %, Sigma Aldrich); potassium hydroxide
KOH (85%, Sigma Aldrich); nickel acetatetetrahydrateNi(CH3COO),.4H,0 (98%,
Sigma Aldrich); copper (ll) acetatemonohydrate Cu(CO,CHs),.H,O (98 %, Sigma
Aldrich); sodium metavanadate NaVOs; (99.9 %, Sigma Aldrich), Titanium
diisopropoxide bis(acetylacetonate) (TiAcAc) (75 %, Sigma Aldrich).

e Etching reagents: Zn powder (Fluka Analytical); hydrochloric acid HCl (37 %,
Panreac).

e  Perovskite precursors: lead iodide Pbl, (99 %, TClI); MAI CH3NHsl (98 %, Dyesol).
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e Polymers: poly(3-hexylthiophene-2,5-diyl) P3HT (98 %, Merck); [6,6]-phenyl-C61-
butyric acid methyl ester PCBM (99.5 %, Solenne).

e Solvents: dimethylformamide anhydrous DMF (99.8 % Sigma-Aldrich);
dimethylsulfoxide anhydrous DMSO (99.9 % Sigma Aldrich); gamma-butyrolactone
(GBL) (99 % Sigma Aldrich);2-propanol anhydrous IPA (99.5 % Sigma Aldrich);
methanol (MeOH) (99.8 %, Sigma Aldrich); ethanol (99.5 % Panreac); 2-[2-(2-
Methoxyethoxy)ethoxy]acetic acid MEEA (Sigma Aldrich); terpineol (95.0 % Sigma
Aldrich).

e Screen printing pastes: TiO, paste DSL 30NR-D (Dyesol); ZrO, paste Zr-Nanoxide
ZT/SP (~18wt %, Solaronix) carbon paste C2150317D3 (Gwent Group); conductive
silver paste C2081126P2 (Gwent Group).

e Organic molecules as additives or SAMs: 5-AVAI (Greatcellsolar); CgHs-1,4-
(CO,H),(TPA) (98 % Sigma-Adrich); H,NCsH4CO,H (PABA) (99 % Sigma-Aldrich); 3-
(H3pp) (HO),P(O)CH,CH,COOH (94 % Sigma-Aldrich).

2.1.1.2 Transparent conductive oxide (TCO) substrates

Two different TCO substrates have been employed: Transparent conducting substrates
consist of fluorine doped tin oxide (10 % F), F:SnO, (FTO) on glass obtained from
SOLEMS (FTO TEC 7/2.2). The glass thickness is about of 2.2mm and the FTO layer
thickness is about 250 nm, made by CVD deposition and with a 6-8 ohm resistance. For
screen printing, the FTO substrates were obtained from GreatCell Solar (former
Dyesol). These are about 300 mm x 300 mm substrates with FTO deposition by CVD on
TEC8 glass and with a glass thickness about 2.2 mm and a sheet resistance of

8Q/square.

2.1.1.3 Mesh for screen printing

For the preparation of thin films and solar cells by the screen printing method, a screen
with the desirable electrode design is made on synthetic cloth stretched over a frame
under tension. The design for the different layers were: for the mesotitania layer
squares of 6 mm x 6mm on a total area of 15x10 cm?, for the meso zirconia 10 mm x
15mm rectangles on a total area of 15x10 cm? and for the carbon layer 6 mm x 15 mm

rectangles on a total area of 15x10 cm? were used. In this study, the mesh was chosen
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taking into account the viscosity and the size of the nanoparticles of the ink required
for high resolution print and the compatibility of the mesh with the inks. It is also
important that the mesh has a strong chemical and mechanical resistance. The
characteristics of the mesh used for each paste are as follows: for printing the meso
TiO, and ZrO, layers, the mesh was 130/34 (threads/cm), 55 um thick with an aperture
of 40 um, a thread diameter of 34 um, and an open area of 27 %. The mesh for printing
the carbon layer was 61/64 (threads/cm), 101 pum thick with an aperture of 90 um, a

thread diameter of 64 um and an open area of 31 %.

The screen printing equipment was a SA111576 Uniprint PM model. The 58 cm x 58 cm
x 5 cm aluminium frames were obtained from EntelatsPremia SL. Figure 2.1 shows the
different screens used for screen printing corresponding to the different solar cell
layer: TiO,, ZrO, and carbon, respectively. The inks were selected as a function of the
viscosity and thickness required to infiltrate the perovskite solution. The carbon ink
had a solid content between 38.0-42.0 % and a viscosity between 7.0 and 10.0 Pa.s.
The silver conductive ink had a solid content between 64.5-65.5 % and a viscosity

between 1.1 and 0.9 Pa.

(a) (o) (©

"

Figure 2.1 Image of (a) TiO,, (b) ZrO, and (c) carbon screens for screen printing.

2.1.2 Materials preparation and synthesis

2.1.2.1 Semiconductor Oxides
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This section describes the synthesis of the metal oxides by different methods applying

different additives and solvents.

Semiconductor Oxides as HTL:

Synthesis of NiO,
We have followed the method described by Nalage et al.[1]. The precursor of the NiO
sol-gel was prepared with 3.75 g of nickel (ll) acetate tetrahydrate in 50 ml of (MeOH)

solution. The solution was then stirred for 3 hours at 60°C.

Synthesis of MoO3

For the synthesis of MoOs by sol-gel, 1.37 g of sodium molybdate (Na,Mo0Q,) was
dissolved in 37 ml of water. Then the solution was passed through a cationic exchange
resin DOWEX50 WX2 50-100 and 70 ml were collected. The initial colourless solution
did not change, but the initial pH was 7.5 and the final was 2. The final sol-gel was

concentrated to 9-10 mg/ml and could be kept at RT for several months [2].

Synthesis of CuO,

The CuOy synthesis was prepared following the Armelao et al. method [3]. The
precursor of the CuO, sol-gel was prepared by adding 0.5 g of copper (ll) acetate

monohydrate in 50 ml of absolute ethanol which was stirred continuously for 1h at RT.

Synthesis of V,05

Synthesis of V,05.0.5H,0 xerogel was carried out by the cationic ion-exchange method
described by Livage et al. [4]. Briefly, 4.5 g of sodium metavanadate were dissolved in
water at 80 °C. After cooling down to RT, the solution was passed through a cationic
exchange resin DOWEX50 WX2 50-100. The solution changed from transparent to
yellow-orange corresponding to the formation of metavanadic acid. The final sol-gel
was concentrated to 9-10 mg/ml. The V,05 gel can be stored in ambient atmosphere at

RT for several months (up to one year) in a closed glass baker.
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Semiconductor Oxides as ETL:

Synthesis of TiO,

For the preparation of the TiO, sol-gel solution, 0.7 ml of acetyl acetone were added
slowly, dropwise, with constant stirring to a 1 ml of titanium iso-propoxide [Ti(OiPr)s4].
After mixing, 5.1 ml of ethanol (99.5 %) were added and the solution was stabilized for
24 h. The final [Ti(OiPr)s] concentration is 0.51 M. The colour of the solution was

orange-yellow, being stable for several weeks at RT [5].

Synthesis of ZnO nanoparticles

The ZnO precursor was prepared following the methods reported in the literature [6],
[7]. Typically, 2.97 g of Zn(OAc),.2H,0 were dissolved in 125 ml of MeOH and heated
to 60 °C. At this temperature, 1.51 g KOH were added and the solution was refluxed for
3 h at 65 °C. The precipitated particles were then allowed to settle for 12 h. The
mixture was carefully decanted and the precipitate was then dissolved in 50 ml of
MeOH. The particles were then suspended and allowed to settle for another 12 h.
After the final stage of the synthesis of the ZnO nanoparticles, the MeOH was removed
by decantation and the particles were suspended in chlorobenzene to a final
concentration of 40 mg/ml. Finally 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (MEEA)

at 4 % w/w with respect to the weight of ZnO was added as a stabilizer.

2.1.2.2 Halide Perovskite solutions
The preparation of all perovskite precursor solutions were made under N, atmosphere

in glovebox conditions (<5ppm of H,0 and <1ppm of O,).

CH3NH3Pbl; (MAPI) perovskite solution
All of these solutions were prepared for the fabrication of C-based PSC by screen

printing.
Two-step process:

CHsNHsPbls solution: the perovskite precursor solution was prepared following

Hongwei Han’s method [8]. The solution was prepared by dissolving 0.46 g lead iodide
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(Pbly) in 1 ml of anhydrous DMF and stirred at 70 °C. MAI solution was obtained by
dissolving 0.5 g of MAI into 30 ml of IPA.

One-step process:

CH3NH3Pbls solution with 5AVAI: the perovskite precursor solution was prepared
following Hongwei Han’s method, at 35 % weight solids in solution [9]. The solution
was prepared by dissolving 0.922 g Pbl,, 0.014 g 5AVAI and 0.314 g MAI in 2 ml of GBL
and stirred at 60 °C overnight for 14 h approximately under N, glovebox conditions.
CH3NH3Pbls solution with PABA: The perovskite solution was infiltrated using a
precursor solution containing 0.922 g Pbl,, 0.014 g 5AVAI and 0.314 g MAI with
different amount of PABA in 2 ml of GBL and stirred at 60 °C for 14 hours overnight.
CHsNH3Pbls solution with TPA: the perovskite solution was infiltrated using a precursor
solution containing 0.922 g Pbl,, 0.014 g 5AVAI and 0.314 g MAI and the different
amount of TPA in 2 ml of anhydrous DMF and stirred at 60 °C overnight for 14 hours
under N, glovebox conditions.

CH3sNH3Pbls solution with H3pp: the perovskite solution was infiltrated using a
precursor solution containing 0.922 g Pbl,, 0.014 g 5AVAI and 0.314 g MAI and the
different amount of H3pp in 2 ml of GBL and stirred at 60 °C overnight for 14 hours

under N, glovebox conditions.

Mixed-lon perovskite SOIution,[HC(NH2)2]0_35(CH3NH3)0_15Pb(|0_353r0.15)3
This solution was prepared for the fabrication of the inverted PSC by spin coating.
Figure 2.2 shows the different perovskite solution preparation, for the conventional

MAPI and the mixed-ion perovskite solution.

The perovskite films were deposited using a precursor solution containing
formamidiniumiodide FAI (1 M), Pbl, (1.1 M), methylammonium bromide MABr (0.2
M) and lead bromide PbBr, (0.2 M) in anhydrous DMF:DMSO, 4:1 (v/v) under N,

glovebox conditions.
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(a)
Methylammonium iodide
molar ratio
_+_ .
1:1
Lead iodide
(b)
Methylammonium Bromide
molar ratio
4 ;
1:1
Lead Bromide
volume ratio
i 15:85
Formamidinium iodide
molar ratio
+ 1:1 ;

Lead iodide

Figure 2.2 Scheme of the preparation procedures for (a) MAPI solution and (b) mixed-ion perovskite

solution.

2.2 Fabrication processes

In this section, the preparation processes to obtain the PSC by spin coating and screen

printing methods are described.

2.2.1 Spin coating technique
The spin coating technique is a procedure used to deposit uniform thin films on flat

substrates. Usually, a small amount of coating solution is deposited on the centre of a
substrate, either while the substrate is spinning or stationary. The substrate is then
rotated at desirable speed in order to spread the coating solution by centrifugal force.
Figure 2.3 shows the spin coater equipment from Laurell Technologies model WS-

650MZ-23NPP/LITE used in this thesis and the scheme of the spin coating process.
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Figure 2.3 (a) Image of a spin coater used in this thesis and (b) schematic process of the spin-coating
technique. Extracted from[10].

All type of solvents can be applied, in the case of volatile solvents the evaporation of
the solvent and thin film fabrication is easier than with water-based solutions. The
thickness of the films depends on the speed of deposition, evaporation of the solvent
and the concentration of the solution. Spin coating is commonly used to deposit layers
in photolithography, in semiconductor industry and in magnetic disk coatings, among

others.

In this thesis, spin coating was used to deposit sol-gel semiconductor oxides,
perovskite solutions and polymer solutions to create thin films with a nanoscale

thickness in inverted PSCs configuration.

2.2.2 Screen printing technique
The screen printing technique is used to transfer ink onto a substrate. A squeegee is

moved across the screen to fill the open mesh apertures with ink. It is very important
to control the parameters of squeegee pressure, print speed, print gap and the angle
from squeegee to the screen to obtain the optimum print of the ink. The key
advantage of screen-printing is the relative simplicity and low cost of the process.
Figure 2.4 shows a picture of the screen printer used and a scheme of the screen-

printing process.

In solar cell research, it is necessary the replacement of the evaporated metal (Au/Ag)

as a back electrode with low cost materials to reduce the cost of solar cell fabrication.
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(b)
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e e e

vacuum stage

Figure 2.4 (a) Image of the screen printer used in this thesis and (b) schematic of the screen-printing
process. Extracted from[11].

Therefore, carbon-based electrodes have been widely investigated as alternative
materials due to their low cost, easy preparation and large-scale fabrication. In this
thesis, PSCs with hole-conductor-free based on triple mesoscopic layer (mesoscopic
TiO,, mesoscopic ZrO, and carbon electrode) and a TiO, compact layer were obtained

using the screen printing technique.

2.2.3 Fabrication of PSCs

Before the fabrication of the devices the FTO substrates were cut into desired
dimensions (1 cm x 2.5 cm) applying a glass-cutting machine. The FTO was partially
removed from the glass via etching by Zn powder and HCl (2 M) using cotton sticks,
exposing a glass line to avoid short circuiting the cell. Afterwards, the FTO substrates
were rinsed with water and cleaned by standard sequential procedures: sonication
with soapy water for 10 min, distilled water for 10 min twice, and ethanol (99.5 %) for
10 min sequentially. The substrates were then dried under N, flux and finally cleaned
for 20 min in a UV-surface decontamination system (Novascan, PSD-UV) connected to

an O, gas source.

2.2.3.1 Fabrication of inverted PSCs by spin coating

PSCs with the inverted configuration FTO/NiO,/halide perovskite/ PCBM:ZnO/Au, were
fabricated as follows: The NiO films were deposited on the FTO substrates by spin-
coating applying three different concentrations of the NiO,-precursor solution in

MeOH: 0.06 M, 0.15 M and 0.21 M, respectively. The substrates were spin-coated at
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80 °C (70 pl, 8000 rpm, during 20 s) and annealed at 450 °C for 2 h in air. The prepared
FA0.835sMAg 15Pb(lgs5Bro.15)3s  perovskite solution was deposited onto the NiO film
substrate by spin-coating in a two-step process; first at 2000 rpm for 10 s and then at
5000 rpm for 30 s. During the second step, 110 plL of chlorobenzene were poured onto
the spinning substrate for 15 s prior to the end of the program. The substrates were
then annealed at 100 °C for 1 h in a nitrogen filled glove box. The mixed-ion perovskite
film was then cooled down to RT. For the PC;,,BM ETL, a polymer based on a fullerene
structure was applied, using only a 0.01 g/ml solution of PC;0BM in chlorobenzene.
This solution was applied by spin-coating at 7000 rpm for 30 s under a N, glovebox. In
the case of the ZnO ETL, a ZnO solution in chlorobenzene was applied by spin-coating
on top of the mixed-ion perovskite solution at 7000 rpm for 30 sec in N, glovebox
atmosphere. To fabricate the bilayer of PC;0BM/ZnO as an ETL, PC;BM in
chlorobenzene solution was first applied and after drying at 40 °C for 10 min, a ZnO
solution was then spin coated on top of the PC;0BM layer. In the last option a mix
solution of PC7BM (0.01 g/ml) with ZnO in molar ratio 1:1 in chlorobenzene solvent
was used. In all cases, an 80 nm of gold top electrode was thermally evaporated under

high vacuum on top of each ETL layer.

2.2.3.2 Fabrication of C-based PSCs by screen printing
The fabrication of the C-based PSCs by screen printing was carried out applying the

one-step or the two-step perovskite infiltration method. The main difference between
these two methods is the way that the halide perovskite solution is infiltrated into
what we call the “Shell”, which is the FTO/c-TiO,/mp-TiO,/mp-ZrO,/C triple layer. Here
c-TiO, refers to the compact layer of TiO, while mp-TiO, and mp-ZrO, to the
mesoporous layers of the TiO, (about 500 nm thickness) and ZrO, (about 2.0 um
thickness), respectively. The carbon layer electrode is denoted by C (with
approximately 10 um thickness). The as-prepared “Shell” can be stored in the dark in
air until utilization. The preparation of each of the layers that makes the “Shell”, as
well as the two methods used to infiltrate the halide perovskite are described as

follows:
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“Shell” preparation:

A thin c-TiO, was deposited by spray pyrolysis (Figure 2.5 (a)) onto the already etched
FTO substrate at 300 °C using a prepared solution of TiAcAc 10 % in IPA. The spraying
consisted of 25 alternating horizontal and vertical stokes, with no visible droplets on
the substrate in order to make a homogeneous layer. The c-TiO; layer (Figure 2.5 (b))

was then cooled down to RT.

Afterwards, a layer of mp-TiO, was deposited by the screen printing technique (Figure
2.5 (c)) on top of the c-TiO, thin film, then sintered in the oven with a sequence of 10
min ramps to 100 °C, 200 °C, 300 °C and 550 °C for 30 min, respectively. The mp-TiO,
thin film was prepared by a dilute suspension of TiO, paste in terpineol with 2:3
volume ratio and printed on top of the c-TiO, (Figure 2.5 (d)).

Subsequently, the mp-TiO, layer was cooled down and a meso zirconia (mp-ZrO,) layer
was deposited by screen printing (Figure 2.5 (c)) using a ZrO, paste, ensuring
uniformity of the coating with no bubbles. Afterwards, the mp-ZrO, layer was sintered
in the oven with a sequence of 10 min ramps at 100 °C, 200 °C, 300 °C, and 400 °C for
30 min, respectively (Figure 2.5 (e)).

The last printed layer is the porous carbon (C) electrode; in this case we also have to
ensure coating uniformity and the absence of any bubbles in order to achieve a well
formed “Shell”. The carbon paste is screen printed (Figure 2.5 (c)) on top of the ZrO,
layer and baked at 150 °C in the oven for 10 min and then at 400 °C for 30 min to
remove the binder and to enable infiltration of the perovskite. The printed FTO/c-
TiOy/mp-TiO,/mp-ZrO,/carbon layer (Figure 2.5 (f)) is referred here to as the “Shell”.
Once the “Shell” has cooled down, it was maintained on a hot plate at 70 °C before

perovskite infiltration.
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(a) Spray pyrolisis c-TiO, (b) c-TiO, (c) Screen printing TiO,, ZrO, and C layers

(e) mp-ZrO, (f) c-TiO,/mp-TiO,/mp-Zr0,/C

Figure 2.5 Images of the fabrication steps of the “Shell”. (a) spray pyrolysis of the c-TiO2 layer; (b) c-
TiO, after sintering; (c) Screen printing of the mp-TiO,, ZrO, and Carbon layers, (d) mp-TiO, after
sintering, (e) mp-ZrO, after sintering and (f) the “Shell”: c-TiO,/mp-TiO,/mp-Zr0,/C.

Infiltration of the halide perovskite in the “Shell”:

For the one-step method, the perovskite solution was infiltrated into the “Shell” by
drop-casting. The infiltration of the perovskite solution was carried out following the
Han et al. method [9] as described in Section 2.1.2.2. When the perovskite solution
was well dissolved and exhibiting an homogeneous yellow transparent colour, 4 pl of
the solution were drop casted onto the active area of the shell. The shells were then
left on a hot plate inside a fume hood at 50 °C for 4 h.

For a two-step process (see also Section 2.1.2.2), 4 ul of lead lodide solution was
dropped casted through the carbon layer of the shell. The solution was prepared by
dissolving 0.46 g lead iodide (Pbl,) in 1 ml of anhydrous DMF and stirred at 70 °C. Then,
in the second step, a solution of the MAI was provided for the subsequent formation
of the perovskite. The MAI solution was prepared with 0.5 g of MAI dissolved in 50 ml
of anhydrous IPA inside an N, glovebox. Then the devices are then immersed in this
solution for 30 min and then rinsed in anhydrous IPA in order to remove the excess
material. Finally the devices are sintered in an oven at 70 °C for 10 minutes in order to

evaporate the solvent. Figure 2.6 shows images of the infiltration process.
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L L

-

Figure 2.6 Images of the infiltration steps of the halide perovskite in the “Shell”. (a) (5-AVA),(MA),.
«Pbls (b) infiltration by drop-casting and (c) complete CPSC.

Final device preparation:

After the “Shell” was infiltrated with the halide perovskite solution by either of the two
methods, silver paint was applied to improve the device contacts. The silver contacts
were then cured on a hot plate at 40 °C for 2 h. Finally, the devices were kept in a
sealed box in a vacuum in the dark overnight before the measurements under a solar

simulator.

Device post-humidity treatment:

After the first control measurement, a post-humidity treatment was carried out in
order to reduce or eliminate hysteresis in the final device. The C-based PSC were kept
in a humidity oven (Memmert) at 25 °C and 70 % R.H. overnight for 12 hours

approximately. The C-based PSCs were then measured again using a solar simulator.

2.3 Characterization techniques
In this section the different characterization techniques that have been used in this

thesis are described.

2.3.1 Materials Characterization
2.3.1.1 UV-Visible (UV-Vis)

Ultraviolet-visible absorption spectroscopy measures the absorption of light across the
ultraviolet and visible spectral range through a sample. The most commonly employed

method to determine the molar concentration of an absorbing species in a solution is
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to use the Beer-Lambert law A = €. b. ¢, where A is absorbance (unitless), € is the
wavelength-dependent molar absorptivity coefficient with units of M™cm™; b is the
path length of the sample usually expressed in cm; and c is the concentration of the

sample expressed in molL™.

In this thesis, ultraviolet-visible absorption spectroscopy was used on different TMOs
in thin films. The aim was to determine in which wavelength range the TMOs applied
as HTLs and ETLs were able to absorb a maximum intensity and to evaluate their

transparency. Figure 2.7 shows the UV-visible absorption equipment used in this work.

Description of the equipment: Ultraviolet-visible absorption spectra were recorded by

using a Cary Scan 4000 spectrophotometer in the 300-600 nm wavelength range.

Figure 2.7 Image of the UV-Visible spectrophotometer used in this thesis.

2.3.1.2 X-Ray Diffraction (XRD)

XRD is an analytical technique used for the determination of the atomic and molecular
structure of materials providing information on unit cell parameters and crystalline
phase identification in powder and thin films samples. Crystallinity causes a beam of
incident X-rays to diffract into many specific directions. By measuring the angles and
intensities of these diffracted beams, the electron density within the crystal can be
obtained. From this electron density, it is possible to determine the position of the
atoms, their chemical structure and additional information. The X-rays are generated

when electrons are thermally emitted from a cathode (usually a tungsten filament)
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towards the anode inside an X-ray tube. The electrons striking the anode cause the
emission of radiation toward the sample. The interaction of the incident X-rays with
the sample produces constructive interference when Bragg’s Law is satisfied, i.e. nA=2d
sin®, where n is a positive integer (1, 2, 3, etc.), A is the wavelength of the incident X-
rays, d is the spacing between the lattice planes (hkl) and 6 is the angle of the
diffracted wave with respect to the incoming one. This is a powerful technique for the
interesting applications which include; identification of crystalline phases, quantitative
analysis, particle size and crystal structure determination. Figure 2.8 shows the XRD

equipment used for the samples of this present work.

In this thesis, X-Ray diffraction was used for the following purposes: 1) to identify the
characteristic peaks of the TMOs used as both HTL and ETL; 2) to confirm if the desired
oxide had been synthesized in the correct phase; 3) to determine the presence of any
unreacted precursor and 4) to ascertain the relationship between perovskite formation

and impurities.

e

o

Figure 2.8 Image of the X-Ray diffraction equipment used in this thesis.

Description of the X-ray powder diffraction equipment: The X-ray Powder Diffraction

measurements were performed with a Malvern PANalyticalX’'pert Pro MPD
diffractometer (Multipurpose Diffractometer) at RT using Cu K, radiation (A=1.540 A).

The MPD is suitable for the analysis of polycrystalline samples at RT. This
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diffractometer has a vertical 6-0 goniometer (240 mm radius), where the sample
stages are fixed and do not rotate around the omega axis, as in w-26 diffractometers.
The detector used was an X’Celerator, which is an ultra-fast X-ray detector based on

Real Time Multiple Strip (RTMS) technology.

Description of the thin film X-ray diffractometer: The thin films XRD measurements

were performed with a Malvern PANAlyticalX'pert Pro MRD (Materials Research
Diffractometer) Diffractomter. The MRD is suitable for the structural characterization
in thin-films materials at room and high temperatures. This diffractometer has a
horizontal w-26 goniometer (320 mm radius) in a four-circle geometry and it works
with a ceramic X-ray tube with CuKa anode (A=1.540 A). This diffractometer is
equipped with different incident and diffracted optics which can be interchanged
depending on the application required. The detector used is a Pixcel which is a fast X-

ray detector based on Medipix2 technology.

2.3.1.3 Focused lon Beam (FIB)

FIB is a techniqgue commonly used in materials science. A FIB setup uses a focused
beam of ions, usually from gallium, to image a sample in a chamber operated at low
beam currents or at high beam currents for site specific sputtering or milling. FIB
columns can be incorporated into other analytical instruments such as scanning
electron microscopes, and in this regard, FIB is commonly used in conjunction with
SEM in a dual platform instrument. In addition, FIB can be used in conjunction with
energy-dispersive X-Ray spectroscopy (EDX) to explore the chemical characterization
and the elemental analysis of the sample. The basic FIB instrument consists of a
vacuum system and chamber, a liquid metal ion source, an ion column, a sample stage,
detectors and a gas delivery system. Figure 2.9 shows the image of the FIB-SEM

equipment used in this present work.

In this thesis, a FIB/SEM dual cross-section platform instrument was used for
perovskite samples. A trench was first made in the surface of the PSC to expose a cross

section image of the film. The aim was to examine the degree of degradation and the
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thickness of the different layers of PSC. Finally EDX was used to determine the

elemental composition of the sample.

Figure 2.9 The used FIB/SEM equipment.

Description of the equipment: the FIB-SEM equipment was a Crossbeam 1560XB,

which is a high resolution field emission (FE-SEM) combined with a FIB Ga* column
with a multi-channel gas injection system. It was equipped with two detectors:
Everhart-Thornley SE and a high efficiency In-lens SE detector. The Auriga 40 (Carl
Zeiss) Workstation is a high resolution FE-SEM with GEMINI column technology
combined with an N injection system, a X-Ray Detector, an Everhart-ThornleySE and a
high efficiency In-lens SE detector, and a EsB Backscattered Electrons Detector. The
control software used was SmartSEM™ with graphical user interface (GUI), auto level

system, and chamber scope.

