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Abstract

Over the last 10 years, the emergence of a new thin-film PV family — the perovskite solar cells
(PSCs) — has stunned the scientific community with its extraordinary performance and rapid
progress in a very short time. An astonishing increase in power conversion efficiency (PCE) has
been achieved from 3.8% in 2009 to 24.2% in 2019, thanks to the unique optoelectronic properties
of hybrid perovskite materials and the intense research efforts devoted to optimizing film
deposition methods, interfacial materials and device structures. In addition to the high
performances, PSCs are easy to produce via low-cost thin-film deposition techniques and display
a great potential for unconventional PV applications, such as building-integrated photovoltaics
(BIPVs) and tandem PV devices, allowing color and transparency.

Whilst many advances have been made in the field of PSCs, there is still much work to be done in
order to enable a large-scale commercialization. This thesis aims to assist in moving towards this
objective by investigating ways to overcome some of the key challenges concerning the operation,
composition, cost, and stability of the devices. More specifically, the research work presented in
this thesis explores new strategies for the fabrication of cost-effective, semitransparent (ST) PSCs
in the prospect of BIPV applications, as well as alternative charge-transport materials, solvent
additives and interface engineering approaches for effective defect passivation and performance
enhancement, both in terms of efficiency and stability.

First, a novel multilayer dielectric/metal/dielectric (DMD) transparent electrode based on
nonprecious copper (Cu) and molybdenum suboxide (MoOx) is developed and incorporated as a
top anode in planar n-i-p ST-PSCs. The formation of a continuous and percolative 9.5 nm thick
copper film on top of an ultrathin Au seed layer is confirmed by various in-depth investigations.
The gold seed layer is also proved to act as an effective Cu diffusion barrier. Whilst silver and gold
are typically used in such DMD structures, their replacement with copper allows for a substantial
cost reduction without sacrificing the device performance. Through this strategy, PCEs as high as
12.5%, along with acceptable transparency levels, are successfully achieved.

Then, the attention is moved towards the effect of the perovskite layer morphology and
crystallinity on the device performance and stability by using different solution-based deposition

approaches. It is demonstrated that the incorporation of a small amount of a-terpineol, a non-toxic
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and easily accessible monoterpene alcohol, into the one-step perovskite precursor solution as a
solvent additive is capable of producing more uniform and highly crystalline perovskite films with
fewer defects and trap states. Through this approach, the PCE of PSCs is boosted from 13.9% to
15.4% with reduced hysteresis and improved stability.

Lastly, this thesis investigates the role of selective charge-transport materials on the performance
of planar and mesoscopic n-i-p PSCs. The potential of three different conjugated copolymers as
alternative dopant-free hole-transport layers is explored for the first time. Improved PCEs are
successfully demonstrated for one of the three copolymers compared to traditional solution-
processed hole-transport layers, which typically require the use of stability-adverse dopants to
reach appreciable conductivity. Preliminary studies on the development and optimization of
mesoporous titania (TiO2) electron-transport layers are also presented. Specifically, Ti*'-
containing blue-titania nanoparticulate (NP) films are successfully prepared and used as
mesoporous scaffolds in mesoscopic n-i-p PSCs. Furthermore, a 10% PCE enhancement is
demonstrated by doping the blue-titania with nitrogen element. In parallel, one-dimensional (1D)
TiO2 nanorod (NR) arrays are grown by hydrothermal method and tested for the same role. The

autoclaving time is opportunely optimized to achieve the best PCE.
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Chapter 1

Introduction

This chapter describes the broad motivation for research and investment into renewable energy
and photovoltaic technologies. Specifically, it provides background information on hybrid
perovskite solar cells, their current status and challenges. Special attention is given to the recent
advances in interface engineering and semitransparent design of perovskite cells for modern
applications, including building-integrated photovoltaics, flexible optoelectronics, and multi-

Jjunction tandem solar cells.




Chapter 1: Introduction

1.1. Motivation and Overview of Photovoltaics

1.1.1. Global Warming and Fossil Fuels

Scientific evidence for global warming, the general increase in the Earth’s surface and ocean
temperatures, is striking and unequivocal: data collected by several major institutions and
temperature monitoring stations spread around the world, including NASA’s Goddard Institute for
Space Studies (GISS), show that the average global temperature has risen more than 0.9 degrees
Celsius (°C) over the last 150 years (see Figure 1.1).! The most accurate climate change models
predict dangerous and potentially catastrophic consequences: as temperatures increase, there will
be severe risks of wildlife extinctions, melting of the polar ice caps, sea level rise, extreme weather
events, coral bleaching and disintegration, floods and droughts, disease, economic disaster, and
more (see Figure 1.2). Some of these changes are already occurring: heat waves and intense rain
events have increased in frequency during the last decades, while the mean sea level is raising at
an average annual rate of 1.7 mm, with arctic ice thinned by 40% since the 1950s.?> This makes

global warming one of the most pressing issues of our time.

08 4 Temperature Anomaly (°C)
0.6
0.4
0.2
0.0
0.2

0.4 —— NASA Goddard Institute for Space Studies

-~ Hadley Center/Climatic Research Unit

—— NOAA National Center for Environmental Information
0.6 - — Japanese Meteorological Agency

T T T T T T
1880 1900 1920 1940 1960 1980 2000 2020

Figure 1.1. Changes in global temperatures over the years. The different lines show the data
collected by separate research centre. Source: NASA.!

Natural mechanisms such as volcanic eruptions and changes in solar radiation levels have been
estimated to contribute less than 5 percent to the recent warming effect.’ On the other hand, there

is international scientific consensus that most of the warming observed over the last 50 years is
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attributable to anthropogenic factors. Every day, enormous amounts of greenhouse gases such as
carbon dioxide (CO2), methane (CH4), chlorofluorocarbons (CFCs), and nitrous oxide (N2O) are
released by human activities (combustion of fossil fuels, forestry, agriculture). Their increasing
concentration in the atmosphere is acting to trap heat radiated from Earth’s surface, boosting the
so-called “greenhouse effect”. A recent report by UN Intergovernmental Panel on Climate Change
(IPCC) states that, as long as the atmosphere remains overloaded with heat-trapping gases, the
planet will reach the crucial threshold of 1.5 °C above pre-industrial levels by as early as 2030,

precipitating the risks for ecosystems, human health, and economy.*

Figure 1.2. Potential future effects of global warming include wildlife extinctions, melting of the
polar ice caps, long periods of drought, and extreme weather events. Source: NASA.®

Carbon dioxide accounts for about 76 percent of total man-made greenhouse emissions.® Since the
beginning of the Industrial Revolution, the atmospheric concentration of CO; has dramatically
increased from approximately 280 parts per millions (ppm) to more than 400 ppm at a rate that is
unprecedented over decades to millennia (see Figure 1.3).” Even though CO; has a lower heat-
trapping ability than other greenhouse gases, it is identified as the key driver of climate change
since it lingers into the atmosphere for hundreds of years and hence constitutes a threat over the
long term. Most of the anthropogenic CO2 emissions come from the burning of fossil fuels for
electricity and heat generation, industry, and transportation. These sectors emit more than 32.5
Gigatons of CO; per year.® This is why the current energy reliance on such high-carbon fossil
resources is blamed to be the main contributor to human-induced global warming.

Despite global efforts to address climate change, including the landmark 2015 Paris climate

agreement,” CO> emissions from fossil fuels continue to rise driven by the sustained growth in
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global population and economic activities. Within this scenario, quicker and more decisive action
is needed to restrain heat-trapping pollution and to prevent dangerous human interference with the
climate system if the serious negative impacts of global warming are to be avoided. In particular,
the role of energy in social and economic development must be balanced, with the need of reducing

our reliance on fossil fuels and switching to less carbon-intensive sources of energy.®
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Figure 1.3. Global CO: atmospheric concentrations (in parts per millions, ppm) and emissions
from fuel combustion (in Megatons, Mt) over time.

In addition to the environmental impact, the current energy economy primarily based on finite
fossil energy carriers has social and geopolitical implications which should also be taken into
account, starting from the following considerations: fossil fuels are non-renewable sources of
energy as they take millions of years to form and cannot be replenished on a human timescale once
they are fully used; the known viable reserves are limited, and they are depleting at an ever-faster
rate due to the increasing energy demand; these reserves are distributed very unequally over the
globe, more than 70% of the mineral oil and natural gas deposits being concentrated within the
‘strategic ellipse’ of countries extending from Saudi Arabia, over Iraq and Iran, up to Russia.!”
Given these premises, it is evident how dangerous the situation may become in an ‘energy-hungry’
future. The costs of fossil fuels are expected to grow very rapidly because of the gradual reduction
of their provisions. As fossil fuels become scarcer and more expensive, international tensions and
fighting over remaining supplies, especially of oil and gas, are likely to become more heated,

thereby leading to an increased frequency of armed conflicts and wars. Such an “energy-centric”
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scenario, where control over fossil fuel reserves translates into geopolitical dominance for some
and economic vulnerability for others, contributes to establish disparities and iniquities in human
society.!! A clear evidence of this is the huge gap in energy consumption between industrialized
and developing countries, that becomes even more extreme when looking at individual countries,
with China (a newly industrialized country) and the United States being by far the world’s largest
energy consumers (see Figure 1.4).!?> Today, more than three quarters of the conventional fossil
energy carriers are used, often inefficiently, by one quarter of the world’s population in the

industrialized countries, resulting in a global situation which is far from social sustainability.

Below 50 [Msowioo  [l100wsc0  [l500wz2000 [ Above 2000 Source Enerdata

Figure 1.4. World 2018 energy consumption per country (in million metric tons of oil equivalent,
Mtoe). Source: Enerdata.'?

All these factors, together with evidence of human-induced climate change, constitute the major
alarms of an impending energy crisis. To prevent this crisis from turning into a global depression,
a shift away from the current reliance on fossil fuels is necessary and inevitable. To quote Vincenzo
Balzani,'° the current energy and climate crisis should be taken as “an opportunity to move away
from fossil fuels, reduce disparities, increase international cooperation, and lead humanity to an

innovative concept of prosperity”.
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1.1.2. Renewable Energy for Sustainable Development

Against this background of imminent global collapse, “sustainable development” is the only path
that can secure a better and safer future for all. A sustainable development can be defined as “a
development that meets the needs of the present without compromising the ability of future
generations to meet their own needs”. This term began to gain acceptance in the late 1980s, after
its appearance in OQur Common Future, also known as The Brundtland Report, a landmark report
by UN World Commission on Environment and Development (WCED).!* At the core of the
sustainability paradigm is the need to consider three strategic ‘pillars’ together: society, the
economy, and the environment. If any one of these pillars is weak, then the system as a whole is
unsustainable (Figure 1.5). Therefore, sustainable development can only be pursued if economic

growth, environmental protection, and social well-being are guaranteed at the same time.

Sustainability

vironmental

Economic

Figure 1.5. The three pillars of sustainability.

Sustainable development is not possible without sustainable energy. There is widespread
recognition that the current energy system dominated by fossil fuels is unsustainable on all levels
(environmental, social, economic). The environmental ‘pillar’ is the one that is triggering the most
concern, being seriously threatened by global warming. Hence, transforming the global energy
sector constitutes an absolute priority from a sustainable development perspective. Ensuring
“access to affordable, reliable, sustainable and modern energy for all” is one of the 17 Global
Goals for Sustainable Development set by the UN General Assembly in 2015 and will be key in
achieving almost all the other goals, especially the one concerning climate action.!*!® Strategies
for sustainable energy development typically involve two main changes: (i) a decrease in energy

use through energy efficiency measures; (ii) a shift from fossil fuels to renewable energy sources.
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In particular, expanding the share of renewables in the supply system constitutes the major
challenge and stands at the core of the transition to a sustainable energy future.!¢

Renewable energy sources are resources of energy that can replenish themselves naturally on a
human timescale. Typical examples are solar, hydropower, wind, tidal, ocean wave, biomass, and
geothermal energies. These resources and their technologies are considered key tools for
sustainable development as they can enhance access to affordable and reliable energy, provide
opportunities for mitigating greenhouse gas emissions, improve human health, and boost world
energy security through resource diversification. In recent years, they have played an important
role on the global economy, reducing the dependency on fossil fuels to some extent. According to
the REN21’s Renewables 2018 global status report, renewable energy accounted for an estimated
18.2% of global total final energy consumption in 2016, with modern renewables (excluding
traditional use of biomass) representing 10.4%, displacing conventional fuels in four important
areas: electricity generation, heating and cooling, transportation, and rural (off-grid) energy
services.!” The penetration of renewables is highest in the electricity sector with a share of 26.5%,
most of it coming from hydropower (16.4%), followed by wind (5.6%) (see Figure 1.6). With
falling technology costs and rising fossil fuel prices, renewable energy technologies are
increasingly competitive and are expected to continue their expansion in the next years, as

forecasted by the International Energy Agency (IEA).'8

7.8:5%

Non-renewable
electricity
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Figure 1.6. Estimated renewable energy share of global electricity production, end-2017.
Source: REN21, Renewables 2018 Global Status Report. 17

Despite tremendous progress in some renewable sectors, the overall share of renewable energy is

increasing relatively slowly. A primary reason is the continued growth in overall energy demand.



Chapter 1: Introduction

Other key barriers to the widespread implementation of renewables include climate change denial,
government constraints, and efforts to impede renewable energy by the fossil-fuel industry. To
meet long-term climate and other sustainability goals, renewable energy development in the heat,
electricity and transport sectors must accelerate. A number of initiatives and technologies,
including energy storage, heat pumps, and electric vehicles, are now helping to integrate renewable
energy into the electricity sector and to facilitate the coupling of renewables with the thermal and
transport sectors. But greater supportive government measures, appropriate market design, and

new technological solutions are needed for a timely energy transition.

1.1.3. Solar Energy and Photovoltaic Technology

Solar energy, among other renewable sources of energy, has enormous potential as a clean,
ubiquitous, very abundant and freely available energy source for managing long-term issues in
energy crisis.'”?® Around 23000 Terawatts (TW) of solar energy strikes the Earth’s emerged
continents continuously (assuming 65% losses by atmosphere and clouds), an amount of energy
which far exceeds both the world’s total primary energy demand (16 TW in 2009) and that
predicted for 2050 (27 TW).!” By contrast, energy outputs from other renewable and conventional
sources seem to be on a much smaller scale, as shown in Figure 1.7. It follows that harvesting

solar energy will most likely be the major part of the sustainable energy infrastructure in the future.

Global Energy Potential

Solar 23,000 TW

° Tide o3tw

Q world
Q@ wave 022w consumption
16TW

900 TWy

Q@ Geothermal 0321w

@ Hydrozatw

Q

Biomass 2-6 Tw

Every Year Total Reserve

Figure 1.7. Estimate of the yearly energy potential of renewables in Terawatts (TW) and of the
total known reserves of finite sources in Terawatt-year (TWy)."
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To exploit the unlimited power of the Sun, its electromagnetic radiation must be captured and
converted into useful forms of energy. Since solar energy is extremely dilute (average solar flux
of 170 W m) and intermittent (due to diurnal cycles and atmospheric conditions), conversion
should involve concentration and storage. A number of routes and technologies have been
developed to convert sunlight into heat, electricity, and fuel, including photovoltaics (PVs),
concentrated solar power (CSP), solar heating and cooling (SHC) systems, and artificial
photosynthesis.?! In particular, converting sunlight directly into electricity by means of PV systems
represents one of the most promising and effective strategy for harnessing solar energy power. The
potential of solar PV is substantial: it has been estimated that the total primary energy supply could
be fulfilled if only 4% of the desert areas on Earth were used for PV implementation.**

A conventional PV system employs solar panels, each comprising a number of solar cells, which
are solid-state semiconductor devices that can convert incident light into direct current (DC)
electricity through the photovoltaic effect.”*> When photons in the incoming sunlight are absorbed
by the semiconductor material, electron-hole pairs are generated. The electrons and holes are then
separated and transported to the opposite terminals of the device, driven by a certain “asymmetry”
inside the structure that assists directional extraction. If an electrical load is connected to the cell
between the front and back contacts, charge carriers will complete the circuit through this load,
constituting an electrical current in it. As a result, solar energy is partly converted into electrical
energy consumed by this load. The fraction of incident power that is effectively converted into
electricity corresponds to the power conversion efficiency (PCE) of the solar cell. This process is
illustrated in Figure 1.8 for the typical solar cells in use today, whose operation relies upon the
asymmetry associated with a p-n junction.?* In these junction devices, charge separation occurs
because of a pre-existing built-in potential, arising from the contact between two electronically
dissimilar semiconductor materials, p-type (which contains an excess of holes) and n-type (which
contains an excess of electrons). Many other junctions such as Schottky barrier, p-i-n, and metal-
insulator-semiconductor have been studied and used to extract charge carriers from a solar cell.
More details about the operating principles of solar cells will be given below.

Solar PV has become object of steadily growing interest in both academic and industrial areas
during the last decades. The main attraction of PV systems is that they produce electric power
without harming the environment (their operation produces no pollution and no greenhouse gas

emissions), by directly transforming a free inexhaustible source of energy into electricity. They
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hence constitute a key technology option for realizing a decarbonized power sector and sustainable
energy supply.?>® In recent years, solar PV has experienced exponential growth all over the world
thanks to both dramatic cost reductions, mainly driven by technological improvements and scaling
up of manufacturing, and supportive government policies. The continuing increase in the
performance/cost ratio as well as the ever-higher levels of investment involved have boosted the
role of photovoltaics in the global energy market. Currently, solar PV makes an important
contribution to the growing share of renewables in electricity generation, accounting for nearly
55% of newly installed renewable power capacity in 2017. Based on the REN21’s report,'!” more
solar PV capacity was added in 2017 than the net additions of fossil fuels and nuclear power
combined, up to a total global capacity of 402 Gigawatts (see Figure 1.9). By 2050, the IEA
foresees solar PV to reach 4.7 TW under its “high renewables” scenario, making solar power the

world’s largest source of electricity.?’
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Figure 1.8. Scheme of a typical silicon solar cell based on a p-n junction.