2.3.1.4 X-Ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron
Spectroscopy (UPS)

Photoelectron spectroscopy is a technique used to study the surface of a material
using X-rays or UV light as an excitation source to promote electronic emission. This
technique is based on the photoelectric effect, which can determine the binding
energies of electrons in a material. The photoelectric effect derives from the fact that
solids emit electrons, called photoelectrons, when light is directed onto them. This

effect is attributed to the transfer of energy from the light to an electron in the
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material. The photoemission technique can be used to study roughly the first 2 nm of a
surface. This technique provides information on the oxidation state, the elemental
composition of the material, and surface contamination. Figure 2.10 shows an image

of the XPS/UPS equipment used in this present work.

In this thesis, XPS/UPS was used to measure the oxidation and reduction states of the
species related to changes in temperature; the thickness homogeneity of the oxide
deposited on FTO substrates; and the energy levels of the oxides. In the case of UPS,
this technique was used to determine the Valence Band (VB) and IP of the different

materials.

Figure 2.10 Image of XPS-UPS equipment at ICN2.

Description of the equipment: XPS and UPS measurements were performed with a

Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions
(base pressure 10 °mbar). XPS measurements were performed with a monochromatic
Ko X-ray source (1486.6 eV) and UPS measurements with monochromatic Hel UV
source (21.2 eV). The determination of the IPs was done by aapplying bias of -10 V to

the sample.
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2.3.1.5 Atomic Force Microscopy (AFM) / Kelvin Probe Force Microscopy (KPFM)

AFM is a high resolution type of scanning probe microscopy technique used to
characterize surfaces, most notably the surface topography. The main parts of the
equipment are a cantilever with a small tip (probe) at the free end, a laser, a 4-
quadrant photodiode and a scanner. AFM can optically measure the vertical and lateral
deflections of the cantilever, and acquire high resolution images. This technique can
produce a topographical image of the sample surface, based on the interactions
between the tip and the sample. For imaging, the reaction of the probe to the forces
that the sample imposes on it can be used to form an image of the three-dimensional
shape of a sample surface at high resolution. There are different operational modes:

contact mode, dynamic (tapping mode), and non-contact mode.

In this thesis, AFM was used to determine the topography of the HTM used in inverted

PSCs made by the spin coating technique.

Kelvin Probe Force Microscopy (KPFM) is a non-contact variant of AFM, capable of
measuring the surface potential of the samples. It carries out a mapping of the work
function (WF) of the surface which is related to many surface phenomena; including
catalytic activity, doping of semiconductors, charge trapping in dielectrics and
corrosion. The map of the WF produced by KPFM gives information about surface
electronic states. Figure 2.11 shows an image of the AFM-KPFM equipment used in this

present work.

In this thesis, KPFM was used to determine the change of surface potential related to

the interaction of the materials.
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Figure 2.11 Image of AFM-KPFM equipment used in this thesis.

Description of the equipment: the analysis were carried out with an Ayslum Research

MFP-3D, model MFP-3D Classic that can measure from -20 °C to 300 °C. The
instrument has also a high voltage option of 220 V ac and a frequency range between

0-2 MHz.

2.3.1.6 Scanning Electron Microscopy (SEM)

SEM is a technique that images the sample surface by scanning it with a high-energy
beam of electrons in a raster scan pattern. SEM can achieve a resolution above 1
nanometer in lateral and topographic dimensions. The electrons interact with atoms in
the sample, producing various signals that contain information about the sample's
surface topography and chemical composition. The main parts of the equipment are
the electron gun, electron lenses, the column, sample stage and the detectors. Figure

2.12 shows the SEM equipment used in this present work.

In this thesis, SEM was used to determine the topography and confirm the thickness of

the different layers of C-based PSCs made by the screen printing technique.
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Figure 2.12 Image of the SEM equipment used in this thesis.

Description of the equipment: the measurements were carried out using a Quanta 650

FEG SEM with high resolution, from Thermo Fisher (formerly FEI Company). The
imaging detector used was a backscatter electron detector (BSED) working in Low
Vacuum mode (for insulating samples). The SEM parameters used for image
acquisition were: a spot size of 4 nm (approximately 100 pA beam current) and HV of

20.00 kV. The EDS detector was an Inca 250 SSD XMax20.

2.3.1.7 Ellipsometry

Ellipsomtery is an optical measurement technique which determines the transmission
and reflection properties of light impacting on a material. Ellipsometry can be used to
characterize composition, roughness, thickness, crystalline nature and electrical
conductivity. The advantages of this technique are: high precision in wavelength, non-
destructive and fast acquisition. However, the interpretation of the data is not straight-

forward.

The state of polarization is defined by the phase and amplitude relationships between
the two components, p and s. Ellipsometry is interesting because it shows how p- and

s- components change upon reflection or transmission in relation to each other. A

73



Chapter 2

known polarization is reflected or transmitted from the sample and the output
polarization can be measured. The change in polarization is the ellipsometry
measurement. Ellipsometry is used in many different fields from semiconductor
physics to microelectronics and biology. Figure 2.13 shows a picture of the
ellipsometer used in this present work. In this thesis, ellipsometry was used to

evaluate film thickness of oxides.

Figure 2.13 Image of the ellipsometry setup.

Description of the equipment: Variable angle spectroscopic ellipsometry was

performed using a SEMILAB GES5 rotating polarizer ellipsometry coupled to a Peltier
cooled CCD detector. Four angles of incidence were collected for each sample around
their Brewster angle. Typical values were 55, 60, 65, and 70 degrees. Fitting of the
experimental data was performed using the Cauchy law for the transparency region, as
well as the Tauc-Lorentz model for the extended spectral region, including both
transparency and absorption. The analysis was carried out using the Winelli Il

software.

2.3.1.8 Profilometry

The profilometer is an instrument used to measure the surface profile of a sample.
There are two operational modes: contact and non-contact. In the case of the contact

profilometer, the most important part is the tip, which is moved in contact with the
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sample over a given distance at constant force. A non-contact profilometer uses white-
light optical profiling and is also used to measure the sample surface but without any
physical contact. The contact profilometer does not require any modelling. Figure 2.14

shows the profilometer used in this present work.

In this thesis, a contact profilometer was used to determine the thickness of the layers
of shells composed of TiO,, ZrO, and carbon, made for the fabrication of PSCs using the

screen printing technique.

Figure 2.14 Image of the profilometer used in this thesis.

Description of the equipment: the measurements were carried out using a KLA Tencor

Inc. Alphastep D500 model with a 2 um diamond tip stylus, a vertical resolution of 1
nm, a vertical measurement range up to 1.2 mm, a scan size up to 30 mm, a force
range between 0.03 mg to 15 mg, and a microscope camera for positioning the

sample.

2.3.2 Device Characterization

2.3.2.1 Current-Voltage measurement
The current density vs. voltage measurement is the basic characterization of a solar

cell used to obtain photovoltaic parameters, such as short circuit current density (Js),

75



Chapter 2

Vo, fill factor (FF), and light-to-electricity PCE. The Jiis controlled by the light
harvesting efficiency of the light absorber and the charge transfer yield at the
interfaces between the active layer and the transport layers. The Jiis due to the
generation and collection of light-generated carriers and depends on a number of
factors: the area of the cell, the number of photons, the spectrum of incident light, and
the optical properties. Furthermore, the optimization of the matching energy levels
between different materials is critical for enhancing J,.. Figure 2.15 shows the

representation of the IV curves of a device under illumination.
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Figure 2.15 |-V curves of a device under illumination.

The open-circuit voltage is the maximum possible voltage across a solar cell when no
current is flowing. The FF is a parameter that determines the maximum power area
from a solar cell. Graphically, the FF is a measure of the “squareness” of the curve and
is also the area which will fit in the IV curve. Thus,

FF = Vmp]mp (2.1)
JscVoc

where Vp,, is the value of voltage at maximum power point (MPP) and Jy, is the value

of current density at MPP.

The FF of the device can be influenced by the Rs (resistance of the components) and
the shunt resistance (Rsh) (resistance resulting from recombination of the photo-

generated charges).
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The light-to-electricity PCE is determined by the ratio of maximum power density
(power per unit area, Pn.,) of the device and the power of incident light (P;,), with a
value of 100 mW/cm?. The maximum power density of the device is expressed in terms

of Js,, Voc and FF, according to the equation:

Prax = JscVocFF (2.2)
so that,
Prax  JscVocFF (2.3)
PCE = = .
P; P;

Thus, for an efficient solar cell the FF, Jsc and V¢ all should be as high as possible. In

PSCs, the |-V curves are often dependent on the scan direction, leading to hysteresis.

The illumination conditions commonly used is the Air Mass 1.5 (AM 1.5) solar spectrum
[12]. The AM 1.5 global spectrum corresponds to sunlight attenuated by passing
through the atmosphere at an angle of 48° from zenith. For convenience, the intensity

of the AM1.5 spectrum is normalized so that the integrated irradiance is 1000 W/m?.

Description of the equipment:

These photovoltaic parameters are typically measured using controlled light intensity
provided by a solar simulator lamp of 1000W/m?, similar to the output of the sun,
under AM 1.5G illumination. The solar simulator used in this study was a
SteuernagelSolarkonstant KHS1200 with a light intensity adjusted to 1000 W/m? with a
bolometric Zipp&Konen CM-4pyranometer. Calibration of the sun simulator was made
with a calibrated reference Silicon Cell code RR-97-0 from 2-11-2010. The AM 1.5G

reference spectrum was according to an ASTM G173 standard[13].

Solar decay and I-V curves were measured using a Keithley 2601 multimeterwith the

Labwindows acquisition software.
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2.3.2.2 Incident Photon-to-Current Conversion Efficiency (IPCE)
The IPCE is a parameter that can determine how efficiently a solar cell converts

incident light into electrical energy, flowing in the external circuit, at a certain
wavelength. The IPCE measurement is based on illuminating the sample by a
monochromatic light and recording the generated short-circuit photocurrent. The IPCE
value depends on different parameters including light harvesting efficiency (LHE),
electron injection efficiency (@in;), and charge collection efficiency (@con), as shown in

the following equation:

IPCE = LHE DD cou (2.4)

Figure 2.16 shows the IPCE setup used in this work. The calculated integrated short-
circuit solar cell AM1.5 current should be very close to the current measured by

exposing the cell to the output of a solar simulator.

Figure 2.16 The IPCE setup used in this thesis.

Description of the equipment:

IPCE analyses were carried out with a QE/IPCE measurement system from Oriel at 10
nm intervals between 300 and 700 nm. The instrument uses a xenon arc lamp source,
monochromator, filters and reflective optics to provide stable monochromatic light to

a photovoltaic test device.
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2.3.3 Stability

The stability measurements were carried out in accordance with the ISOS protocols
[14]. For indoor measurements, the ISOS-D-1 shelflife test was used to analyse the
stability of the PSCs at ambient temperature of approximately 23 °C and ambient R.H.
of approximately 50 % stored in the dark.

The solar cells were kept under the desired conditions and analysed under the sun
simulator at defined periods of time. The system works in an open circuit. In this study,
the PSC devices were not encapsulated and were kept in the dark under a dry
atmosphere (R.H 10 % and RT, 25 °C). The inverted PSCs were measured with a 0.125
cm? mask and the C-based PSCs were measured with a 0.079 cm? mask, under 1 sun
with a full sunlight intensity of 1000 W/m?.

The indoor long-term stability measurements made for 1000h were carried out in the
laboratory of Prof. Antonio Urbina at the University of Cartagena. The samples were
placed under an ABET AM1.5 Class AAA solar simulator with a 7.1 mm? mask. A
Keithley Model 230 was used as a voltage source and a Keithley Model 6514 for a

current source.
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Chapter 3

Transition Metal Oxides

3.1 Introduction

Transition Metal Oxides (TMOQOs) are materials having partially filled d subshells in the
oxidation state, from groups 3-12 in the periodic table [1]. TMOs are present in many fields

such as chemistry, geology, and condensed matter physics or engineering.

In recent years, the interest in TMOs, including ZnO, TiO;, V,0s5, MoOs, and NiO, among
many others, has rapidly grown due to their interesting properties such variable work
function (WF), semiconducting properties with a p- or n-type character, favourable energy
level alignment with many organic and inorganic materials, and good optical properties like
transparency to specific photon ranges. All of these factors are important requirements for
photovoltaic applications [2]. These oxides are extensively used in photovoltaics because
they are ideally suited to complement the halide perovskite absorber in solar cells: they
possess good compatibility with perovskite material, optical transparency, simple and low

cost processing and can confer additional moisture resistance [3-4].

Semiconductor oxides have recently become the focus of extensive research due to the high
stability properties that provide to PSCs. The presence of dopants or the functionalization of
their surfaces can modify the electrical, physical and chemical properties of these TMOs in
order to achieve enhanced photovoltaic performance and stability. For instance, the
improvement can appear in terms of moisture tolerance [5], hysteresis free behaviour [6]

and the enhancement of PCE lifetime stability [7].

Figure 3.1 shows the band energy alignment diagram of different TMOs with respect to

CHsNHsPbls perovskite.
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Figure 3.1 Band energy diagram of different TMOs with respect to CH;NH;sPbl; perovskite. Extracted
from [8].

In this thesis we applied TMOs as transport layers for PSCs due to their high charge transfer,
uniformity and homogeneity of the layers, reduction of charge accumulation at the
interfaces and low temperature synthesis[8]. HTL materials such as NiO, CuO,, CrO,, MoOs,
V,05 and WO; have been used for PSCs due to their wide E; good chemical stability, the
high performance results on flexible devices which is a key point for the future

commercialization of the technologies [9].

High PCE devices have been reported a using the TMOs mentioned above. For instance, You
et al. applied NiO as HTL and ZnO as ETL in an inverted planar architecture. They achieve an
uncertified 16.1 % PCE, also they demonstrate an improvement in stability in ambient air as
compared to devices made with organic transport layers [4]. Regarding TiO,, Snaith and co-
workers used TiO, prepared by a solution processed spin-coating method, with a 15.2 %

efficiency [10]. For this reason, we have selected the following oxides: NiO, ZnO and TiO,.

In this chapter, we discuss about the synthesis of TMOs by the solution processing method
and the fabrication of dense thin films on top of the transparent conducting substrates such
as FTO. The as- prepared thin films of NiO, TiO,,Zn0O, MoQOs;, CuO and V,0s5 were

characterized and their properties compared in order to select the most suitable oxides to
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apply in PSCs. We have used XRD, Ellipsometry, UV-Vis and XPS/UPS to characterize these

materials.

3.2 Effect of sintering temperature on the crystalline structure of TMOs

In this section we investigate the effect of the sintering temperature of TMOs and their
crystalline structure. The samples were analyzed as powderfollowing the synthesis
procedure detailed in Chapter 2. A 15 ml of oxide solution was added in a duroplan petri
dish, and then, introduced in the oven at the desired temperature. The temperature was
maintained for 2 h using a 3 °C/min heating ramp. Figure 3.2 shows the XRD patterns of the
TMOs after annealing process at different temperatures for (a) NiO, (b) TiO,, (c) ZnO, (d)
MoOs;, (e) CuO and (f) V,0s.

The XRD studies of the powder samples were carried out using a Malvern PANalyticalX'pert
Pro MPD diffractometer, as already described in Chapter 2. The XRD patterns were analysed
by identifying the observed peaks with the standard pattern provided by Highscore software

library files.

Nickel Oxide (NiO)

NiO is one of the most popular HTM used in PSCs. It can replace PEDOT:PSS and Spiro-
OMeTAD. PEDOT:PSS is a poor electron blocker, shows acidic pH and is highly hygroscopic
[11], while Spiro-OMeTAD is highly unstable, especially at high temperatures [12]. NiO and
its doped analogues have provided long term stability and carrier mobility, in fact, the most
stables PSCs under continuous illumination use NiO. In this thesis work, we use NiO as HTL
in inverted planar PSCs and the NiO thin films were prepared by the spin coating deposition

method.

Figure 3.2 (a) shows the XRD patterns of the NiO powder samples prepared at 150 °C, 250
°C and 350 °C sintering temperatures, respectively. Characteristic diffraction peaks
belonging to the space group Fm3m, corresponding to a cubic crystal system (a=b=c=4.1678

A) can be observed for NiO at 250 °C (reference code 00-047-1049 from Highscore library).
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Figure 3.2 Indexed X-ray diffraction patterns of (a) NiO, (b) TiO,, (c) ZnO, (d) MoOs, (e) CuO and (f)
V,0sin powder after annealing at various preparation temperatures.

Meanwhile, for 350 °C, the diffraction peaks were in accordance with the R-3m space group

in the rhombohedral crystalline structure (reference code 00-044-1159). For the lowest

temperature, 150 °C, there is a broad amorphous diffraction peak at approximately 26=10
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degrees, which is also significant at 250 °C.Therefore, the best sintering temperature in this

study is the highest one, 350 °C.

Titanium Oxide (TiO;)

TiO, is an n-type semiconductor and has been extensively used as ETL due to its excellent
properties for the injection of charges after the absorption of light by the absorber
(perovskite). It is employed as a dense thin layer in normal and planar configuration PSCs
and also as mp-TiO, layer. Up to date, TiO, is present in the most efficient and most stable
PSCs. Figure 3.2 (b) shows the X-Ray diffractograms of the TiO, samples sintered at 120 °C,
250 °C and 450 °C, respectively.

From the structural analysis, the TiO, powder at 450 °C exhibits a crystalline structure with
an anatase phase, with tetragonal crystal symmetry of (141/amdspace group, reference code
00-004-0477). As observed in Figure 3.2 (b), an amorphous crystalline structure dominates

at and below 250 °C.

Zinc Oxide (Zn0O)

ZnO is a promising ETL due to its high conductivity, transparency and versatility. The most
important feature is that it can be easily prepared at low temperatures and thus, is an
important oxide for the fabrication of flexible devices [13]. ZnO was applied in this work as
an ETL in inverted PSCs configuration.

Figure 3.2 (c) shows the diffraction patterns of ZnO at three different temperatures: 130 °C,
300 °C and 450 °C, respectively. We observe that the crystallinity increases with
temperature. Moreover, a good matching between the experimental diffractograms and the
patterns from database was obtained for all temperatures and showed a hexagonal crystal
system (reference code 01-080-0075) with P63mc space group. These data show that ZnO is
an attractive oxide which can be annealed at temperatures as low as 130 °C showing good
crystallinity. Reported results from our group have also found that the quality of the ZnO
surface improve with temperature (less surface defects are found at higher temperature)
[14]. This ZnO is one of the best oxides candidates to be applied for low temperature

fabrication of PSCs, especially for solar cells on flexible (plastic) substrates.
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Molybdenum Oxide (MoOs)

We also studied the crystallographic characteristics of MoOs, generally used as a HTL in PSC
devices. MoOQs is a n-type semiconductor with promising applications for its non-toxicity and
ambient condition stability [15]. Using a MoOs/PEDOT:PSS bilayer structure, Hou et. al.
obtained 14.8 % PCE with an enhancement of the stability as compared to the cells

employing only PEDOT:PSS [15].

The XRD patterns of the samples sintered at different temperatures are shown in Figure 3.2
(d). For the sample annealed at 250 °C, all the diffraction peaks can be indexed to the
standard hexagonal MoQOs structure (reference code 00-021-0569), with lattice constants
a=10.531 A, b=10.531 A and c=14.876 A. This phase builds zigzag chains of MoOg octahedra
along the c-axis linked to each other by corner sharing, giving an hexagonal crystalline

structure with large 1D tunnels [16].

In contrast, a phase change was observed in the sample annealed at 350 °C, leading to a
formation of a single orthorhombic a-MoOs; phase. The experimental reflections are in good
agreement with the corresponding references from the database (reference code 00-005-
0508), with cell parameters a=3.962 A, b=13.858 A and ¢=3.697 A, which correspond to the
Pbnm space group. We observed that by increasing temperature, the crystallinity enhanced

[17] and finally, at 150 °C it can be observed that MoO; presents an amorphous structure.

Copper Oxide (CuO)

We also studied the crystalline structure of the CuO used as a p-type semiconductor in PSCs.
CuO is an ideal HTL for PSCs with a good matching to the perovskite energy levels. For
instance, Sun et al. applied CuO into inverted architecture

(ITO/PEDOT:PSS/Perovskite/PCBM/BPHEN/Ag) achieving a PCE of 16.9 % [18].

The XRD spectra of the copper oxide powder at different temperatures are shown in Figure
3.2 (e). At low temperatures, between 150 °C and 250 °C, a copper acetate form can be
observed due to the synthesis precursors, such as copper (ll) acetate monohydrate. This is a
significant sign that a higher temperature is required for a good crystallization, in order to

obtain CuO. The crystal structure of this copper acetate is tetragonal (a=13.36 A, b=13.36 A
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and c=15.08 A), in good agreement with patterns from literature (reference code 00-027-
1126). We also observed a change from copper acetate to CuO when the temperature was
increased up to 350 °C. At 350 °C, a CuO phase in a monoclinic system was formed, with
C2/c symmetry [19], matching the corresponding patterns from the literature (reference

code-00-045-0937).

Vanadium Pentoxide (V,0s)

V,0s is a good candidate as a HTL in PSCs and an alternative replacement to PEDOT:PSS or
Spiro-OMeTAD.V,05 is demonstrated to form an efficient hole injection/collection junction
with the perovskite absorber material [20]. For instance, Peng et al. incorporated solution

processed V,0, into PEDOT:PSS and obtained 17.5 % PCE [21].

The XRD spectra corresponding to this oxide are shown in Figure 3.2 (f). The V,05 phase is
clearly present at 250 °C. At 350 °C, the crystallinity of the peak increases. An orthorhombic
crystal structure, with Pmmn space group, is common for both temperatures with the
following lattice parameters; a=11.510 A, b=3.559 A and c=4.371 A, in good agreement with
the pattern from the database (reference code 00-009-0387). At the lower temperature of
150 °C, these peaks can be mainly indexed as the V,05.1.6H,0 orthorhombic phase, in good
agreement with pattern from database (reference code 00-040-1296). And some peaks from
the orthorhombic phase V,0sare also present (blue peaks)[22].

The V,05 developed in our group hasa 2D layered van der Waals (vdW) structure. The
material isobtained as sol-gel in water and shows good crystallinity even at RT. For this
reason, this solvent-free water-based 2D oxide is, together with ZnO, another oxide suitable

for the fabrication of PSCs on flexible (plastic) substrates.

3.3 Analysis of thin film thickness by Ellipsometry

The analysis of the thickness of the TMOs films was carried out by applying the ellipsometry
technique. The variation of the oxide thin film thickness was carried out by the optimization
of the spin speed of the spin coater during thin film fabrication. Once prepared and

annealed on FTO substrates, the TMOs films were analysed and the data acquired with the
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ellipsometry technique. In order to build a proper model, the optical properties of both the
oxide films and the FTO substrate must be first determined, by UV-Visible technique. Results
are shown in Figure 3.3. The refractive index (n) describes how fast light propagates through
the material and the extinction coefficient is a measurement of how strongly a molecular
species absorbs light at a given wavelength. The higher the complex refractive index, the
denser and more compact the oxide thin film layer is. However, it has been demonstrated
that a decrease of the refractive index with a decrease of thickness layer not always

occur[23].

In the case of inverted architecture PSCs, the thickness of the p-type semiconductor oxide
NiO and n-type semiconductor ZnO were determined. Meanwhile, TiO, thickness used in C-
based PSCs were studied by profilometry technique. As shown in Figure 3.3 (a), the

thicknesses of the oxides determined by Ellipsometry can be easily varied withinthe 30 —

110nmrange.
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Figure 3.3 (a) Thickness of the TMOs thin films vs. the spin speed during fabrication as determined by
ellipsometry. (b) Thicknesses of the NiO thin film obtained from ellipsometry.

In the case of NiO, there was no significant effect of the spin speed on the oxide thickness as
observed in Figure 3.3 (b). In the analysed spin speed range, between 2000 and 6000 rpm,
the film thickness was obtained in the 50-60 nm range. In all cases, the thickness values
obtained are in good agreement with those required in PSCs. As compared to recent studies,
You et al. employed approximately 80 nm thick NiO, film while for the ETL they used 70 nm
thick ZnO on an ITO substrate, which effectively worked as a good HTL and ETL, respectively,

leading to excellent photovoltaic performance of up to 16 % PCE [4].
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3.4 Optical properties of thin films: Band Gap analysis by UV-Vis

UV-Vis spectroscopy was used to analyse the optical properties of these oxides as thin films,
at different sintering preparation temperatures and the results are shown in Figure 3.4. In
order to minimize optical losses in the thin film photovoltaic device it is essential that the

TMOs layer exhibit low absorption.

The thin films were prepared on FTO substrates using the same volume of sol-gel solution
and coated at the same spin speed. UV-Vis absorbance of the samples was measured using a
FTO slide as the reference. In the case of NiO, the films show an absorption band at =326
nm (Figure 3.4 (a)). At 150 °C, an additional band is found around 500 nm, which can be
attributed to the presence of the corresponding hydroxide, as will be proved by XPS analysis
(Figure 3.7). For TiO,(Figure 3.4 (b)) a broad band absorption is observed at around 490 nm.
This band shifts towards lower wavelengths when the sintering temperature is increased up
to 450 °C, at which the absorption band stabilises at about 400 nm: This shift has been
attributed to the gradual transformation of Titanium hydroxides into oxides, as found in XPS

spectra (Figure 3.15)[22].

The ZnO films showan absorption band around 357 nm, with no significant differences
between sintering temperatures (Figure 3.4 (c)). At 130°C, a shoulder around 400nm can be
observed, which is related to a lower crystallinity of the oxide as demonstrated by XRD.
Regarding MoOs;, thespectra are very similar at lower temperatures, whereas at 350°C a
clear change in the trend of the spectrum can be observed [see Figure 3.4 (d)]. This effect
could be due to the different oxidation states (observed by XPS) of the MoOsas the
temperature increases: at 150°C, a Mo>* species is present, whereas at higher temperatures
the majority species is Mo®" (Figure 3.10). One has to take into account that XPS is a surface
technique while UV-Vis is not,thus the comparison between both techniques is not
straightforward. CuO (Figure 3.4 (e)) shows very similar absorption profiles for the 250°C-
350 °C temperature range,in the region below 700nm. At 150°C, the profile was slightly
different, which can be attributed to the presence of copperacetate, whose presence are

confirmed by XPS and XRD analyses (Figure 3.12 and Figure 3.1 (e), respectively)[19].
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And finally, for the V,0s5(Figure 3.4 (f)) no significant differences between temperatures can
be observed. All the samples show a band around 400nm, with almost no absorption above
500 nm. A slightly different trend for the sample obtained at 120 °C could be related to the

reduction to V**, which is demonstrated by XPS analysis (Figure 3.14).

UV-Vis analyses are also used to calculate the E; of the thin films taking into account the

fundamental absorption edge of the films. This optical E4 is estimated using Tauc’s equation:

(ahv)? = A(hv — Eg), (3.1)
Where, hu is the photon energy and A is a proportionality constant. The variations of (ahuv)?
versus the photon energy (hv) for each oxide are plotted in Figure 3.5 and summarized in
Table 3.1. The extrapolation to a=0 gives the E, value [24]. Table 3.1 shows the E; values of
TMOs depending on the temperature and Figure 3.5 shows the estimation of E; for NiO,

TiO,, ZnO, Mo0O3, CuO and V;0s.
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Table 3.1 Experimental Eg values of the TMOs depending on the temperature.

Oxide Temperature (°C) Eg(eV)
150 3.5
NiO 250 3.0
350 3.1
120 3.3
TiO, 300 3.5
450 3.3
130 3.3
Zn0O 300 3.2
450 3.1
150 3.5
MoO; 250 3.5
350 3.0
150 3.3
CuO 250 2.9
350 2.9
120 2.8
V,05 250 2.9
350 3.0

These experimental values are in good agreement with those found in the literature. For
example, Bouzidi et al., reported the E; for MoOjs located between 3.1 and 3.3 eV depending
on the substrate temperature by the spray pyrolisis technique [25]. For the CuO,, a direct
bandgap of 2.4 eV was determined[26]. Teran-Escobar et al. calculated an optical E; for
fresh samples of V,0s for the value of 2.7 eV [27]. In the case of the well-known TiO, the
bandgaps of the rutile and anatase phase are 3.0 and 3.2 eV, respectively [28]. For ZnO films
the optical E; energy is 3.2 eV [29] and finally, NiO is a p-type semiconductor oxide with a
direct E; of 3.4 eV [30].

3.5 Study of TMOs by Photoelectron Spectroscopy (XPS-UPS)

Photoelectron Spectroscopy is a surface sensitive and element specific technique used for
characterizing surfaces and interfaces of materials. The technique is based on the
photoelectric effect, which was experimentally observed for the first time in 1887 by
Heinrich Rudolf Hertz [31]. The photoelectric effect was explained by Albert Einstein in 1905

[32], for which he was awarded the Nobel Prize in Physics in 1921, and describes how
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electrons are emitted from a material when illuminated by photons having an energy

exceeding a threshold value, providing the following formula:

ho = Eg + Ex + @, (3.2)

where Ey is the kinetic energy, E; is the binding energy andgis the WF (in metals). Figure 3.6

shows the energy levels diagram of a semiconductor.

Vacuum level

lonization Energy

Conduction
band

Valence
band

Figure 3.6 Energy levels diagram of a semiconductor.

To obtain a photoelectron spectrum, the number of emitted photoelectrons are measured
as a function of the kinetic energy for a given photon energy. Photoelectron spectroscopy is
usually divided into core level and valence level, depending on the orbitals involved. Core
level refers to localized levels with atomic character, usually at higher binding energies,

while valence levels have a delocalized character and are found at lower binding energies.

Here, XPS and UPS were performed in order to investigate the possible changes in chemical
composition, Eg and WF, in relation to different sintering temperatures. For the XPS core-
shell measurements a monochromatic Al Ka radiation (huv=1486.6 eV) was employed and a
monochromated He | photon source (hv=21.22 eV) for UPS measurements. For further

information of the technique, see Chapter 2. The analysis was performed using the Casa XPS
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software and spectra were calibrated in binding energy with Cls peak assumed at 284.8eV,

as reported by Moulder et al.[33]

The IP is calculated from the expression:

IP = ((21.2 = (SCO — VBM)) eV, (3.3)

where 21.2 eV corresponds to the excitation energy used, He (I), and the secondary
electrons cut off (SCO) is the lowest detected kinetic energy. A bias of -10 V must be applied

in order to clear the analyser.

3.5.1 Hole Transport Materials (NiO, MoO3, CuO and V,05)

This section describes the characterization of the oxides NiO, MoQOs;, CuO,and V,0s by
photoemission techniques. The use of NiO as an HTL in an inverted planar PSC structure will

be described in Chapter 4 of this thesis.

a) NiO

Figure 3.7 (a) shows the XPS spectra of the Ni 2p region and Figure 3.7 (b) the Ols lines
measured at different preparation temperatures and normalized to the Cls energy
reference (284.8 eV). Charging, induced by the insulating character of the material, is in the
0.3-0.6 eV range, as determined from the Cls actual position. This contribution was taken

into account in the UPS spectra for each specific temperature.
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Figure 3.7 (a)XPS Ni 2p 3/, and Ni 2p y core level spectra and (b)XPS O 1s core level spectra measured
for NiO after sintering at 150°C, 250°C and 350 °C.
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As shown in Figure 3.7 a clear evolution as a function of the sintering temperature can be
observed. Figure 3.7 (a) evidences the presence of Ni(OH), and NiO from the characteristic
2p3;; 855.6 and 853.6 eV binding energies, respectively [34][35]. At low sintering
temperatures the surface is composed essentially of Ni(OH),and the NiO contribution
increases for increasing temperature. Thus, temperatures as high as 350 °C are required for
the formation of NiO. In analogy to Figure 3.7 (a), Figure 3.7 (b) shows the evolution from
Ni(OH),, with a 531.4 eV binding energy, at 150 °C to a characteristic of Ni-O bonding, with a
peak at 528.7 eV [36].

In order to determine the IP of the samples, the SCO and the VBM have to be determined
(see Eq. 3.3). This is shown in Figure 3.8, where both values are obtained by extrapolation,

resulting in VBM=0.6 eV and SCO=16.6 eV for NiO samples prepared at 250 °C.
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Figure 3.8 Determination of(a)SCOand (b) VBM for NiO prepared at 250 °C.

From Eq.3.3 we obtain IP values of 4.9 and 4.2 eV at 250 °C and 350 °C, respectively. These
experimental values are in good agreement with the data from the literature, for example,
Stevanovicet al. reported an IP of 4.9 eV for the NiO using computational studies[30].The
corresponding VBM values were 0.6eV at 250°C and 0.8eV at 350°C. Taking into account the
shifts in the XPS measurements, (0.3 eV shift for the NiO at 250 °C and 0.6 eV shift for the
NiO at 350 °C) the corrected real values for the VBM were 0.3 eV at 250 °C and 0.2 eV at 350
°C, respectively. Figure 3.9 shows the energy levels of the NiO at different preparation
temperatures. We can also conclude that NiO is a p-type semiconductor, because the Fermi

level lies closer to the VBM.
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Figure 3.9 Band diagram of NiO thin films at 250 °C (left) and 350 °C (right).

b)MOO3

Figure 3.10 (a) shows the XPS spectra of the Mo 3d region and Figure 3.10 (b) the O1s lines
measured at different preparation temperatures and normalized to Cls (284.8 eV). The
observed charging is 0.7 eV for 150 °C, while at 300 °C the shift is about 0.1 eV and finally at
450°C there is no significant shift. A main peak at 232.7 eV is attributed to Mo3ds),
corresponding to Mo®" oxidation state [37]. From Figure 3.10 (b) we observe that the
spectral weight evolves from molybdenum hydroxide (532.8 eV) to Mo-O bonding (530.9
eV).
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Figure 3.10 XPS spectra of the Mo 3d (a) and O1s (b) lines of MoO; thin films corresponding to
different preparation temperatures.

Figure 3.11 shows the energy levels at 250°C and 350°C for the MoQs films. The IP lies in the
7.8-7.9eV range and the VBM is 3.2eV at 250°C and 3.4eV at 350°C, following the procedure
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previously discussed for Ni. In this case for MoOsthe energy correction is not needed since

no charging was observed.
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Figure 3.11 Band diagrams of MoOs thin films at 250 °C (left) and 350 °C (right) determined by UPS.

b)CuO

Figure 3.12 (a) shows the XPS spectra of the Cu 2p region and Figure 3.12 (b) the O1s lines
measured at different preparation temperatures and normalized to the adventitious Cls
line. For the CuO p-type semiconductor, no significant shift in the XPS spectra was observed
(less than 0.1 eV). Figure 3.12 (a) shown the characteristic spectra of CuO with a main
Cu2pspeak at 933.9eV and the associated satellites [19][38]. The satellite distribution is
characteristic of materials having a d° configuration in the ground state [39]. Thus, the
spectra reveal a Cu®* oxidation state. The XPS spectra of O1ls, as shown in Figure 3.12 (b),
are composed of two main components: first, the signal at binding energy located at about
529.7 eV is attributed to the oxygen present in the form of oxide (02'). Meanwhile, the peak
at 530.9 eV is assigned to the surface oxygen, from different species, such as hydroxyl or

carbonate groups [40].
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Figure 3.12 XPS spectra corresponding to (a) Cu 2p and (b) O1s lines of CuO thin films corresponding to
different preparation temperatures.

Figure 3.13 shows the energy levels at 250°C and 350°C for CuO. The IP values lies in the 6.7-
7.1 eV range and the VBM is located at 2.1 eV at 250°C and at 2.3 eV at 350°C.
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Figure 3.13 Band diagrams of CuO thin films at 250 °C (left) and 350 °C (right) determined by UPS.

d) V,0s

Figure 3.14 (a) shows the XPS spectra of the V 2p and O1s regions measured at different
preparation temperatures and referred to the 284.8 eV line. No charging effect was
detected from XPS spectra. The 517.3 eV peak, corresponding to theV2ps/, line is associated
to V¥, while the shoulder at lower binding energy, 516.4 eV, is characteristic of v species.
The 530.2 eV feature corresponds to Olsand originates from lattice 0> oxygen. Meanwhile,

the shoulder which appears at around 532 eV can be attributed to hydroxyl groups [21]. he
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energy levels for V,0s are shown in Figure 3.14 (b). The IP and the VBM values show a great

similarity between 250 °C and 350 °C.
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Figure 3.14 (a) V 2p 355, V 2p 4 and O1ls core level of V,0s thin films at different preparation
temperatures obtained by XPS and (b) band diagram of V,0s thins films at 250 °C (left) and 350 °C
(right) determined by UPS.

3.5.2 Electron Transport Materials (TiO, and ZnO)

The electronic structure of TiO, and ZnO will be discussed next. The application of the well-
known n-type semiconductor TiO, in fully printable C-based PSC, as a holes blocking and an
ETL will be also discussed in Chapter 5 of this thesis. Also, the use of ZnO as an ETL in an

inverted planar structure will be described in Chapter 4 of this thesis.

a) TiO;

Figure 3.15 (a) shows the XPS spectra of the Ti 2p region and Figure 3.15 (b) the O1s lines
measured at different preparation temperatures. Here, the binding energies are referreed
to the well-known 458.5eV of Ti2ps/,, characteristic of Ti**[41].The observed energy shift is
about 1eV shift due to sample charging. The XPS spectra exhibit the spin-orbit lines
Ti2pssand Ti2py,. The XPS O1s line exhibits a main peak at 529.8 eV, as seen in Figure 3.15
(b), characteristic of transition Ti-O bonding[42]. Also, a less intense feature at around 532
eV can be observed which is characteristic surface hydroxides. With an increase of the TiO,

annealing temperature his signal becomes less intense.
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Figure 3.15 (a) Ti 2p 3/, and Ti 2p 4 and(b) O1s core level spectra measured for TiO, at different preparation
temperatures by XPS. Binding energies referred to Ti2ps/, (458.5 eV).

In order to achieve a more precise evaluation of the VBM position, the slopes were
calculated from both XPS and UPS spectra [see Figure 3.16]. From the XPS spectrum we
obtain a VBM value of 3.1 eV, which becomes 2.1 eV after normalization to the 458.5 eV
value. Note that the VBM position as calculated from the UPS spectrum is 3.5 eV. This shift
between XPS and UPS is due to the differential charging caused from using two different
radiation sources, Al Ka and He |, respectively. Thus, for UPS a total charging displacement

of 1.4 eV was found. Thus, the VBM value for TiO, at 450 °Cis 2.1 eV.

10— VBMby UPS
"~ — VBM by XPS

0,8+
0,6+
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Binding Energy (eV)

Figure 3.16 Comparative graph between the VBM extracted from the XPS and UPS spectra.

Using Eq. 3.3 we obtain an IP of value of 7.3 eV at 450 °C. For the TiO, at 300 °C, the same
procedure was carried out, assuming a total shift of 1.02 eV (taking into account 0.65 eV
shift from Ti2p 3/, as a reference and 0.37 eV shift between XPS and UPS spectra). For the
TiO, at 300 °C the VBM was 2.4 eV and the IP value was 7.7 eV. Figure 3.17 shows the band

diagrams at both temperatures.
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Figure 3.17 Band diagram of TiO, thin films at 300 °C (left) and 450 °C (right) determined by UPS and XPS.

b) ZnO

Figure 3.18 (a) shows the XPS spectra of the Zn2p region and Figure 3.18 (b) the O1s lines

measured at different preparation temperatures and normalized to the 284.8 eV energy of

adventitious carbon. For the ZnO a charging displacement of 0.7 and 0.6 eV was present for

the samples in XPS spectra for at 300 °C and 450 °C, respectively. Symmetrical peaks are

found in Figure 3.18 (a) located at 1021.3 eV for the most intense signal attributed to the

Zn2ps/; feature, in agreement with values found by Hosseini et al.[43].

—~90000{  Z"%P3p
< 1021.3 eV

—130°C
—300°C
—450°C

Zn2p /2
1044.3 eV

1020

1030

1040 1050

Binding Energy (eV)
Figure 3.18 XPS(a) Zn 2p 5/, and Zn 2p  and (b) O1s spectra measured for ZnO at different temperatures

by XPS. Energies referred to C1s 284.8 eV.
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As shown in Figure 3.18 (b), it can be clearly seen that the O1s exhibits two components.

The peak at 530.2 eV corresponds to Zn-O bonding while the peak at higher binding

energies, around 532 eV, is related to the hydroxyl group [43].
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The energy level diagram of ZnO is shown in Figure 3.19. The same methodology mentioned
before was applied in order to determine the VBM and the SCO for each temperature,
taking charging into account. The experimental values remain close to IP (7.3 eV) and VBM
(3.5 eV) values found in the literature [44]. ZnO is a n-type semiconductor, because of the

Fermi level lies closer to the CBM.

Zn0 300°C Zn0 450°C
Ev—F— Ev—F——
CBM o CBM
E; E,

Figure 3.19 Band diagram of ZnO thin films at 300 °C (left) and 450 °C (right) determined by UPS.

3.6. Summary of TMOs properties and selection of the best transport layers

In this chapter several properties of the semiconductors were analysed, from a
crystallographic, optical and electronic point of view. Table 3.2 and Table 3.3 show a
summary of these properties such as the crystal symmetry, Eg value, IP value and VBM value

of the oxides related to different preparation temperatures for HTLs and ETLs, respectively.

Table 3.2 Summaryof XPS core level energies from NiO, CuO, V,0s, TiO, and ZnO.

Oxide Temperature (°C) 2p 3.5(eV) 2p 4 (eV) | O1s(eV)
] 250 853.9 872.6 529.1
Nio 350 853.2 872.1 528.7
250 934.1 954.1 531.3

CuO

350 934.1 954.0 530.9
V,0s 250 517.3 524.9 530.1
350 517.6 524.9 530.3
. 300 458.5 464.3 529.9
Tio; 450 458.5 464.3 529.8
Zno 300 1021.4 1044.6 530.2
450 1021.3 1044.3 530.2
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Table 3.3 Summaryof XPS core level energies from MoOs.

Oxide Temperature (°C) 3d ;5;(eV) | 3d;;(eV) | O1ls (eV)
250 232.7 235.9 532.9
M003
350 232.9 236.1 530.9

Table 3.4 Summaryof oxide, preparation temperature, symmetry, E,, IP and VBM position for the selected
HTLs films.

Oxide Temperature (°C) Symmetry Eg(eV) IP (eV) VBM (eV)
NiO 250 cubic 3.0 49 0.3
350 rhombohedral 3.1 4.2 0.2
250 hexagonal 3.5 7.9 3.2
MoO; .
350 orthorombic 3.0 7.8 34
250 tetragonal 2.9 7.1 2.1
CuO
350 monoclinic 2.9 6.7 2.3
V.0 250 orthorombic 2.9 7.1 2.5
2= 350 orthorombic 3.0 7.2 2.5

Table 3.5 Summary of oxide, preparation temperature, symmetry, E,, IP and VBM position for the selected
ETLs films.

Oxide Temperature (°C) Symmetry Eg(eV) IP(eV) VBM(eV)
. 300 amorphous 3.5 7.7 2.4
Tl02
450 tetragonal 33 7.3 2.1
Zn0 300 hexagonal 3.2 6.9 3.5
450 hexagonal 3.1 7.0 3.1

A good energy level alignment is an important requirement for a proper charge transfer
between the layers of the PSC. The TMOs guarantees this requirement in order to achieve
excellent transfer from the FTO to perovskite absorber and from perovskite absorber to
back electrode. Figure 3.20 shows the energy level alignment of the TMOs used in this thesis
such as NiO, TiO, and ZnO. Figure 3.21 (a) shows the energy level alignment for the inverted
perovskite architecture and Figure 3.21 (b) shows the energy level alignment for the carbon-

based perovskite architecture.
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Figure 3.20 Energy level alignment for the TMOs used in this thesis: NiO, TiO, and ZnO.
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Figure 3.21 Energy level alignments for (a) inverted perovskite architecture and (b) carbon-based perovskite
architecture, using data values of CH3NH;Pbl; perovskite.

In summary, semiconductor oxides are promising materials to be applied in PSCs as a
transport layer instead of the well-known spiro-OMeTAD or PEDOT:PSS. The spiro-OMeTAD
is a widely-used HTL to obtain high-efficiency devices. However, the high costs and the
limitation on the long-term stability is a problem for large-scale applications. In addition,
additives and dopants must be inserted in order to achieve higher hole-mobility and
conductivity [45]. In this sense, PEDOT:PSS presents some drawbacks such as low electrical
conductivity. Also, the acidic nature of PEDOT:PSS could cause corrosion in the interface of
the device [46]. The main function of the HTL material is to prevent the direct contact
between the perovskite and the metal electrode and extract positive charge from perovskite

absorber to the electrode. We demonstrate that TMOs are an excellent alternative as a
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transport layers because they can be synthesized at low temperatures achieving the desired
crystallinity good transparency and a good energy level matching for the complete device
[47]. Taking all the above information into account, all these oxides are available to use as a
HTL and ETL in PSCs. However, in this thesis we focused our studies only on NiO, ZnO and

TiO,, as transport layers in PSCs, because are the most studied as HTL and ETL, respectively.

3.7 Conclusions

In this chapter, we have demonstrated that the study of the optimum sintering
temperature, from the electronic, crystallographic and optical point of view, is very
important in order to achieve a proper TMO for an interface layer, acting as an HTL or ETL,
in PSCs. Several spectroscopic techniques were presented that were used to characterize

these oxides as a function of the sintering temperature.

From the XRD studies we conclude that the sintering temperatures directly affects the
crystal structure of the oxides where the general trend was that as annealing temperature
increased, the cristallinity increased and finally the desired oxide form was achieved.

An ellipsometry study was presented to determine the thicknesses of the corresponding
TMOs thin films, which is very useful for the fabrication of inverted PSCs by the spin coating
technique. The ranges of the thickness are between 30 and 110 nm.

Regarding the optical properties of the TMOs, no significant differences were observed by
UV-visible studies in terms of absorption as a function of annealing temperatures. Generally,
all the oxides showed a good transparency in the visible range, a relevant characteristic for
PSCs. Furthermore, the experimental values found by applying the Tauc’s method for the
bandgaps were in accordance with literature values.

Finally, from the XPS studies, we identified the oxidation and reduction of the metals related
to the several annealing temperatures and we also determined the oxidation states of the
transition metals in TMOs, which fitted properly with literature values. From the XPS
analysis, we detected that some spectra had a charging effect because of the insulating
behaviour of the semiconductor oxides. These shifts were taken into account for the

determination of the energy level diagrams obtained from UPS spectra. Also, the good
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energy level matching between the CBM and VBM of the CH3NH3Pbls; of the perovskite to

the respective TMOs was justified.

We have demonstrated that all these TMOs are suitable to apply in PSCs due to these

attractive crystallographic, optical and electronic properties.
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Chapter 4

Inverted Perovskite Solar Cells

4.1 Introduction

In recent years, PSCs have attracted great attention due to the versatility of properties of
the main absorber, the halide perovskite, resulting in highly efficient, low-cost, flexible and
semi-transparent photovoltaic devices [1]. In 2009, Miyasaka et al. were the first to report
the application of CH3NHsPbls (MAPbIs) and CHsNHsPbBrs (MAPbBr3) as sensitizers in the
replacement of the dye reaching 3.8 % and 3.1 % PCEs, respectively [2]. In 2012, M. Gratzel
et al. fabricated nowadays the well-known normal architecture device, using perovskite
films as the photoactive absorber layer, employing the mp-TiO, as ETL and spiro-OMeTAD as
HTL, achieving 9.7% PCE [3]. This was followed in2013, by M. Z. Liu, M. B. Johnston and H. J.
Snaith who fabricated the planar heterojunction PSCs via vapour deposition with a reported
efficiency exceeding 15.4 % PCE [4]. The efficiency of the PSCs has improved rapidly until
reaching a certified record of 24.2 %positioning itself as a strong competitor for silicon solar

cell technology [5].

Organic inorganic halide perovskites are highly interesting materials due to their excellent
optoelectrical properties such as their optical absorption coefficient, a direct bandgap, long
carrier lifetime and diffusion length [6-8]. One interesting characteristic of organic-inorganic
halide perovskite is the tunability of their bandgap which can be built by replacing the
cations and anions in their structure. For example, the properties of the halide perovskite
MAPb(l,,Bry)scan be tuned depending on the halogen concentration to exhibit bandgaps

ranging from 1.6 eV to 2.3 eV [9-10].

The term perovskite comes from Gustav Rose which discovered calcium titanate (CaTiOs3) in
1839 and named it after the Russian mineralogist Lev Perovski. This material was originally
referred to a kind of ceramic oxide with the general molecular formula of ABX3, where A is

an organic cation, (such as CH3NH;", NH,CH=NH,", CH3CH,NH3"), B is a metal cation (Pb*",
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Sn2+) and X is halogen anion; (such as F, CI', Br, I')[11]. A schematic representation of the

perovskite crystal structure can be observed in Figure 4.1.

Figure 4.1 Schematic representation of the perovskite crystal structure ABX; Extracted from [12]

One of the simplest and most applied halide perovskite material in photovoltaics is MAPbls,
with formula CHsNHsPbls, also known as MAPI, and with an effective absorption coefficient
in the visible range of 1.0x10°mol™ Lem™ at 550 nm [13], with a perovskite film thickness in
the range of 500-600 nm. However, mixed halide and mixed cation perovskites, triple and
quadruple cation, are now being synthesized producing high PCEs and greater stability.

For MAPI different crystal phases occur at different temperatures. At low temperatures, it
forms an orthorombic phase (T< - 108 °C), corresponding to the space group Pnma. While,
at higher temperatures (between - 108 °C and 54 °C), the structure changes to a tetragonal
phase, with space group of 14/mcm, where the organic cations are exhibit 2D disorder.
Meanwhile, when the temperature increases above 54 °C, it corresponds to a cubic phase

transition with a space group of Pm3m, leading to a 3D disorder [14-15].

In 2014, Pellet et al. studied the mixed cations of MA (CHsNHs") and FA (NH,CH=NH,"),
which at RT crystallizes in the Pm3m space group [16]. The FA cations can build the
perovskite structure of HC(NH;),Pbls (FAPI) with fully vertex connected Pblgoctahedra and
FAPI PSCs have reached a maximum conversion efficiency of 20.1 % [17]. The increase of the
cation radius from 2.2 A (MA) to 2.5 A (FA) further decrease the optical E;from1.5eVto 1.4
eV, extending the absorption into the near-infrared area [18]. However, under 150 °C, FA
shows a delta-phase perovskite transition, while above 150 °C, the structure exhibits a black

perovskite phase of FAPI (a-phase). In order to stabilize these faces mixed cation structures
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have been studied. For instance, Yi et al. demonstrated the best performance with the
addition of 10 % MA, reaching 20.2 % PCE [19]. Inorganic cations such as cesium or rubidium
have also been used by several research groups, as the addition of cesium can increase the
thermal stability of the device. For example, Seok et al. demonstrated that the control of the

growth conditions of the perovskite crystal structure can lead to high-efficiency PSCs [20].

4.2 Inverted configuration Halide Perovskite Solar Cell

The inverted PSCs configuration (Figure 4.2) emerged as an alternative to the unstable
normal configured PSCs. In this configuration, the HTL, like PEDOT:PSS or Spiro-OMeTAD,
can be replaced by HTL made of semiconductor oxides such as NiO, V,05 or MoQOs. The HTL
layer is an essential part of PSCs as it provides important functions, such as extracting the
holes (and blocking electrons) from the perovskite layer, conducting the holes through the
HTL layer, and, in the case of semiconductor oxides, isolating the perovskite layer from the

oxygen and moisture from the atmosphere.

-

Top electrode (Au, Ag)

i

Electron Transport Layer (ETL)

e

Figure 4.2 Scematic representation of the inverted configuration Halide perovskite solar cell.

A standard used HTL in inverted PSCs is PEDOT:PSS, which is a conducting polymer that
possesses high optical transmittance in the visible light wavelength range [21]. However, the
acidic nature of PEDOT:PSS is an important drawback for the long-term stability of PSCs

devices [22]. As an alternative to PEDOT:PSS, inorganic p-type semiconductors have been
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used for the HTL in inverted PSCs with NiO, being the most common semiconductor oxide
used as a replacement. NiO is a well-known p-type semiconductor with superior properties;
such as excellent thermal and chemical stability, optical transparency, low cost and it is
compatible with simple fabrication process by printing techniques like sol-gel or spray-
pyrolisis. Its optoelectronic properties make NiO an excellent candidate to work as HTL in
PSCs [27-28]. Docampo et al. [26], reported the use of V,05 and NiO as an HTLs, and Guo et
al. [27] have shown an adjustment of the WF of NiO through doping, improving the final
energy level alignment. Doping NiO, with metal elements, such as Cu or Li, have
demonstrated to improve the p-conductivity of NiO film and increase device performance
and stability [31-32]. Jung et al. developed a low-temperature solution processable
combustion deposition method for the preparation of high quality Cu:NiOy film as an
efficient HTL in an inverted PSC. As a result, PSCs with efficiencies as high as 17.7 % were

obtained [30].