Despite this promising scenario, solar PV is at present still a minor player in the global power
sector, contributing less than 2% to the global electricity generation (see Figure 1.6). A wider and
faster expansion of photovoltaics is mainly hindered by the high costs of production compared
with other conventional fuels. Indeed, PV market is currently dominated by crystalline silicon solar

cells (90% market share), which are relatively expensive from a manufacturing standpoint. New

10
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PV technologies and materials are continuously being developed in order to reduce costs and
increase efficiency, as described in the next sub-section. Nevertheless, the road to PV
competitiveness remains complex. Hopefully, more efforts from researchers, industries, and
governments will be dedicated to solar PV in the coming years, in order to help the technology to

become further established as a marketable and economically viable product.?®
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Figure 1.9. Solar PV Global Capacity and Annual Additions, 2007-2017. Source: REN21,
Renewables 2018 Global Status Report."”

1.1.4. Towards Third-Generation Photovoltaics

The photovoltaic effect was first discovered by Bequerel in 1839 while experimenting with
electrolytic cells.?” But a long period was required to reach the first landmark achievement in PV
technology: the production in 1954 of the first practical silicon solar cell with 6% PCE by Chapin
et al. at Bell Laboratories.’® Since then, solar PV industry has developed several more materials
and module anatomies with the aim of reducing the production costs for large-scale use.’! Today,
there is a wide variety of PV technologies in the marketplace that can be generally classified into
two categories: wafer-based and thin-film solar cells (see Figure 1.10).

Wafer-based solar cells are fabricated on semiconductor wafers. Three primary examples are:

- Crystalline silicon (c-Si) solar cells, in the single-crystalline (sc-Si) or multi-crystalline (mc-

Si) form, are the most mature of all PV technologies. In the early years, silicon-based PV

11
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technology was favored by different factors such as the abundance of silica on the Earth’s crust
and the advances in silicon processing for integrated circuits. Cylindrical single crystals are
typically grown through the Czochralski process (the standard process used for the needs of
microelectronics),*? while mc-Si blocks are formed by casting. The resulting ingots are sliced
into wafers prior to cell processing. The higher crystal quality in sc-Si cells improves charge
extraction and conversion efficiency at the expense of more expensive wafers and material
processing. Record research-cell efficiencies stand at 26.1% for sc-Si and 22.3% for mc-Si.>
A key disadvantage of c-Si is its relatively poor ability to absorb light, which requires the use
of thick (100-200 um), rigid, impurity-free, and expensive wafers. This shortcoming translates
to high manufacturing costs and constrained module form factors. Today, c-Si solar cells are
the leading deployed PV technology with a market share of 90%, but their costs are still too
high, impairing the deployment of such devices on a Terawatt scale.

Gallium arsenide (GaAs) solar cells are the highest efficiency single-junction PV devices, with
arecord PCE of 29.1%.% GaAs cells use thin films but require wafers as templates for crystal
growth. GaAs is almost perfectly suited for solar energy harvesting, with strong absorption
across the solar spectrum, direct bandgap, and low non-radiative energy loss. Unfortunately,
high material costs limit the large-scale deployment of GaAs-based devices.

[II-V multi-junction (MJ) solar cells are the leading PV technology for space applications.
These devices use a stack of two or more single-junction cells which contain exotic
semiconducting compounds of group III (Al, Ga, In) and group V (N, P, As, Sb) in the form
of high-quality crystalline films. III-V MJ solar cells have reached efficiencies as high as
39.2% (46% with sunlight concentration),*® but complex manufacturing processes and high

material costs make them prohibitively expensive for large-area terrestrial applications.

Although wafer-based c-Si PV devices are market leaders at present, there is a general consensus

that significant cost reductions in the future will primarily be achieved through the development

of thin-film solar cells.>* Thin-film PV technology involves the deposition of one or more thin

layers (from a few nanometers to a few microns) of photovoltaic material on an inexpensive

substrate (glass, plastic, metal) through low-cost solution-based or vapor phase deposition

techniques. In this way, materials usage and manufacturing costs are severely reduced. Some

common materials used in commercial thin-film solar cells are hydrogenated amorphous silicon

(a-Si:H), cadmium telluride (CdTe), and copper indium gallium selenide (CIGS). These materials
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generally absorb light 10-1000 times more efficiently than c-Si, allowing the use of much thinner
devices compared to silicon wafers. Record certified cell efficiencies have reached 14%, 22.1%,
and 22.9% for a-Si:H, CdTe, and CIGS solar cells, respectively.>* These devices have been
marketed but have not gained the success of c-Si solar cells due to several technological
limitations. The deposited thin films generally contain high densities of crystal defects, resulting
in limited device efficiency and lifetime. Moreover, most of the applied semiconductors are
generally very rare (tellurium, indium), highly toxic (cadmium), and environmental unfriendly.
For all of these reasons, commercial thin-film solar cells still own a small market share (10% of

the total PV market).’!
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Figure 1.10. Typical solar PV devices, divided into wafer-based and thin-film technologies.
Primary absorber layers are labeled in white. (adapted with permission from Ref. *!)

Nowadays, new-generation thin-film PV technologies based on innovative concepts and nano-
structured materials are making inroads.>"*® Most of them are still in the research and development
phase and have not yet been commercialized. Despite their still poor performance and stability,
these technologies have the potential to overcome many of the limitations of today’s applied PV
devices as they can theoretically achieve high conversion efficiencies while still using thin films
and low-cost deposition methods. This is especially represented in the use of roll-to-roll (R2R)
compatible printing techniques. Moreover, they offer potentially unique properties, such as visible
transparency, high weight-specific power [W g '], and flexible form factors, that could open the

door to novel, unconventional PV applications. Key emerging thin-film PV technologies are:
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- Organic Solar Cells (OSCs), which are built from thin films (typically 100 nm) of organic
semiconductors, including polymers and small molecules.*

- Dye Sensitized Solar Cells (DSSCs), in which a metal-organic dye is employed as light
harvester and sensitizer on a mesoporous layer of nano-particulate titanium dioxide (TiO»); the
circuit is completed by a redox couple in a solid or liquid electrolyte medium.?’

- Quantum Dot Solar Cells (QDSCs), which are based on the DSSC architecture but employ
low-bandgap semiconductor nanoparticles (quantum dots) as light absorbers.>®

- Perovskite Solar Cells (PSCs), which include a perovskite-structured compound, most

commonly a hybrid organic-inorganic lead halide-based material, as the light harvester.*

In particular, the PSC technology has received tremendous attention since it has shown an
astonishing growth in a very short time (see the next section). Record certified cell efficiency for
PSCs has recently reached 24.2%, much higher than those shown by other emerging thin-film solar

cells and very close to those of conventional wafer-based PV technologies (see Figure 1.11).%
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Figure 1.11. Evolution of the record research-cell efficiencies of the different PV technologies
(wafers, thin films, and emerging thin films) since 1975. Source: NREL.>

Another widely used classification scheme for PV technologies delineates three distinct

generations, depending on the raw material used and the level of commercial maturity:
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- First-generation (I) PV technologies (fully commercial) consist of wafer-based solar cells of
c-Si and GaAs;

- Second-generation (II) technologies consist of thin-film solar cells based on conventional
inorganic semiconductors, including a-Si:H, CdTe, and CIGS;

- Third-generation (III) technologies include all the emerging thin-film devices (OSCs, DSSCs,
PSCs, etc.) which are still in demonstration, along with a variety of innovative concepts,

including multi-junction devices, hot-carrier collection, and thermophotovoltaics.***!

The three generations are commonly represented as shadow regions on a plot of efficiency vs. cost.
Figure 1.12 shows these regions as originally defined in 2001.*° This diagram clearly suggests
that the research and development of third-generation PV technologies, including perovskite solar

cells, is the most promising pathway towards achieving a significant role for solar photovoltaics

in the future energy system.
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Figure 1.12. Efficiency and cost projections for first-, second-, and third-generation PV
technologies.*°

15



Chapter 1: Introduction

1.2. Perovskite Solar Cells: Basics and Challenges

1.2.1. Origin of Perovskite Semiconductor

Among third-generation photovoltaics, perovskite solar cells have drawn tremendous research
interest during the last decade as they have emerged as one of the most standout PV technology in
terms of efficiency (see Figure 1.11). These devices are exceptional in a way that they can achieve
PCEs as high as 24.2%, while utilizing inexpensive fabrication processes and introducing useful
additional features such as flexibility and semitransparency. Such an extraordinary photovoltaic
performance is attributable to the unique combination of optoelectronic properties and solution
processability shown by the constituent perovskite materials.*>*°

The term “perovskite” refers to the mineral form of calcium titanate (CaTiO3) first discovered by
Gustav Rose in 1839 and named in honor of Russian mineralogist Lev Perovski (1792-1856).
Today, this term is widely used to describe any material with the same crystal structure as CaTiO3
and general formula ABX3, where A and B are cations of different sizes, and X is an anion. The
ideal perovskite structure, which is illustrated in Figure 1.13, is a cubic lattice and consists of

corner-sharing BXs octahedra in three dimensions, with A cations occupying the cuboctahedral

cavities in each unit cell and neutralizing the charge of the octahedral networks.

Figure 1.13. Ideal cubic structure of perovskite (ABX3).

Such a three-dimensional (3D) perovskite lattice can only form for certain combinations of anions

and cations, depending on their dimensions. To predict whether a certain composition would form
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a stable perovskite structure, Goldschmidt’s tolerance factor t can be used as a guide and calculated

using the following equation:*®4’

_ Rp+Ry
V2(Rp+Rx)

(1.1}

where Ra, Rp, and Rx are the effective ionic radii of the A, B, and X components of the perovskite
lattice. t = 1 corresponds to a perfectly packed and stable cubic 3D structure, while t <1 ort> 1
suggest crystallographic distortion. In practice, a cubic 3D phase will likely form if 0.85 <t <1,
while lower-symmetry distorted variants (orthorhombic, rhombohedral, tetragonal, or trigonal
phases) are likely to occur when 0.75 <t < (.85, resulting from the tilting and rotation of the BX¢
octahedra. For t values below 0.75 or above 1.11, formation of the 3D perovskite structure will
become unfavorable. In particular, when t >> 1, two-dimensional (2D) or one-dimensional (1D)
perovskites can be obtained as a result of the 3D framework destabilization by excessively large
A cations. More than one structure is usually found for a perovskite material with a given chemical
composition, and reversible phase transitions can be induced by external stimuli such as electric
field, temperature, and pressure.

Although almost all known perovskites have t values between 0.75 and 1.11, for some systems
with t within the most favorable range (0.8- 0.9) no perovskite structure is stable. This means that
the t criterion is not by itself a sufficient condition for the formation of the perovskite structure.
More recently, octahedral factor p was introduced to better estimate the formability of perovskites.
The p factor is focused on the stability of the BX¢ octahedron, and it is defined as the ratio of the
ionic radii of B (Rg) and X ions (Rx):

p=-==2 (1.2}

=
It has been found that the p values between 0.41 and 0.73, along with permissible t values, are
favorable for perovskite structure stability.*’

Perovskites represent a vast and unique class of materials across condensed matter physics and
solid-state chemistry, showing high versatility and a multitude of intriguing features from both the
theoretical and the application point of view. Examples of piezoelectric, insulating,
semiconducting, conducting, magnetic, ferroelectric and superconducting perovskites are known.
Their composition as well as their distortion in geometry from ideal structure play a crucial role in

tuning their physical properties such as the bandgap (energy difference between the valence band
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maximum, VBM, and the conduction band minimum, CBM). Historically, inorganic oxide-based
perovskites (CaTiOs3;, BaTiOs, LaMnOs, etc.) have been most actively studied for various
applications due to their superior ferroelectric and superconducting properties. However, their
wide bandgaps limit their use in solar applications as they utilize a mere 8-20% of the solar
spectrum.*> Instead, the perovskites of interest for photovoltaic purposes are halide-based
perovskites (ABX3, with X = I, CI, Br), which are generally solution-processable
semiconductors. Halide perovskite structure was first observed in CsPbX; in 1958.%8 Since then, a
number of A, B, and X ions have been investigated in the halide perovskite family to better
understand the structural versatility and diversity of these compounds. Typical inorganic A site
cations that can form 3D perovskites include Li", Na", Rb", K and Cs", while the B site can be
occupied by any divalent metal cation, the most relevant for optoelectronic purposes being Pb**,
Sn**, Ge**, and Eu?". The replacement of the inorganic A site cation with an organic cation leads
to the formation of hybrid organic-inorganic halide perovskites, a class of perovskites that has
attracted huge attention since the 1970s due to their improved optical and electrical properties.
Aside from a clear difference in A species between inorganic and hybrid perovskites, there is also
a change in symmetry of the A site component from spherical (inorganic) to non-spherical
(organic), this being particularly important in terms of polarization and orientational disorder.*’
Owing to the limited space in the 3D perovskite lattice, only small-size organic cations with three
or less C—C/ C—N bonds can be incorporated within the voids. The most commonly investigated
hybrid halide perovskites to date have been based on methylammonium (CH3NH3", also referred
to as MA™) or formamidinium (NH.CHNH,", FA™) as the organic cation.>®

The perovskite compound that first excited the PV research field was methylammonium lead tri-
iodide (CH3NH;3Pbl3, also known as MAPbI3). With t =0.83 and p = 0.54 (from Ra = 1.8 A, Rg =
1.19 A, Rx=2.2 A), MAPbI; adopts a black tetragonal perovskite phase at room temperature (see
Figure 1.14).>! The great interest in this material is due to its favorable optoelectronic properties,
which are rarely seen in solution-processable materials. Indeed, MAPbI; is a semiconductor with
a direct bandgap of about 1.55 eV and a broad light absorption spectrum up to 800 nm, which are
nearly optimal conditions for solar PV purposes (1.1—1.4 eV is the optimal bandgap range
dictated by the Shockley-Queisser limit for a single-junction solar cell).”> Additionally, it is
characterized by a large absorption coefficient (up to 10° cm™!), allowing for a reduced thickness

necessary to efficiently absorb light, and by a low exciton binding energy, which means that
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photogenerated charges can separate readily at room temperature. Finally, it displays long charge
carrier diffusion lengths (up to 100 nm) and sufficiently high charge mobilities. This indicates that
the charges can efficiently diffuse to the electrodes before recombining. Theoretical studies have
shown that these superior photovoltaic properties are originated from the combination of high
perovskite symmetry, high electronic dimensionality, the unique electronic configuration of Pb,
including the Pb 6s? lone pair that causes strong Pb 6s — I 5p antibonding coupling, the inactive Pb

6p, the strong spin—orbit coupling (SOC), and the arrangement of the polar organic cations.>?

(b)

0
°

o= CH,NH;

11
I

Figure 1.14. (a) Crystal structure of MAPbIs perovskite, and (b) photograph of a MAPbI; single
crystal. (adapted with permission from Ref. >!)

MAPDI3 was first utilized in solar PV devices as recently as in 2009 by Kojima et al., who used it
as the sensitizer in liquid electrolyte DSSCs and achieved a maximum efficiency of 3.8%.>* Since
then, the highest efficiencies reported for perovskite solar cells have been obtained most frequently
using this perovskite material, or its mixed iodide-chloride analogue (CH3;NH3Pbl3.xClx or
MAPDbDI3.xCly), as the light absorber. The small addition of CI™ anions to the organolead tri-iodide
was first proposed in 2012 by H. J. Snaith et al., who found that this leads to a striking increase in
the electron-hole diffusion lengths (up to 1 pm) and carrier lifetimes.>> It has been demonstrated
that in MAPbI3-based PSCs holes are much more efficiently extracted than electrons, thus
explaining the necessity of a mesoporous titania scaffold (mp-TiO2, an electron conductor) to
achieve high efficiencies. On the contrary, MAPbI;.xClx-based devices are characterized by long

and balanced diffusion lengths for both electrons and holes, and therefore perform well even
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without a mp-TiO; scaffold. This means that the MAPbI;«Clx perovskite itself can sustain
sufficient electron transport to enable highly efficient charge collection. Mesoporous scaffold-free
architectures are desirable for applications where low-temperature processing (e.g. flexible solar
cells) or maximized optical transmittance (e.g. semitransparent solar cells) are required, as will be
discussed below. From a structural point of view, mixed MAPbI;—<Clx have shown to produce
highly oriented crystalline structures (in contrast to the MAPbI; non-oriented structures),
exemplified through the strong X-ray diffraction (XRD) peaks along the (110), (220), and (330)
planes attributed to the tetragonal phase.>” On the other hand, the partial Cl inclusion has a small
impact on the bandgap, with both the VBM and CBM shifted upward by ca. 0.1-0.2 eV.