Other alternatives to PEDOT:PSS are CuO or Cu,0 which have shown good energy level
alignment with the CH3NH3Pbls and higher V. [31]. In addition, other inorganic materials,
such as PbS, and graphene oxide (GO) have been applied as HTL in inverted architecture
PSCs, achieving PCEs of 16.6 %, and for GO, a PCE of 17 %, respectively. In both cases the
efficiency was much higher than for the reference PSCs applying PEDOT:PSS [32]. Recently, a
PCE of up to 20.4 % was realized in normal configuration through use CuSCN as HTL and TiO,
as ETL, which is comparable to 20.9 % of the PSC applying spiro-OMeTAD as a HTL [33]. As
advantage in front of other organic HTL such as spiro-OMeTAD, PSCs with inorganic HTL

showed stability under humid and high temperature condition [34].

It is also important to take into account a good energy level alignment between the
absorber layer (CH3NH3Pbl3) and transport layers (HTL and ETL). Figure 4.3 shows the energy
level alignment for several HTL and ETL used in PSC. In a typical PSC, when the perovskite
absorbs light, the electrons in the VBM of the perovskite layer are excited to its CBM
creating an electron-hole pair. This electron-hole pair is usually not stable due to the weak
exciton binding energy of the halide perovskite [3]. Thus, the HTL plays a critical role in the
band energy alignment. Tailoring the energy level of the HTL to match perfectly with the

VBM of the perovskite layer can help to better hole extraction and transfer [35].
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Besides of its work as the transport of the holes generated in perovskite to the TCO (anode),
the HTL in inverted PSCs prevents electrons from leaking to the anode, which can greatly
reduce the recombination of electrons and holes at the interface between the perovskite

and anode [39-40].

The ETL material (n-type) is in charge of the extraction and transport of electrons (blocking
holes) and the reduction/suppression of charge recombination [38]. Also, high electron
mobility is mandatory for a proper device performance. The energy alignment between the
ETL and the perovskite has to match correctly in order to facilitate the electron extraction
and transport, contributing to the increase of J,cand FF. The carefully selection of the ETL is
crucial to obtain an uniform, compact and smooth perovskite layer, and directly affects the

proper crystallization and nucleation of the halide perovskite thin film [39].

Fullerene and its derivates are widely used as n-type materials. These organic ETLs used in
PSCs present an efficient electron extraction, good energy alignment and efficient electron
mobility [38]. Liu and co-workers used PCBM in an inverted architecture replacing TiO, and
they exhibited a PCE of 14.3 % [40]. Another example is the work of Kakavelakis and co-
workers; they inserted a reduced graphene oxide (rGO) into PCBM as ETL. Their results

demonstrated a hysteresis-free PCE of 14.5 % compared to the only PCBM devices [41].

Moreover, low temperature processed ETLs, such as ZnO, TiO,, Al,O;, are excellent
candidates for flexible substrates. Snaith and co-workers reported a low temperature
processing route to fabricate mesoscopic Al,03[42]. Kelly et al. used a compact ZnO ETL,
without any sintering process, to fabricate highly efficient planar PSC with an average
efficiency of 13.7 % [43]. Also, amorphous WO,-TiO, composites were used as ETL given the
highest PCE of 13.5 % [44]. Another example is the use of SnO,, reported by Ke and co-
workers, who applied low-temperature solution-processed SnO, reporting an average
efficiency of 16.02 %. Also, their procedure is perfectly compatible with large scale roll-to-
roll manufacturing of low-cost PSCs on flexible substrates [45]. Other deposition approaches
have also been developed for low temperature processed ETLs, e.g, spin-coating, slot-die

coating, chemical bath deposition and electrodeposition [38].
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Figure 4.3 Energy level diagram of representative organometal perovskites, HTLs and ETLs, as well as some
metal electrodes appliedin PSCs. Extracted from [46]

It is known that metal oxides demonstrate much higher carrier mobility and superior
stability than the many organic-based transport layers [42-43]. In addition, metal oxides can
be processed easily via solution from corresponding precursors and nanoparticles at low

temperatures.

In this chapter, NiO was selected as the HTL in PSC. For the fabrication of inverted PSCs, NiO
was used as an HTL and four different combinations of PC;oBM and ZnO were employed as
the ETL. The  halide perovskite used was the mixed-ion perovskite
[HC(NH;),]o.85(CH3NH3)g.15Pb(lo.85Bro.15)s. The transparent and back electrodes were FTO and
Au, respectively. The PSC was fabricated in a planar and inverted configuration (as in Figure
4.2) by the spin-coating technique. This chapter describes the fabrication and optimization

of the PSCs parameters to obtain high efficient devices.

4.3 Optimization of the Electron Transport Layer (ETL)

The ETL plays an indispensable role in blocking holes and transporting electrons. It also plays
a very important role in separating the perovskite absorber layer from the electrode in
order to reduce the direct recombination of photo-induced charge carriers. Accordingly, this
section we carried out the optimization of four different combinations of ZnO and PCBM

used as ETLs with the aim of finding the best option for a high efficient PSC.
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The inverted PSC were fabricated as described in Chapter 2. In all cases, the inverted PSC
structure has a configuration: FTO/NiO/PVSK/ETL/Au (where PVSK represents the halide
peorvskite). This configuration employs FTO as the bottom electrode, followed by the NiO as
the HTL, the absorber layer as mixed-ion PVSK, the ETL layer to be optimized and finally gold
as the top electrode. The four configurations used as ETL were (a) PC;0BM, (b) ZnO, (c)
PC70BM/Zn0 bi-layer (BL), and (d) PC;0BM:ZnO bulk heterojunction (BHJ).

4.3.1 PC;0BM

PCBM is widely used as an ETL due to its high electron accepting properties and the
possibility for the passivation of traps in the perovskite film. The LUMO energy level of
PCBM is 3.9 eV matching correctly the band energy level alignment of the perovskite [38-
44]. For instance, Nie et al. reported MAPbI3/PCBM as an ETL in inverted planar hybrid PSCs
and the highest PCE achieved was 17.7 % [50]. Also, Qiu et al. used cross-linked PCBM as the
interlayer between perovskite and TiO, to fabricate planar PSCs with efficiency of 18.4 %
[51]. PC;0BM is a fullerene electron acceptor and the non-symmetrical C;¢ enables energetic
transitions that are forbidden in Cqg, thereby improving the absorption characteristics over
PCeoBM for the visible range of the solar spectrum. In our case, we chose to work with
PC;0BM because it is a commonly used ETL applied in inverted planar heterojunction PSCs
displaying high performance as demonstrated by You et al.. In their work, they applied the
following device structure: substrate/ITO/PEDOT:PSS/CHsNH3Pbl(5.)Cl(x)/PCBM/AI. All these
layers were sintered at low temperature and a resulting PCE of 11.5 % was obtained on rigid

substrates (glass/ITO), and a 9.2 % PCE on flexible PET/ITO substrates [52].

In our work, the optimal ETL step process was achieved after exchanging the ETL material
from PCgoBM to PC;oBM. The deposition speed of the spin coater to achieve a thin layer of
PC;0BM, was varied from 5000 rpm up to 8000 rpm. Also, the dilution of the PC;xBM layer
was modified from 0.02 g/ml to the optimized 0.01 g/ml. The deposition of the layer were
made with freshly-prepared solutions, flushing the inside of the glovebox with N, gas before
the experiments to avoid excessive concentration of volatile solvents in the chamber, also
the deposition of the PC;,oBM layer was made once the solution was placed on the FTO

substrate before the spinning was initiated (what we call placing the solution “on the
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substrate”). The careful application of these steps contributed to the optimum fabrication of

the PSC.

Figure 4.4 shows the photovoltaic performance of the inverted configuration PSCs
developed in our laboratory applying the optimized PC;oBM thin film as the ETL. The figure
shows the structure of the PC;0BM molecule (a), the IV curves of the as-obtained inverted
PSCs (b), the IPCE analyses (c) and a table with the photovoltaic parameters (d) obtained for
the inverted PSC using PC;oBM as an ETL and NiO as the HTL. The Figure also shows the IV
curves in forward and reverse scans. As observed, the initial efficiencies obtained were not
above 2.1 %. The results show poor photovoltaic parameters but quite good reproducibility.
The IPCE analysis shows a correct absorption in the whole spectra up to 800 nm, an
indication of the absorption and charge injection from the halide perovskite. Nevertheless,
the poor FF and low V. (0.4 V) indicates internal recombination losses, probably due to the
problems on the fabrication of smooth thin films without pinholes, or deficiencies at the
interfaces with the transport layers. In addition, we observed a difference between forward

and reverse scans indicating some level of hysteresis for the PSCs.
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Figure 4.4 (a) PC,,BM structure, (b) IV curves, (c) IPCE and (d) table of photovoltaic parameters of inverted
PSC using PC;,o,BM as an ETL in forward and reverse IV scans.
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4.3.2Zn0

PCBM is commonly used as an ETL in planar architecture with a high performance; however,
this material is associated with high production costs and photochemical instability [53]. As
a result, several kinds of n-type metal oxide semiconductors, such as TiO,, ZnO, SnO; have
been extensively applied since these solution-processed semiconductor oxides are simple to
deposit by spin-coating, are relatively cheap to fabricate, can be synthesized at a low
temperature and can produce thin films with good transparency. Among these metal oxide
semiconductors, ZnO is a relevant candidate because of its good energy level alignment with
the perovskite absorber and high electron mobility [54]. For instance, Bai et al. used ZnO
nanocrystals to improve the stability of PSCs and demonstrated stable performance up to
140 h for a MAPDbIs.,Cly perovskite absorber [37]. Also, Zhang et al. used a ZnO interlayer and
demonstrated up to 60 days of stable efficiency based on PEDOT:PSS as an HTL [55].
Following these studies, You et al. developed solution-processed p-type NiO, and n-type

Zn0O nanoparticles and used them as the HTL and ETL, respectively, in a PSCs [56].

In this work, to achieve the optimized ZnO layer, several variables in the fabrication process
were modified, for example spin coating speed was varied from 5000 rpm to 8000 rpm.
After preparation, the thin films were dried in air at 40 °C for 10 min. Finally, the use of fresh
solutions, flushing the N, gas inside of the glovebox to take out the volatile solvent, and
final, the deposition of the ZnO was made by placing the solution on the substrate before
spin coating. Figure 4.5 shows (a) the ZnO structure, (b) IV curves, (c) IPCE and (d) a table of
photovoltaic parameters corresponding to the inverted PSC using ZnO as an ETL and NiO as

the HTL, in forward and reverse |V scans.

The IV curve of the best PSC is depicted in Figure 4.5 (b). An improvement in the
photovoltaic response in comparison with the PSCs applying only PCBM (Figure 4.4) was
observed. The best efficiency was observed at 5.8 %, while FF and V,. were around 46 % and
0.6 V respectively, for the best devices. However, the hysteresis is extremely large. The
results using only ZnO as an ETL showed higher photovoltaic parameters compared with
PC;,0BM, but also presented lower reproducibility between samples. The IPCE analysis of

Figure 4.5 (c), shows that the absorption region corresponding to the halide perovskite is
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slightly lower than what is expected (or what is shown in the PSC applying PCBM), an

indication that the use of the ZnO ETL alone is not enough for the correct electron transport

in the PSC.
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Figure 4.5 (a) ZnO structure, (b) IV curves, (c) IPCE and (d) table of photovoltaic parameters of inverted PSC
using ZnO as an ETL in forward and reverse IV scans.

4.3.3 PCBM/ZnO-bilayer (BL)

The application of two electron transport materials, such as PCBM and ZnO, is possible if the
band alignment is the adequate. Previous works suggest that these two materials have all
the requirements for an optimal ETL. For example, Mali et al. employed a ZnO interlayer
between PCBM and Ag which avoided unwanted degradation and diffusion between Ag and
PCBM as it protected the perovskite layer from air [57]. The best-performing cell exhibited
an efficiency exceeding 19 %, providing fast electron transportation and low recombination.
Zhang et al. consider that the creation of a bilayer structure allows materials that are
inherently to be in contact with perovskite active layer. In addition, a sol-gel ZnO layer
improved energy level alignment and enhanced charge carrier extraction, and a PCBM layer
reduced hysteresis and achieved better thermal stability [58]. Zhang et al. inserted a layer of
PCBM between ZnO and a perovskite film to passivate the ZnO surface. This helped to avoid
thermal decomposition of the perovskite material and reduced the interface barrier
alignment between the PCBM and the perovskite layer, the best-performing cell exhibited

an efficiency of 19.1 % [59].
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In this section we applied a bilayer of PCBM/ZnO as the ETL. To fabricate this bi-layer we
first deposited the PC;oBM layer by spin coating by applying a solution of 0.01 g/ml of PCBM
in chlorobenzene. The deposition of the solution was made at 7000 rpm. After deposition,
the film was annealed for 10 min at 40 °C. For the second layer, ZnO, 40 mg/ml of the ZnO in
chlorobenzene (procedure described in Chapter 2) was applied by spin coating. The spin
coating speed was 7000 rpm and the film was annealed at 40°C for 10 min in air. Figure 4.6
shows (a) the PCBM and ZnO structure, (b) the IV curves, (c) the IPCE analysis and (d) a table
of the photovoltaic parameters obtained for the inverted PSC applying the PC;0BM/ZnO-BL

as the ETL and the NiO as the HTL, in forward and reverse |V scans.
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Figure 4.6 (a) PCBM and ZnO structure, (b) IV curves, (c) IPCE and (d) table of photovoltaic parameters
of inverted PSC using PCBM/ZnO-BL as an ETL in forward and reverse IV scans.

Figure 4.6 depicts the IV curves of the best PSCs using a bilayer of PCBM/ZnO, the
application of bilayer of PC;0BM/ZnO results in even greater hysteresis than what has been
observed with previous ETLs, and the IV curves shows a worse shape compared with the PSC

applying only ZnO. We observed that, in general, lower photovoltaic performance was
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obtained if compared with PSCs applying only ZnO but better photovoltaic parameters if
compared with PSCs applying the PC;0BM alone. Moreover, the application of the PC;0BM

and ZnO as bilayer, presented lower reproducibility between the samples.

4.3.4 PC;0BM:ZnO bulk heterojunction (BHJ)

Although the bare PCBM and ZnO thin films work well as ETL, as discussed in the previous
sections, we analyzed the combination of both materials as part of a bulk heterojunction.
We found that the combination of both materials as a mix solution in molar ratio 1:1 with
chlorobenzene in our inverted configuration provided the best photovoltaic performance.
Figure 4.7 shows (a) PCBM and ZnO structure, (b) IV curves, (c) IPCE and (d) table of
photovoltaic parameters of inverted PSC using PC;oBM:ZnO-BHJ as an ETL in forward and

reverse |V scans.

In order to obtain the best results, the process was optimized. Changes in the deposition
mode were carried out, after several times we achieved better deposition of the mix
PCBM:ZnO by placing the solution on the FTO substrate before spin coating. We made
changes in terms of the materials concentration in the solution, we analyzed the PCBM:ZnO
molar ratios of 2:1, 1:2 and 1:1 ratios. We also optimized the deposition speed by modifying
the spin coating velocity from 5000 rpm to 8000 rpm. The higher the speed the thinner the

PCBM:ZnO layer (with a thickness of 70 um approximately).

The best PSC was obtained with a PCBM:ZnO molar ration of 1:1 and a deposition speed of
7000 rpm. The IV curve of the best cell using PC;0BM:ZnO solution in chlorobenzene shows
an improved FF with values up to 44 %. Moreover, the J;c was observed to be the best one in
comparison with the other ETLs analyzed, which improved the efficiency of the solar cell. In
addition, the hysteresis observed in the reverse/forward IV curves was observed to be
minimal. Thus, the PSCs using a mix solution of PC;oBM and ZnO as ETL demonstrated the
best photovoltaic response compared with the application of the other ETL materials

analyzed in this work.
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Figure 4.7 (a) PCBM and ZnO structure, (b) IV curves, (c) IPCE and (d) table of photovoltaic parameters of
inverted PSC using PCBM:Zn0O-BHJ as an ETL in forward and reverse IV scans.

The addition of ZnO facilitates the formation of a highly smooth and uniform ETL layer,
which is more effective in preventing undesirable electron-hole recombination between the
perovskite layer and the top electrode (Au). As a result, the V.. of the PCBM:Zn0O-BHJ based
solar cells is increased from 0.4 to 0.9 eV, comparing with only PCBM, which leads to
significantly enhanced PCEs of the devices. PCEs as high as 8.7 % were obtained using this
ETL. In summary, this study shows that the best photovoltaic performance in terms of all 4
photovoltaic ETLs was achieved using a mix solution of PC;BM and ZnO in molar ratio 1:1

dissolved in chlorobenzene.

4.3.5. Comparisson of the different ETLs applied in inverted PSCs

Table 4.1 shows the comparison of the photovoltaic response of the PSCs applying these

four ETLs. The table shows the average values (for PC;BM, ZnO, PC;0BM/ZnO-BL and
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PC70BM:Zn0O-BHJ samples) of the results obtained from the IV curves in forward and reverse

scan modes.

Table 4.1 Average of values of photovoltaic parameters of inverted PSCs using different ETLs in forward and

reverse scan.

ETL PCE (%) Voe(V) J(mA/cm?) FF(%)
Forward  1.25+0.08 0.39+0.04 12.94+2.06 24.99+3.01
PC,,BM
70 Reverse 1.90+0.17 0.37+0.04 17.21+1.35 27.68+1.34
0 Forward  1.60+0.46 0.39+0.09 13.18+0.79 30.94+3.11
n
Reverse 4.63+1.09 0.56+0.07 19.59+0.12 41.19+5.12
Forward  1.18%0.31 0.36+0.05 10.13+1.92 32.08+2.38
PC,0BM/ZnO-BL
Reverse 3.81+0.56 0.54+0.05 17.57+1.53 40.25+5.38
Forward  7.27+0.83 0.88+0.07 19.88+2.67 41.42+1.01
PC;,BM:ZnO-BHJ
Reverse 8.20+0.79 0.93+0.08 21.26+3.17 41.43+2.43

As Table 4.1 shows, ETLs with a mix solution of PC;0BM and ZnO in chlorobenzene,
produced higher V,. and PCE compared with the other materials. In addition, hysteresis
behaviour was almost non-existent. Moreover, only PC7oBM as an ETL produced very low V.

and FF that impacted directly on the poor efficiency of the inverted PSC.
Figure 4.8 shows the average of photovoltaic parameters PCE, Js, Vo and FF for the

materials studied as an ETL; only PC;BM, only ZnO, a bilayer of PC;oBM/ZnO and a mix

solution of PC7gBM:Zn0O-BHJ, at one sun illumination conditions.
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Figure 4.8 PSC photovoltaic parameters (PCE, Js, V.. and FF) for the four materials used for ETL; (a)
only PC,,BM, (b) only ZnO, (c) a bilayer of PC;,,BM/Zn0O and (d) a mixed solution of PCBM:ZnO at one
sun illumination conditions.

4.4 Optimization of NiO as the Hole Transport Layer (HTL)

The HTL is a very important layer in solar cell devices for efficient charge transport and
extraction. An ideal HTL material candidate for high performance PSC should have a good
optical transparency, prevent electron leakage, avoid hole-electron recombination as much
as possible, and provide a good energy level alignment and support a high-quality and
sufficiently thick perovskite film [53]. It is known that p-type semiconductor oxides
demonstrate much higher carrier mobility and superior stability than organic materials. Liu
et al. demonstrated the application of NiO, nanoparticle as HTL in normal PSC using MAPblI;.
«Cly, reaching a PCE of 9.1 % [60]. Yang et al. reported the use of NiOy in MAPbls;-based

normal PSC with a carbon nanotube as an ETL and achieved a PCE of 15.4 %.
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This section analyses the effects of 3 different NiO concentrations with the aim of finding
the best option for an optimized HTL in an inverted configured PSC. The different solutions
used were a 0.06 M, 0.15 M and 0.21 M of NiO dissolved in MeOH. An inverted structure
PSC was employed using FTO as the TCO, followed by a NiO in various concentrations to act
as the HTL, the absorber layer was mixed-ion perovskite, a mix solution of PC;oBM and ZnO
in chlorobenzene acted as the ETL, and finally, 80 nm of gold for the top electrode were
thermally evaporated. Figure 4.9 shows the NiO structure. The concentrations analysed are:

a) 0.06 M NiO, b) 0.15 M NiO and ¢) 0.21 M NiO.

Figure 4.9 The NiO structure.

To achieve the properly NiO solution suitable as a HTL in a perovskite layer, it was
modifying, filtered the solution by hydrophobic PTFE synergie filter, non sterile (0.20 um).
Also, after several times of NiO deposition onto FTO substrates, we realize that heating FTO
subtrates in a hot plate at 80 °C before the deposition it seems better than at RT. And

always, spray air flow to the FTO before the deposition of NiO layer.

4.4.1 0.06 M NiO

Figure 4.10 shows (a) IPCE, (b) IV curves and (c) table of photovoltaic parameters of inverted

PSC using NiO 0.06 M as an HTL in forward and reverse IV scans.
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Figure 4.10 (a) IV curves (b) IPCE and (c) table of photovoltaic parameters of inverted PSC using NiO 0.06
M as an HTL in forward and reverse IV scans.

From the Figure 4.10 we can conclude that the PSCs using a 0.06 M NiO solution as an HTL
showed efficiencies, exceeding 10 % PCE. However, a much higher photovoltaic
performance in reverse scan than forward scan was produced, indicating important

hysteretical behaviour.

4.4.2 0.15MNiO

Figure 4.11 shows (a) IV curves, (b) IPCE and (c) table of photovoltaic parameters of inverted

PSC using NiO 0.15 M as an HTL in forward and reverse IV scans.
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Figure 4.11 (a) IV curves(b) IPCE and (c) table of photovoltaic parameters of inverted PSC using NiO 0.15
M as an HTL in forward and reverse IV scans.

From the Figure 4.11 we observe, that the photovoltaic parameters of the inverted PSC
using a 0.15 M of NiO in MeOH as an HTL were marginally better as compared to the PSCs
fabricated with the 0.06 M concentration.

443 0.21 M NiO

Figure 4.12 shows (a) IV curves, (b) IPCE, and (c) table of photovoltaic parameters of

inverted PSC using NiO 0.21 M as an HTL in forward and reverse IV scans.
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Figure 4.12 (a) IV curves(b) IPCE and (c) table of photovoltaic parameters of inverted PSC using NiO 0.21
M as an HTL in forward and reverse IV scans.

Table 4.2 shows the average results of the photovoltaic response and Figure 4.13 the
photovoltaic performance obtained for the inverted PSC using a different concentration of
NiO as a HTL such as; 0.06 M, 0.15 M and 0.21 M for forward and reverse scan in an inverted
architecture. The results indicate that the optimal concentration for this semiconductor
oxide applied as an HTL is 0.15 M, also we can conclude that 0.06 M is too diluted and 0.21

M is too concentrated.

Table 4.2 Average of values of photovoltaic parameters of inverted PSCs using different HTLs in forward and

reverse scan.

ETL PCE (%) Voc(V) J.(mA/cm?) FF(%)
Forward  4.84+0.30 0.76+0.02 22.45+0.32 28.20+1.95
0.06 M NiO
Reverse  10.94+0.32 0.93+0.03 22.60+0.23 52.28+0.97
Forward 5.83+0.43 0.78+0.01 21.10+0.26 35.04+2.44
0.15 M NiO
Reverse  11.03%0.65 0.94+0.02 21.11+0.33 55.24+2.16
Forward  4.00+0.57 0.70+0.03 20.64+0.63 27.89+4.02
0.21 M NiO
Reverse 6.94+0.55 0.84+0.03 20.44+0.77 40.22+0.33
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Figure 4.13 Photovoltaic parameters (PCE, J,., V.. and FF) for the three different concentrations of NiO,
used as an HTL in an inverted architecture PSC.

4.5 Additional analyses to enhance PSC efficiency

In this section we analyze the direct relation between the quality of perovskite thin film with
the photovoltaic response of the complete PSC, quality that depends on the fabrication
conditions (R.H, temperature, etc) which can induce poor thin film formation and poor
crystallization of the perovskite absorber and thus low PSC performance. Figure 4.14 shows
the IV curves and IPCE of the cells analysed in this section, cell A with a PCE of 4.7 % and cell

B that exhibits a PCE of 10.7 %.
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Figure 4.14. Photovoltic performance of PSCs with two dissimilar power conversion efficiencies. (a) IV
curves and (b) IPCE analysis of the perovskite cell with an PCE of 4.7 %, and (c) IV curves and (d) IPCE
analysis of a perovskite solar cell showing 10.7 % efficiency.

In the following sections we characterize these two PSCs showing the two different PCE. Our
aim is to understand the reasons behind dissimilar efficiencies through analysing by X-ray
diffraction of the perovskite thin film, and by SEM/EDX analysis of complete PSC devices. As
mentioned before, the two selected PSCs were fabricated by spin coting applying the two-
step method, applying the anti-solvent method with the DMF:DMSO (4:1) solvent mixture.
The resulting devices have the configuration glass/FTO/NiO/halide perovskite/PCBM:ZnO-
BHJ/Au with 4.7 % and 10.7 % efficiency.

4.5.1 Effect of the purity and crystallinity of the halide perovskite

A study by XRD of the halide perovskite thin film was carried out. We analyze how the purity
and crystallization of the halide perovskite can affect the photovoltaic parameters of the
PSC. This study is a key point to understand the crystal phase of the mixed-ion perovskite
[HC(NH,),]o.85(CH3NH3)0.15Pb(lo85Bro.15)3, also called (MAPbBrs3)15(FAPbIs)ogs. To carry out
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the X-ray analysis the thin films were prepared as described in Chapter 2 (section 2.2.3.1) a
complete PSC was analysed, that were kept under N, atmosphere until the XRD
measurements were carried out.

The MAPDI3 is usually found in a tetragonal phase, however, according to the study by
Constantinos et al., it can be transformed to the cubic phase at temperatures around ~54 °C
[61]. In the case of the formamidinium lead triiodide (FAPbIs) the preparation of high-quality
a-FAPDbI; perovskite is still a challenge. The lack of thermodynamic stability and the further
fast formation of the yellow 6-FAPbI; polymorph phase at RT, are the main obstacles for its
application in solar cells [62]. Nevertheless, the advantage that FAPbIs presents lies in the
larger ion size of FA" (the ionic radi of FA" is 2.79 A whereas for the MA" it is 2.70 A)[63]
which directly affects the optical Eg, which value decrease from 1.54 to 1.47 eV. This change
in the ionic radi allows an extension of the absorption into the near-infrared [16]. Solar cells
based on FAPbIl; with a maximum PCE of 20.1 % have been recently demonstrated [17].
There are also several studies showing the application of a mix of MA and FA cations. In this
case, the formation of the yellow polymorph can be avoided resulting in PSCs with good
photovoltaic properties [64]. Thus, the controlled fabrication of high quality halide
perovskite films with high crystallinity and smooth (pinhole-free) morphology are highly

important for the fabrication of efficient PSCs.

Figure 4.15 shows the XRD patterns of the mixed-ion perovskite applied in an inverted
structure PSC with (a) low performance, 4.6 % efficiency, and (b) high performance, 10.7 %
efficiency. Characteristic diffraction peaks in both diffractograms, correspond to the
tetragonal perovskite phase (a=8.85 A, b=8.85 A and c=12.642 A) with a space group I4cm of
the simple MAPbI; were found in the mixed-ion perovskite, matching those of the database
literature (reference code 250739 from ICSD). However, this mixed-ion perovskite also
contains certain amount of FAPbl; and a hexagonal phase is also present for this structure,
with a space group P3m1 and cell parameters of a=8.98 A, b=8.98 A and c=11.00 A, a=90 °,
B=90 ° and y=120 °.
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Figure 4.15 Indexed X-ray diffraction analyses of the mixed halide perovskite (MAPbBr3)o.15(FAPbI3)o.g5 applied
in an inverted PSC of the type: glass/FTO/NiO/mixed-ion perovskite/PCBM:ZnO/Au. (a) solar cell with 4.6 %
efficiency and (b) solar cell with 10.7 % efficiency.

Following the reported values for the special case of the mixed-ion perovskite
(MAPDbBTr3).15(FAPbI3)o g5 = the diffraction peaks were indexed taking into account the a-
FAPbl; phase [65], and the database values (reference code 250736 from ICSD).
Furthermore, the peaks assigned to the substrate FTO, are in accordance with those

reported in the literature database (reference code 00-046-1088).

The high intensity peak at 12.67°, Figure 4.15 (a), corresponds to the (001) reflection and is
attributed to unreacted Pbl, (labelled as #Pbl,) Although certain excess of Pbl, has been
shown to be beneficial for the high performance PSCs [61-62], its presence in relation to the
halide perovskite material should be carefully controlled. The reflection (001) is the
strongest peak of the spectra (a) which could reflect the unreacted amount of Pbl, residue
and could be one of the reasons behind the low, 4.6 % PCE, of the solar cell. Moreover, the
(110) reflection at 14.06° corresponds to the crystal structure of the mixed-ion perovskite
which is less intense than the (001) peak of the Pbl,. This has been attributed to the low
conversion of the reactants into the (MAPbBr3)o.15(FAPbI3)q g5, an indication of an incomplete

perovskite formation [68].

Figure 4.15 (b) shows the diffraction pattern of the halide perovskite applied in a PSCs with
a 10.7 % efficiency. The reflection (001) at 12.63° ascribed to Pbl, residue exhibits much less

intensity in comparison with the same peak in Figure 4.15 (a), an indication that Pbl; is
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present in less amount in this PSC. Moreover, the reflection (110) at 14.04° exhibits a higher
intensity compared with the typical Pbl, peak, which suggests a more efficient conversion
into the (MAPbBI3)o.15(FAPbI3)g gs.

Thus, we have observed that the crystallinity as well as the presence of Pbl,, are key

elements that should be carefully controlled in order to fabricate high efficiency PSCs.

4.5.2 Effect of device processing

In order to determine the thickness and quality of the light harvesting halide perovskite thin
film, a morphology study was carried out on the inverted PSC.

The thickness of the perovskite layer is a key parameter to take into account for PSC
performance. If the perovskite film is very thin, light absorption can be compromised
resulting in poor photocurrent. However, if the perovskite film is too thick, the efficiency of
the charge carrier extraction will be poor due to an increase in the unwanted charge
recombination. Several groups have reported studies of perovskite film thickness for a
normal configuration PSC using TiO,, the optimal thickness is about 650 nm [69]. For a
mixed-ion perovskite composed of CH3NHsPbls,Cly, a recent study on inverted and normal
architectures showed an optimal perovskite film thickness of between 400 and 800 nm for
high performance devices [7-65].

Additionally, Liu et al. reported an optimum thickness of 330 nm, of an inverted structure
ITO/ZnO/CH3NH3Pbls/P3HT/Ag, with a PCE of 11.3 % [71]. Following these studies, in this

section, we analysed the halide perovskite thin film quality and thickness.

Figure 4.16 and Figure 4.17 show the lateral views of FIB-SEM analysis of PSCs with low (4.6
%) and high (10.7 %) PCE, respectively, which we can relate to the morphology of the

perovskite thin film, as follows.

Figure 4.16 (a) shows large voids (pinholes) which are originated in the perovskite absorber
layer (MAPDbBr3)o.15(FAPbI3)o g5. These voids indicate a poor thin film quality which results in
poor photovoltaic response of the PSC. Figure 4.16 (b) shows the thicknesses of each layer
of the PSCs: ~650 nm thick perovskite film, ~70 nm for NiO and ~80 nm for the Au

electrode. Figure 4.16 (c), shows the EDX analysis of the which confirm that all the expected
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elements for the inverted structure PSC FTO/NiO/mixed-ion perovskite/PCBM-ZnO/Au were
present in the device in a correct distribution. However, despite these favourable EDX
results, the problematic morphology in relation to the absorber layer directly affected the

photovoltaic performance of the cell.

EHT = 300kv  Signal A=SE2 Date :6 Mar 2017 | 200 am EHT = 300k  Signal A= SE2 Date 6 Mar 2017
WD = 52 mm Photo No. = 8481 Time :13:03.43 Mag = 6500 KX WD = 5.2 mm Photo Mo, = 484 Time 13:05:23 Mag = 100.00 K X ﬁ
= —— \

Br | Pb 0] Sn Si
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electrode NiO, ZnO

Figure 4.16 (a) Cross-sectional FIB-SEM image of the mixed-ion perovskite cell (b) thickness of the
mixed-ion perovskite cell and (c) individual element distribution in perovskite films.

Figure 4.17 (a) shows the area of the PSC (10.7 % efficiency) milled by FIB. Figure 4.17 (b)
shows the (MAPbBr3)o.15(FAPbIs)o g5 perovskite film made of grain-size crystallites of about
450-550 nm. In this case, a ~650 nm thick absorbing halide perovskite layer was observed,
which showed homogeneous perovskite grains. The Figure 4.17 (c) also shows an
homogeneous distribution of the thin films that compose the PSC with the structure of

FTO/NiO/perovskite/PCBM:ZnO/Au, as shown by EDX. The concentration distribution signal
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in the graph suggests that the adequate thicknesses of the layers provided a good

morphology and more stability in the interfaces allowing a good photovoltaic performance.
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Figure 4.17 (a) Image of section made by FIB milling (b) thickness of the mixed-ion perovskite cell in a

cross-sectional FIB-SEM image and (c) individual element distribution of the thin films of the PSC,
analyzed by EDX.

As a summary, we have observed that high amount of Pbl, in relation to the halide
perovskite is detrimental for the photovoltaic performance of the PSCs. The solar cells with
higher efficiency show higher crystallinity of the perovskite film and lower Pbl, content,
large and homogeneous perovskite grains and absence of pinholes in the thin films. Our
results are in well agreement with reports on the effect of crystallization and morphology of

the absorber and the fabrication of high efficient PSCs [72].
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4.6 Champion Cell Inverted PSC configuration

In this section we show the optimized inverted configuration PSCs, we considered the
optimization parameters carried out for the different transport layers and complete device
fabrication described in section 4.5. The optimized device showed a champion solar cell with
11.77 % efficiency. The optimized parameters for its fabrication are: use of 0.15 M of NiO
concentration for the fabrication of the HTL layer, where the NiO layer showed a thin film
thickness of 70 nm approximately. On the other hand, the best ETL was the PC;,,BM:ZnO-BH)J

in a 1:1 molar ratio and with a thin film layer of 60 nm in thickness approximately.

Figure 4.18 shows the (a) IV curves and (b) IPCE analysis of the champion cell. The

corresponding photovoltaic parameters are indicated in the inset of Figure 4.18 (a).
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Figure 4.18 (a) IV curves and (b) IPCE analysis of the champion PSC with 11.77 % efficiency.

4.7 Conclusions

This chapter describes the fabrication of inverted PSCs applying oxides as transport layers
for high efficient and stable solar cells. We have demonstrated the development and
optimization of thin film semiconductor oxides, made by solution processing, applied
inverted-configuration PSCs. The oxides applied are NiO and ZnO, as the HTL and ETL,
respectively, which provided excellent photovoltaic response.

An exhaustive optimization of the transport layers (HTL and ETL), indicated that the best
concentration of NiO was 0.15 M as a HTL while for the ETL, four different materials (and

mixtures) were analysed. The mixed solution of PC;,BM:ZnO-BHJ prepared as a bulk
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heterojunction configuration demonstrated to be the best option to work as ETL, with
champion PSCs with 11.77 % efficiency. Analysis by XRD revealed a direct relation between
the halide perovskite peaks intensity and the intensity of the Pbl, peak: the higher the
intensity of the Pbl, in relation to the halide perovskite the lower the PCE of the solar cell.
Thus we have been able to obtain PSC with 10.7 % efficiency for solar cells with low Pbl,
content, in comparison with 4.7 % efficiency observed for the high incomplete crystalized
halide perovskite with high content of Pbl,. From the FIB-SEM study, we determined the
thickness of the different layers. The perovskite layer exhibited a thickness of 650 nm with
large crystals (from 300 nm approximately) for the high performance cell. On the other
hand, the layers of the low performance cell showed an adequate thickness and chemical
composition, although some voids in the perovskite material were detected leading to poor
photovoltaic performance. It is well known that the crystallization and morphology are
closely related to light harvesting efficiency and short-circuit photocurrent density. In
conclusion, the comparison study between high performance PSC with low performance
PSC emphasize the importance and the direct impact of the quality and cristallinity of the

perovskite absorber layer on the photovoltaic performance of the device.
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Chapter 5

Carbon-based Perovskite Solar Cells

5.1 Introduction

The most employed types of PSCs are the mesoscopic and planar in either the inverted or
normal configuration. In all cases, these PSCs apply metal electrodes, like gold, as the back
electrode together with expensive hole conductors, such as spiro-OMeTAD. The application
of such materials can limit the long-term stability of the device due to their low thermal
stability and high reactivity. As a result, the hole-conductor-free perovskite solar cell was
initially reported by Etgar et al. [1], followed by the Carbon-based PSC (CPSC), which
employs carbon as a counter electrode and eliminates also the use of the HTM [2]. CPSCs
are currently one of the most stable configurations, partially due to the presence of oxides
bi-layers (mesoscopic TiO, and ZrO,), which are able to protect the device from ambient
conditions. The CPSC applies also organic modifiers, or organic additives, used as mixtures
with the halide perovskite. These additives can passivate trap states found in the halide
perovskite material and at the perovskite/oxide interface [3]. Although one of the
drawbacks of the CPC is its low PCE, currently at 18 % [4], the elimination of unstable
organic hole conductors, the application of double oxides and carbon electrodes, as well as
the use of organic additives makes this CPSC configuration one of the most stables up to

date.

This device structure consists of tri-layers, two made of mesoporous oxides and a third one
of porous carbon (Figure 5.1): TiO,, acting as an ETL, the ZrO,, as the spacer layer or
scaffold, and a layer of a porous carbon film which plays the role of the back electrode. The
layers are screen printed, layer by layer, on the FTO substrate followed by the
corresponding sintering treatments. This triple thin film layer is called “the shell” in this
thesis work, and once is fabricated, its high porosity allows for the halide perovskite solution

to be introduced into the structure via infiltration. In the most classic configuration
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employing MAPI as the halide perovskite, the organic additive, the 5-aminovaleric acid
iodide (5-AVAI), the lead lodide (Pbl,) and the methylamonnium lodide (MAI) are dissolved
together in a solvent (e.g. y-butyrolactone or GBL) and the resulting solution is used for
infiltration. These CPSC structures are highly promising due to their low cost and abundant
available materials, such as semiconductor oxides (TiO, and ZrO,) and Carbon [5]. Figure 5.1
shows a schematic representation of a CPSC (a), the corresponding band energy alignment
(b) and the possible bonding modes between the organic molecule 5AVAI, the halide

perovskite and the oxide layer (c).

-
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Figure 5.1 Carbon —based Perovskite solar cell (CPSCs). (a) Schematic representation of a CPSCs. The
halide perovskite absorber is mixed with the organic modifier (or additive) 5AVAI, and introduced in
the structure by infiltration, (b) Band energy alignment of a CPSC [6], and (c) Possible bonding modes
between the organic molecule 5AVAI, the halide perovskite and the oxide layer.
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Furthermore, the scalable processing methods used for CPSC fabrication (screen printing)
and the high stability already reported by several research groups make this technology very
attractive for commercialization[6-7].In this regard, Han et al. reported a highly efficient,
stable and large area printable mesoscopic perovskite module (100 cmz), exceeding 10 %
efficiency. The module showed no sign of degradation under light soaking conditions under
constant 1 sun AM1.5 illumination for 1000 h [6].

The energy band alignment of these CPSCs (Figure 5.1 (b)) shows that the electron-hole pair
generated in the CB and VB of the perovskite absorber layer separates properly after an
excitation by light illumination. The photogenerated electrons are injected into the CB of
mp-TiO, layer, while the holes get extracted and are transported through the carbon
counter electrode. For this HTL-free PSC, a spacer layer, such as ZrO, is usually employed to
separate and prevent direct contact between the TiO, and carbon layer. This is because in
the absence of the HTL, the direct contact of the TiO, and carbon can cause a short circuit
negatively affecting the photovoltaic performance. Also, the c-TiO; is an important part of
the device, acting as an ETL or hole-blocking layer, which prevents the holes generated in
the perovskite absorber, reaching the FTO bottom electrode [9]. In this CPSCs structure, the
electrons generated in the perovskite absorber are collected by the mp-TiO,, acting as an
ETL, and are transferred to the FTO front electrode via c-TiO, At the same time, the holes
generated in the perovskite absorber are collected by the carbon counter electrode, as seen

in Figure 5.1 (b).

In this thesis, we studied two different methods for the infiltration of the halide perovskite
into the FTO/TiO,/Zr0O,/C “shell”, the one-step method and the two-step method, as will be

described in the following sections.

5.2 Analysis of the FTO/TiO,/ZrO,/C “shell” by SEM and thin film optimization
The optimization of the thickness of each layer that constitutes the“shell” of the CPSCs is
one of the most crucial factors affecting cell performance, this directly depends on the
structure and thickness of the oxide and carbon layers. The use of thin layers will allow a

better infiltration of the perovskite solution, however too thin carbon layer will suffer low
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electrical conductivity while a too thin zirconia layer will not provide enough insulation
between the TiO, and the Carbon [10]. One of the most relevant aspect to achieve good
photovoltaic performance is the control of the thickness of the ZrO, spacer layer, because it
separates the TiO, layer and the carbon stack, avoiding any direct contact [11]. Without a
Zr0O, layer, the electrons in TiO, layer would find a shortcut to the carbon counter electrode.
Many different thicknesses for optimum characteristics have been reported, from 0.5 to 2
um of mp-TiO,, from 1 to 3 um of ZrO, and from 9 to 13 um of carbon layer [4, 11, 12].
Basically, the target thickness is around 1 um for mp-TiO,, 2 um for the ZrO, as scaffold layer
and 10 um for the porous carbon layer. One of the aims of this thesis is the optimization of
the CPSC fabrication through the optimization of the thickness of each of the layers.
Hongwei Han’s group, the fathers of the CPSC, reported a PCE exceeding the 10 % efficiency
and 1000 h stability through the layer-by-layer optimization [6]. In their ZrO, thickness
study, the optimal value was found to be 2 um, which yielded a PCE of 12.4 %, with a V.. of
0.8V, J, of 22.9 mA/cm? and a FF of 60 %. In addition, the Han group's optimal value of
meso-TiO, is using a 1 um of mp-TiO, layer achieved a higher PCE of 13.5 %, with a V.. of
938mV, a J,c of 23.3 mA/cm2 and a FF of 60 %.

In this section we fabricated the different thin film layes of the “shell”, this is the
mesoporous TiO,, the mesoporous ZrO, and the Carbon layer, by screen printing and
analyzed their thickness by SEM/EDX. Figure 5.2 shows the cross section of the SEM analysis
carried out to the “Shell” (a), the thickness of each layer (b) and the corresponding EDX

analysis (c).
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(b) (c)

Topm Eleciron Image 1

Figure 5.2 SEM and EDX analysis of CPSC. (a) SEM analysis of the different layers that compose the
FTO/TiO,/Zr0O,/C “shell” in a CPSC. (b) Thickness of the layers: mp-TiO, about 600 nm thickness, mp- ZrO, of 2
um thickness and carbon about 10 um thickness, and (c) EDX image of the cross section (5-AVA),(MA)Pbl;-
based perovskite mesoscopic solar cells obtained by the one-step method (red: carbon, orange: oxygen,
green: titanium, light blue: tin, dark blue: lead, yellow: silicon and violet: nitrogen).

The thicknesses of each layer that provided the best overall PCE performance are: 24 nm for
c-TiOy, 490 nm for mp-TiO,, 1.7 um for ZrO, and 9.8 um for carbon layer (Figure 5.3). The
thickness analysis was carried out by profilometry, once the paste was completely dry (after
annealing). These values are close to the values obtained by SEM (Figure 5.2). These layers
were consequently used in this thesis for the fabrication of C-based PSCs in both the two

step and one step method.
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Figure 5.3 Image of (a) mesoscopic TiO, layer with a 490 nm thickness, (b) mesoscopic ZrO, layer wi"c.hm
a 1.7 um thickness and (c) the carbon layer, 9.8 um thick. The measurements were carried out by
profilometry.
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5.3 Application of the two-step infiltration method to fabricate CPSCs

The one-step spin coating method, is the most widely used to prepare PSCs; however, the
solvent needs to dissolve both the organic and inorganic parts in the same solution [14]. As
a result, Mitzi et al. created the two-step deposition technique to prepare hybrid perovskite.
Firstly a layer of metal halide (Ml,), was deposited using vacuum evaporation or spin-
coating, followed by dipping the film into an organic salt solution, in a two steps procedure
[15].

III

As described in detail in Chapter 2, once the “shell” is made, the halide perovskite absorber
can be infiltrated into the FTO/TiO,/ZrO,/C applying the one or two-step infiltration
methods. For the two-step method, 4 pl of lead lodide solution was dropped casted through
the carbon layer of the shell. The solution was prepared by dissolving 0.46 g lead iodide
(Pbl) in 1 ml of anhydrous DMF and stirred at 70 °C. Then, in the second step a solution of
the MAI was provided for the subsequent formation of the perovskite. The MAI solution was
prepared with 0.5 g of MAI dissolved in 50 ml of anhydrous IPA inside an N, glovebox. The
devices are then immersed in this solution for 30 min and rinsed in anhydrous IPA in order
to remove the excess material. Finally the devices are sintered in an oven at 70°C for 10
minutes in order to evaporate the solvent.

In this thesis work, the two-step method provided more reproducibility and almost no
hysteresis if compared with the one step infiltration method. However, lower efficiencies
were obtained. The majority of the PCEs obtained in both, forward and reverse scan were

between 3 % and 4 %. It was not possible to achieve more than 5 % efficiency employing

this method.

For the mp-TiO, we were able to vary the thicknesses from 400 nm to 600 nm, for the mp-
ZrO; from 1 um to 2 um and for the carbon from 7 pm to 12 um. The thicknesses of the
layers were modified by the pressure of the squeeges in the screen printer machine. After
the modification, we fabricated complete CPSCs applying the two-step infiltration method.
Figure 5.4 shows the IV curves of the CPSC with different ZrO, thicknesses (Figure 5.4 (a))

and TiO, thicknesses (Figure 5.4 (b)) from the study of Hongwei Han and co-workers [6]. The
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best performance was observed for CPSC with ZrO, thicknesses of 2 um for ZrO, and 1 um

of TiO,.
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Figure 5.4 Photocurrent-density voltage (I-V curves) of C-based PSC with different thickness of (a) ZrO, layer
and (b) TiO, layer. Extracted from [6].

Figure 5.5 shows the histograms corresponding to the C-based PSCs made by two step
method. For the two-step process (already described in Chapter 2), a 4 pl of lead lodide
solution is dropped casted through the carbon layer of the shell, following by the addition of
the MAI solution, provided for the subsequent formation of the halide perovskite. Once the
devices are immersed in MAI solution for 30 min, they are rinsed in anhydrous IPA in order
to remove the excess material. Finally the devices are sintered in an oven at 70 °C for 10
minutes in order to evaporate the solvent. The thickness of the optimized layers used for

the shell was 500 nm for mp-TiO,, 2 um for ZrO; and 10 um for carbon layer.
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Figure 5.5 (a) |-V curves of C-based PSC and (b) IPCE for the best results using two-step method. PCE
histogram for (c) in forward scan and (d) in reverse scan values.

In Figure 5.5, the IV curves of a champion cell show a low performance with a PCE of ~5.0 %
which is directly affected by the low V.. and FF values. On the one hand, the poor Vq
performance can originate from the uneven crystallization of the perovskite material within
the shell. On the other hand, a high V.. can be achieve by filling the deep traps in the
perovskite material [16]. The identification and suppressing of recombination processes

and the effect of grain boundaries in the PSC drives a higher V.. [17].

5.4 Application of the one-step infiltration method applying different organic

additives

Organic-inorganic metal halide perovskites can provide a high efficiency and low cost

performance within the C-based structure, as previously seen in this thesis. However, many
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efforts have been made to obtain high-quality perovskite films. lon migration has become
an important issue in this sense, because the I anions from Pbl, and MAI, can migrate to
perovskite grains forming a lot of defects that cause fast degradation of the complete
device. One way to improve the crystallinity, grain size and surface coverage can be
achieved by the incorporation of additives, which can improve crystal growth and
simultaneously lead to higher efficiencies and better stability [18]. To this end, several
studies have been carried out. For example, Li et al. introduced butylphosphonic acid 4-
ammonium chloride into the perovskite grains, which improved the moisture resistance of
the PSCs [19]. In addition, 2-aminoethanethiol has been used as a ligand to bridge MAI and
Pbl, which formed compact and stable perovskite film [20]. Many other additives have been
incorporated in perovskite films and in this thesis we used 5AVAI, well known in C-based
PSCs, as well as other additives, such as 4aminobenzoic acid (PABA), terephtalic acid (TPA)
and 3-phosphonopropionic acid (3-Hpp). These additives has some interesting functional
groups, such as the hydroxyl group (-OH), carboxyl group (-COOH), and ammonium group (-
NH,). The hydrogen bonds of these groups can interact with Pb* or I ions and suppress the
ion migration, thereby guaranteeing hysteresis free PSCs with enhanced stability of

complete device [21].

In this section we fabricated CPSC by the one-step infiltration method applying the 5-AVAI
as the reference organic additive and three other organic additives for comparative
purposes. Figure 5.6 (a) shows a schematic representation of the interaction between the 5-
AVA molecule with the oxide and the perovskite materials. Furthermore, Figure 5.6 shows
the representation of three organic additives under study in this thesis work: (b)
Terephthalic acid TPA, (c) 4 aminobenzoic acid, PABA and (d) 3 phosphonopropionic acid,
H3pp

As already described, the 5-aminovaleric acid iodide (5AVAI) is a molecule that has a —
COOH group and NH;" group. This molecule is used as an additive for the perovskite
precursor. The amino and carboxylic groups interact with halide perovskites resulting in
better efficiencies and stability [22]. The terephthalic acid (TPA) is one of the most
important chemicals in petrochemical industry. An organic compound with formula

CgH4(CO,H),. Hou and co-workers incorporated TPA in the perovskite precursor solution,
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with TPA additive their devices exhibited better moisture resistance of MAPbIl3 enhancing
the crystallization of the perovskite material [23]. The 4aminobenzoic acid (PABA) is a
chemical found in folic acid. PABA is an amino acid commonly used in the cosmetic products
as a sunscreen because it can block UV radiation to the skin. This PABA molecule has a
carboxylic group and an amino group. In PSCs it has been applied by Li et al. in normal
architecture by assembling a monolayer of PABA on top of the TiO, surface, because of the
carboxylic group is easily chemically bonded to TiO, and amino group favours large crystal
formation [24]. Finally, the 3 phosphonopropionic acid (H3pp) is a chemical with an amino
group and carboxylic group. This small molecule is a beta amino acid used in this thesis work
as an organic modifier due to the strong anchoring capability of the phosphonic group. Our
group has recently achieved 21 % efficiency applying this additive in normal configuration

PSC with 1000 h stability under continuous light irradiation of 1 sun.
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Figure 5.6 Additives applied in CPSCs developed in this work (a). Schematic representation of the interaction
between the organic additives and the oxide and perovskite materials. The additives employed are: (b)
5AVA, (c) TPA, (d) PABA and (e) H3pp.
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In this section, C-based PSCs were fabricated and optimized using the one-step method and

applying the different organic molecules as additives as described above.

5.4.1 The 5-Ammoniumvaleric acid iodide (5AVAI)

The application of AVAI mixed with MAPI, results in the formation of (5-AVA), (MA),Pbls
which provides longer lifetimes and higher quantum yield compared with the use of MAPbI;
alone A PCE of 12.8 % was achieved with stability of over 1000 h under ambient air. The role
of 5AVA cations is to template the formation of perovskite crystals in the mesoporous oxide
and induce preferential growth in the normal direction. The (5-AVA), (MA),Pbls has better
surface contact with the TiO, surface than the single-cation MAPbIs; form. Furthermore, the
orthorhombic perovskite phase formed in the presence of 5AVA resulted in improved PCE
compared to the device without the addition of 5AVAI [7]. As reported, the protonated form
of the small organic acid (5AVAI) can coordinate, on the one hand, to the semiconductor
oxide via the carboxylic acid group, and on the other hand, to the halide perovskite, via the
amino groups [25]. As represented in Figure 5.6, the interface modification of the
interlayers is made through the aminovaleric acid iodide molecule, with carboxyl and amine

as anchoring groups.

5.4.1.1 Optimization of the compact TiO, layer

PSCs suffer from hysteretical behaviour in current-voltage measurements which leads to an
inaccurate estimation of device efficiency. From previous studies, the causes of this
hysteresis effect have been attributed to the ion migration, charge trapping/detrapping and
charge accumulation. However, the origin of hysteresis has not yet been solved. Some
studies have found that the hysteresis effect in fully printable mesoscopic CPSC is highly
dependent on the interlayer c-TiO,, which can be controlled by the composition of this layer
[9]. In fully printable mesoscopic CPSCs, the mp-TiO, and the c-TiO, are in charge of
collecting and then transferring electrons and the simultaneous transport of electrons and

blocking of holes.
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Figure 5.7 CPSCs average output parameters (PCE, FF, J,. and V) Vs TiAcAc concentration,in forward and
reverse scan modes, after complete PSC device annealing (a), (c), (e), (g) and after humidity treatment at
70 % R.H. (b), (d), (f), (h).
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In terms of c-TiO, solution, we carried out a study on the influence of different
concentrations of TiAcAc diluted in IPA. The solutions were then deposited by spray-pyrolisis

method using 25 passes in all cases.