During the last years, several other compositional modifications of MAPbI3 have been proposed,
resulting in color variation and PCE modulation.’® One of the key attributes of perovskite materials
is that they possess excellent tunability of the bandgap, achievable through rational compositional
engineering (see Figure 1.15). This is a very attractive feature for solar cell applications, since it
allows for devices with a specific color, or for semitransparent solar cells that can be used as top
cells in tandem devices (see Section 1.2.6). Bromide has been most effectively used to tune the
bandgap of hybrid perovskites. Noh et al.>® were first to investigate the effects of mixed iodide-
bromide MAPbI;.xBrx compositions, realizing a tunable bandgap between 1.5 and 2.2 eV and a
wide variety of film color. Interestingly, bromide-containing perovskites were also found to
display better stability under moist air conditions. In 2014, Pellet et al.** demonstrated an improved
PCE using mixed cation lead tri-iodide perovskites by gradually substituting MA with FA cations.
The improved performance compared to pure MAPbI3 was due to greater absorption in the red
region of the spectrum (narrower bandgap), resulting in higher photocurrent. Even though the
nature of the organic cation does not directly affect the electronic band structure of perovskites
(the valence and the conduction band of the MAPbI; are formed exclusively from Pb and I
orbitals), it can regulate the bandgap by changing the crystal geometry. Numerous other reports of
(MA)«(FA);-xPblz-based devices with respectful PCEs have been documented.®'"%> Another way
of changing the bandgap of perovskite is by replacing toxic Pb** with alternative homovalent metal
species (Sn**, Ge?") at the B site. Mixed MASn;—.Pb,l5 devices have been studied by Zuo et al.*
and Ogomi et al.,% demonstrating bandgap tuning through varying Pb:Sn ratios. Tin-based
perovskites have promising photovoltaic properties like narrower bandgap (1.2-1.4 eV) and higher

carrier mobility. However, they suffer from rapid degradation as a result of the inherent instability
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of the Sn*" state, which is readily oxidized to Sn*" upon contact with air. This effect is even more
prominent for the case of Ge?’, inevitably reducing the performance of the corresponding PV
devices.*® More recent approaches consist in doping lead-based perovskites with other homovalent
(Co?*, Cu*', Mg?", Mn*", Ni*", and Zn?) or heterovalent (Bi*", Au**, In**, Ag®, Cu*, Na") metal
ions. For instance, it was shown by Nayak et al.®’ that Bi** doping results in tunable bandgap of

MAPDI; and enhanced charge carrier lifetime.
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Figure 1.15. Energy bands of commonly employed hybrid perovskites. (adapted from Ref. *)

1.2.2. Operating Principles and Charge Dynamics

Light absorption, charge separation, charge transport, and charge collection are general working
processes in solar cells, including perovskite cells.®® PSCs are most commonly designed as a p-i-
n (or n-i-p) heterojunction architecture, where the intrinsic (i-type) perovskite semiconductor
serves as the light absorber for photogeneration of charge carriers, while n- and p-type materials
are introduced in the device to provide the built-in potential and assist directional extraction. A
typical PSC comprises a front transparent conducting electrode (TCE), which allows for the
passage of light in the heart of the cell, a perovskite photo-active layer sandwiched between a hole-
transporting layer (HTL) and an electron-transporting layer (ETL), and a metal reflective back

contact. The ETL is normally made of TiO., an n-type material which forms a n-i junction selective
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to the passage of electrons, while the HTL is a p-type material that forms a i-p junction selective
to the holes transport. During exposure to sunlight, photons are absorbed by the perovskite layer,
leading to excitation of electrons from valence to conduction band of perovskite and the generation
of excitons (bound electron-hole pairs). The charges dissociate readily thanks to the low exciton
binding energy of perovskite absorbers and become free to move across the device. This non-
excitonic nature of the charge generation is one of the main advantages of PSCs, since in excitonic
solar cells like OSCs significant losses in energy occur through exciton migration and dissociation.
The free electrons and holes can efficiently diffuse through the perovskite layer, thanks to the
relatively high charge mobilities and long charge diffusion lengths, and reach the ETL/perovskite
or perovskite/HTL interface respectively, driven by the built-in electric field. At the interface,
charge transfer (CT) process takes place either by injection of electrons into ETL or injection of
holes into HTL. For an efficient CT process, the band alignment of the perovskite with the HTL
and the ETL materials is essential: the conduction band edge (or LUMO, lowest unoccupied
molecular orbital, in organic semiconductors) of the ETL must be lower than the perovskite
conduction band, and the valence band edge (or HOMO, highest occupied molecular orbital, in
organic semiconductors) of the HTL must be higher than the perovskite valence band (see Figure
1.16).%® After interfacial charge transfer, charge transport processes occur in the ETL (HTL), where

high electron (hole) mobility can guarantee efficient electron (hole) transport toward the electrode.
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Figure 1.16. Band diagram and main processes in a typical PSC: 1) absorption of photon and
free charge generation; 2) charge transport; 3) charge extraction. (adapted from Ref. °)
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However, it was shown that the superior charge transport capabilities of perovskite materials
permit effective charge collection even without ETL and HTL by making p-n homojunction
devices.®® Lastly, selective contacts with appropriate work function (WF) are important
prerequisite for an efficient extraction of electrons from the ETL or holes from the HTL. The
formation of a quasi-ohmic contact, in contrast to a Schottky contact, is commonly preferred to
alleviate interfacial energy barriers. A p-type (n-type) semiconductor forms a Schottky contact
with a low (high) WF metal and an ohmic contact with a high (low) WF metal, where “high” and
“low” refers to the absolute value difference between the vacuum level and the Fermi level of the
electrode. Therefore, the difference between the Fermi level of the electrode and the VBM (or
HOMO) of the HTL or the CBM (or LUMO) of the ETL should be as small as possible to reduce
the carrier injection barrier at the interface. Additional measures such as interfacial buffer layers
or doping of the charge transport layers can be utilized to reduce interfacial barriers, as will be
discussed below. In contrast to OSCs, where the cell’s built-in potential is strongly influenced by
the anode-cathode WF difference, in PSCs the voltage output is mainly dominated by the quasi-
Fermi levels of the photoexcited perovskite due to the low exciton binding energy and excellent
transport properties of perovskites. This in turn widens the choice of possible electrode materials,
an advantage that has been widely exploited in this thesis (see Chapter 3).

Each mentioned step in the operation of PSCs is subject to potential loss mechanisms that limit the
overall PCE. One of these mechanisms is radiative band-to-band recombination of electron-hole
pairs, which occurs when part of the energy absorbed by the semiconductor material is released by
spontaneous light emission or luminescence (see Figure 1.17). This process is unavoidable,
because it is the time-reversed process of light absorption. Therefore, it is already taken into
account in the calculation of the theoretical Shockley-Queisser (SQ) efficiency limit.”” The SQ
limit is commonly used to estimate the limit PCE of single-junction solar cells and can be described
as the ideal case in which recombination of electron-hole pairs is only radiative (with no other
source of recombination) in a single bandgap semiconductor. In practice, there are several other
loss mechanisms that may take place, including: 1) optical losses, mainly coming from photon
reflection and absorption in poorly responding cell regions; ii) electrical losses, originating from
series and shunt resistances (see Chapter 2, Section 3); iii) non-radiative recombination losses,
including Auger recombination and trap-assisted Shockley-Read-Hall (RSH) recombination losses

(see Figure 1.17); 1v) interface recombination losses, stemming from all of the interfaces involved
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in the device. This explains why the presently achieved 24.2% for PSCs is still far from the
theoretical SQ limit of 30.5% (for a bandgap of 1.6 eV). Researchers have recently found that the
main PCE losses in PSCs are from RSH recombination, deriving from defects or trap states induced
by poor film quality, and from interface recombination, mainly occurring at charge-transport
layers/perovskite interfaces: electron (hole) injected into ETL (HTL) recombines with hole
(electron) in perovskite.”! Actually, defect-related bulk and interface recombination can affect not
only PCE but also hysteresis along with long-term stability, as will be discussed below. Therefore,
it is an important direction for further improvement of solar cell performance to minimize the
above recombination losses. One of the most promising way to do this is to improve the device

architecture through rational interface engineering and defect passivation strategies.
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Figure 1.17. Carrier recombination mechanisms in semiconductors.

1.2.3. Architecture Evolution of PSCs

Advances in the design of device architecture are one of the main factors that drove the evolution
of PSCs.”” After having recognized the relevance of hybrid perovskites as potentially high-
efficiency photovoltaic materials, researchers focused their efforts on optimizing the PSC
structure. PSCs were initially fabricated in the conventional DSSC architecture, whose operating
principle is shown in Figure 1.18.7° A typical DSSC is constructed on a glass substrate and
comprises a transparent conductive oxide (TCO) layer — most commonly fluorine-doped tin oxide
(FTO) — which serves as the bottom (front-side) electrode, a thin compact TiO> (c-TiO2) hole-
blocking layer, a several micron thick mp-TiOz layer sensitized with organic dyes (e.g. N719), a

liquid electrolyte, and a metal counter electrode (back-side, Pt/TCO/glass). The photoexcitation of
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the dye results in the excitation of electrons and their subsequent injection into the conduction
band of mp-TiO, and then to the front electrode. This process leaves the photosensitizer in an
oxidized state, which is reduced back to the ground state by the reductants (e.g. I") in the liquid
electrolyte. Lastly, the deactivated reductants (e.g., I37) diffuse to the metal counter electrode,
where they are regenerated by the electrons collected from the external circuit. This complete
electron flow creates a photocurrent in DSSCs. In 2009, Kojima et al.>* replaced the conventional
dyes with MAPbI; and MAPDbBr3 perovskites by means of a one-step spin-coating technique (see
Section 1.2.4), demonstrating PCEs of 3.8% and 3.1%, respectively. However, their work did not
receive much attention due to the relatively low efficiency of the devices along with instability in
liquid electrolyte where organometal halide perovskite easily decomposes. Two years later, Im et
al.” fabricated perovskite-based DSSCs with an improved PCE of 6.5% using thinner TiO; layer
(from 8-12 pm to 3 um) and MAPDI; quantum dots as the photosensitizer. Despite a considerable
increase in PCE, these devices still showed very poor stability due to the quick dissolution of the

perovskite QDs in the liquid electrolyte medium.
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Figure 1.18. Working principle of a DSSC. (adapted with permission from Ref. )

In 2012, instability issues associated with the liquid electrolyte in perovskite-sensitized solar cells
was simply solved by replacing it with the solid 2, 2°, 7, 7’-tetrakis (N, N-p-dimethoxy-
phenylamino)-9, 9’-spirobifluorene (spiro-MeOTAD) hole-transport material (HTM). Park et al.”
proposed a solid-state mesoscopic PSC architecture (see Figure 1.19) based on MAPDI3
nanocrystals, spiro-MeOTAD, and merely 0.6 um thick mp-TiO; film, achieving a maximum PCE
of 9.7%. Similar PCEs can be obtained from N719-sensitized cells with 10 um thick mp-TiO:
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layers. Comparable efficiency with sub-micron thick TiO» film is due to the much higher
absorption coefficient of MAPbI3, which is a key factor for fabricating high-efficiency solar cells.
In this device configuration, part of the solid-state HTM penetrates into the pores of mp-TiO-,
making direct contact with the perovskite photosensitizer. The remaining spiro-MeOTAD forms a
dense capping layer that covers the mp-TiO,, preventing shunts between the electron transport
material (ETM) and the back contact. In contrast to the liquid electrolyte that suffered from low
charge carrier mobility, the solid-state spiro-MeOTAD enables holes to move more efficiently. It
also allows for a more efficient hole extraction from the perovskite layer, thanks to the better
alignment of its HOMO level (—5.22 eV) with the valence band of MAPbI; (—=5.43 V). In addition

to the PCE enhancement, the stability of the device was also dramatically improved.
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Figure 1.19. Schematics of solid-state mesoscopic (left) and meso-superstructured (right) PSCs.

Analogous to the mesoscopic architecture, Snaith’s group invented the meso-superstructured
configuration by replacing the mp-TiO2 with the insulating Al>O3, as shown in Figure 1.19. This
device configuration was very similar to the mesoscopic structure, but the perovskite materials
formed a continuous, extremely thin absorber (ETA) layer on the surface of the mesoporous metal
oxide. The charge transport mechanism in meso-superstructured PSCs differ from that of the
mesoscopic cells in one critical way: unlike the case of mp-TiOz, injection of electrons from the
perovskite layer into Al2O3 is energetically unfavorable due to the higher conduction band of
ALO3; moreover, Al>Os3 is electrically insulating. Therefore, in this device architecture, Al>O;3
merely serves as a mesoporous scaffold for the perovskite absorber. This implies that the
perovskite material can transport electrons by itself in the absence of adjacent ETM. In 2012, Lee
et al.” fabricated meso-superstructured PSCs based on the mixed halide MAPbI3«Cly instead of

the pure MAPDI;, and their champion device with the porous Al.O3 layer achieved a PCE of
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10.9%, significantly higher than the 7.6% PCE exhibited by the best control device with mp-TiO,.
These results confirmed the superior optoelectronic properties of the mixed halide perovskite, even
without mp-TiO; assistance.

In principle, increasing the thickness of the absorber layer can improve light absorption and
prevent direct shunts between the HTM and the ETM. Accordingly, PSCs rapidly evolved towards
improved mesoscopic structures featuring thicker and dense perovskite films. In 2013, Heo et al.”®
reported high-performance mesoscopic PSCs based on MAPbI;, mp-TiO2, polytriarylamine
(PTAA) as the HTM, and Au as the back contact. They found that devices with a 600 nm thick
mp-Ti0O, exhibited the best PCE (12%) due to the formation of a perovskite capping layer (or
overlayer) between the mp-TiO2 and the HTM. Currently, this type of mesoscopic n-i-p structure
is widely adopted by PV researchers and thus is called the “regular” structure due its popularity
(see Figure 1.20a). The further progress in the design of regular PSCs was propelled by the
advances in film deposition techniques, enabling thicker and uniform perovskite layers to be
deposited on a thinner mesoporous scaffold. For instance, Burschka et al.”’ fabricated PSCs with
the best PCE of 15% by depositing a smooth perovskite capping layer on top of a 300 nm thick
mp-TiO» layer using a two-step sequential deposition method (see Section 1.2.4). One year later,
Im et al.”® employed the same deposition technique to fabricate PSCs on a thinner (100 nm) mp-
TiO,, resulting in the increased thickness of the perovskite capping layer and the improved
efficiency (17%) of the devices. To date, the state-of-the-art PSCs with the record PCEs are

predominantly fabricated in the regular n-i-p mesoscopic configuration.

(a) n-i-p mesoscopic (b) n-i-p planar (c) p-i-n planar (d) p-i-n mesoscopic
Metal Cathode (Al) Metal Cathode (Al)
HTM (Splro MeOTAD) HTM (Spiro-MeOTAD) ETM (PCBM) ETM (PCEM)
ETM (Toz) ETM (To,) HTM (PEDOT:PSS) HTM (NiO)
Transparent anode (ITO) Transparent anode (ITO)
Glass Glass Glass Glass

oot oot 000 0N

Figure 1.20. Schematics of the major PSC architectures: regular n-i-p (a) mesoscopic and (b)
planar; inverted p-i-n (c) planar and (d) mesoscopic. (adapted with permission from Ref. ’?)
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The good electric properties of meso-superstructured PSCs based on insulating Al,O3 suggested
that perovskite solar cells could be fabricated without the mesoporous TiO» scaffold. This led to
the development of planar n-i-p heterojunction PSCs. As schematized in Figure 1.20b, planar n-i-
p devices are comprised of a TCO bottom electrode, an intrinsic perovskite layer, which serves
only as light absorber without mp-TiO; assistance, an n-type ETM (typically ¢-TiO>), a p-type
HTM, and a metal (Ag, Au) top electrode. The absence of a mesoporous metal oxide layer leads
to an overall simpler architecture. However, this structure requires a better control of the formation
of the perovskite layer and suitable choice of the HTM and ETM materials. While Snaith et al.>®
only achieved a PCE of 1.8% for their preliminary planar n-i-p heterojunction device (likely due
to the incomplete surface coverage of the MAPbI;«Clx film), high-performance solar cells were
realized in the following years after the advances in film deposition techniques, interface
engineering, and defect passivation. The present state-of-the-art planar PSCs prepared by solution
deposition techniques yield average PCEs of around 21%.”° Although the traditional mesoporous
PSC generally show higher PCEs compared with the planar architecture, the latter can be
fabricated with a low-temperature process (a high-temperature calcination step is generally
required to prepare the mesoporous scaffold), a great advantage for applications in the context of
flexible optoelectronics. Additionally, planar devices can provide reduced optical transmittance
losses, which makes them better suited for semitransparent applications (see Section 1.2.6).

In addition to the regular and planar n-i-p configurations, the planar p-i-n heterojunction
architecture derived from OSCs was also adopted by the PSC community as an alternative. This
structure is often referred to as the “inverted” structure, since it has an opposite sequence of HTM
and ETM than the regular configuration (see Figure 1.20c). The prototype of planar p-i-n PSC was
reported by Jeng et al.?° in 2013 and featured the following structure: glass / indium tin oxide (ITO)
as the anode / poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the HTL
/ MAPDI; as the light absorber / Ceo fullerene as the ETL / bathocuproine (BCP) as a buffer layer
/ Al as the cathode. The best device yielded a PCE of 1.6%, which improved to 3.9% when Ceo
was replaced by phenyl-Cei-butyric acid methyl ester (PCs1BM). In the following years, the
performance of planar p-i-n PSCs rapidly progressed towards PCEs exceeding 21%.%! In addition
to the high efficiency, planar p-i-n devices generally offer low-temperature processing and

negligible hysteresis behavior. In recent years, high-performance p-i-n mesoscopic PSCs were also
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fabricated using suitable oxide HTMs such as NiOx as the mesoporous scaffold in place of the
PEDOT:PSS.% The device configuration is schematized in Figure 1.20d.

As previously mentioned, the ETL/HTL helps to provide interfaces for selective charge extraction.
Interestingly, working PSCs were also demonstrated even when one charge-transport layer was
omitted. Successful removal of the HTL was reported by several groups, thanks to the ambipolar
nature and excellent transport properties of perovskite.®* ETL-free devices with respectable PCEs
were also obtained.®* These structures are promising against conventional PSCs since they require
simpler and cheaper fabrication processes. Such an extraordinary versatility in adopting various

device configurations confirms the remarkable potential of perovskites in PV applications.