Figure 5.7 shows the average photovoltaic values for different TiO, solution concentrations:
0 % 25 %, 50 % 100 % and 150 % in volume of titanium diisopropoxide
bis(acetylacetonate) (TiAcAc) with Isopropyl alcohol (IPA). The c-TiO, thin film was
deposited by spray pyrolysis and sintered at 300 °C for 30 min. Finally, the complete devices
were finished following the steps described in Chapter 2. All the devices were illuminated
for 3 minutes before analysis, commonly known as light soaking, which can minimize the

influence of the trap states and obtain a steady state measurement.

As can be seen in Figure 5.7, the PSC without the c-TiO, (0 % TiAcAC) leads to poor
photovoltaic performance in comparison with the PSC devices applying different TiAcAc
concentration, indicating that an ETL (hole blocking layer) is extremely necessary for a
properly working PSC. Without a c-TiO, layer, the perovskite absorber will have direct
contact with the FTO bottom electrode causing a charge recombination and a voltage loss of
the device [9]. On the other hand, a high concentration solution, such as 15 % of TiAcAc,
shows photovoltaic limitations due to the thickness of the c-TiO, layer which can provide
difficulties in terms of the transport of charge electrons to the electrode. The optimized c-
TiO, solution was well established between 2.5-5 % TiAcAc, demonstrating that the use of
an appropriate c-TiO, solution is also necessary for a higher photovoltaic performance with

pinhole-free layers.

Figure 5.7 shows the photovoltaic performance corresponding to the same CPSCs after post-
humidity treatment overnight at 70 % R.H. After the exposure of this batch under a high
humidity environment, it can be seen that hysteresis is clearly reduced in the PCE, FF and Js
parameters although there are no significant, changes in the V.. With the humidity
treatment, the highest efficiency corresponds to the use of 2.5 % TiAcAc, which provided a
PCE of 10.3 %, a FF of 56.4 %, a V. equivalent to 0.8 V and 20.4 mAcm™ of J,cunder AM 1.5G

illumination at 100 m W/cm?®. These results support the finding that a high humidity
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treatment can reduce hysteresis as a result of in-situ degradation to Pbl, and further

recrystallization of the halide perovskite absorber.

Figure 5.8 shows the IPCE analysis of the CPSC with different c-TiO, layers before (a) and
after (b) R.H. treatment. The contribution of the TiO, can be observed in the wavelength
range between 300 to 800 nm. Increasing the concentration of the TiAcAc during the c-TiO,
thin film formation increases the oxide thin film thickness and the absorption is observed to
increase accordingly: up to 45 % before RH treatment and up to 85 % after treatment. The
absorption of the halide peorvskite is observed above 500 nm and is very similar for all the
samples. The increase in the whole IPCE spectra, which corresponds to a PSC with correct
electron injection and transport, is observed for samples applying the c-TiO, layer, with the
best results observed for the device made with the 2.5 % TiAcAc concentration. The samples
analyzed after the humidity treatment (Figure 5.8 b) show a clear increase in the IPCE up to
~85 %. Nevertheless this value doesn’t correspond to the best device (2.5 % TiAcAc)
probably due to a calculation error provoked by a sudden drop observed in the IPCE spectra
at around 600 nm. This effect, which we were unable to explain clearly, is probably attribute
to changes in the crystal structure of the halide perovskite after exposure to the high

humidity treatment.
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Figure 5.8 IPCE of the corresponding C-based PSCs in different c-TiO, solutions (a) after annealing and (b)
after humidity treatment.

Figure 5.9 shows the corresponding IV curves of the PSC applying different concentrations
of TiAcAc for the fabrication of the c-TiO; layer. The graphs are shown before and after R.H.
treatment for 0 % (a-b), 2.5 % (c-d), 5 % (d-e), 10 % (e-f) and 15 %(g-h).

160



Carbon-based Perovskite Solar Cells

(a _(b)

N L 25 _
£ 25 —— Reverse after annealing £ —— Reverse after humidity
CJ — Forward after annealing o —— Forward after humidity

< 201 < 201
E 3
2 159 :‘?15,
= 7
§ 101 G 10-

o (=]

- -

: ¢ 5o

= =

3 0 T - T . 30 T . - .

O 00 0,2 0,4 0,6 0,8 1,0 O 0,0 0,2 0,4 0,6 0,8 1,0
Voltage (V) Voltage (V)

(c) (d)

o 30 —— Reverse after annealing o 30 —— Reverse after humidity
E 25 —— Forward after annealing g 251 —— Forward after humidity
< <
£ 20 g 204
."? 154 % 154
(7]

c c
1 © 10

8 10 K

T 51 € 51
(=
o g
= s
=0 : T . . 50 T T - .

3 00 02 04 06 08 10 o 00 02 04 06 08 10

Voltage (V) Voltage (V)
c(qg) ®
13 30 ——Reverse after annealing o 80 ——Reverse after humidity
s 251 —— Forward after annealing g 251 —— Forward after humidity
£ 20 g 20
> S
@ 15 215/
5 :
o 10 @ 10
= D
& 51 € 5
= o
30 ‘ ‘ ‘ ‘ £ o ‘ ‘ ‘ ‘
© o0 02 04 06 08 10 300 02 04 06 08 10
Voltage (V) Voltage (V)
(9) (h)
o 80 —— Reverse after annealing o 30 ——Reverse after humidity
g 25 —— Forward after annealing g 251 —— Forward after humidity
<
£ 204 £ 204
215 %‘ 15
7]
c c
@ 104 @ 104
[a] (=]
€ 51 5l
3 3
- IS
=0 T - . . 50 T T T T
3 0,0 0,2 0,4 0,6 0,8 1,0 o 00 0,2 0,4 0,6 0,8 1,0
Voltage (V) Voltage (V)
0 g
NéSO — Reverse after annealing £ 80 — Reverse after humidity
J— i o - -
© 25 Forward after annealing 2 25 Forward after humidity
3
20+ = 204
S >
=15 @ 154
g ;
@ 10 QA 104
Q o
£ 5 S 5
[ -
So e 3 0 S —
300 02 04 06 08 10 © 00 02 04 06 08 10
Voltage (V) Voltage (V)

Figure 5.9 IV curves of TiAcAc(a) 0% after annealing, (b) 0% after humidity, (c) 2.5 % after annealing, (d)
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5.4.1.2 Optimization of the 5AVAI concentration

Is well known that the efficiency of a PSC can increase with the incorporation of additives
such as 5AVA, GuCl, or NH4CI directly related to the enhancement in crystallinity and
morphology of the perovskite layer, which result in a perovskite film with fewer defects
[26]. The production of high-quality perovskite has received a lot of attention in pursuit of
perovskite layers with large grain size, uniform morphology and limited ion migration. An
appropriate composition of 5-AVA cations can guarantee all of these characteristics and can
also enable hysteresis-free C-based devices [27]. Hongwei Han's group found that
5(AVA),(MA)1Pblz exhibits much longer crystalline features than only MAPbl; perovskite.
This improvement in perovskite crystal quality originates from the presence of the 5AVA
cations resulting from templating action in the perovskite crystal nucleation and growth

within the mesoporous oxide [7].

Consequently, it is important to determine the optimum Pbl,:MAI ratio and 5AVAI additive
concentration. For this, we carried out experiments to find the optimal 5(AVA),(MA),Pbls
concentration. A set of different 5AVA concentrations were applied in order to find the
optimal value that produce the best photovoltaic performance after annealing treatment at
50 °C for 1 h using 1.2 M solution Pbl;:MAl, as shown in Figure 5.10. The tendency observed
is a clear improvement of the PSC response when applying a low concentration of 5AVAI (in

the range between 2 and 3 %).

162



Carbon-based Perovskite Solar Cells

(a) (b)
16 O Reverse after annealing 70 O Reverse after anneling
14 o Forward after annealing O Forward after anneling
60+
= 12+ g %‘
o~ Q) @
o 10 <501 o [} o
LL
& 8 %‘ ] TH
o 40+ 0
6 a a |'1[_|
a i
N o - 30
2 T T T T T 20 T T . : :
2 3 4 5 6 2 3 4 5 6
5-AVAI conc. (%) 5-AVAI conc. (%)
(c) (d)
30 O Reverse after annealing 1,00 O Reverse after annealing
O Forward after annealing 095 o Forward after annealing
—_ 25_ ’ T
£
S 0,90+
L 20/ # b ﬁ
< 1) o
£ o 0,851 O
‘6 15 = > O q]
9 g 0,80- :
= 10 é =
| 0,75-
5 T T T T T 0,70 T T T T T
2 3 4 5 6 2 3 4 5 6
5-AVAI conc. (%) 5-AVAI conc. (%)

Figure 5.10 Average output parameters (PCE, FF, J,. and V) in forward and reverse scan after annealing
treatment in C-based PSC using 1.2 M equimolar solution of Pbl,:MAI with different 5AVA concentrations.

A second set of experiments were then performed using a 0.95 M solution of Pbl,:MAI, with
the same set of 5AVAI concentrations (from 2 to 6 %), the results are shown in Figure 5.11.
In this case, the best PCE was observed at 2 % concentration (reverse scan IV curve) and

decreased as the concentration increases.
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Figure 5.11 Average output parameters (PCE, FF, J,. and V) in forward and reverse scan after annealing
treatment in C-based PSC using 0.95 M equimolar solution of Pbl,:MAI with different 5AVA concentrations.

Comparison of the results shown in Figure 5.10 with Figure 5.11, after thermal treatment
shows an enhancement of the photovoltaic response after annealing treatment of 1 h at 50
°C with the use of 0.95 M solution Pbl,:MAL. In this case we applied the 0.95 M Pbl,:MAI

solution with the 2 % 5AVA concentration giving the best photovoltaic performance.

5.4.1.3 Humidity treatment to reduce hysteresis

A treatment of the CPSC under high humidity conditions modifies the halide perovskite thin
film. It is known that moisture can dissolve the infiltrated halide perovskite located within
the mesoscopic oxides and the porous carbon. The halide perovskite can then be
recristalized after drying allowing the material to form a more compact and continuous
interface. The post-humidity-treatment was carried out in order to obtain a hysteresis-free
C-based PSC using the optimized 0.95 M solution. This treatment consisted of exposing the
already annealed devices to an elevated degree of moisture, 70 % R.H. at RT overnight. The

results after annealing and after the humidity treatment can be seen in Figure 5.12.
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Figure 5.12 Average output parameters (PCE, FF, J,. and V) in forward and reverse scan after annealing
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Figure 5.13 shows the IPCE after annealing and after humidity treatment. The best
absorption was given between 2-3 % 5AVA, in which less 5AVA additive led to a higher
absorption that matched the photovoltaic response in Figure 5.12. A significant difference
between after annealing results and after humidity results can be observed. In respect of
IPCE, decay was dramatic after the 600 nm wavelength, which may be due to the high

humidity treatment causing a change in crystalline structure.
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Figure 5.13 IPCE of the corresponding C-based PSC in different SAVA concentrations for 0.95 M. (a) after
annealing and (b) after humidity treatment.

Figure 5.14 shows the corresponding IV curves of the different concentrations of 5AVA, (a) 2
% after annealing, (b) 2 % after humidity, (c) 3 % after annealing, (d) 3 % after humidity, (e)
4 % after annealing, (f) 4 % after humidity, (g) 5 % after annealing, (h) 5 % after humidity, (i)

6 % after annealing, (j) 6 % after humidity.
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5.4.1.4 Champion cell using one step method
The best PSC using the fully printable mesoscopic carbon-based structure exhibited almost
12 % PCE. Figure 5.15 shows the (a) IV curves and (b) IPCE of the champion cell and the

corresponding photovoltaic parameters.
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Figure 5.15 Champion cell characteristics. (a) J-V curves of C-based PSC. (b) IPCE using one-step method.

In this case, the limiting factors are mainly the V. and the FF. However, an incomplete pore-
filling and cristalization of the perovskite absorber,within the mesoporous oxides and the
carbon layer, limited its light absorption. This is reflected in the IPCE analysis by the low

absorption observed above 550 nm corresponding to the perovskite.

5.4.2 One step infiltration method applying the 4-Aminobenzoic acid (PABA)

The organic additive 4-aminobenzoic acid has been applied by Li et al. using a two-step
sequential method in normal architecture mesoporous PSC glass/FTO/c-TiO,/mp-TiO,/PABA
monolayer/CH3;NHsPbls/spiro-MeOTAD/Au.

From the results of Li et al. [24] it was clear that the introduction of this additive improved
the quality of the perovskite crystallinity and reduced the charge trap states due to the

interaction between TiO, and the perovskite layers, as shown in Figure 5.16.
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Figure 5.16 The interaction of PABA SAM between mp-TiO, and perovskite. Extracted from [24].

In their study, the PCE of the perovskite device with the interfacial modification was
enhanced from 9.6 % without adding the PABA molecule, up to 10.6 % in the presence of
the PABA. In this case the molecule was incorporated as a self assembly monolayer (SAM)
by immersion of TiO,-coated on FTO in 0.2 mM PABA solution dissolved it in ethanol for 24 h
[24]. This SAM is a great candidate for passivating defects also in a C-based PSC structure.
Considering that the carboxylic group is chemically bonded to TiO, and the amino group acts
beneficially in a large crystal formation of CHsNH3Pbl3[31-32]. Furthermore, the phenyl ring
has the m-conjugated structure which leads to better electron transport [30].

In this section, these novel SAMs, i.e. PABA and TPA, were applied in the presence of 5AVAI,
following a one-step method, directly adding 5(AVA),(MA),.4Pbls solution, dissolved in GBL,
as already described in Chapter 2. We expected that the 5AVA would mostly contribute to
improve the attachment to the CH3NH3Pbls, thereby improving the crystal features, while
the PABA, could benefit the electron transport in the device. Figure 5.17 shows the (a) IV
curves and (b) the IPCE of the best results using PABA as a SAM, and (c) the average results
from using this SAM in C-based PSCs.
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5.4.3 One step infiltration method applying the Terephtalic acid (TPA)

As with previous studies, a high quality perovskite film was obtained by incorporating TPA
additive in the perovskite precursor solution employing solvent modified engineering via a
one-step spin-coating procedure. The schematic diagram of the PSC device architecture was
FTO/c-TiO,/mp TiO,/CH3NHsPbls/TPA/spiro-OMeTAD/AgAIl. This addition exhibited a PCE of
18.5 % with less hysteresis, much higher than the PCE of 15.5 % from pristine devices.
Furthermore the presence of the TPA can improve the moisture resistance and thermal
stability of the device [23]. The TPA molecule has two carboxylic acid groups to anchor into
the oxide or perovskite part, with a m-conjugated structure.

Figure 5.18 shows the interaction between the SAM and the perovskite reported by Hou et
al. in their work. The TPA molecules at grain boundaries can act as templates [31] and the
TPA can also promote the lateral grow of perovskite grains [32]. At the same time, the
strong coordination between I and hydrogen bonds of hydroxyl groups in TPA can suppress

the ion migration of perovskite.
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The TPA used in this thesis was combined with the SAVA molecule. TPA presents an issue
compared to the other additives; TPA requires the use of a different solvent because of the
non-solubility in GBL. In order to apply TPA in C-based PSCs, the first step was to find a
solvent that could simultaneously work for 5AVA and TPA.

In a previous study, Chen et al. carried out a solvent effect study on hole-conductor free
fully printable PSCs. The wettability and the stability of intermediate phases were found to
be responsible for light harvesting and charge separation of the perovskite layer. A
promising 13.9 % was achieved using a mix solvent DMF/DMSO (0.93:0.07 v/v) due to
optimized polarity, wettability and coordination of species [33]. Solvent strategy has been
found to be a key factor to enhance the morphology and the crystallization of the perovskite
[34]. In C-based PSCs, the infiltration of the perovskite solution in the carbon layer is an
important step that must be taken into account. This is due to the fact that the
hydrophobicity of the carbon and the hydrophilic behaviour of the TiO, photoanode require
the appropriate polarity and viscosity of perovskite precursor solvents to infiltrate this
solution properly. Figure 5.19 shows the precursor solvents applied in the study of Chen and
co-workers. Different solvents have been studied; NMP, DMSO, DMF and GBL and from the
results, the coordination ability order of different solvents with Pbl, s
DMSO>DMF>NMP>GBL. Furthermore, Chen et al. found the wettability order of different
solvents-based perovskite solutions to be DMF>GBL>NMP>DMF/DMSO>DMSO [33].
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Figure 5.19 The precursor solvents applied with their respective intermediate species to form MAPbDI;,
Extracted from [33].

Consequently, we performed a solvent study to determine the best solvent for the TPA
additive. We selected a solvent mixture of GBL/DMSO (3:1), DMF/DMSO (0.93:0.07), and
also DMF alone to dissolve TPA in 5(AVA),(MA),4Pbls solution, as shown in Figure 5.20.
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Figure 5.20 The application of several solvents, such as; GBL/DMSO in 3:1 v/v ratio, DMF/DMSO in 0.93:0.07
v/v ratio and only DMF related to PCE.

Once the solvent was selected (DMF), the TPA was then applied in the presence of 5AVA,
following a one-step method by drop-casting in 5(AVA),(MA),xPbls solution dissolved in
anhydrous DMF, as described in Chapter 2. Figure 5.21 shows the (a) JV curves and (b) the

IPCE of the best results using TPA, and (c) the average photovoltaic parameters of the PSC.
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Figure 5.21(a) JV curves, (b) IPCE of the best cell. (c) Average values of photovoltaic parameters of C-based
PSCs using TPA as organic modifier in forward and reverse scan.

5.4.4 One step infiltration method applying the 3-Phosphonopropionic acid (3-Hpp)

The 3-phosphonopropionic acid was also applied in the presence of 5AVAI using a one-step
sequential method in normal architecture, as described in Chapter 2. In this case, the
molecule has two functional groups a phosphonate and a hydroxyl acid group. Figure 5.22
shows the (a) JV curves and (b) the IPCE of the best results using 3-Hpp, and (c) the average

photovoltaic parameters obtained.
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Figure 5.22 (a) JV curves, (b) IPCE of the best cell. (c) Average values of photovoltaic parameters of C-based
PSCs using 3-Hpp in forward and reverse scan.

173



Chapter 5

5.4.5 Comparison of photovoltaic performance applying different additives

An additive strategy was often used to achieve high-quality perovskite layers. Han and co-
workers inserted 5AVAI in the perovskite structure changing from tetragonal to an
orthorhombic phase. This 5AVAI molecular addition results in a better surface contact with
the TiO, and an enhancement of the PCE [7]. Following this strategy in order to decrease
charge recombination and improve the efficiency and stability of the devices a set of novel
molecules were inserted into perovskite solution. With the reference 5AVAI molecule, we
achieved the best results in terms of photovoltaic performance; however, we also analyzed
the PABA and TPA additives without the presence of 5AVAI. Table 5.1 shows a summary of
the photovoltaic values from the champion cells using 5AVAI, PABA, TPA or 3-HPP. TPA

provides the best results in comparison to the others.

Table 5.1 Summary of the photovoltaic performance values from the champion cells depending on the

organic additive used in the perovskite solution.

SAM solvent PCE (%) FF(%)  J(mA/cm?) Vo (V)
SAVAI GBL 11.6 66.5 21.5 0.8
PABA GBL 3.2 79.7 5.1 0.8
TPA DMF 4.1 46.4 13.3 0.7
3-HPP GBL 1.6 60.8 3.7 0.7

The application of novel additives into the perovskite solution during infiltration, results in
good photovoltaic properties of the device, however, further optimization of the infiltration
process is necessary in order to replace the 5AVAI molecule. As observed in Table 5.1, the
incorporation of this 4-aminobenzoic acid led to a poor photovoltaic response. A possible
explanation could be a competition between the PABA additive and the conventional 5AVAI
for the sites inside the crystal structure of perovskite, which may have caused an incomplete
crystallization process. In addition, the incorporation of the TPA led to a better photovoltaic
response in comparison to the 4-aminobenzoic acid. However, the low current densitiy had
a direct impact on the poor PCE. Finally, the incorporation of the 3-phosphonopropionic acid
resulted in the worst photovoltaic response in comparison with the other organic additives.

The FF and the V, exhibited a standard values, however, the Js. exhibited a low value which
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directly impact on the decrease of the PCE value. A further optimization is necessary in

order to obtain better results.

Moreover, the above mentioned additives were also applied without the presence of the

reference 5AVAI, in a C-based PSC structure. Among the functional groups of these

molecules, the amino and the carboxylic acid groups act as anchoring groups similar to the

5AVAI molecule, and no significant difference in photovoltaic performance was noted with

or without the addition of 5AVAI In the case of other additives with different anchoring

groups such as TPA and PABA, the PSC showed is about 3.5 %. Figure 5.23 shows the

photovoltaic average values for C-based PSC employing TPA and PABA additives, without

the presence of 5AVAI molecule.
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Figure 5.23 Photovoltaic average values for C-based PSC employing TPA and PABA additives, without
the presence of 5AVAI molecule.
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As seen in Figure 5.23, we have demonstrated that the device can work without 5AVAI and

when both components are simultaneously in the solution, they compete for the sites in the

crystal structure of CH3;NHsPbls. As summary, the cell is working slightly better without
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S5AVAI additive. Without the presence of 5AVAI, the observed trend is that the higher the

concentration of the organic additive, the better the photovoltaic performance.

5.5 Conclusions

This chapter deals with screen printed semiconductor oxides, i.e, TiO, and ZrO,, used as ETL
and scalffold, respectively, in CPSC. In this chapter, we reported results from the attractive
C-based structure, which also provides easy manufacturing and robust devices. We
experimentally fabricated a C-based PSC with a PCE as high as 11.5 % under AM 1.5G
illumination at 100 mW/cm? after several optimization of the complete working device.
Firstly we optimized the thicknesses of the oxide layers, in order to achieve an optimal
“shell” (c-TiO,/mp-TiO,/Zr0O,/C). Other parameters, such as the c-TiO, layer thickness and
5AVAI content in perovskite solution, were also optimized. Regarding the optimization of
the c-TiO,, we discovered that the use of 2.5-5 % TiAcAc provided the best photovoltaic
performance. We observed that the 5AVAI content in the perovskite infiltrated solution is a
relevant parameter in the crystallization of the material as shown with the use of equimolar
relation between Pbl, and MAI at 0.952 M employing 3 % of 5AVAI additive. Furthermore,
we demonstrated the effective use of a humidity post-treatment at RT to reduce or avoid
the hysteretical behaviour observed in these C-based PSC architectures after annealing. The
importance of this C-based PSC lies in 5AVA molecules with anchoring groups that provide
fewer defects and prevent charge recombination. Additionally, this structure can be made
by screen printing and is therefore very promising technology suitable for large-scale

development and future commercialization.
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Chapter 6

Solar Cell Stability following ISOS protocols

6.1 Introduction

As already described in this thesis work, halide PSCs have radically transformed the
photovoltaic and energy-conversion arena. Their remarkable and unprecedented
improvement of PCEs, currently above 24 %, has occurred in the past few years, and has
benefitted from prior developments in other new photovoltaic technologies, e.g. DSSCs and
OPVs. This technology has all the ingredients needed to rapidly achieve maturity: (a)
inexpensive, abundant light-harvesting perovskite type minerals, (b) the straightforward
design and composition of derivatives and homologous substances, and (c) facile solution-
based processing methods. Another advantage of PSCs is their ability to be integrated in
tandem architectures with silicon-based solar cells. As a result, mechanically flexible and
semi-transparent light-harvesting arrays possessing polychromic sensitivity can be
attainable. In order to be commercialized, three major barriers must be resolved: (a) the
toxicity caused by the use of lead, (b) the degradation due to temperature, humidity and
light exposure and (c) the hysteresis phenomena, among others [1]. To be commercially
competitive, the long-term stability of halide PSCs must exceed the lifetime of Silicon solar
cells: 20 years stability. The understanding of the PSC intrinsic and extrinsic degradation
mechanisms can lead to an increase in PSC stability.

Back in 2011, a broad consortium of researchers developed recommendations for stability
evaluation of organic photovoltaics. These standardized aging experiments are
internationally recognized as the “ISOS protocols”, and were established at the
“International Summit on Organic PV Stability” (Roskilde, Denmark). The ISOS protocols
outline a consensus between researchers in the OPV field on performing and reporting
degradation studies in a controlled and reproducible way. The ISOS protocols have allowed

direct comparison of results between different research laboratories working on different
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cell designs, thus enabling successful round robin experiments, and an improved
understanding of degradation in those devices [2].

These ISOS protocols are currently applied by the Halide perovskite community to report
device stability. Nevertheless, the members of the PSC community (among them our
research laboratory) have observed a need to upgrade these I1SOS protocols to incorporate
PSCs special requirements. For this, recent upgrades of these ISOS protocols have been

made with the aim to include the requirements observed in PSCs [3].

The ISOS protocols have three different levels depending on laboratory infrastructure. The
first level requires basic equipment, while the second and third levels require more
specialized equipment. Although the basic level gives less stress control in comparison with
levels two and three, this has been designed this way so even those laboratories initiating in
the stability research area can carry out stability analysis. The ISOS protocols can be
separated in five general types of studies: (a) Dark storage (ISOS-D), (b) outdoor (ISOS-0),
(c) light-soaking (ISOS-L), (d) thermal cycling (ISOS-T) and (e) light-humidity-thermal cycling
(ISOS-LT) (See Table 6.1).

The Dark storage studies (1SOS-D) are characterized to carry out by leaving the samples in
the dark with no load. For the ISOS-D-1 the samples are leaving at ambient conditions, for
the ISOS-D-2 the samples are keeping at high temperature storage by a hotplate or oven.
And finally, for the ISOS-D-3 the samples are keeping under controlled temperature and
humidity conditions with an environmental chamber. The Outdoor stability studies (1SOS-0)
are known to carry out at ambient conditions. For the ISOS-O-1 the devices are kept outside
while the testing is inside by a solar simulator. For the samples under ISOS-0-2 testing the
measurements are carrying out outside under daylight and the samples are kept also
outside. And finally, the ISOS-0O-3 the devices are measured inside from time to time and

outside for a long time.
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Table 6.1 Overview of different categories of ISOS testing protocols [4].