1.2.4. Thin Film Fabrication Approaches

Perovskite Layer Deposition

As the PSC technology progressed, preparation of high-quality perovskite films with controlled
morphology and crystallinity became essential for fabricating high-efficiency devices. The
morphological evolution and crystallization behavior of perovskite film were found to strongly
affect non-radiative recombination dynamics, charge dissociation efficiency, and carrier diffusion
lengths in resultant PSCs.** The film thickness is also a key parameter: if the film is too thin, then
it will not absorb sufficient sunlight; if the film is too thick, the electron and hole diffusion lengths
will be shorter than the film thickness and the charges will not be collected efficiently.
Furthermore, the presence of pinholes or other inhomogeneities in the perovskite layer will result
in direct contact between the p-type and n-type materials, leading to shunting paths and
consequently lower PCE. In summary, it is critically important to have a uniform, dense, highly
crystalline and pinhole-free perovskite film with high surface coverage and optimized thickness in
order to achieve high PCE and reproducibility. Such a high quality can only be obtained through
a delicate control of the deposition method, precursor stoichiometry, thermal treatment,
solvents/additives used, and surrounding environment.

Various deposition approaches were developed to build up high-quality perovskite films,
primarily: one-step or two-step solution processing, thermal vapor deposition, and hybrid vapor-
assisted solution process (see Figure 1.21).3¢ In early works, high-performance PSCs were

157

achieved by vacuum deposition processes. In 2013, Liu et al.®’ successfully applied a dual-source
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thermal evaporation technique to deposit the MAPbIz.<Cly perovskite absorber and obtained a
maximum PCE of 15.4%. In their work, organic MAI and inorganic PbCl, precursor salts were
evaporated simultaneously from different sources (co-evaporation) on top of a rotated substrate at
107> mbar with an as-deposited molar ratio of 4:1, followed by thermal annealing to drive the
reaction and crystallization. The perovskite films prepared with this method showed better
uniformity and coverage compared to solution-processed films, resulting in higher efficiencies and
excellent reproducibility. Other similar methods, such as layer-by-layer sequential vacuum
sublimation and chemical vapor deposition, were also reported.®®® However, there is a
fundamental limitation associated with these techniques: they require high vacuum conditions,
which involve high costs and thus mass production is not feasible. To circumvent this issue, Yang
et al.”® demonstrated a hybrid deposition technique, known as vapor-assisted solution process
(VASP), which builds up high-quality MAPbI; film through chemical reaction of solution-
processed Pbl, film with MAI vapor. Other hybrid fabrication approaches combining both solution
and vapor processes were developed, but due to their higher complexity, they are still not the

mainstream for PSC fabrication.
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Figure 1.21. General deposition methods of perovskite film: (a) one-step solution deposition; (b)
two-step solution deposition; (c) vacuum deposition; (d) vapor-assisted solution process (VASP).
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Due to the easier operation and low cost, solution processing routes are the most attractive for
perovskite film fabrication in the prospect of future PSC commercialization. Various thin-film
solution deposition technologies were employed, such as spin-coating, doctor blading, slot-die
coating, ink-jet printing, screen printing, and spray-coating (see Figure 1.22), most of which are
compatible with roll-to-roll (R2R) processing for industrial large-scale production.”” Among them,
the spin-coating technique (which will be described in Chapter 2) is the most widely used in
research laboratories to deposit small-area perovskite films. Two primary solution processing
routes are available: one-step deposition and two-step (spin-spin or spin-dip) sequential deposition.
In the one-step solution process, the precursor solution is typically prepared by dissolving organic
halide MAX and metal halide PbX5 in 1:1 stoichiometric or 3:1 non-stoichiometric molar ratio in
a polar aprotic solvent such as N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), vy-
butyrolactone (GBL), or a mixture of them. This single solution is deposited in a single step onto
the substrate by a suitable technique such as spin-coating. A post-deposition annealing step at
temperatures ranging from 80 to 150 °C is then used to convert the precursors into the final
MAPbLX;3 perovskite film. The conversion is typically very obvious to the eye, since it involves a
transition from a bright yellow to a dark brown/black color. Generally, both the solution deposition
and the thermal annealing step are performed in nitrogen-filled glove boxes with H>O and O:
contents less than 5 ppm to prevent perovskite degradation (see Section 1.2.7). The one-step
approach was extensively used in the early days of PSCs to fabricate performing MAPbI3 and
MAPbBI:xClyx films. A great starting point for solution-processed MAPbI3.xClx films was reported
by Lee and co-workers,” who demonstrated a PCE of 10.9%. In their work, a mixture of MAI and
PbCl; in a molar ratio of 3:1 was dissolved in DMF, and the perovskite film was formed after 30
s of spin-coating and 100 °C thermal annealing. A similar processing route has been selected in
this work of thesis for its simplicity, low cost, and effectiveness (see Chapter 2, Section 2).

Despite the ease of processing, one-step precursors usually result in a relatively high density of
pinholes in the coated perovskite film, thus reducing the amount of photogenerated charges and
increasing the probability of shunts in the device. In order to improve the film coverage, a two-
step coating technique was developed by Gratzel’s group in 2013,”” leading to a PCE of more than
15%. They used a process in which a Pbl, film was first deposited by spin-coating and then dipped
into a solution of MAI dissolved in isopropyl alcohol (IPA), followed by thermal annealing at 70-
100 °C to drive the inter-diffusion between the two layers and form the MAPbI; perovskite film.
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Alternatives include deposition of an organic halide layer onto the Pbl, by spin-coating or spray
coating.”>* The perovskite films prepared with the two-step method were found, in general, to
show better coverage, improved morphology with larger crystals, and more effective infiltration
into the mesoporous scaffolds, leading to higher performances and PCEs comparable to those
achieved by vapor deposition. However, because of the challenges associated with perovskite

conversion in the sequential process, the one-step deposition method is typically easier to control

and less time-consuming.
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Figure 1.22. [llustration of various solution deposition technologies employed to fabricate
small- and large-area perovskite films. (adapted with permission from Ref. )

Even though all processing conditions (solution concentration, precursor stoichiometry, annealing
temperature, atmosphere) have been considered, solution-processed perovskite film quality is
often poor, with a high density of pinholes and small grain sizes. To further improve the quality of
solution-processed perovskite films, several strategies have been proposed, including:
incorporation of more than one organic or inorganic precursors,” anti-solvent dripping (ASD)

t,”6 use of binary solvent systems,”” hot-casting,”® multi-step thermal annealing,”® solvent

treatmen
annealing,'”’ various substrate pre-treatments, and use of additives.!’! In particular, additive
engineering strategy was extensively adopted to finely tune the crystallization process and
minimize the SRH non-radiative recombination losses by increasing grain size, passivating defects
and improving charge transport and separation in resultant perovskite films. For instance, Liang et

al.'% proposed the incorporation of 1,8-diiodioctane (DIO) as a solvent additive into the precursor

32



Chapter 1: Introduction

solution to facilitate nucleation and modulate the kinetics of perovskite crystal growth. Their
approach led to the formation of MAPbI3.<Clx films with more uniform and highly oriented crystals
and an improved surface coverage due to the enhanced solubility of PbCl; (as a result of chelation
of Pb?" with DIO). These features resulted in solar cells with reduced non-radiative recombination
and enhanced PCEs (from 9.0 to 11.8% with the addition of 1% DIO). Other rationally chosen
additives with higher boiling point (to balance dissolution and recrystallization process during the
annealing treatment) or stronger Lewis basicity (to promote stronger interaction with Pb*" Lewis

acid)!®® than that of DMF have been successfully applied.

Fabrication of Other Components in PSCs

Apart from the perovskite film, the PSC architectures incorporate other components, including
charge-transport layers, bottom electrode and top electrode, the deposition of which is also critical
for obtaining high-performance devices. Laboratory-scale PSCs typically start with a glass (or
plastic) substrate coated with a TCO layer, which will serve as the bottom electrode. TCO-coated
substrates are typically prepared by magnetron sputtering and are commercially available from a
number of companies. Some researchers have tried to deposit the TCO layer themselves using
alternative techniques'® or to replace it with other transparent conducting materials.!*® The trade-
off between transparency and conductivity, as well as the morphology of the bottom electrode will
strongly affect the overall performance of the device. The subsequent steps of PSC fabrication
involve the sequential deposition of electron-transport, absorber (perovskite), and hole-transport
layers. High-quality perovskite films can be obtained by a variety of solution-based, vacuum-based
and/or hybrid processes, as described above. Concerning the charge-transport layers, a number of
organic and inorganic semiconductor materials have been successfully implemented as ETMs or
HTMs in PSCs, as will be discussed in the next sub-section. These materials are typically
processable from solution and therefore can be deposited by spin-coating or other simple solution-
based techniques.!?® In this regard, it is necessary to use solvents that are orthogonal to the
underlying materials, such that the underlayers are not solvated during the deposition of the charge-
transport layer. Examples of solvents orthogonal to the perovskite materials are chlorobenzene
(CB), dichlorobenzene (DCB), and toluene. Apart from conventional solution processing routes,
vacuum-based deposition methods have also been used to deposit organic small molecules and/or

metal oxides in order to achieve higher performances, at the expense of manufacturing costs. It is
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also important to mention that conventional methods for fabrication of metal oxide
compact/mesoporous layers (e.g. ¢c-T102 and mp-TiO») typically involve the deposition of a metal
alkoxide precursor solution (e.g. titanium (IV) isopropoxide) by spin-coating or spray-pyrolysis
followed by a high-temperature (> 400 °C) sintering step, which increases the costs and hampers
the fabrication of flexible devices. Very recently, alternative low-temperature processing routes
have been proposed, leading to encouraging efficiencies of up to 18.2%.'%7 Finally, the last
fabrication step consists in depositing the metal top electrode by thermal evaporation. Thermal
evaporation is a mature and scalable technology, but it requires high vacuum (see Chapter 2,
Section 1). Recently, alternative vacuum-free methods have been developed and fully solution-
processed perovskite solar cells with printed back electrodes (e.g. inkjet-printed silver nanowires)
have been successfully fabricated.!® As in the case of perovskite film, several strategies have been
proposed to enhance the quality and performance of each PSC component, including doping

strategies, nano-design, and additive engineering, as discussed below.

1.2.5. Interface Engineering for High-Performance PSCs

In addition to the advances in the perovskite film fabrication, the progress in ETMs and HTMs
also played an essential role in the evolution of PSCs. The charge-transport layers are directly
relevant to the performance of PSCs. The photogenerated electron-hole pairs in the perovskite
layer would experience charge separation at the interfaces between the perovskite absorber and the
ETL or HTL, as previously described. In this regard, a proper energy level alignment is vital.
Suitable band offsets (~0.2 eV) need to be provided for both ETL/perovskite and perovskite/HTL
interfaces to ensure efficient charge extraction and minimize carrier recombination. Therefore, the
HTM and ETM should be selected with energy levels well matched to the perovskite material. In
addition, the work functions of the two electrodes should match the energy levels of the charge-
transport layers in order to facilitate charge collection. Figure 1.23 shows the band energy levels
for the most commonly used materials in PSCs. Lastly, the ETM/HTM should ensure efficient and
selective charge transport (high electron or hole mobility, as well as adequate bandgap to block
the opposite charge carriers) and should be stable enough to prolong the device lifetime.

Engineering the interface between the perovskite layer and the charge-transport layers has become

an important method for improving the charge extraction and reducing the gap between theoretical
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and practical PCEs. In addition to poor aligned energetics, interface losses may largely result from
defects and trap states, which would cause non-radiative recombination and poor stability. The
passivation of the defects on the surface of the perovskite film and at the junctions between
perovskite and HTL or ETL by chemical doping, compositional engineering, use of additives,
and/or insertion of interfacial buffer layers is now regarded as a valid strategy to reduce the

interfacial losses and boost the efficiency towards the theoretical SQ limit.'%”
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Figure 1.23. Schematic energy level diagram of the most commonly used materials in PSCs.
(adapted with permission from Ref. %)

The ETL/Perovskite Interface

In PSCs, the role of ETM is to extract photoexcited electrons and transport them to the electrode
while blocking holes from perovskite. Since the early development stages of PSCs, TiO has been
widely used as the compact and mesoporous ETM in the conventional n-i-p device configuration
due to its excellent electron transport properties, well-matched energy levels, and suitable bandgap.
However, trap states and defects present at TiO; surfaces have generally provided non-radiative
recombination pathways at the ETL/perovskite interface, reducing the voltage output and the
electron injection rate.!'® Various attempts have been made to passivate the TiO- surface, for

example via insertion of self-assembled monolayers (SAMs) or through doping strategies. In
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particular, it has been demonstrated that titania doping, either by replacing the Ti*' cation or the
O?* anion with other metal (Y, Nb, Li, Mg, Al, Ru) or non-metal (F, N) ions, could be a promising
way to enhance the electronic properties of TiO> (see Chapter 5). For example, Zhang et al.!!!
synthesized N-doped titania nanorod arrays with hydrothermal method and used them as the ETL
in mesoporous n-i-p PSCs. Their best device yielded a PCE of 11.1%, which was 14.7% higher
than that of devices based on undoped TiO». The efficiency enhancement was ascribed to faster
electron transfer and lower resistance in the device based on N-doped TiOs.

Besides TiOz, other materials such as ZnO, SnO,, CdSe, and CdS have been used as efficient
ETMs in n-i-p PSCs.!'? On the other hand, fullerene derivatives such as PCBsiM and PCB71M are
among the commonly used organic ETMs in the p-i-n device configuration. These materials can
be processed at low temperatures, enabling the potential for roll-to-roll manufacturing on flexible

substrates. Also, combinations of organic-inorganic ETLs have been reported in inverted devices.

The Perovskite/HTL Interface

HTMSs are also critical for a good PV performance. Their function is to block electrons and
transport holes. PSCs benefited from a wide selection of HTMs that have been continually
investigated during the last years, including inorganic crystals, organic small molecules and
semiconducting polymers. The chemical structures of commonly employed organic HTMs are
illustrated in Figure 1.24. Spiro-MeOTAD is the most used organic HTM in regular PSCs, while
PEDOT:PSS is extensively employed in inverted solar cell structures due to its excellent
transparency, work function, and conductivity. Spiro-MeOTAD is considered as the standard
HTM for n-i-p PSCs as it leads to devices with record efficiencies (> 20% PCEs) thanks to its
special physical and chemical characteristics, well-matched HOMO level (see Figure 1.23) and
remarkable electron-blocking property. However, there are many issues associated with its
production on a commercial scale such as its multi-step synthesis, laborious purification steps, and
high cost. Moreover, it exhibits a quite low hole mobility (— 4 X107 cm? V! s71), mainly ascribed
to the lack of molecular ordering in the film, which limits the performance of pure solution-
processed spiro-MeOTAD films. Several p-type dopants and additives have been reported to
improve the electrical properties of spiro-MeOTAD, but their use is generally associated with
stability issues, especially after exposure to humidity. For example, it has been reported that the

commonly used lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) and 4-fert-butylpyridine
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(TBP) dopants tend to accelerate the degradation of PSCs due to their hygroscopic nature (see
Section 1.2.7).!13
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Figure 1.24. Chemical structure of organic HTMs commonly used in PSCs.

Several other HTMs such as PTAA,® poly(3-hexylthiophene-2,5-diyl) (P3HT),!'* and
triazatruxene derivatives!!> have been investigated as alternatives to spiro-MeOTAD. Among
them, PTAA and triazatruxene derivatives showed competitive PCEs and improved stability. On
the other hand, P3HT-based devices initially yielded lower efficiencies of around 12-16% due to
additional non-radiative recombination at the perovskite/P3HT interface.”! Very recently, Jung et
al.!'® have demonstrated P3HT-based PSCs yielding PCEs as high as 22.7% by introducing a wide-
bandgap halide (WBH) layer prior to P3HT deposition. During the last years, tremendous efforts
have been dedicated to develop novel dopant-free HTLs in order to enhance the device stability
(see Chapter 5). For instance, a dopant-free HTM of IDF-SFXPh, which is a derivative of 6,12-
dihydroindeno[1,2-b]fluorine (IDF), has been used by Liu et al.''” to achieve efficient (17.6%
PCE) and stable devices. Another possible solution to the high cost and instability of the standard
organic HTMs is employing cost-effective and more stable inorganic HTMs, such as NiOx, CuO,
CuSCN, and Cuz0, which have recently led to respectable PCEs.!!® In addition to the investigation
of different HTMs, several interface engineering strategies have been developed to achieve
effective passivation of hole trapping states located at the perovskite/HTM interface. For example,

Abate et al.'" introduced iodopentafluorobenzene (IPFB) at the interface through supramolecular
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halogen bonding in order to saturate the under-coordinated halide anions on the surface of
perovskite, and their approach led to fast and efficient hole extraction. Noel et al.!?° demonstrated
that the under-coordinated Pb atoms can be passivated via treatment of the perovskite surface with

Lewis bases such as thiophene and pyridine, resulting in reduced non-radiative recombination.

The Electrode Interfaces

Interface engineering across the electrodes has also attracted considerable attention. Introducing
proper interfacial layers to modify the electrode/ETL and HTL/electrode interfaces is an important
approach to improve PSCs performance. FTO (WF =4.4 eV) and ITO (WF =4.7 eV) are the most
commonly used materials as transparent bottom electrodes. To engineer the interface between the
TCO layer and the ETL or HTL, highly transparent and conductive interlayers are required. For
instance, Snaith et al.'?! proposed graphene as interfacial material between FTO and TiO,. The
optoelectronic properties and band position of graphene are well suited for electron cascade,
leading to enhanced PV performance. Regarding the ITO-based devices, the intermediate work
function of this material makes it possible for ITO to be used both in regular and inverted structures
to collect either electrons or holes (see Figure 1.23). In the inverted architecture, it is generally
coated with a PEDOT:PSS layer, which will serve as the HTL. In the normal structure, a compact
TiO> layer is generally deposited on top of ITO to prevent direct contact between the ITO and
HTM. A Schottky barrier exists at the ITO/TiOz junction, which may lead to detrimental effects
on the device performance. To circumvent this issue, Yang et al.'?? introduced an ultrathin (highly
transparent) polyethyleneimine ethoxylated (PEIE) layer between the ITO and the TiO: to tune the
energy level alignment. An interfacial dipole was found to contribute to the change in WF, which
decreased to 4.0 eV, as a result of an electron transfer from the amine-containing molecules to the
electrode surface. Great efforts were also devoted to the optimization of the charge-transport
layer/metal top electrode interface. In inverted PSCs, bathocuproine (BCP) is one of the well-
known interfacial materials used between fullerene derivatives and metal electrodes.'? Rhodamine
101,'** 4,7-diphenyl-1,10-phenanthroline (Bphen),'*> and metal acetylacetonates!*® were also
proved to work well as electrode interlayers. In numerous studies, the hole extraction efficiency at
the HTL/metal electrode interface was enhanced by inserting a thin molybdenum (VI) suboxide
(MoOx) buffer layer.'?” Thermally evaporated MoOx films were found to have WF at 5.4 eV,'?
which aligns well with the HOMO level of the spiro-MeOTAD. Despite the strong n-type nature
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and very low-lying valence band, MoOx can extract holes from the adjacent p-type semiconductor

through oxygen-vacancy-induced gap states close to its Fermi level, leading to a better contact.

1.2.6. Semitransparent PSCs: Design and Applications

Among others, one beauty of PSCs that outshines conventional PV technologies is their possibility
to be made semitransparent. Recently, semitransparent (ST) solar cells have opened up new
perspectives for energy conversion and sustainable development thanks to their great potential in
a variety of applications, including building-integrated photovoltaics (BIPVs), solar-powered
automotive/wearable electronics, and tandem multijunction solar cells.'?"13! Their integration into
buildings as power-generating solar windows, fagades, or other aesthetic architectural elements
constitutes one of the most intriguing perspectives (see Figure 1.25). In view of these applications,
the opaque and bulky nature of silicon-based panels has led to a greater focus on emerging thin-
film solar cells that can be made truly semitransparent, such as DSSCs, OSCs, and PSCs.!*> Among
them, semitransparent perovskite solar cells (ST-PSCs) have rapidly taken the lead owing to their
superior performances and easy processing.

The state-of-the-art PSCs are usually nontransparent due to the use of opaque, highly reflective
metal counter electrodes (typically 100 nm thick Au, Ag, or Al) and the strong absorption of the
~400 nm thick perovskite film. To enable practical ST applications, specific transparency
requirements must be fulfilled. For example, an average visible transmittance (AVT) of at least
25% is generally taken as a benchmark for solar windows.!*> To realize the desired
semitransparency, ST-PSCs need to employ transparent top electrodes (TTEs) and thinner or
opportunely engineered perovskite layers which can only absorb a part of incident light. Such
inherent trade-off between absorbed light and transmitted light is the main reason for the lower
efficiencies typically observed in ST-PSCs compared to their opaque counterparts. Investigations
on ST-PSCs began with the milestone work by Eperon et al.!** in 2014, who fabricated a neutral-
colored ST-PSC showing a PCE of 3.5% and an AVT of 30%. The authors made use of incomplete
surface coverage and dewetting of spin-coated MAPbI3.xClx films to form micro-structured arrays
of perovskite “islands”. The perovskite islands were thick enough to absorb all visible light,
whereas the “dewet” regions were visibly transparent. As the TTE, they simply utilized a thin (10

nm), thermally evaporated Au film. Due to the discontinuous nature of the perovskite film,
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shunting paths via direct contact between spiro-OMeTAD and ¢-TiO> led to a quite low voltage

output. In the same year, Roldan-Carmona et al.'*>

proposed an alternative device layout, where
the thickness of continuous perovskite films was precisely controlled by thermal evaporation and
an additional 100 nm thick LiF layer was deposited on top of the Au electrode as an antireflective

(AR) coating. As a result, PCEs as high as 6.4% with AVT close to 29% were achieved.
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Figure 1.25. Dye solar cell facade at SwissTech convention center at EPFL, by Solaronix.

Another effective way to provide the semitransparency is to simply thin the solution-processed
perovskite film and opportunely engineer the electrode for maximum optical transmittance. This
concept is schematized in Figure 1.26 for a typical n-i-p planar architecture. The key point is the
selection of an appropriate TTE with high transparency, high electrical conductivity, robust
chemical stability, low cost, and proper work function. Moreover, the TTE should be processable
without damaging the underlying temperature- and solvent-sensitive layers in the device. To date,
transparent conductive oxides like ITO and FTO dominate the current use of transparent electrodes
in the optoelectronic industry. Unfortunately, TCOs can hardly be employed as top electrodes
because they generally need high-energy deposition techniques (e.g. magnetron sputtering), which
may damage the underlying absorber and charge-transport layers.!* Moreover, their increasing
prices and poor mechanical properties are undesirable for applications in modern and flexible
optoelectronic devices. For these reasons, there has been a growing research interest in alternative

materials to serve as TTEs, such as ultrathin metal (UTM) films,"*’ multilayer
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dielectric/metal/dielectric (DMD) structures, metal nanowires,'*! conductive polymers,'*

graphene,'* and carbon nanotubes.'** Recently, the development of DMD structures has offered
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a compelling approach for the pursuit of high-performance ST-PSCs. Such composite electrodes
are made of an optically thin metal film (< 12nm) embedded between two dielectric materials with
high refractive indexes. They exhibit ideal characteristics to serve as TTEs, such as high electrical
conductivity, enhanced transparency compared with UTM films, low-temperature and solvent-free
deposition, mechanical flexibility, and tunable optoelectronic properties. As an example, Della
Gaspera et al.'*® applied a MoOx/Au/MoOx DMD top electrode to the fabrication of regular ST-
PSCs in 2015, and their devices showed PCEs of 5.3-13.6% with the corresponding AVTs of 31-
7%.

Opaque Top Electrode

LG ] G AT SEMITRANSPARENT

DESIGN T1E
PEROVSKITE / /
ETL (compact TiO;) ETL (compact TiO,)
Glass/TCO Glass/TCO

Figure 1.26. Schematic device design of a regular planar ST-PSCs.

Another way of fabricating ST-PSCs consists in using a wide bandgap perovskite, of which there
are many known examples (see Section 1.2.1). This strategy proved to be particularly beneficial
for tandem applications. Tandem or multijunction solar cells make use of two or more absorber
layers with different bandgaps to boost PCEs over the limits imposed by the SQ theory.'** The
working principle of tandem PV devices is based on the combination/stacking of different sub-
cells, each of them able to absorb a different portion of the solar spectrum, which allows to
minimize energy losses and reach higher PCEs (see Figure 1.27). In a standard double-junction
configuration, the highest-energy photons are captured by the material with the largest bandgap in
the front cell, whereas the lower-energy photons are allowed to pass through the front cell and
reach the smaller-bandgap semiconductor rear cell, enabling a more efficient use of photon energy.

To date, high-efficiency tandem solar cells have been demonstrated by combining conventional
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PV technologies (c-Si, CIGS, and CdTe solar cells) with perovskite solar cells of different
bandgaps into 2-terminal (2T) or 4-terminal (4T) configurations.!'3!"!3 In particular, perovskite/c-
Si tandem solar cells have recently achieved an outstanding record PCE of 28%, certified by the
National Renewable Energy Agency (NREL).>* Also, all-perovskite tandem photovoltaics are
attracting great attention since they could deliver lower fabrications costs while still enabling an
efficient harvest of solar energy. Recently, Eperon et al.!* have achieved a breakthrough on
perovskite-perovskite tandem photovoltaics using perovskite materials with ideally matched

bandgaps, demonstrating efficiencies as high as 17% for 2-T devices and 20.3% for 4-T devices.
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Figure 1.27. Working principle of a tandem solar cell. The front cell absorbs the higher-energy
photons only, while the lower-energy photons of the solar spectrum can reach the rear cell,
where they can be absorbed and converted. (adapted with permission from Ref. %)

1.2.7. Current Issues and Future Outlook

Despite the astonishing progresses achieved in the last years in terms of power conversion
efficiency, the PSC technology is still facing some challenging issues with regard to the operation,
composition and stability of devices that need to be addressed before commercialization. Some of

these challenges are discussed point-by-point here below.

Stability of materials

The biggest obstacle to the large-scale commercialization of PSCs is their rapid performance
degradation, especially when stored under ambient conditions.!*”-!*® The intrinsic instability of

hybrid halide perovskites associated with their ionic nature, as well as their degradation induced
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by the permeation of oxygen and moisture from the atmosphere are the major reasons. A proposed

degradation mechanism induced by humidity and oxygen is the following:
a) CH3NH3PbI; (s) <> Pbl; (s) + CH3NHsI (aq)

b) CH3zNHsl (aq) «» CH3NH: (aq) + HI (aq)

c) 4HI(aq) + 02 (g) < 212 (s) + 2H20 (1)

According to this mechanism, the highly hygroscopic MA™ cation could be removed from the
perovskite lattice upon contact with moisture and then could combine with iodine to reform
aqueous MAI and solid Pbl (step a). Next, the MAI may decompose into aqueous methylamine
and HI (step b), followed by degradation of HI by a redox reaction with O (step c), producing
H>O and L. The Gibbs free energy associated with the third step is largely negative, indicating that
this reaction is highly favorable and highlighting the relevance of this step in the decomposition
process. Other proposed mechanisms involve the formation of hydrated products (MAPbI3-H20)
or photoinduced reactive peroxide or superoxide species. Due to such side effects from oxygen
and moisture, the perovskite materials are typically processed inside the glove box. However, some
studies curiously showed that proper humidity levels could be helpful on enlarging perovskite
crystal sizes towards higher performance and improved stability.'*

In addition, the high temperature would also lead to perovskite decomposition. Several groups
reported the low thermal conductivity of MAPbIs.!*° Moreover, the decomposition of MAPbX3
(X=Cl, Br, I) was observed starting from 130 °C, confirmed by the emergence of new peaks in the
XRD patterns.'>! Therefore, these materials would most likely suffer a PCE degradation during
the long-term device operation due to accumulated heat inside the film. The degradation of
perovskites may also derive from the interaction with ultraviolet (UV) light at the TiO> layer.!>
Assisted by UV light, TiO; could interact with I and form I, in the same way as it occurs in typical
DSSCs. Therefore, it could destroy the perovskite crystal structure with detrimental effects on the
device performance. Applying a proper UV-filter was suggested by several groups.'™

The stability issue of the perovskite solar cells may not only come from the intrinsic instability of
perovskites, but also from adjacent materials and interfaces. In fact, PSCs are composed of several
layers with different compositions, and the possible corrosion or formation of complexes induced
by chemical interactions must also be taken into account. As previously mentioned, common HTL

additives such as LiTFSI and TBP can facilitate device degradation by interacting with moisture
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(LATFSI is highly hygroscopic) or forming complexes with Pbl> (TBP can dissolve Pbl,, forming
Pbl'TBP complexes).!'® Recently, Kato et al.!** detected iodine from the perovskite at the Ag
electrode after aging in the dark under inert atmosphere and proposed a mechanism for Agl
formation. They also observed that the corrosion was even more severe when the devices were
aged under humidity, thermal stressing, and light soaking. Thus, a careful choice of materials and
interfaces is necessary to prolong device lifetime. Moreover, it was found that the defects and trap
states from perovskite grain boundaries (GBs) and at the interfaces also play a critical role in
decomposition of PSCs, accelerating the aforementioned degradation mechanisms.!>> Therefore,
suppressing trap-assisted non-radiative recombination and reducing defect density could be
beneficial not only in terms of power conversion efficiency, as previously discussed, but also for

long-term device stability.

Toxicity issues

The most used metal cation in PSCs is lead, which has proven to be the superior constituent, both
in terms of performance and stability. However, the environmental impact of its usage due to its
toxicity is becoming an important issue for commercial PSC development. Even though it has been
demonstrated that the possible contamination from PSCs would be relatively insignificant
compared to other lead pollutions,'* and that using lead from daily waste can produce solar cells
with the same efficiency as those fabricated using pristine material purchased from commercial

suppliers,’

studies on lead-free PSCs cannot be neglected. In recent years, substantial research
efforts have been focused on considering the replacement of toxic Pb** with other more
environmentally friendly metal cations, without compromising on efficiency and stability.!® The
first material identified as promising for this substitution was Sn. As previously mentioned, a
partial substitution of lead by tin was reported by Zuo et al., who demonstrated a PCE of 10.1%.%*
However, the complete substitution of lead is difficult because tin-based perovskites are extremely
reactive, with Sn>" oxidation state being chemically unstable and easily oxidizing to Sn**. Another
intensively studied candidate is bismuth, which can form a stable (MA);Bizlo perovskite
material.'>® This material shows several advantages, such as non-toxicity, ambient stability, and
low-temperature solution processability. Unfortunately, (MA);Bislo-based devices could only be

able to reach PCEs of less than 1%. Other types of lead-free perovskites such as MAGelz, MASTr1;,

and MACals, have also been reported, although with poor results.'®162 It is discouraging to note
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that the performances achieved until now by completely lead-free perovskite devices are very low,
with a maximum PCE of 6.22% yielded by FASnIs-based devices.!®® Therefore, investigation of
new lead-free perovskite solar cells and development of new strategies to enhance their PV

performance still remain open challenges.

Hpysteresis Effects

Another challenging issue of PSCs is the presence of hysteresis in the current-voltage (I-V) output,
consisting in the irreproducibility of the I-V curve depending on the voltage scan direction and
speed. First reported by Dualeh et al. in 2014,'%* the hysteretic behavior generally manifests itself
in an improvement in apparent device performance under reverse scan (forward bias to reverse
bias) as compared to forward scan (reverse bias to forward bias) and is observed most at moderate
scan speeds. Understanding the cause of hysteresis is essential to avoid ambiguities in the PSCs
characterization and to improve the stability of the device.

A number of mechanisms have been proposed to explain the observed hysteresis in perovskite
solar cells. The three most discussed processes are: (1) charge trapping and detrapping dynamics
resulting from a large defect density in the perovskite film and/or at the interfaces; (2) ferroelectric
polarization of the perovskite material induced by the applied electric field; (3) ion migration for
which excess ions could accumulate at interfaces and modify the built-in potential.!®> In support
of the first mechanism, it has been demonstrated by several groups that perovskite crystals with
larger grain sizes show less prominent hysteresis effects due to the reduced amount of grain
boundaries.'® At present, there is no single universally accepted mechanism behind hysteresis,
and it is of course possible that the aforementioned processes occur concurrently. The lack of a

complete understanding demands further investigation in the future.

Manufacturing Challenges

To fabricate marketable large-area PSC devices, researchers also need to mitigate the costs
associated with manufacturing and to scale up the constituent layers while maintaining high
efficiency and reproducibility. As widely discussed above, solution processability is one of the key
advantages of perovskite solar cells over traditional PV devices, as this property allows for the use
of low-cost solution-based fabrication techniques. However, some of the PSC components, such

as spiro-MeOTAD, are very expensive, at least at the laboratory scale. Most of the organic HTMs
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used in PSCs are synthesized by coupling reaction using palladium, which is an expensive metal,
as a catalyst, and this consequently increases the manufacturing costs. Therefore, alternative
materials or protocols should be developed in the prospect of future commercialization. Similarly,
the fabrication costs of ETMs and perovskite materials should be reduced, for example by
replacing the conventional sintering procedure of TiO> with other low-temperature processes.

In addition to cost, the other important challenge in PSC manufacturing is the scaling up. The spin-
coating technique has achieved great success in fabricating small-area PSCs, leading to the highest
efficiencies reported to date. However, the deposition of uniform and high-quality perovskite films
over large areas using spin-coating is very challenging. The same issue is valid for the other layers.
Several scalable techniques such as slot-die coating, doctor blading, and inkjet printing have been
explored as an alternative, and fully-printable PSCs yielding respectable PCEs have been
demonstrated. In addition to the uniformity and quality of the perovskite and charge-transport
layers, the conductivity of the TCO layer is vital to maintain high performances, and this could be

an issue over large-area substrates that needs to be addressed.’!

Future Outlook

Efficiency, cost and stability are the three main pillars for starting an effective commercialization
of'a given PV technology. Despite the high efficiencies and low-cost fabrication protocols of PSCs,
the poor stability of the hybrid perovskite under ambient conditions is still a major issue that has
to be addressed. A substantial research emphasis is being placed on developing new strategies to
avoid both intrinsic and extrinsic degradation mechanisms, and considerable advances are being
achieved through rational compositional engineering, defect passivation, and hermetic
encapsulation solutions. The PV community is also aware about the toxicity associated with the
lead content in PSCs. Alternative lead-free perovskite absorbers have been extensively explored,
but the corresponding devices generally suffer from poor performances. Anyway, it has been
calculated that the possible contamination from lead-based PSCs would be relatively insignificant
compared to the amount of lead released by other human activities, for example though a coal
burning power station. In addition, it has been demonstrated that high-efficiency PSCs can also be
fabricated using lead from recycled lead-acid batteries or isolating Pbl, from previous devices, an
encouraging result from a recycling and lifecycle perspective. Concerning the anomalous

hysteresis observed for hybrid perovskites, it has been proposed that the grain size of perovskite
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crystals should be larger while the defects located at the interfaces should be passivated in order
to reduce the charge trapping/detrapping dynamics behind this phenomenon. Other hypothesized
mechanisms, such as ion migration and ferroelectric polarization, are still under scrutiny. The
complete elimination of hysteresis would enable a more correct characterization of the devices and
the fabrication of long-term stable PSCs. Lastly, there is also a substantial progress in fabricating
large-area PSC devices through scalable solution-based fabrication techniques, which is of interest
for the practical applications.