Test ID Test Type Light Temp. R.H. Characterization Load
source (°C) (%) light source
1ISOS-D-1 Dark None Ambient Ambient Solar simulator Open
or sunlight circuit
1ISOS-D-2 Dark None 65/85 Ambient Solar simulator Open
circuit
ISOS-D-3 Outdoor None 65/85 85 Solar simulator Open
circuit
1SOS-0-1 Outdoor Sunlight Ambient Ambient Solar simulator MPP or
open
circuit
1ISOS-0-2 Outdoor Sunlight Ambient Ambient Sunlight MPP or
open
circuit
1SOS-0-3 Outdoor Sunlight Ambient Ambient Sunlight and MPP
solar simulator
Laboratory Simulator | Ambient Ambient Solar simulator | MPP or
1ISOS-L-1 weathering open
testing circuit
1ISOS-L-2 Laboratory Simulator 65/85 Ambient Solar simulator MPP or
weathering open
testing circuit
1ISOS-L-3 Laboratory Simulator 65/85 Near 50 Solar simulator MPP
weathering
testing
ISOS-T-1 Thermal None Between Ambient Solar simulator Open
cycling RT and or sunlight Circuit
65/85
Thermal None Between Ambient Solar simulator Open
ISOS-T-2 cycling RT and Circuit
65/85
ISOS-T-3 Thermal None -40 to Near 55 Solar simulator Open
cycling +85 Circuit
ISOS-LT-1 Solar Simulator Linear or | Monitored, Solar simulator MPP or
thermal step uncontrolled open
humidity ramping circuit
cycling Between
RT and
65
ISOS-LT-2 Solar Simulator Linear Monitored, Solar simulator MPP or
thermal ramping controlled open
humidity between circuit
cycling 5and 65
ISOS-LT-3 Solar Simulator Linear Monitored, Solar simulator MPP or
thermal ramping controlled open
humidity between circuit
cycling -25 and
65
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The Light-soaking stability experiments (ISOS-L) are carrying out under laboratory
weathering testing. For the case of ISOS-L-1 the measurements are taken under
uncontrolled conditions of temperature and R.H., while the ISOS-L-2 the temperature is
controlled (between 65/85 °C) and for the ISOS-L-3 are controlled both, temperature
(between 65/85 °C) and the R.H. (50 %). The Thermal cycling (ISOS-T) is usually required for
a final product certification; however the samples can be damaged by this type of test.
Basically, the sample following the ISOS-T-1 measurements is cycled from a high
temperature (65/85 °C) to RT. The ISOS-T-2 is similar than before but with more precisely
equipment (environmental chamber with automatically performance). And finally, the ISOS-
T-3 requires the advanced equipments with changes in the temperature range from 85 °C to
-40 °C. The Light-humidity-thermal cycling (ISOS-LT) are solar-thermal-humidity cycling
measurements. The ISOS-LT-1 category used a linear or step ramping between RT and 65 °C
while the ISOS-LT-2 linear ramping between 5 and 65 °C and ISOS-LT-3 linear ramping
between -25 and 65 °C.

In this chapter we carried out stability analysis to our best carbon-based PSCs. We employed

two ISOS protocols: 1ISOS-D and ISOS-L as will be showed in the following section.

6.2 Stability of C-based PSCs

As already mentioned in Chapter 1, the factors affecting the degradation of the devices are
moisture and oxygen, thermal and light effect. Among these different factors, moisture has
been considered as one of the biggest challenges. Moisture affects the amine group from
perovskite layer, the methylamine group is lost via sublimation while Pbl, is formed, and

also oxygen is responsible to degradation of perovskite by hydrolysis reaction [5]:

CH3;NH;3PbI; (s) < Pbl,(s) + CH;NHsI (aq) (1)
CH;NH;I (aq) < Pbl,(s) + CH;NH,(aq) + HI (aq) (2)
4HI (aq) + 0, (g) = 21, (s) + 2H,0 (I) (3)
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2HI (aq) = H, (g) + I,(s) (4)

Many efforts have been made in order to avoid the degradation cause by water such as
controlling the temperature and the R.H conditions during the solar cell fabrication,
encapsulation of the devices, the use of additives to protect the perovskite material and the

use of 2D perovskite to improve stability [5].

In 2013, Han’s group reported carbon-based HTM-free triple-mesoscopic-layer architecture
PSC [6]. This kind of architecture, fabricated by the screen printing technique, offers easy
and cheap manufacture appropriate for commercialization. One year later, using (5-
AVA)(MA)(1x)Pbls as a light absorber, Mei et al. produced a solar cell with a certified PCE of
12.8 %. Also, the cell was stable for over 1000 h in ambient air without any encapsulation
under AM 1.5G light soaking [7]. In addition, Han’s group fabricated a large-area fully
printable module (10 cm x 10 cm), a PCE of 10.4 % has been demonstrated and also their

modules show good stability study in outdoor conditions for 1 month [8] .

Furthermore, the advantage of this thick carbon structure (10 um) can act as water retaining
layer which offer an excellent stability of the device even without any encapsulation [9]. And
also for the use of semiconductors oxides, such as, TiO, and ZrO, which act as a electron
conductor and spacer layer, respectively, protecting the perovskite material[10]. More
recently, a remarkable long-term stability of more than 10,000 h was reported by Grancini
et al.using the same carbon structure with a 2D/3D mixed perovskite [11]. Furthermore,
Baranwal and co-workers proved the thermal stability of these printable CPSCs of over 1500
h at 100 °C [12]. Recently, Chu and co-workers used CPSCs with a P3HT/graphene
composite. In their study, the stability was evaluated by testing encapsulated devices under
illumination (AM 1.5, 100mW/cm?). Their results exhibited that the devices retain 89 % of its
original PCE after 600 h of testing [13]. Another example, is the work of the Wu et al.
inserted an inorganic CuSCN between the perovskite and the carbon electrode in order to

decrease electron recombination. The addition of CuSCN results in a production of high
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stability devices, the best device retains 80 % of its initial PCE value after 1000 h under
continuous one sun illumination [14].
These reported results confirmed the advantages of these CPSCs in terms of stability and

robustness.

6.2.1 Stability studies of a C-based PSC following ISOS-D-1 protocol

Following the ISOS-D-1 protocol, we conducted stability studies on unencapsulated Carbon-
based PSCs. The devices were stored in the dark inside a drybox, under dry conditions, at
R.H. 10 % and at RT (25 °C). The PSCs was then analyzed under the sun simulator at 1 sun
AM 1.5G at different time intervals.

Figure 6.1 shows the ISOS-D-1 stability test carried out to a PSC under storage conditions in
the dark for almost one year. The initial efficiency of the device was 10.6 % and decreased

down to 7.2 % after 7800 h.
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Figure 6.1 Stability test of cell A CPSCs under 1 sun AM 1.5G conditions stored in the dark under dry
atmosphere for almost 1 year.
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From Figure 6.1, we can observe that the PCE suffered continuous variations during
measurements; however the general trend is decrease slowly during the time. This could be
ascribed to the fact that exists some recovery of cells before the next measurement, and is
not a dramatically decrease. It can be also observed that the last point is higher in all curves,

probably due to a systematic error or also coming from a recovery of the cell.

To provide more examples, Figure 6.2 shows the stability graphs of two different CPSCs,cell
B and cell C, after almost 6000 h storage in dark conditions under dry air atmosphere from
different batches in order to compare the trend even from different days of fabrication. The
cell B in Figure 6.2 (a) shows rapid degradation after the first 25 days, it could be observed
that when the initial values are higher, the degradation trend dramatically decreased.
However, it can be observed a recovery before 1000 h, following the trend of the cell A. In
contrast, in Figure 6.2 (b) the degradation process is slower when the first values presented
low performance, in fact a gradually decay could be observed. This means that the

measuring initial values depend directly on the fabrication conditions of the day.
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Figure 6.2 Time evolution measurements of non-encapsulated CPSCs during indoor conditions stored in the
dark under dry atmosphere. Study from different batches, corresponding to (a) cell B and (b) cell C.

We also measured the reproducibility for three different CPSCs in the same batch, as shown
in Figure 6.3. In this study, the initial PCE for all of them was closer, exceeding 9 %. For all
cells, cell D, E, F, the PCE dramatically decreased after 800 h, but recovered after 1000 h
followed by an almost constant degradation for more than 4000 h. Finally, a remarkable
improvement was detected after 5000 h. It can be observed the good reproducibility

between these three CPSCs fabricated in the same batch during the time, the first values
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show less error between them while at the end of the 6000 h less reproducibility between

the values were exhibited.

12

8 \%/%] /

0 1000 2000 3000 4000 5000 6000
Time (hours)

Figure 6.3 Stability test of a triple-layer CPSCs under full AM 1.5 simulated sunlight in ambient air over 6200
hours without encapsulation. The cells D, E, F from the same batch, are stored in dark conditions under dry
atmosphere.

6.2.2 Stability studies of a C-based PSC following ISOS-L-1 protocol

In order to prove the stability of these CPSCs in more realistic conditions, long-term stability
measurements were carried out under a continuous sun simulator illumination at 1000
W/m2 with a mask of 0.079 cmz, in ambient conditions (R.H. 50 % and 25 °C temperature)
without any encapsulation. These measurements were carried out following the ISOS-L-1

protocols. The time range for the studies was from several minutes to thousands of hours.

Figure 6.4 shows the stability graph for CPSCs, cell G analysed for more than 6 hours and cell
H analysed for more than 40 hours. An unexpected result was obtained as can be clearly
seen in the graph because of the improvement in terms of PCE during the time at the
beginning of the measurement, as already reported by McGehee et al., who suggested that
the pre-conditioning with light-soaking can significantly influence PV performance [15]. As
also shown, light-soaking under large positive applied voltage before characterization can
dramatically improve the FF, Js, and PCE of the PSCs [15]. Consequently, the light soaking

effect as from continuous illumination must be considered in these kinds of measurements.
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Figure 6.4 Stability test of CPSCs (a) cell G (over 6 h) and (b) cell H (over 48 h) under continuous illumination
in ambient conditions.

These CPSCs exhibited the same trend between cell G and cell H, at the beginning of the
measure cell H exhibited the same trend of cell G where the values are keep increasing
during the first 7 hours. After almost 10 hours the PCE of cell H varied with a general
downward trend and finally from 40 hours started to decrease gradually.

The last example presented dessides a long-term stability study carried out by the
Polytechnic University of Cartagena (UPCT). This study consisted of the measurement of
three CPSCs, cell I, cell J and cell K, under solar simulator light irradiation (ABET AM1.5 Class
AAA, with a mask of 7.1 mmz), under ambient conditions (25 °C and 50 % R.H.). From the
results in Figure 6.5 three different stages can be clearly seen corresponding to three
different slopes. They were considerably stable from the beginning up to 200 hours. The
first sign of degradation appears after 300 hours until almost 500 hours where the

dramatically stability decreasing occurred from 600 to just over 1000 h.
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Figure 6.5 Stability test (over 1000 hours) of CPSCs in terms of (a) PCE (%) and (b) Js. (mA/cmZ) with 5AVA
under continuous illumination in ambient conditions. The samples are Cell ,Cell J and Cell K.

The CPSCs analyzed above, applied the AVAI organic modifier, which is the most common
organic molecule applied in these type of solar cells. Nevertheless, we also performed ISOS
stability test to CPSCs applying two new organic modifiers: the PABA and the TPA molecules.
Stability tests were made at RT conditions (25 °C, 50 % R.H.). Figure 6.6 shows the stability
test following the I1SOS-L-1 in UPCT installations under continuous illumination of 1 sun, for
150 hours. And Table 6.2 shows the summary of the description corresponding to the cells

which were used for the stability study following the ISOS protocols.
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Figure 6.6 Stability test about 150 hours of CPSC with SAMs, in terms of (a) PCE (%)and (b) Js. (mA/cmz)

under continuous illumination in ambient conditions. The samples are Cell L corresponding with PABA
and Cell M corresponding with TPA.
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From the results in Figure 6.6 we can conclude that PABA provides slightly more stability
than TPA, however, 5AVA results in much better stability.

Table 6.2 Summary of the description corresponding to the CPSCs which were used for the stability study

following the ISOS protocols.
%_ Stability Initial values Final values Method | w»
g Time 8
Y | (hours)

PCE Voc Jse FF PCE Voc Joc FF

A 8400 10.6 0.7 22.3 64.3 9.5 0.8 17.3 69.7 Onestep D1
B 6000 11.6 0.8 21.5 66.5 1.4 0.7 9.3 38.5 One step D1
C 6000 8.8 0.8 15.7 68.8 5.6 0.7 17.2 46.9 Onestep D1
D 6000 9.4 0.8 18.6 61.3 9.5 0.7 15.1 82.6 Onestep D1
E 6000 9.4 0.8 21.3 55.3 6.6 0.7 20.0 45.7 Onestep D1
F 6000 9.5 0.8 19.2 61.0 10.2 0.7 19.3 71.1 One step D1
G 7 8.9 0.8 17.4 62.9 10.2 67.8 0,8 18.7 One step L1
H 50 9.3 0.8 18.6 61.3 9.5 0.7 15.0 82.6 One step L1
| 1000 10.8 0.7 23.7 - 0.1 0.6 0.2 - One step L1
J 1000 11.9 0.7 24.5 - 0.6 0.8 1.6 - One step L1
K 1000 11.4 0.7 26.7 - 2.1 0.8 4.9 - One step L1
L 150 3.9 0.7 9.5 - 0.3 0.5 1.2 - One step L1
M 150 1.6 0.7 4.6 - 0.01 0.4 0.1 - One step L1

Further optimization is required in order to achieve more stable devices using these new
molecules. However, these results demonstrated the good stability of these carbon-based

solar cells, for more than 1000 h of lifetime study.

6.3 Conclusions

In general, we can conclude that C-based PSC show long stability, of almost 1 year under
storage conditions in the dark and dry atmosphere without any encapsulation. They also
show good long-term stability under irradiation conditions as has been reported for more
than 1000 h. Regarding SAMs the 5AVAI exhibited longer lifetime comparing to the others
(TPA and PABA).

The understanding of degradation processes and the rejection of the hysteretic behaviour of
PSCs is a highly requirement for a proper device characterization and for the fabrication of

long term stable devices towards to the market.

191



Chapter 6

6.4

[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

192

References

S. van Reenen, M. Kemerink, and H. J. Snaith, “Modeling Anomalous Hysteresis in
Perovskite Solar Cells,” J. Phys. Chem. Lett., vol. 6, no. 19, pp. 3808—-3814, 2015.

M. O. Reese et al., “Consensus stability testing protocols for organic photovoltaic
materials and devices,” Sol. Energy Mater. Sol. Cells, vol. 95, no. 5, pp. 1253-1267,
2011.

et al. Mark V. Khenkin, Eugene A. Katz, Monica Lira-Cantu, “Consensus on ISOS
Protocols for Stability Assessment and Reporting for Perovskite Photovoltaics,” Nat.
Energy.

M. O. Reese et al., “Consensus stability testing protocols for organic photovoltaic
materials and devices,” Sol. Energy Mater. Sol. Cells, vol. 95, no. 5, pp. 1253-1267,
2011.

R. Wang, M. Mujahid, Y. Duan, Z.-K. Wang, J. Xue, and Y. Yang, “A Review of
Perovskites Solar Cell Stability,” Adv. Funct. Mater., vol. 0, no. 0, p. 1808843, Feb.
2019.

Z. Ku, Y. Rong, M. Xu, T. Liu, and H. Han, “Full Printable Processed Mesoscopic
CH3NH3PbI3/TiO2 Heterojunction Solar Cells with Carbon Counter Electrode,” Sci.
Rep., vol. 3, p. 3132, 2013.

A. Mei et al., “A hole-conductor—free, fully printable mesoscopic perovskite solar cell
with high stability,” vol. 345, no. 6194, pp. 295-298, 2014.

Y. Hu et al., “Stable Large-Area (10 x 10 cm2) Printable Mesoscopic Perovskite
Module Exceeding 10% Efficiency,” Sol. RRL, vol. 1, no. 2, p. 1600019, 2017.

Y. Rong, L. Liu, A. Mei, X. Li, and H. Han, “Beyond Efficiency: the Challenge of Stability
in Mesoscopic Perovskite Solar Cells,” Adv. Energy Mater., vol. 5, no. 20, p. 1501066,
2015.

M. Lira-Cantu, “Perovskite solar cells: Stability lies at interfaces,” Nat. Energy, vol. 2,
p. 17115, 2017.

G. Grancini et al., “One-Year stable perovskite solar cells by 2D/3D interface
engineering,” Nat. Commun., vol. 8, p. 15684, 2017.

A. K. Baranwal et al., “100 °C Thermal Stability of Printable Perovskite Solar Cells
Using Porous Carbon Counter Electrodes,” ChemSusChem, vol. 9, no. 18, pp. 2604—
2608, 2016.

Q.-Q. Chu et al., “Highly stable carbon-based perovskite solar cell with a record
efficiency of over 18% via hole transport engineering,” J. Mater. Sci. Technol., vol. 35,
no. 6, pp. 987-993, 2019.

X. Wu et al., “Efficient and stable carbon-based perovskite solar cells enabled by the
inorganic interface of CuSCN and carbon nanotubes,” J. Mater. Chem. A, vol. 7, no.



Solar Cell Stability following ISOS protocols

19, pp. 12236-12243, 2019.

[15] E. L. Unger et al, “Hysteresis and transient behavior in current—voltage
measurements of hybrid-perovskite absorber solar cells,” Energy Environ. Sci., vol. 7,
no. 11, pp. 3690-3698, 2014.

193






ANNEX

Surface Functionalization

A.1 Introduction

Despite the rapid progress over the last few years and the impressive properties that
characterize halide perovskites, such as high absorption coefficients, widely tunable
bandgap, high carrier mobility, versatile and low cost technology, among others [1]; there
are still several issues that need to be addressed in order to fully exploit the potential of
PSCs. One of the most important issues is the presence of defects. Given that halide
perovskites are relatively soft ionic solids, the control and understanding of their defect
structures is still limited. Defects in these materials restrict the power conversion efficiency
of the solar cells limiting charge carrier transport due to recombination processes taking
place in the material. This processes are in detrimental of the photovoltaic performance of
the PSCs [2].

In a perfect crystalline solid, every atom is located in its prescribed site. In a real
semiconductor defects are found as interruptions in a crystal lattice (crystallographic
defects) or as impurities (presence of a foreign atom). Defects can exist as single defects, as
array of defects or as series of higher-dimensional defects as schematically represented in
Figure A.1. In general, single defects or point defects, can be divided in three types: atomic
vacancies (atoms missing from the lattice), interstitials (atoms occupying the space between
atoms in the lattice), and anti-site substitutions (atoms occupying the wrong site in the
lattice) Figure A.1 (c). If they exist in array configuration we have what is known as Frenkel
defects and Schottky defects (Figure A.1 (d). Higher-dimensional defects are the result of
the combination of point defects and defect arrays, and we know them as dislocations, grain

boundaries and precipitates, as illustrated in Figure A.1 [3].
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Figure A.1 Defects in semiconductors. Ideal structure (a) without defects and (b) after introducing defects.
(c)point defects, (d) defect arrays, and (e) higher dimensional defects. Extracted from [3].

Defects are formed spontaneously during synthesis process of materials. Less defect
concentration is observed in single crystals, while solution processed thin films usually
contain high amount of defects. When the formation energy of a material is negative the
amount of defects is usually large, so the material with the lowest formation energy is in its
most stable state. This formation energy depends on the atomic chemical and electronic
potential (related to reactants and fermi levels respectively) and thus, defect structure
depends on synthesis parameters such as temperature, atmosphere, humidity,
concentration of reactants, solvents, doping level, etc [4]. Halide perovskites have shown
high defect tolerance. Nevertheless, deep defects in halide perovskites still prevent the

enhancement of their power conversion efficiency to reach the Schockley-Queisser limit [2].

Different approaches exist to control and passivate defect in halide PSC materials. Among
them is the growth of large grain-size perovskite crystals, defect passivation through the use
of organic additives which can be applied at interfaces (surface modification), or within the
halide perovskite (as bulk-heterojunction) to form high quality polycrystalline perovskite

films [2].

In this thesis work we chose to work with different organic molecules (or additives) in order

to passivate defects in Carbon-based PSCs. The organic molecules have been employed in a
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bulk-heterojunction configuration (mixed with the halide perovskite) to fabricate complete
CPSC as described in Chapter 5. In this Annex, we present the manipulation of these organic
molecules to form SAMson different oxide substrates. Our intention is to study and analyse
the relation between the organic molecule and the oxide surface with the aim to correlate
this interaction to the PCE of the final solar cells. These studies of SAMs were made by
Kelvin probe AFM and supported by XPS/UPS analyses. In the following sections we give a
brief introduction to SAMs and the possible interactions we can expect between different
functional groups present in organic molecules and the components of PSCs. Then we will

describe our results on the fabrication and analysis of SAMs on oxide surfaces.

A.2 Self-Assembled Monolayers (SAMs) in PSCs

SAMs are defined as the formation of monolayers by self-assembly of ordered molecules,
which interact between them, attached at the solid surface [5]. Figure A.2 (a) shows a
representation of the different parts that compose a SAM. These consist in a headgroup,
which binds to the substrate; the spacer or backbone, in charge of the connection between
the headgroup to terminal group and responsible to provide the thickness and the
electronic conductivity of the SAM (Figure A.2 (a)). And finally, the terminal functional
group which consists the outer surface of the film [5]. These functional groups in SAMs can
be silanes, phospohonates, carboxylates, amines, and others (Figure A.2 (b)). Among the
different type of attachment, covalent bonding is the most interesting due to its strong
interaction with the surface. The first report of the fabrication SAMs was made in 1946 by
Zisman and co-workers who studied the preparation of a monolayer by adsorption onto a
metal substrate [6]. In 1996, Ulman et al., studied different kinds of monolayers such as,
organosilicon, organosulfur, or alkyl monolayers. Also, they determined the evaluation of

intermolecular interactions in SAMs and the surface engineering using SAMs [7].
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Figure A.2 (a) Representation of the structure of a SAM. Extracted from [8]. And(b) Different bonding
modes of organic molecules on oxide surfaces. Extracted from [9].

In PSCs an organic additive can interact in different ways with the materials of the solar cell.
Especially important is the interaction with the absorber, the halide perovskite, and, in our
case, with the metal oxide applied as transport layer. Organic molecules with functional
groups especially selective to bond with oxide surfaces are depicted in Figure A.2 (b) [9],
where oxide surfaces are prone to different types of attachment and the strength of the
attachment is directly dependent on the functional group of the molecule. Among these,
there are four types of functional groups more relevant to be applied in solar cells due to

the affinity to the PSCs materials: silanes, carboxylates, phosphonates and amines [10].

Silane monolayers exhibit high reactivity and well-ordered monolayers can easily be
obtained [11]. Silanes provide high thermal stability and mechanical robustness. Sagiv et al.
were the first to report the formation mechanism of silanes, consisting on the hydrolysis of
the molecules and consequently reaction of the —OH groups with the surfaces [12].

The phosphonate family have attracted high interest due to the already reported strong and
effective attachment on different metal oxide surfaces, such as Al,03, TiO,, ZrO,, TiO, and
SiO,. Phosphonic acids have a hydrogen-bond, under heating treatment these phosphonic
acid monolayers become phosphonates and bond strongly onto surfaces [13]. A good
example of the beneficial effect of phosphonate-linkers is the application of
alkylphosphonates that are able to provide well-ordered and dense monolayers. In addition,
the stability of these SAMs on titania for more than 14 days of ambient air exposure
confirmed the robustness of these monolayer [14]. Consequently, phosphonates are being
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use in applications where high stability is required, and can be excellent to enhance the
durability of PSCs. Carboxylates have a long history in emerging photovoltaics. The
attachment of dyes in DSSCs is usually made through the carboxylic functional group of
these absorbers [15]. Their importance resides on the easy control of the binding and
reactivity of species. In addition, carboxylates can be modify and react with primary amines
to form covalent bonding [16]. Also, carboxylic acids are capable of providing robustness
and stability on metallic substrates [17].Wang and co-workers, give an example of Br and
carboxylic groups attached onto oxide surface, demonstrated effective surface passivation
using 4-bromobenzoic acid as a SAM resulting in a clear reduction of charge recombination
and enhancement of perovskite crystallization and a PCE exceeding 18%, with the
incorporation of this benzoic acid onto an NiO surface [18]. Amino self-assembled
monolayers [9]can be attached with chemisorptions processes in several types of oxide
surfaces, such as alumina, indium tin oxide, quartz, silica, glass, mica or silicon dioxide
[19].Amino groups can also be attached to the perovskite absorber. For instance, Hou et al.
reported the use of Triphenylamine as a SAM onto a perovskite layer following the normal
architecture, FTO/c-TiO,/mp-TiO,/CH3NH3Pbls-TPA/Spiro-OMeTAD/AgAl.  The  results
exhibited a clear improvement in terms of performance and thermal stability of PSCs. The
incorporation of triphenylamine allowed a better crystallization process reaching a PCE of
18.5 % [20].

More recently, the application of organic molecules (additives) with double functional
groups which can both interact with the materials of the PSCs has been reported. For
example, Zuo et al. demonstrated that the deposition of 3-aminopropanoic acid SAM (Cs-
SAM), an example of a SAM with a carboxylic acid and amino group, onto sol-gel ZnO layers
induced a significant improvement in the morphology of CH3;NH;Pblsfilm due to the
enhanced wetting between ZnO and the perovskite film, forming a permanent dipole
moment. Also, film crystallinity was increased and the reduction of pin-holes was clearly
observed. With the structure of glass/ITO/ZnO/SAM/Perovskite/Spiro-OMeTAD/Mo0Qs/Ag,
al5.7% PCE was reached. According to this study, pinhole-free perovskite film with high
crystalline properties is essential for highly efficient PSCs [21]. Li et al. introduced a PABA
SAM, an example of a SAM with carboxylic and amino groups, on a mp-TiO, layer by
immersion, resulting in an improvement of the quality of the perovskite, leading to fewer

traps, better carrier transport and consequently, a reduction in charge recombination and a
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good matching energy level between the TiO, layer and the perovskite layer. Using a
structure of FTO/c-TiO,/meso-TiO,/PABA monolayer/CHsNHsPblz/Spiro-OMeTAD/Au, the
best PSCs with SAM modification displayed the highest PCE of 10.6 % [22]. Wang and co-
workers inserted 3-Aminopropyl trimethoxysilane (APMS), with an amino and silane group,
in the TiO,/CHsNHsPbls interface, leading to a passivation effect into surface traps of TiO,
and better perovskite cristallinity. Their work demonstrates a reduction of recombination
processes in this interface that directly affects the performance of the PSCs, reaching a PCE
of 15.8 % [23]. In addition, Zuo et al., reported a study applying different SAMs on a SnO,
surface. Further analysis revealed that proper interfacial interactions can lead to a reduction
in trap state density and facilitation of charge transfer. Using 4-pyridinecarboxylic acid (PA)
SAM, with the structure of glass/ITO/(SnO,/SAM)/PVSK/Spiro-OMeTAD/Au, the PSCs
exhibited a PCE exceeding 18 %, and an enhancement of 10% compared with those without
SAMs[24]. Finally, Liu and co-workers introduced an organic silane self-assembled
monolayer in fully printable mesoscopic carbon-based PSC. The shell was inserted in an
Aminopropyltrimethoxysilane SAM, which consists an amino and silane groups, for several
hours. This surface modification by silane SAM resulted in an enhancement of the energy
band alignment, a passivation of defects and reduction of recombination processes. The
best cell exhibited a PCE of 12.7 % [25]. All these studies suggest that the application of
SAMs in PSCs can improve charge transport, avoid or reduce charge recombination and

permits to develop PSCs with excellent efficiency and stability.