In summary, the current limitations impeding the commercialization of PSCs are now well known
and tackled by numerous research groups around the world. Recent advances and perspectives are
encouraging, especially in terms of efficiency/cost ratio. Very recently, Song et al.'®” reported a
comprehensive study evaluating the direct manufacturing cost of a perovskite module. Based on
their results, the PSC technology seems to have all the trumps to emerge as a cost leader in the

future energy PV market.
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1.3. Aim and Outline of the Thesis

The present Ph.D. thesis is a report of over three years of work carried out at the Department of
Physics and Chemistry of the University of Palermo on the topic of hybrid organic-inorganic PSCs.
More specifically, the aim of the work was to develop new strategies for the fabrication of cost-
effective, semitransparent PSCs in the prospect of BIPV and tandem applications, as well as to
explore alternative charge-transport materials, solvent additives and interface engineering
approaches towards effective defect passivation and performance enhancement, both in terms of
efficiency and stability. The experimental methods and measurement setups used in this thesis to
fabricate and characterize the solar cells are detailed in Chapter 2.

In Chapter 3, a novel DMD multilayer transparent electrode with high transparency and
conductivity based on non-precious copper and molybdenum suboxide is developed and
successfully incorporated as the hole-collecting top electrode in planar n-i-p ST-PSCs yielding
PCEs as high as 12.5%. A fine tuning of the perovskite layer thickness is also carried out to further
enhance the device transparency up to a maximum AVT approaching the benchmark of 25% for
solar window applications. This work is believed to be the first example of the fabrication of planar
n-i-p ST-PSCs using a Cu-based DMD top electrode and hence constitutes an important step
forward in the replacement of the conventional Au- and Ag-based DMD structures, which are
generally much more expensive (Au) and/or less stable (Ag).

Chapter 4 presents the improvements achieved in perovskite layer morphology and crystallinity
by using o-terpineol as a solvent additive in the precursor solution. The impact of these
improvements on the PSC performance and stability is thoroughly evaluated. In particular, a
significant PCE enhancement from 13.9% to 15.4%, as well as an improved stability under inert
conditions are demonstrated and justified in terms of reduced non-radiative recombination.
Lastly, Chapter S focuses on the role of selective charge-transport materials on the device
performance. Specifically, the first part of this chapter explores the potential of three different
copolymers as alternative dopant-free HTLs in planar n-i-p PSCs. Improved PCEs are
demonstrated for one of the three copolymers compared to pure solution-processed spiro-
MeOTAD and P3HT films. In the second part of Chapter 5, doped TiO2 nanoparticles as well as
one-dimensional (1D) TiO2 nanorod arrays are successfully prepared in the form of thin films.

Their potential as mesoporous scaffolds in regular mesoscopic PSCs is investigated and discussed.
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Chapter 2

Experimental Methods

This chapter introduces the various experimental methods used throughout this thesis.
Specifically, Section 2.1 describes the thin-film deposition techniques used in the manufacture of
solar cells. The fabrication procedures followed for the different cell architectures are detailed in
Section 2.2. Section 2.3 is dedicated to the electrical characterization of the completed
photovoltaic devices, while Section 2.4 provides background information on the techniques used

to characterize the opto-electrical and morphological properties of thin films.
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2.1. Thin-Film Deposition Techniques

The controlled deposition of materials as thin films is a fundamental step in the manufacture of
perovskite solar cells. Proper understanding of thin-film deposition processes is crucial to
fabricating high-efficiency devices. In this thesis, two main deposition techniques were used: spin-
coating (to deposit perovskite and charge-transport layers) and vacuum thermal evaporation (to

deposit metal top electrodes and electrode interlayers).

2.1.1. Spin-coating

Spin-coating is one of the most common techniques employed to deposit uniform thin films from
solution. It is widely used in the manufacture of integrated circuits, optical mirrors, solar cells,
detectors, sensors, photoresists, flat screen display coatings, etc.!”” In short, it is ubiquitous
throughout the nanotechnology and semiconductor sectors. This technique simply utilizes
centrifugal forces created by a spinning substrate to spread a coating solution evenly over the
surface. In general, the spin mechanism requires a sample holder (typically connected to a vacuum
pump), a motor and controller used to spin the substrate at a specified spin rate and time, and a

spin bowl to catch excess material. The spin-coating setup is schematized in Figure 2.1.

Solutio

Spin

Substrate

To vacuum pump

Figure 2.1. Basic setup for spin-coating.

The whole process of spin-coating can be divided into four key stages: deposition, spin-up, spin-

off, and evaporation (see Figure 2.2). In the first stage, the desired material (or suitable precursors)

62



Chapter 2: Experimental Methods

is dissolved in an appropriate solvent and the resulting solution is dispensed onto the substrate.
Liquid dispensing can be static (the solution is placed upon the substrate while it is stationary) or
dynamic (the solution is dispensed as the substrate is rotating). The latter is generally preferred as
it is a more controlled and reproducible process. For this reason, a dynamic procedure was selected
in this thesis for the deposition of perovskite films, as described in Section 2 of this chapter. The
second stage, called spin-up stage, is when the substrate is accelerated up to its final, desired,
rotation speed, typically between 1000 and 5000 rpm. This stage is characterized by aggressive
expulsion of the excess fluid from the surface of the substrate due to centrifugal forces. In the spin-
off stage, also known as flow-controlled stage, the substrate rotates at a constant rate and viscous
forces dominate fluid thinning behavior. As the fluid thins down, the expulsion of the excess fluid
decreases because the thinner the film, the higher its resistance to flow. The last stage is the drying
stage, in which centrifugal outflow stops and evaporation becomes the main mechanism of solvent
removal and thinning of the film (evaporation-controlled stage). The applied solvent is usually
volatile, and hence evaporates relatively quickly (typically within 30 seconds). Complete

evaporation results in the formation of a solid thin film on the substrate.

J

Q Solution doo/dt#0
ZE S o
1) Dispensing 2) Spin-up
(0] (D““ I\\ Air flow
S e
$2 2322828
3) Spin-off 4) Evaporation

Figure 2.2. Stages of thin film deposition by the spin-coating method.
Several processing parameters are involved in the spin-coating method, including dispense

volume, spin speed, acceleration rate, solution viscosity and concentration, spin time, efc. The spin

speed of the substrate is one of the most important factors as it affects the degree of centrifugal
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force applied to the liquid as well as the velocity and turbulence of the air immediately above it.
In general, the thickness of a spin-coated film is proportional to the inverse of the spin speed

squared as in the below equation, where t is the thickness and o is the angular speed:

t % 2.1

The final thickness of the film will also depend upon the material concentration and solvent
evaporation rate, which in turn depends upon the vapor pressure, viscosity, temperature, and
humidity. Mathematically modeling the spin-coating process and predicting the resulting film
thickness is extremely challenging because of the complex coupling of fluid rheology and solvent
evaporation. For this reason, a test film is typically spin-coated and the thickness measured by
surface profilometry, ellipsometry, or atomic force microscopy (see Appendix A).

The selection of appropriate solvent is crucial to the outcome of any spin-coating process. Low
boiling point solvents such as chloroform, chlorobenzene, and isopropanol are typically used as
they evaporate quickly to give good surface coverage. Contrarily, if a high boiling point solvent is
used, surface coating is harder to be achieved because the liquid has time to dewet and is flung off
the side. An interesting way to improve spin-coating uniformity is to use a mixture of solvents,
whose major component has a low boiling point (fast evaporation rate), whereas the minor has a
high boiling temperature (low evaporation rate). In this way, the fast evaporating solvent is
removed quickly, ensuring a good surface coverage, and the remaining minor component leaves
enough plasticity for atoms and molecules in the film to self-organize before the film itself is
completely dried. A strategy of this type was developed as a part of this thesis and enabled
perovskite films with enhanced uniformity and crystallinity to be obtained by using a mixture of
dimethylformamide and a-terpineol (see Chapter 4).

Spin-coating is an incredibly effective technique for thin film research. It is simple, quick, low-
cost, and extremely versatile as it can work with many types of coating solutions and can be
controlled by a few parameters to yield a well-defined coating. The biggest disadvantage of spin-
coating is its lack of material efficiency: typical spin-coating processes utilize only 5-10% of the
material dispensed onto the substrate, while the remaining 95-90% is flung off the edge of the
substrate and wasted. Moreover, it is an inherently batch-to-batch (single substrate) technique and
therefore has a low throughput compared to other deposition processes. Despite these drawbacks,

spin-coating is usually the starting point and benchmark for most research and industrial activities
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that require a thin and uniform surface coating. In this thesis, spin-coating depositions were
performed either in ambient conditions using a Laurell spin-coater (model WS-650S-
6NPP/A1/ARI) or in an inert atmosphere using a spin-coater (model MB-SC-200) located inside
a nitrogen-filled glove box system (MBRAUN, Germany).

2.1.2. Vacuum Thermal Evaporation

Vacuum thermal evaporation is a very well-known technology adopted in opto-electronics to
produce thin films and surface coatings.® ' It is regarded as one of the traditional physical vapor
deposition (PVD) techniques, a family of thin-film deposition methods which rely on the
vaporization of material from a solid source and its subsequent condensation onto a substrate
surface in a high vacuum environment. PVD technologies differ from one another basically in the
methods used to form the coating vapor. In the thermal evaporation process, vaporization is
accomplished by heating the source material above its evaporation (or sublimation) point using
electrical energy. Most commonly, the required heat is provided by passing a high electrical current
through a resistive element which contains the material to be deposited. The latter is thus
intensively heated by the Joule effect until its evaporation (resistive thermal evaporation).

A simple evaporator diagram is shown in Figure 2.3. The deposition system consists of a vacuum
chamber, which in typical laboratory equipment is designed to achieve high vacuum levels (107°
mbar). The absence of other gas molecules in the chamber allows for a collision-free path of the
evaporated material to the substrate and prevents unwanted reactions, heat transfer and
contamination. Since heating is accomplished in a vacuum, the temperature required for
vaporization is significantly lower than the corresponding temperature required at atmospheric
pressure. In addition to a vacuum pump, any evaporation system includes a series of thermal
sources, called evaporation sources, in order to allow either multiple or co-deposition processes.
Each source can allocate a suitable resistive element where the target material is placed (in the
form of powder, wire, or pellets) and which can be heated very simply by means of an external
power supply. Typical resistive elements are made of refractory metals such as tungsten, tantalum,
and molybdenum (capable of withstanding high temperatures) and are available in different shapes
and configurations — filament, boat, crucible, basket — to allow for rapid heating and to realize a

uniform distribution of the vapor flux. The two types of resistive elements used in this thesis are
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shown in Figure 2.4. The substrate to be coated is loaded in a suitable substrate holder which is
usually positioned above the sources and can be mechanically rotated so that all exposed surfaces
of the sample are uniformly coated during the evaporation process. A shadow mask, also referred
to as an evaporation mask, is typically installed below the deposition surface of the substrate in
order to obtain a specific deposition pattern. The mask simply stops material from being deposited
onto a sample in a desired pattern overlay, creating a ‘shadow’ area on the substrate on which no
material is deposited (see Section 2.2). The evaporation chamber is also equipped with different
mechanical shutters which allow to protect the sample from uncontrolled deposition during

ramping up or cooling down of the sources.

Vacuum Substrate
chamber ™\ holder

!

[~ Substrate

Resistive
boat —_| 1 Vapor flux
\T\T_‘

e R —

To pumping system

Figure 2.3. Schematic of a thermal evaporation system.

During the evaporation process, the input power is opportunely adjusted to reach the desired
deposition rate, which is determined by the vapor pressure of the source material at the evaporation
temperature. The deposition rate is commonly measured using a quartz crystal microbalance
(QCM) located inside the chamber. This device consists of a resonator plate which mechanically
oscillates when ac voltage is applied to it (thanks to the piezoelectric effect). As material is
deposited onto the crystal, the resonance frequency of oscillations decreases, and this can be used
to calculate the thickness of the deposited layer. The quartz crystal monitor must be opportunely
programmed for each material (density, Z-ratio, and tooling factor). The Z-ratio is a parameter that

corrects the frequency-change-to-thickness transfer function for the effects of acoustic impedance
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mismatch between the crystal and the deposited material. The tooling factor is used to correct the

geometrical difference between the position of the crystal sensor and the substrates.

www-oxford-vacuum.con www-oxford-vacuum.com

Figure 2.4. Examples of resistive elements for thermal evaporation: spiral tungsten filament
(left),; dimpled boat in a resistive media (right).

Thermal evaporation represents a simple and versatile coating technology, applicable to a wide
combination of coating substances (metals, alloys, ceramics) and substrate materials (metals, glass,
plastics). It is most commonly used to deposit metallic contact layers for thin-film devices,
including solar cells and transistors, but virtually anything that can be heated to vaporization can
be deposited by resistive evaporation. Key advantages of this technique, with respect for example
to solution-based processes, are the possibility of achieving a nanometer control of each layer
thickness and the capability of easily stacking multilayers. These advantages were widely
exploited in this thesis for the fabrication of multilayer transparent electrodes (see Chapter 3). On
the other hand, one issue that has to be considered is the material usage, which may not be efficient
due to lack of directionality of the evaporation cone. Control of uniformity requires relatively large
chambers where the samples can be positioned far away from the sources, this resulting in a
significant waste of material. In this thesis, a thermal evaporator (MB-EVAP) integrated in the
glove box system and equipped with a turbo pump and a rate/thickness monitoring unit (SQM-

160) was used.

67



Chapter 2: Experimental Methods

2.2. Solar Cell Fabrication

In this thesis, solar cells were prepared by depositing a series of thin layers on top of FTO-coated
glass substrates through the spin-coating and thermal evaporation techniques. Perovskite cells with
two different architectures were fabricated: planar n-i-p (regular) architecture; mesoscopic n-i-p
(regular) architecture. The planar n-i-p architecture was extensively used in the part of the thesis
reported in Chapters 3 and 4 and focused on semitransparent design and additive engineering. On
the other hand, mesoscopic structures were used in Chapter 5 to investigate the efficiency of new

mesoporous titania scaffolds. The corresponding fabrication procedures are detailed here below.

2.2.1. Materials

The choice of material grade, material supplier and subsequent purification steps is vital to ensure
reproducibility of cell performance. In this thesis, all chemicals were used as received without any
further purification. Methylammonium iodide (MAIL, 99.9%) was purchased from Ossila. Lead
chloride (PbClz, 99.999%), gold wire (Au, 99.9%), silver wire (Ag, 99.99%), copper wire (Cu,
99.999%), and hydrochloric acid (HCIl, 37 wt% in water) were obtained from Alfa Aesar.
Titanium(IV) isopropoxide (99.999%, trace metals basis), titanium(IV) butoxide (97%, reagent
grade), molybdenum (VI) oxide (MoOs3, 99.97%, trace metals basis), 4-tert-butylpyridine (TBP,
96%), bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, 99.95%, trace metals basis),
chlorobenzene (CB, anhydrous, 99.8%), acetonitrile (ACN, anhydrous, 99.8%), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), isopropyl alcohol (IPA, anhydrous, 99.5%), ethyl
alcohol (>99.8%), acetic acid (99%), 2-ethylimidazole (98%), a-terpineol (90%, technical grade),
Triton X-100 (laboratory grade), ethyl cellulose (viscosity 22 cp, 5% in toluene/ethanol 80:20),
urea (>98%, reagent grade), and chloroplatinic acid hydrate (99.995%, trace metals basis) were
supplied by  Sigma  Aldrich.  2,2°,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9-
spirobifluorene (Spiro-OMeTAD) was obtained from Solaronix. Fluorine-doped tin oxide (FTO)-
coated glass slides (TEC7) were purchased from two different suppliers: Dyesol (used in Chapter
3) and Visiontek Systems Ltd (used in Chapter 4 and 5). Both types of FTO provided a sheet
resistance of 7 Q sq !. Poly(3-hexylthiophene-2,5-dyil) (P3HT, regioregular 91-94%, average M,
50-70K, electronic grade) was supplied by Rieke Metals. The three conjugated copolymers used
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in Chapter 5 as alternative hole-transport layers were synthesized by Dr. Francesco Giacalone and
co-workers from the Department of Biological, Chemical, and Pharmaceutical Sciences and
Technologies (STeBiCeF) of the University of Palermo. More details about these three copolymers
can be found on Chapter 5.

2.2.2. Planar n-i-p Architectures

Reference Protocol

Proper cleaning and preparation of substrate is critical to the success of the subsequent spin-coating
deposition. FTO-coated glass substrates were cut into a required dimension (25 mm X% 25 mm) and

subjected to the following cleaning procedure:

- ultrasonic bath in acetone for 15 min;
- ultrasonic bath in isopropyl alcohol for 15 min;

- drying in nitrogen (Nz) flux.
The substrates were then kept at 110 °C for approximately 16 hours.

After the standard cleaning procedure, the substrates were exposed to ultraviolet-ozone (UVO)
treatment for 40 minutes in order to remove any organic contamination and improve the wettability
of the hydrophobic FTO layer. Immediately after UVO cleaning, a compact titania (c-TiO>) hole-
blocking layer was deposited by a sol-gel route: a mildly acidic solution of titanium(IV)
isopropoxide in isopropanol (titanium isopropoxide /2 M HC1/IPA =175 pL / 17.5 uL /2.5 mL)
was spin-coated through a 0.2 um PTFE filter onto the FTO substrate at 2000 rpm for 60 s, and
then calcined in air at 500 °C for 45 min. During the spin-coating step, a small area in one edge of
the substrate was masked by means of common adhesive tape in order to keep a portion of the FTO
layer uncovered for subsequent electrical characterization.

The mixed-halide CH3NH3PbI;xClx perovskite was selected to be the absorber material. To
prepare the CH3NH3PbI3.«Clx film, a 3:1 molar ratio of CH3NH;3I and PbCl, was dissolved in
anhydrous DMF at a concentration of 40 wt%. To ensure a complete dissolution, the mixture was
stirred overnight at room temperature. The obtained precursor solution was spin-coated
dynamically onto the TiOz-coated FTO substrate at 2000 rpm for 20 s (one-step spin-coating;
dispense volume = 140 pL), followed by thermal annealing on a hot plate at 105°C for 1.5 h. The
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gradual formation of the desired perovskite phase during the thermal treatment was very obvious
to the eye, involving a typical color transition from bright yellow to dark brown/black.
Subsequently, a hole-transport layer was deposited from a solution consisting of 72.3 mg of spiro-
OMEeTAD dissolved in 1 mL of CB, 28.8 uL of TBP, and 17.5 pL of a LiTFSI solution (520 g/L
in ACN). The solution was spin-coated on the perovskite layer at 4000 rpm for 45 s. The devices
were then stored overnight inside a desiccator in air to allow the oxidation of spiro-OMeTAD.
Lastly, the opaque top electrode, consisting of 6 nm thick MoOx as anode buffer layer and 100 nm
thick Ag or Au as rear contact, was thermally evaporated onto the FTO/c-TiO2/CH3NH3PblIs.
«Clx/spiro-OMeTAD surface through a shadow mask under a vacuum of 5x10°® mbar. The mask
used in this work consists of a brass plate with holes drilled in it. The holes were of different
diameters, namely 2, 3 and 4 mm, enabling the investigation of the effect of the increasing active
area (3.14, 7.07 and 12.56 mm?, respectively) on the device performance. The evaporation rate
was set to be 0.3 A/s for MoOx and 2 A/s for Ag or Au. Except for the ¢-TiO deposition, all the
processing steps were performed within a glove box system (MBraun, Germany) filled with N>

(O2, H20 < 0.1 ppm). The complete fabrication procedure is schematized in Figure 2.5.

(PbCl, + 3 CH,NH,) /DMF é 6 Spiro-OMeTAD/CB

1. One-step
spin-coating
g\°° = : : %
L0 compact 110, _ CHyNH4Pbl,Cl, o,
&C}(QQ Glass/FTO compad TiO, 2 .
C %0, Q 2. Annealing = Glass/FTO \ % Q
. 105°C H
Ti(Iv)- A

isopropoxide /IPA C

Glass/FTO
Q — compact TiO,
Spin-coater CHaNHPDI;,Cly Thermal Glass/F1O
compadt TiO, evaporation
Glass/FTO

Figure 2.5. Schematic of the fabrication procedure used in this work to prepare planar n-i-p
PSCs with a glass/FTO/CH3NH;3PbI3.<Cl/spiro-OMeTAD/MoO./Ag (or Au) architecture.
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Semitransparent Design

The semitransparent solar cells investigated in Chapter 3 were prepared with the same n-i-p planar
architecture, but the opaque top electrode was replaced with opportunely designed DMD
transparent electrodes. In particular, a novel multilayer MoOx (6 nm)/Au-seed (1.5 nm)/Cu (9.5
nm)/MoOx (20 nm) DMD transparent electrode was developed by thermal evaporation and used
as a top anode. The evaporation rate was set to be 0.3 A/s for MoOx, 0.1 A/s for Au, and 0.4 A/s
for Cu. For comparison purposes, MoOx/Au/MoOx and MoOx/Cu/MoOx transparent architectures
were also prepared, where the gold-seeded Cu layer was replaced by a 11-nm-thick Au or Cu film
respectively. All the layer thicknesses were monitored through the calibrated quartz crystal
microbalance placed inside the evaporation chamber. Therefore, the very small thicknesses given
in Chapter 3 must be interpreted in terms of equivalent thickness, indicating the amount of
deposited material. In addition, the perovskite thickness was opportunely tuned by varying the
precursor concentration in order to achieve acceptable transparency levels for practical ST
applications. Four different concentrations of the precursor solution were used, namely 15, 20, 30

and 40 wt%. The active area of the devices was 3.14 mm?.

a-Terpineol as Solvent Additive

In this thesis, the potential of a-terpineol as a solvent additive was also explored, as reported in
Chapter 4. The additive was incorporated into the CH3NH3Pbl3xClx precursor solution prior to the
one-step spin-coating deposition. Two different concentrations of a-terpineol were used, namely

5 and 25 g/L, and the corresponding effect on the perovskite morphology was investigated.

Alternative Hole-Transport Layers

In Chapter 5 three different conjugated copolymers, as well as P3HT, were used as dopant-free
HTMs in place of spiro-OMeTAD. For the spin-coating deposition of the hole-transport layers,
the above materials were dissolved in CB at a concentration of 15 g/L, without the addition of any
doping additive. The obtained solutions were spin-coated through a 0.2 um PTFE filter onto the
perovskite/c-Ti02/FTO/glass substrates at 2000 rpm for 45 s.
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2.2.3. Mesoporous n-i-p Architectures

The mesoporous n-i-p PSCs studied in Chapter 5 were fabricated with the same procedure as that
used for planar devices, except for the incorporation of a mesoporous titania-based ETL between
the c-TiO> film and the perovskite film. Both zero-dimensional (0D) and one-dimensional (1D)
titania nanostructures were employed to prepare the mesoporous films. Specifically, reduced (blue)
titania nanoparticles (undoped, Pt-doped, N-doped) were synthesized through a sol-gel route and
opportunely dispersed for spin-coating, while titania nanorod arrays were grown directly on top of

the c-TiO2/FTO/glass substrates by hydrothermal method. The protocols are detailed here below.

Synthesis of Blue Titania Nanoparticles

Reduced (blue) titania was synthesized as reported by S. Hamdy et al.:'! a solution composed of
12.6 mL of ethanol, 2 mL of HCI (37%), 2 mL of titanium(IV) isopropoxide, and 1.8 g of 2-
ethylimidazole was stirred for a period of 15 min at 350 rpm and subsequently calcined at 500 °C
for 5 h in a porcelain crucible inside a preheated oven. The obtained precipitation was opportunely
washed and then dried at 80 °C overnight, resulting in a bluish/greyish powder. To obtain N-doped
and Pt-doped blue titania nanoparticles, 0.4 g of urea or 0.02 g of chloroplatinic acid hydrate were
added to the starting solution, respectively.

To fabricate the mesoporous layers, blue-TiO: pastes were prepared by dispersing 100 mg of the
obtained blue-TiO2 nanoparticles (undoped, N-doped, or Pt-doped) into a solution containing 2.53
mL of ethanol, 25 mg of ethyl cellulose, 20 uL of ultrapure water, 20 uL of acetic acid, 10 puL of
Triton X-100 (used as a dispersing agent), and 324 uL of a-terpineol (used to provide proper
viscosity). The pastes were vigorously stirred overnight and then left for a couple of hours to
suppress the formation of bubbles. The as-prepared blue-TiO; slurries were deposited onto c-
Ti02/FTO/glass substrates by spin-coating at a rate of 5000 rpm for 30 s and then calcined at 500

°C for 30 min to obtain the desired mesoporous films.

Hydrothermal Growth of Titania Nanorod Arrays

TiO> NR arrays were grown by hydrothermal method as reported by W. Liu et al.:'> 15 mL of
HCI (37 wt% in water) was diluted with 15 mL deionized water, and then 260 pL of titanium (IV)
butoxide was added dropwise into the above mixed solution under magnetic stirring. Subsequently,

a c-Ti02/FTO/glass substrate was submerged with face-down into the above precursor solution in
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a Teflon-line stainless steel autoclave, heated at 150 °C for 2 h, and then cooled down to room
temperature naturally. The obtained white film-coated FTO glass was washed with deionized
water, dried in air, and finally calcined at 500 °C for 30 min to increase the crystallinity. The as-
prepared TiO2 NR film was used as a mesoporous scaffold in mesoscopic n-i-p PSCs. To achieve

higher PCEs, the autoclaving time was reduced from 2 h to 1 h, and then from 1 h to 0.5 h.
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2.3. Cell Characterization and Testing

In this section, the equipment required and methods used to test the electrical output performance

of the solar cells are briefly described.

2.3.1. Solar Simulation

For a reliable photovoltaic testing, accurate illumination is critical to allow comparisons between
samples of different designs from various manufacturers. Outdoor testing with sunlight under the
natural ambient conditions would be an ideal circumstance as it represents reality. However, the
incident solar radiation intensity, angle of incidence, direct-to-diffuse ratio, albedo, spectral
distribution, ambient temperature and weather conditions vary so widely that the scientific
requirement of repeatability cannot be achieved. This explains the need for solar simulation and
standard indoor test conditions. '

In order to simulate a particular spectral response, we must first consider the solar spectrum and
its specific features originating from the passing of photons through the Earth’s atmosphere. The
sun emits light with a spectrum approximately equal to that of a black body with a temperature of
5870 K. When photons travel through the Earth’s atmosphere, absorption occurs due to Oz, O3,
H>0, CO», and other molecules and particles. The Air Mass (AM) parameter defines the direct
optical path length of photons through the atmosphere, expressed as a ratio relative to the path
length vertically upwards, with the sun at the zenith. In other words, it refers to the mass of air
through which solar radiation has passed, with AMO corresponding to the solar irradiance just
outside the atmosphere and AM1 corresponding to the light incident normal to the Earth’s surface.
Any deviation from AM1 will increase the path length, leading to higher AM values. Figure 2.6
displays the dependence of AM on the zenith angle (0), with the relative AM ratio calculated using

the following equation:

1

cos 6@

AM =

2.2

The convention for characterizing PV devices is to use the AM1.5G (Global) spectrum, with a
total irradiance of 100 mW c¢m 2, as shown in Figure 2.6, which corresponds to sunlight incident

upon a sun-facing 37°-tilted surface at an angle of 48.2° relative to the normal to the Earth’s surface
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on a clear day. Contrarily to the AM1.5D (Direct) spectrum, the global spectrum also takes into
account scattering, reflections and diffuse sources. This spectrum is representative of the solar
spectrum encountered terrestrially at mid-latitudes, for example much of North America and
Europe. The standard intensity of 100 mW cm 2 is usually chosen as a unit of solar irradiance
“sun” (1 sun = 100 mW cm?2), which is widely used in solar system research. In comparison, AMO
has an intensity of 135 mW cm 2 and is used to simulate the solar spectrum for space applications.
In addition to the AM1.5G spectrum and 100 mW cm 2 irradiance, the Standard Test Conditions

(STC) include a device operating temperature of 25 °C and the absence of wind.

AML1.5:
On tilted surface (37°)
with zenith angle of 48.2°
>
= 'I P
AMO:
At entry point into
atmosphere
AM1:
On horizontal surface a
with sun in zenith Atmosphere
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Extra-terrestrial solar radiation
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Terrestrial solar radiation
(AM1.5G)
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Figure 2.6. Explanation of Air Mass (AM) notion (above). ldeal black body radiation (5870 °C),
AMO and AM1.5G solar irradiance spectra (below).

Careful choice of the source of illumination is required in order to recreate the AM1.5G spectral
profile under laboratory conditions. In this regard, solar simulators play an important part in PV

research as they can offer illumination approximating natural sunlight, thus providing a
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controllable indoor test facility. In general, a solar simulator consists of two main components: (1)
light source and associated power supply; (2) any optical elements and filters used to modify the
output beam in order to meet specific requirements. Regardless of the type, a solar simulator is
currently evaluated based on three unique criteria: (1) spectral match to the reference spectrum
over a certain wavelength range; (2) uniformity of the irradiance within the test plane; (3) temporal
stability of the irradiance during the measurement. Based on these criteria, solar simulators can be
classified in one of three classes: A, B or C. The specifications required for each class have been
defined by different organizations such as the American Society for Testing and Materials
(ASTM).™

Various lamps have been proposed for solar simulation, including xenon arc lamps, metal halide
arc lamps, tungsten halogen lamps, and light emitting diodes (LEDs).!> The xenon (Xe) arc lamp
is the most widely used light source for almost all kinds of solar simulators, principally because of
its stable spectral qualities and excellent continuum in the ultraviolet (UV) and visible regions.
However, this type of lamp is also characterized by many undesirable emission peaks in the
infrared (IR) between 800-1000 nm, which can be filtered by suitable filters, and it requires an
expensive and complex power supply, which makes it nearly the most expensive commercial light
source. A low-cost alternative to Xe lamps is represented by tungsten halogen lamps, with their
inexpensive and excellent light output and consistency. But a key drawback of these lamps that
must be considered is their relatively poor spectral match to the solar spectrum in the UV region,
as evident from Figure 2.7. The brightest tungsten lamps operate at color temperatures of 3200K
(lower than that of the sun of about 5900 K), and as a result, they radiate weaker in the shorter
wavelengths (blue and UV portion) and stronger in the IR portion. Such a mismatch leaves a
significant UV deficit and may invalidate quantitative data. However, this kind of light sources
are a valid alternative to Xe lamps for qualitative or comparative studies with less restrictive
spectrum requirements.

In this report, a halogen lamp (Osram 93592, 400 W, 3200 K) was used to characterize and
compare the electrical performances of the solar cells fabricated in Chapter 3. In Chapters 4 and
5, the characterization of the devices was rather accomplished using a Sunlite Solar Simulator
(model 11002, Class ABA, Abet Technologies) equipped with a 100 W xenon arc lamp and an

AM1.5G filter. The simulators were calibrated using a commercial KG5-filtered Si reference cell
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(model 15151, Abet Technologies) to obtain an incident light power of 100 mW c¢m 2 and to

normalize the output from the device under test.
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Figure 2.7. Simplified spectral profiles of several common light sources.

2.3.2.Current-Voltage Measurements

Solar cells are typically characterized by measuring their current-voltage (I-V) response under
standard illumination conditions.'® A source-measure unit is used to apply a source voltage across
the device and measure the resulting current flow whilst the device is illuminated with a known
spectrum of light. Analysis of the [-V curve allows for the extraction of the PCE and other useful
metrics which give an insight on the workings of the solar cell under test. An example of this can
be seen in Figure 2.8. It should be noted that current density (J) is generally used instead of current
when characterizing solar cells, as the active area of the cell will have an impact on the output
current (the larger the cell, the higher the current).

To understand the electrical behavior of a solar cell, it is useful to create a model which is
electrically equivalent. A solar cell in the dark acts as a diode, a device which enables the flow of
current only under direct polarization (with the anode positively polarized with respect to the
cathode). Therefore, the electrical behavior of an ideal device in the dark can be modelled using

the Shockley diode equation:
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Io = Jo (e% — 1) (2.3}

where Jp is the diode current density, Jo the reverse saturation current density, q the elementary
charge, k the Boltzmann’s constant, and T the absolute temperature. The current density Jo,
observed while working in reverse polarization, is orders of magnitude lower than that flowing in
direct polarization. When the cell is illuminated, a photocurrent Jpn is delivered thanks to the
photovoltaic effect. As a result, the J-V curve is shifted downward into the fourth quadrant of the
J-V plane (see Figure 2.8), where electric power (P = JV) is negative, meaning that it can be
extracted from the device. An ideal solar cell can thus be modelled as a current source connected

in parallel with a diode. Equation 2.3 transforms in:

J=Jo=Jpn=Jo (T = 1) = Jp 2.4}

where J is the output current density of the cell.
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Figure 2.8. Typical current density-voltage (J-V) curves of a solar cell in the dark (dashed line)
and under illumination (solid line). The relevant points on the curve are also indicated.

Since the cell is generating power, the convention is to invert the current axis. The corresponding

equation for the JV curve in the first quadrant is:
qv
J = Jon = Jo (e —1) 25
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However, in reality, no device is ideal, and so Equation 2.5 must be modified to account for

potential losses:

q(V+JRs)
TRRT o — 1] — TR (2.6}

J=Jon—=Jo [e nkr

Rgsp

where n is the diode ideality factor, Ry, the shunt resistance, and Rs the series resistance. Rs
accounts for resistances that may arise from energetic barriers at contacts and bulk resistances
within the layers constituting the solar cell. Ideally, Rs should be close to 0 Q to prevent efficiency
losses due to increased charge carrier recombination, and this can be achieved by ensuring good
energy level alignment of the materials. On the other hand, Rsx accounts for the existence of
alternate current pathways (pinholes in the cell, non-ideal leaky contacts, etc.), and unlike Rs, it is
ideally as high as possible to prevent current leakage. An estimate of Rs and Rgn can be obtained
from the inverse of the slope of the J-V curve at ] =0 and at V = 0, respectively. Based on Equation

2.6, a solar cell can be modelled using the equivalent circuit diagram shown in Figure 2.9.

JphCD Jp § Rsh v

O -

Figure 2.9. The equivalent circuit of a solar cell.