Following the use of 5AVAI as an additive employed by Han’s group, we inserted the others
molecules into CPSCs, in our attempt to assemble them into several surfaces. Figure A.3
depicts a schematic representation of the idea developed in this thesis work on surface
functionalization: (a) the different layers of the Carbon-based PSC studied in this thesis
work, (b) the corresponding band energy level alighment of layers and interfaces and (c) the
possible interaction between the organic molecules (OM) at the interface between the
halide perovskite and the oxide layer. The OM under study are (from top to bottom): 5AVA,
PABA, TPA and the H3pp. These molecules have in common 3 different anchoring groups
(amines, carboxylates or phosphates). In this annex we present the characterization of the
molecules by different techniques and our attempt to assemble them on different

substrates.
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Figure A.3 Schematic representations of (a) the different layers of the Carbon-based PSC studied in this
thesis work, (b) the corresponding band energy level alignment of layers and interfaces and (c) the
possible interaction between the organic molecules (OM) at the interface between the halide
perovskite and the oxide layer.The OM under study are (from top to bottom): 5-ammoniumvaleric acid

iodide 5AVA, PABA, TPA and the H3pp.

A.3 Surface and Electronic characterization of SAMs

As already mentioned in Chapter 5, 5-AVAl is the main organic additive applied in C-based

PSCs. This moleculeis composed of two terminals groups, an amino group on one side and a

carboxylic acid group on the other side. Its main function in the PSC is to act as additive to

promote the crystal growth of the perovskite crystalline structure and also to passivate

defects through the anchoring of its two functional groups to the oxide and the perovskite

materials. It has been shown that the passivation of the oxide defects on surfaces applying a

highly ordered organic molecule as SAM, can significantly reduce the density of charge traps

at the oxide/molecule interface and thereby provide an enhancement of the device charge-

carrier mobility [20-21]. The improvement on these photovoltaic parameters permits to
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improve PSC efficiency and reduce performance loss on stability analysis carried out under
continuous 1 sun illumination.

In this section, we present the study of the following organic molecules (OM): 5AVAi, PABA
and TPA. We made special emphasis on the morphological, electronic, optical and
crystallographic properties of the OM and describe the process to fabricate them as SAMs
and their study by KPFM and XPS/UPS analysis.

A.3.1 Effect of organic additives on the crystalline structure of perovskite material

A crystallographic analysis was carried out by XRD in order to know the effects on the
crystalline structure of MAPblswhen different OM molecules were applied. The crystal
structure of the MAPbI; perovskite has been reported in several studies. MAPbl; has been
shown to have three structural phases; a cubic phase with space groupPm-3m above 330 K,
a tetragonal phase with a space groupl4/mcm from 160K to 330K and an orthorhombic

phase of space group Pnma below 160 K [26].

Figure A.4 (a) shows a typical pattern diffraction from MAPbIz at RT which corresponds to
a tetragonal phase with cell parameters a=8.49 A, b=8.49 A and c=12.64 A, and a=p=y=90°.
Comparing the experimental data with the reported values from Inorganic Crystal
Structure Database (ICSD) (reference code 250739) established good agreement between
the values. This kind of crystalline structure was used for the two step method of C-based
PSCs as mentioned in Chapter 5.

A substantially increase in the b and c lattice parameters is expected when the 5AVA
molecule is present in the structure. The pattern fits an orthorhombic perovskite structure
with the lattice parameters of a=8.75 A, b=9.83 A and c=15.33 A. The large expansion of the
¢ axis introduced by 5-AVA indicates a dominant orientation during crystal growth due to
the contact with lead and iodide ions [27].

Figure A.4 (b) shows the pattern diffraction corresponding to the 5-(AVA),(MA),Pbls used
in a one-step method. The peaks at 14.13°, 28.46°, 31.86°, 34.96°, 40.56° and 43.13°
corresponding to the reflections of the perovskite (110), (220), (211), (221),(202), (212),
respectively, which are in good agreement with the literature reported values from the

study of Hongwei Han and co-workers[28].
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Figure A.4 XRD patterns of mesoscopic TiO,/ZrO,/C on FTO glass (a) infiltrated MAPbI; using a two-step
method (MAPbI;) and (b) infiltrated with 5-(AVA),(MA),Pbl; using a one step method. (c) a study of the
Pbl, peak in function of PABA concentration infiltrated with 5-(AVA),(MA).,Pbls(d)a study of the Pbl,
peak in function of the TPA concentration infiltrated with 5-(AVA),(MA),Pbls.

The addition of the PABA molecule to MAPI at different concentrations should affect two
main peaks on the X-Ray diffractogram: the peak at 12.73° ascribed to the (001) reflection of
the Pbl, reagent and the peak at 14.17° ascribed to (110) reflection of the perovskite. This is
shown in Figure A.4 (c), where the difference in intensity of these peaks is clearly observed:
as the concentration of the PABA molecule increases the intensity of the peak that
corresponds to Pbl, at 12.7° decreases. This response has been attributed to the decrease of
the defect content on TiO, due to the PABA-oxide interaction. Furthermore, this higher
crystallinity employing 6 % of PABA produces an increase in the preferential orientation of

the perovskite crystals [22].

Following the same response described for the PABA molecule, changes in the intensity of

the peaks of the diffractogram depend on the TPA content as is shown in Figure A.4 (d). As
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the concentration of TPA solution increased, e.g. at 6 %, the intensity in the reflection (110)
at 14.16° increases, whereas at 2 % TPA the peak from Pbl, dominates. The increase in the
TPA concentration suggests an improvement of the perovskite crystallinity and can have an

influence on the growth direction of the perovskite crystal [20].

A.3.2 Study of Self-Assembled monolayers (SAMs) by Kelvin Probe Microscopy and Atomic
Force Microscopy (KPFM/AFM)

The WF of a metal is defined as the difference in energy between the Fermi level and
vacuum level; while, for semiconducting and insulating materials it refers to IP. The WF is
extremely sensitive to changes of the state of the surface. AFM and KPFM measurements
were performed to understand the surface modification of the WF depending on the
terminal groups in SAM molecules. In this section, we used AFM to investigate the
morphology of the surfaces, providing information and high resolution topographic maps,
and KPFM as a non-invasive method to obtain changes in the electrostatic potential of the
surface. Specially, in order to determine the possible interaction between the SAM and the
oxide surface (TiO,), the three SAMs applied in the PSCs were analysed; 5AVA, PABA and
TPA. The samples for the measurements were prepared from a different solution of SAM
deposited on top of gold and TiO, surfaces by spin coating. Within these techniques, a
difference in topography and surface potential was detected due to a possible interaction

with the SAM molecules.

The functional groups present in the 5AVA, PABA and TPA molecules are amino groups,
which are electron donors (activated group) and a carboxylic acid groups, which are electron
acceptors (deactivated group). These molecules were selected since they can be attached to
a substrate surface through different binding configurations used for the same purpose.
Both proposed alternative SAMs, TPA and PABA, are aromatic SAMs used to modify the
transport layer interface to achieve preferable barrier alignment and charge carrier injection
[30]. Furthermore, the m-conjugated molecular structure can help to increase the charge

transfer in aromatic groups with respect to alkyl groups [31].
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Analysis of reference surface

For characterizing these samples, it was used a two pass mode. The setpoint of oscillation
for the first pass, when topography of the sample is measured, was about 300 mV. During
the second pass, when the cantilever is scanned across the surface at a constant height, this
height was set around 50 nm. In all the experiments, PPP-EFM tips with stiffness constant of

2 N/m and coated with Ptir were used.

The sample was prepared as follows; the c-TiO, was prepared by spray pyrolysis using
titaniumiisopropoxidebis(acetylacetonate) 10 % in IPA. The c-TiO, was then cooled down to
RT and sintered in the oven at 450 °C for 2 h with a ramp of 3°C/min. The gold was thermally
evaporated under high vacuum on top of the TiO, films. And finally, the 0.01 mM SAMs
were deposited on top by spin coating (5000 rpm, 20 s) and further annealed for 5 min at

50°C.

Before studying the SAM surface molecules, a KPFM characterization was carried out in
order to know the background of the device V=200 mV, as a reference. Figure A.5 shows the

different material found in each part of the sample.

(a) (b) 2.5cm
1.5ecm
L |
| F1O Au/Oxide/FTO
Au/FTO_
Oxide/FTO
(c)

Au Oxide

| FTO

Figure A.5 (a) Image of the sample. (b) Schematic representation of the sample. (c) Scheme of the layer
distribution of the sample.
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Figure A.6 shows the Kelvin image of the interface between the Au region and the FTO-TiO,
area. At the limit between the gold (Au) and the FTO a clear depletion of the electrons was

observed indicating an accumulation in this zone, in terms of electronic distribution.

(a) (b)

Figure A.6 (a) Optical microscope image of a sample showing the FTO and Au coating regions and (b) KPFM
map of the same region.

Figure A.7 shows the topographic and Kelvin images taken by AFM-KPFM measurements of
the bare FTO/Oxide and Au/Oxide/FTO surfaces. From the topographical point of view no
significant difference can be observed, a grain-like topography is predominant in all the
area. The surface roughness corresponds to 5.96 nm without the presence of Au and 6.50
nm with the presence of Au. Meanwhile, from the Kelvin mode, slightly more contrast in the

TiO,/FTO surface can be detected providing a difference in surface potential.

g

(a) TiO,/FTO Au/Oxide/FTO

Topography

m

° W E

]
-

Roughness = 5.9 nm Roughness = 6.5 nm

KPFM

t3

d

Figure A.7Image of topography and Kelvin mode in areas without the presence of SAMs, (a) TiO,/FTO and
(b) Au/TiO,/FTO.
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Surface functionalization with SAMs

After analysis of the bare sample, topographic and Kelvin measurements were carried out in
a region with the presence of 5AVA molecules. Figure A.8 shows images of 5AVA/FTO and
5AVA/Au/FTO surfaces. Areas with the presence of 5AVA can be clearly seen in KPFM (red
islands). However, in the topography images it is difficult to distinguish the 5AVA zone, as
the images mainly exhibited a grain-like area. In the KPFM image, a contrast in the surface
potential can be observed and a large accumulation of molecules can be clearly seen in the
red zones. Figure A.8 also shows the roughness in the presence of the 5AVA SAM. A
comparison of the roughness values without the 5AVA deposition suggests that alkyl chains
and the anchoring of the amino and carboxylic groups of the molecule provide less
roughness (4.5 and 4.3 nm) with respect to the bare surfaces (5.9 and 6.5 nm). From this
image, can be confirmed that the accumulation of 5AVA molecules is easier on
5AVA/Au/FTO surfaces than 5AVA/FTO surfaces. However, the trend is not a homogeneous

deposition as it can be clearly observed Figure A.8 (a).
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Figure A.8 (a) Image of the molecular structure of 5AVA.Cross section of thesurface potential image of
topography and Kelvin mode in areas with the presence of 5AVA. (b) SAVA/FTO and(c) 5AVA/Au

float/FTO.

Figure A.9 shows the 5AVA images of the topography and Kelvin mode of 5AVA on TiO, and
Au surface. The two different images in Figure A.9 correspond to two different regions of
accumulation of 5AVA on the Au and TiO, surfaces, following the same step building trend.
It seems that the organization of molecules presents similarities; every step was determined

by 24 mV. Furthermore, a slight difference it can be detected depending on the surface

material.
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Figure A.9 (a) 5AVA molecule. (b) Comparative images of the topography and Kelvin mode of 5AVA on
oxide surface and 5AVA on Au surface.

In the case of the 5AVA deposited on the TiO,, the accumulation of molecules was minimal
compared to the big islands that grew on the Au surface. It can be observed that on Au
surface the interaction with 5AVA molecules it was improved with more homogeneity and
accumulation, as shown in Figure A9. In contrast, on top of the TiO; less interaction can be
seen from the KPFM image due the small areas of accumulated 5AVA and neither the

formation of the layers of the material can be noticed.

Thus, the difference in surface potential of about 75mV between the 5AVA and the Au
ground could suggest an enhancement of charge density in the device.

Surface analysis measurements of PABA molecules were carried out by AFM and KPFM
techniques using a diluted solution in front of the behaviour of PABA molecules in contact
with the Au and TiO, surfaces. Figure A.10 shows the Kelvin and topographic analysis of the

PABA molecules on top of Au and TiO, surfaces. Differences in terms of the distribution of

209



Annex

the material directly depend on surface attachment. A more homogeneous accumulation
can be seen when PABA is attached on top of Au, whereas attachment with TiO, shows a
kind of accumulation in the form of islands. The PABA molecules on Au have a larger

difference in surface potential than on top of TiO,, indicating different electronic interaction.

(a) @)
HO

(b) A Tio, (c) Au Tio,

2

nm

Hm

1 - T e —
0 10 %L L “ L %0 o] 10 20 30 40 <0 50
um

[ avgw~aomv | | avy,~-40mv

Figure A.10 (a) Image of the molecular PABA structure (b) KPFM image and (c) topography image of PABA
molecules on TiO, and Au surfaces.

In this regard, a positive surface potential of +40 mV was measured on the PABA form which
we assumed that the positive sigh was due to electronic polarization induced in the Au
surface by the dipole moment of the PABA molecules [32].

Figure A.11 shows the scheme of surface potential values depending on the PABA molecule
zone of the sample. A difference in sign is clearly seen depending on the surface interaction.
As Yagmurcukardes et al. proposed with n-Si surfaces in the presence of SAM molecules, an
increase in surface potential is directly related to an enhancement of the charge density on

the surface [30].

210



Surface Functionalization
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Figure A.11Different values of absolute WF values depending on the region of the device, with the presence
of PABA molecules.

Surface analysis measurements of TPA molecules were carried out by AFM and KPFM
techniques using a diluted solution regarding the behaviour of TPA molecules in contact
with Au and TiO, surfaces. Figure A.12 shows the Kelvin and topographic analysis of the TPA
molecules on top of Au and TiO, surfaces and Figure A.13 shows the scheme of surface

potential values depending on the TPA molecule zone of the sample.

In contrast of the interaction of PABA discussed above, with these surfaces, no significant
difference using the TPA molecules were exhibited, neither in the WF or the surface
coverage. A possible explanation could be that TPA molecules consist of the same anchoring
groups, such as two carboxylic groups.

(a) TiO,

my 50

OH

wm
&

HO

=10

o 5 10 15 20 ] § 10 15 20

Figure A.12 (a) TPA molecule.(b) KPFM images of the TPA molecules on top of TiO, and Au surfaces.
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Figure A.13 (a) TPA molecule.(b) Different values of absolute WF values depending on the zone of the

device, with the presence of TPA molecules.

As a conclusion of the AFM/KPFM measurements it have been seen more contrast in the
TiO,/FTO surface, providing a clear difference in surface potential. The accumulation of the
deposited SAM grew with the same step building trend. Also, it has been observed that the
interaction of the SAMs into Au surface it was enhance with more homogeneity and
accumulation while in the case of the interaction with the oxide the accumulation results in

form of islands.

A.3.3 Electronic study of SAMs by Photoemission (XPS/UPS)

We used photoelectron spectroscopy (XPS and UPS) in order to study the electronic
properties and the IP of the different SAMs and also to obtain more information about the
chemical bonding of these SAMs inserted in the PSCs devices. Figure A.14 shows a scheme

of the difference between IP and Eg in a semiconductor material.

VBM |

Figure A.14 Scheme of the difference between IP and WF values in a semiconductor material.
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Several samples were prepared on top of TiO,/FTO substrates with 0.1 mM and 0.01 mM
concentrations. The photoemission is a surface sensitive technique and the probing depth is

about 2 nm of surface analysis and the analysed peaks were C1s, N1s, Ols and Ti2psy;.

Firstly, the XPS-UPS analysis was carried out for the 5AVAI molecules. The binding energies
are referred to the well-known Ti2ps/, line (458.5 eV) [33]. Figure A.15 (a) shows the XPS
spectra of the N1s line for the 0.1 mM, 0.01 mM and without 5AVA samples. From the
Figure it can be observed, that there is a direct relation between the concentration of the
SAM molecules and the intensity of the nitrogen peak. When 5AVA is not present a main
peak at 400 and a shoulder at 402 eV are found, both components correspond to
molecularly chemisorbed nitrogen [33]. Regarding the diluted concentration of 5AVA (0.01
mM) no significant difference could be detected. As the concentration of 5AVA solution
increased, the peaks become more intense. For the highest 5AVA concentration two
predominant peaks were shown, one peak at 399.8 eV assigned to a primary amine and a

feature at 401.6 eV assigned to protonated amine species [34].
Figure A.15 (b) shows the TiO, spectra as a function of 5AVA concentration. Even at 5AVA

concentration of 0.1 mM the signal corresponding of the substrate TiO, was present,

indicating a non uniform layer of 5AVA molecules.

213



Annex

(a)

(b) (c)

— A without 5AVA —_ t A without 5AVAI

3 |B—0.01mM 5AVA -] TiO2 2p 3/ B — 0.01mM 5AVAI

@ |C— 0.1mM 5AVA © C — 0.1mM 5AVAI

' NH2 + ~~—

= =

(7)) (7))

5 5

E W % E S

o W 0

o o

390 395 400 405 456 458 460 462 464 466 468

Binding energy (eV) Binding energy (eV)

Figure A.15 (a) 5AVA molecule (b) N1s spectra measured by XPS corresponding to TiO, films covered
with 5AVAI at different concentrations (0 mM 5AVA, 0.01 mM 5AVA and 0.1 mM 5AVA) and (c) Ti 2p
372 and Ti 2p y, core level spectra measured for TiO, surfaces at different concentrations (0 mM 5AVA,

0.01 mM 5AVA and 0.1 mM 5AVA) by XPS.

UPS measurements were also carried out in order to determine the IP values following the
methodology described in Chapter 3. Table A.1 shows the different IP values according to
5AVA concentration. A clear increase of about 1 eV can be observed when the 5AVA was

deposited on the TiO, surface for both concentrations: 0.1 mM and 0.01 mM.

Table A.1 IP values of 5AVAI/TiO,/FTO as a function of SAVAI solution concentration measured by UPS.

Substrate 5AVAI conc. (mM) IP (eV)
FTO/TiO, OmM 7.3
FTO/TiO, 0.1mM 8.3
FTO/TiO, 0.01mM 8.2

The same analysis was carried out for the other SAMs. PABA was measured on top of the
TiO, surface for two different concentrations: 0.1 mM and 0.01 mM. Figure A.16 (a) shows
the N1s spectra where it can be observed that the protonated signal (NHs") is less intense.
Also, it could be notice that an increase in PABA concentration is directly related with an
increase in the nitrogen signal. Figure A.16 (b) shows a typical TiO, peak with the same

intensity even on top of the PABA molecules.
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Figure A.16 (a) N1s spectra measured by XPS for PABA molecules at different concentrations and (b) Ti

2p 352 and Ti 2p 4 core level spectra measured for TiO, surface at different concentrations by XPS.

Table A.2 shows the IP values as a function of PABA concentration. In this case, a small

difference of about 0.2-0.3 eV can be observed.

Table A.2 IP values of PABA/TiO,/FTO as a function of PABA concentration solution measured by UPS.

Substrate PABA conc. (mM) IP (eV)
FTO/TiO, 0mM 7.3
FTO/TiO, 0.1mM 7.0
FTO/TiO, 0.01mM 7.5

TPA was also measured on top of the TiO, surface comparing two different concentrations:
0.1 mM and 0.01 mM. Figure A.17 (a) shows the TPA molecular structure, Figure A.17 (b)
shows the Cls spectra of TPA at 0.1 mM and 0.01 mM, Figure A.17 (c) shows the Ti 2p 3.,
and Ti 2p 4 core level spectra for TPA molecules and Figure A.17 (d) shows the O1s spectra
of TPA molecules. In this case, the predominant peak is due to contribution of oxygen in the
oxide in the FTO/TiO, sample and also the contribution of the carboxyl group in the TPA

molecules at 532 eV.
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Figure A.17 (a) Cls line spectra, (b) Ols line spectra and (c) Ti 2p 3, and Ti 2p 4 core level spectra
measured for TPA molecules at different concentrations by XPS.

Table A.3 shows the difference between IP values depending on TPA concentration. In this

case, there is no significant difference for all concentrations.

Table A.3 IP values of TPA/TiO,/FTO as a function of TPA concentration solution measured by UPS.

Substrate TPA conc. (mM) IP (eV)
FTO/TiO, 0mM 7.3
FTO/TiO, 0.1mM 7.2
FTO/TiO, 0.01mM 7.2

Comparing the three different SAMs applied in this thesis; we could notice a significant
difference in terms of IP between 5AVA in front of PABA and TPA. When 5AVA is not present
into FTO/TiO, surface we obtained an IP of 7.3 eV, however, when 5AVA is deposited on top

of the oxide the IP value increase 1 eV. The highest interaction between the surface and the
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SAMs could be achieved using 5AVA. In addition, this value could be directly related to the
highest photovoltaic performance obtained using 5AVA as compared to the other SAMs

(PABA and TPA) as was already discussed in Chapter 5 of this present work.

It is important to note that both AFM and KPFM techniques showed that the prepared
samples exhibited a heterogeneous surface morphology with an accumulation of material in
layers or steps. However there were some differences as KPFM provides information at local
level and allows a more accurate and deep analysis whereas the XPS-UPS technique

presents a not a local analysis.

If SAMs with negative dipole moment are used to modify the surface, the WF value can
decrease compared to the bare substrate. In a contrast, the use of SAMs with a positive
dipole can lead to an increase in WF, compared to the bare substrate. This implies that
SAMs with positive dipole moment can increase the WF of the functionalized films [18]. The
experimental dipole moment values of the SAMs applied in this present work were as found
in the literature, for PABA a dipole moment +3.10 D and for the TPA +2.60 D, leading to an

enlargement of the WF values [35].

In the case of PABA, better interaction was achieved with gold substrate. By theoretical
calculations and vibrational photoelectron spectra Liu et al. suggest that the Au-C bonding is
extremely strong, indicating a covalent bonding between the Au surface and the carboxylic
functional group [36]. However, with carboxylate-metal bonds, an attachment between the
carboxylic group and the TiO, could be possible via bonding between the carboxylate anion

and a surface metal cation, where this type of bonding is typically weaker.

A.4 Conclusions

This Annex section included the previous results of the SAMs from an electronic point of
view.
At the limit between gold and FTO a grain-like area was observed with a clear depletion of

electrons indicating electronic accumulation in this zone. When SAMs were applied, a
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heterogeneous step-like accumulation was observed, whereas in kelvin mode, SAMs were
found in form of islands. In the case of 5AVA on gold substrates, the 5AVA molecules
exhibited more accumulation than on top of TiO,, confirmed by the difference in surface
potential, 20 mV for TiO,/5AVA and 75 mV for Au/5AVA. Different electronic interaction was
found for PABA depending on the attachment surface, +40 mV for Au and -40 mV for TiO,.
Furthermore, the surface potential increased with respect to the bare surface. Similar
results were obtained for the TPA molecules, as are composed of the same carboxyl
functional group; a difference in surface potential of 35 mV was obtained for both cases of
attachment (Au and TiO,). From XPS/UPS analysis a change in surface potential for all SAM

samples was clearly seen which we proposed was due to molecular interaction.
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Conclusions and Outlook

One of the aims of this thesis is to study the synthesis of semiconductor oxides. We chose
these TMOs for transport layer materials of PSCs as they can be obtained by a low-
temperature sintering, water-based and solution processable methods using low cost
materials. We found that the optimal sintering temperature is in terms of optimal
crystallization, electronic and optical properties. Information about the oxidation states and
the energy level alignment was also obtained. In summary, NiO was demonstrated as a good
HTM, and ZnO and TiO, were shown to be good electron transport materials that perfectly
matched the other device components comprising perovskite material, FTO and the metal

electrodes, used in inverted and carbon-based PSCs.

We have also demonstrated the feasible application of semiconductor oxides in an inverted
and C-based structure and the use of low cost and easy-fabrication techniques, such as spin
coating and screen printing, for large scale commercial PSC production. We optimized the
methodology of the processes in terms of material, concentration, additives, thicknesses,
and hysteresis behaviour. Furthermore, we achieved up to 11 % PCE champion cells in an
inverted structure, FTO/NiO/mixed-ion perovskite/PCBM:ZnO/Au and also for the C-based
structure, FTO/c-TiO,/mp-TiO,/mp-ZrO,/Carbon/Ag. We also demonstrated that the
replacement of 5AVA by other SAMs, such as PABA and TPA is possible but further

optimization is required for highly efficient PSCs.

We applied novel SAMs, PABA and TPA in the oxide surfaces, and demonstrated an
improvement of the crystallization by employing a more concentrated solution. In terms of
morphology, no significant difference could be detected by AFM/KPFM analysis. However,
SEM/EDX indicated a grain-like area without full coverage, which was predominant in the
presence of the additives. The thickness of the shell layers was almost constant for the PSCs
devices. Furthermore, from the AFM results we confirmed a step-like accumulation of the
SAM molecules in a heterogeneous mode. We also demonstrated a change in surface

potential from KPFM results, in agreement with UPS experimental IP data. This suggests a
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strong interaction between SAMs and Au, such as covalent bonding, and a weaker

interaction between SAMs and the oxide surface.

From the stability results, we demonstrated that no significant degradation was exhibited
after almost one year under dark storage conditions and more than 1000 h for continuous

illumination.

In conclusion, this thesis confirmed the suitability of the use of semiconductor oxides for

excellent photovoltaic performance and highly stable PSCs.

We suggest that future research should focus on more characterization of PSC devices from
a physical point of view, for example, impedance and electron lifetime measurements, etc.
Also, an optimization of the novel SAMs added to the PSC will be required as well as further
computational studies to understand their behaviour and to confirm our preliminary
studies. At the same time, thorough long-term stability tests should be carried out to
understand how to avoid fast degradation in presence of novel SAMs. Furthermore, the use
of TMOs and additives could be applied in plastic substrates to obtain flexible PSCs with, for
example, the use of the R2R technique. The concern about lead toxicity is also important
and protective measures and protocols have to be determined for large-scale manufacture.

Finally, recycling strategies must be established for the degraded perovskite material.
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