When the cell is operated at open-circuit condition (J = 0), the voltage across the output terminals
is defined as the open-circuit voltage (Voc, see Figure 2.7). Using Equation 2.6, and assuming Rsn
is high enough to neglect the final term, Vo can be expressed as:

Ve = nqﬂln (JLh+ 1) {2.7}

Jo

Similarly, when the cell is operated at short-circuit condition (V = 0), the current flowing through
the output terminals is defined as the short-circuit current (Isc), and the corresponding current
density as the short-circuit current density (Js., see Figure 2.7). For a high-quality solar cell (low

Rs and Jo, and high Rp), Jsc 1s:

]sc z]ph {2~8}
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However, a solar cell neither works in short-circuit nor in open-circuit condition. It is rather
connected to an external load, to which it delivers electric power. The maximum output power

(Pwmpp) that can be delivered by the cell is related to the fill factor (FF) of the J-V curve, which is

defined as:
P 1%

FF = MPP _ JMPPVMPP 2.9
]SCVOC ]SCVOC

where Jvpp and Vwpp are the current density and the voltage at maximum power point (MPP),
respectively (see Figure 2.8).

These key cell parameters (Voc, Jsc, FF) reflect the intrinsic behavior and quality of the device. Jsc
is mainly determined by the number of absorbed photons and by the efficiency of exciton
dissociation in free charge carriers. Vo depends on Jo (see Equation 2.7), which in turn depends
on recombination in the solar cell, and therefore it is a measure of the amount of recombination in
the device. FF is strictly linked to charge transport and recombination as well as shunt and series
resistances. Once extracted from the J-V curve, these metrics can be used to calculate the power
conversion efficiency, which is usually expressed in percentage and is defined as the ratio between

the maximum electric power provided by the cell and the incident light power (Pin):

PCE — PMPP — ]SCVOCFF {2'10}

in Pin

In this work of thesis, all the J-V measurements were performed in glove box at room temperature.
A computer-controlled Keithley 4200 source-measure unit was used to apply a DC voltage ramp
to the sample and measure the resulting output current. Specifically, the J-V characterization

consisted in the following steps:

- J-V characterization in the dark: a voltage scan from —2 V to +2 V was applied to the cell, and
the dark current was recorded. The analysis of the dark J-V curve provides useful information
about the device quality in the dark (rectification properties of the diode, presence of short-
circuits, etc.);

- J-V characterization under illumination (100 mW c¢m 2, 1 sun). The fourth quadrant portion of
the J-V characteristic was obtained by applying a voltage scan from -0.25 V to +1.75 V under
standard illumination conditions. The cells were illuminated across the transparent TCO
contact, using one of the two solar simulators previously described. The simulator is located

out of the glove box, but light can hit the samples inside the glove box across a suitable quartz

80



Chapter 2: Experimental Methods

window. The values of Vo, Jsc, and FF were extracted from each curve, and the corresponding
PCE was calculated at one sun.

- J-V characterization by varying the voltage scan direction. All J-V curves were acquired both
in the forward (from —0.25 V to +1.75 V) and reverse (from +1.75 V to —0.25 V) scan direction,
in order to assess any hysteresis effect in the solar cell under test.

- J-V characterization over time. The solar cells of interest were subjected to repeated J-V
measurements over a certain period of time while stored in glove box, in order to assess their

intrinsic stability.

In the following chapters, all the J-V curves will be reported with the current axis inverted (in the

first quadrant), as dictated by convention.
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2.4. Material and Thin Film Analysis

In addition to the J-V analysis, an in-depth characterization of the employed materials and thin
films was performed in order to further understand the behavior and trends observed in solar cells.
Their opto-electrical, morphological, and structural properties were investigated through a number
of analytical techniques, including UV/vis spectroscopy, steady-state fluorescence spectroscopy,
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), atomic force
microscopy (AFM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and four-
probe method for resistivity measurements. Basic information about each of these techniques is
provided in Appendix A. Optical absorption and transmission spectra of the perovskite films, the
titania mesoporous films, the semitransparent electrodes, and the semitransparent solar cells
fabricated in this thesis were acquired using a SPECORD S600 UV/vis spectrophotometer
(Analytic Jena), equipped with a diode array detector and a combination of halogen and deuterium
lamps as the light source. The spectra were taken over the spectral range 350-1020 nm and
referenced to either air or glass slide. Fluorescence quenching experiments were carried out using
a Fluoromax-4 spectrofluorimeter (HORIBA Jobin Yvon, Edison, USA); the excitation
wavelength was fixed at 525 nm, and the spectra were normalized with respect to the absorbance.
The SEM and AFM techniques were employed to investigate the surface morphology of the
fabricated thin films. SEM imaging was performed using a FEI Quanta 200 microscope equipped
with standard SE and BSE detectors and operated at an accelerating voltage of 30 kV. EDX spectra
of the perovskite films were acquired with an EDAX Genesis XM4i detector (Link Analytical,
Oxford Instruments, UK) in order to evaluate their elemental composition. AFM imaging was
performed by using a Dimension Icon Instrument (Bruker, Germany). All images were acquired
in AM tapping mode, using commercially available silicon probes (RTESP type; Bruker,

Uor less.

Germany) and collecting 512 % 512 points per image at a scan rate of about 1 line s~
Surface roughness was calculated as the root-mean-square roughness Rq from 5 x 5 pm? or 2 x 2
um? AFM images. In Chapter 3, AFM was also used to measure the thicknesses of the perovskite
films and those of the multilayers constituting the DMD electrode. For this purpose, a sharp scratch
was operated on each film using a blade, and the height of the obtained step was measured by
scanning the corresponding area. XRD patterns of the perovskite and titania films were collected

using a Philips PW 1050/39 diffractometer, in the Bragg Brentano geometry, equipped with a Ni-
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filtered Cu Ka radiation source and operating at 40 kV and 30 mA. The XPS technique was mainly
used to acquire compositional depth profiles of the multilayer transparent electrodes fabricated in
Chapter 3. The depth-profiling XPS analysis was carried out with a PHI 5000 VersaProbe II system
equipped with a monochromatic Al K, source and a hemispherical analyser, using Ar" as the
sputtering source (ULVAC-PHI). Sheet resistances of the multilayer transparent electrodes were
measured through the four-probe method using a Summit 1100 probe station (Cascade Microtech,
Inc.), and they were averaged over at least nine measurements per sample. The structures to be
tested were deposited on plain glass substrates as well as on polyethylene terephthalate (PET)

substrates for mechanical stability testing.
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Chapter 3

High-Performance, Semitransparent PSCs
using Nonprecious DMD Top Electrodes

In this chapter, a novel DMD transparent electrode based on nonprecious, less-reactive copper is
developed via thermal evaporation and used as a top anode in the fabrication of high-performance
semitransparent n-i-p perovskite solar cells, the best device yielding a power conversion efficiency
as high as 12.5%. The DMD architecture consists of a gold-seeded Cu thin film sandwiched
between two MoOx dielectric layers. It is demonstrated that Cu self-aggregation and diffusion into
MoOx can be substantially limited by introducing an ultra-thin (1.5 nm) Au seed layer, and
conductive Cu films as thin as 9.5 nm can be achieved. A fine tuning of the perovskite layer
thickness is also carried out to further enhance the device transparency up to a maximum average
visible transmittance of 24%. The following results have been object of a publication in the journal

of Advanced Materials Technologies (Wiley).!
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3.1. Motivation of the study

In recent years, a significant emphasis has been placed on developing multi-functional solar cells
that integrate new features such as color and transparency, thereby opening up the possibility of
unconventional PV applications, including building-integrated photovoltaic (BIPV) systems,
tandem solar cells, and wearable electronics.>® In particular, the integration of semitransparent
(ST) solar cells into buildings as power-generating windows, facades or other aesthetic
architectural elements constitutes one of the most intriguing perspectives, but it requires a proper
balance between electricity generation and optical transparency, which involves careful selection
of materials and sophisticated design of the corresponding device architecture.” The color
perception is another crucial factor that should be considered. Colourful ST devices may be
favorable for decoration purposes, whereas neutral-color ST solar cells are generally preferred for
solar window applications. Since silicon-based panels are generally opaque and anaesthetic, there
has been a growing research interest in emerging thin-film solar cells that can be made truly
semitransparent, display different colors, and be easily adapted to any type and surface of
buildings.® Among third-generation PVs, perovskite solar cells (PSCs) are particularly attractive
for these applications owing to their superior performances.’

Over the past few years, tremendous efforts have been applied to develop esthetic semitransparent
perovskite solar cells (ST-PSCs) by exploring various kinds of transparent electrodes, controlling
the morphology, and engineering the bandgap of the perovskite absorbers. *>1°1° In Chapter 1,
the key requirements for transparent top electrodes (TTEs) were introduced, together with the
motivation for investigating alternatives to the ubiquitous TCOs.? In addition, a brief introduction
was given to dielectric/metal/dielectric (DMD) multilayer electrodes as one promising
candidate.’’* These composite electrodes are made of an ultrathin metal layer (<12 nm)
sandwiched between two dielectric materials with high refractive indexes. Compared with other
transparent electrodes, DMD electrodes exhibit ideal characteristics to serve as TTEs, such as high
electrical conductivity, enhanced transparency compared with ultrathin metal films, mechanical
and thermal stability, simple evaporation process, and tunable opto-electrical properties. Their
electrical conductivity mainly depends on the intermediate metal film, whose thickness must be
high enough to provide electrical percolation but also minimized to avoid significant optical losses;

their optical transparency can be easily tuned by varying the nature and thickness of the dielectric
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layers. The materials integrated in the DMD stack also determine the carrier collection polarity of
the entire structure and must be carefully selected according to the specific device architecture. In
particular, the bottom dielectric layer would act as an electrode buffer layer, facilitating charge
extraction and charge blocking in the device.

To fabricate ST-PSCs with a regular n-i-p configuration, whose performances are typically higher
than those of inverted devices, hole-collecting top electrodes are required. Traditional hole-
collecting DMD electrodes mostly employ precious metals (Ag, Au) to form the intermediate
layer, and high-work-function transition metal oxides like molybdenum oxide (MoOs3) and
tungsten oxide (WOs) as the dielectric material.!** %" As an example, Della Gaspera and co-
workers applied a MoOx/Au/MoOx DMD top electrode to the fabrication of regular ST-PSCs in
2015, and their devices showed PCEs of 5.3-13.6% with the corresponding average visible
transmittances (AVTs) of 31-7%.'* Silver and gold are commonly preferred over other metals for
their excellent electrical conductivity and high work function, well matched with the light absorber
and hole-transport layers. However, the employment of such expensive metals could represent a
quite substantial obstacle to the large-scale commercialization of perovskite-based solar cells.
Moreover, stability issues may be encountered when using silver. As already mentioned in Chapter
1, Ag atoms can diffuse in the underlayers and severely react with the decomposition products of
perovskite (e.g. HI), forming silver halides (e.g. Agl) and accelerating the degradation of PSCs.?®
A solution to these problems relies on finding alternative metals that are much cheaper than Au
and more stable than Ag, this being the key motivation of the present study.

Nonprecious copper, whose cost is about 1/6000 than that of gold, has recently been reported as
an effective and cheaper alternative to high-value metals in opaque PSCs.?* 3! Thanks to its better
corrosion resistance compared to Ag (especially in non-oxidizing acids such as HI), Cu undergoes
no chemical reaction with perovskite under inert conditions, providing long-term intrinsic stability
to the devices.?’ Nevertheless, only few investigations have been dedicated to Cu-based TTEs for
semitransparent PSCs,*? even though a series of transparent electrodes made of Cu thin films have
been used in the past decade to replace ITO as the bottom electrode in OSCs.**¢ The limited
attention paid to the development of D/Cu/D structures is justified by their poor stability: Cu atoms
tend to self-aggregate and strongly diffuse into the oxides that are typically used to form the
dielectric films, with detrimental effects on the opto-electrical properties. Particularly poor results

have been obtained by evaporating Cu directly on top of the hole-selective MoOx and WOy, making

87



Chapter 3

it necessary to deposit relatively thick Cu layers (at least 32 nm on MoOx) for achieving the
electrical conductivity, at the expense of transparency.’’*® Further investigations are strongly
needed to enhance the performance and stability of these structures, with the aim of developing
new hole-collecting Cu-based DMD electrodes to be used in place of the traditional Au-/Ag-based
ones.

This chapter explores the potential of copper as a non-precious, perovskite-compatible metal layer
in DMD architectures used as hole-collecting TTEs for ST-PSCs. Specifically, a multilayer
transparent electrode based on a MoOx/Au-seed/Cu/MoOx stack is developed via thermal
evaporation and applied for the first time as a top anode to the fabrication of planar n-i-p perovskite
solar cells. It is demonstrated that an ultrathin (1.5 nm) gold layer can act as an effective wetting
inducer and diffusion barrier for copper, thus allowing conductive structures to be obtained with
gold-seeded Cu films as thin as 9.5 nm. By combining this strategy with a careful control of the
perovskite layer thickness, high-performance Cu-based ST-PSCs covering a broad range of
efficiency vs. transparency values are successfully fabricated. A perspective of the opportunities

of the fabricated devices in the context of BIPVs is also provided.
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3.2. Results and Discussion

3.2.1. Opaque Reference Solar Cells

The first step of this study was the fabrication of a highly efficient opaque PSC to be used as a
reference. For this purpose, the mixed-halide perovskite CH3NH3Pbl3xClx (or MAPbI3<Clx) was
selected to be the absorber material for its well-known and superior opto-electronic properties,
including the broad and strong light absorption (see Figure 3.1a). The perovskite films were
deposited by a one-step spin-coating procedure starting from a solution of MAI and PbCl; in DMF
(40 wt%) at 3:1 molar ratio (see Chapter 2, Section 2). In Chapter 1 the advantages of such a simple
deposition approach were introduced. Dark brown/black films with good uniformity and
reproducibility were obtained, as shown in Figure 3.1b. The thickness was found to be ~390 nm
by AFM. The full surface coverage revealed by SEM, together with the strong XRD peaks along
the (110) and (220) lattice planes characteristic of the MAPbI;«Cly tetragonal phase,*® confirmed
the identity and quality of the fabricated perovskite films (see Figure 3.1c and d).
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Figure 3.1. (a) Absorption spectrum, (b) photograph, (c) top-view SEM image (scale bar: 5 um),
and (d) XRD pattern of a CH3;:NH3Pbl3..Cl, film deposited by one-step spin-coating technique on
top of a c-TiO»/FTO/glass substrate.
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The widely used n-i-p planar configuration, with compact-TiO; as the electron-transport layer and
spiro-OMeTAD as the hole-transport material, was adopted in this work due to its simplicity and
capacity to provide reduced optical losses compared with the traditional perovskite solar cells
having a mesoscopic TiO: scaffold (see Figure 3.2a).** The device was completed by thermally
evaporating 6 nm of MoOx as anode buffer layer and 100 nm of Au as rear contact on top of the
spiro-OMeTAD. The energy band diagram of the complete device is sketched in Figure 3.2b.
Currently, most of the high-efficiency n-i-p PSCs reported in the literature use gold as the counter
electrode material due to its high electrical conductivity, ideal work function (5.1 eV),*! and
excellent chemical stability. The presence of iodide in the perovskite layer limits the possibility of
employing less expensive metals (Ag, Al), which can react with iodide and lead to poor device
stability.?®* MoOs has been widely used and proved to be effective as anode buffer layer in OSCs
and PSCs thanks to its wide bandgap, high work function (WF = 5.3 ~ 6.9 eV depending on the
fabrication method), excellent environmental stability, and easy processing.'**>2"#> Among the
other transition metal oxides, MoOs has the additional advantage of a low melting point, so that it
can be easily processed by vacuum thermal evaporation resulting in a slightly sub-stoichiometric
MoOx (x < 3) film. Thermally evaporated MoOx films were found to have WF at 5.4 eV,* which
aligns well with the HOMO level of the spiro-OMeTAD (see Figure 3.2b). Despite the strong n-
type nature and very low-lying valence band, MoOx can extract holes from the adjacent organic
semiconductor through oxygen-vacancy-induced gap states close to its Fermi level, leading to a

better contact.** More details about the fabrication procedure were provided in Chapter 2.
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Figure 3.2. (a) Schematic illustration of the opaque PSC planar architecture. (b) Energy band
diagram of the complete n-i-p photovoltaic device. Literature reports for band edges and Fermi
levels were used.***14
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The J-V characterization of the fabricated solar cells was performed as described in Chapter 2,
using a calibrated halogen lamp as the light source. The best-performance opaque PSC delivered
a PCE as high as 14.2% under standard (1 sun) illumination. This efficiency is comparable with
that shown by other opaque perovskite-based solar cells with similar characteristics reported in the
literature.'* The corresponding J-V curve is shown in Figure 3.3, while the relative photovoltaic
parameters, together with the mean values obtained from at least 8 devices, are summarized in
Table 3.1. The high values of Jsc (19.7 mA cm2), Voo (1002 mV), and FF (72.3%) are indicative
of an efficient light absorption and excellent interface and charge transport properties with

restrained recombination losses.
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Figure 3.3. Reverse scanning current density-voltage (J-V) curve of the best-performance
opaque PSC featuring a MoOx (6 nm)/ Au (100 nm) top electrode, measured under standard (1
sun) illumination using a halogen lamp. The device parameters are reported as an inset.

Table 3.1. Summary of PSC performances (short-circuit current, Jsc; open circuit voltage, Voc;
fill factor, FF; power conversion efficiency, PCE) for opaque control cells having 390 nm thick
perovskite film and 100 nm thick Au top contact, measured under standard (1 sun) illumination.

Jee Vo FF PCE

[mA cm™] [mV] [%] [%]

Best? 19.7 1002 723 14.2
Mean® 18.8 (+0.8) 976 (+20) 70.8 (+3.4) 12.9 (+0.8)

YValues obtained for the best performing device. ¥ Mean values obtained from at least 8
individual cells, the standard deviation around the mean is given in brackets.
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Since it has been reported that the scanning direction has a significant impact on the PSC
performance,® the J-V characteristics of the solar cells were acquired both in the forward (from
short circuit to forward bias, SC-FB) and reverse direction (from forward bias to short circuit, FB-
SC). A typical but contained hysteresis effect was observed, as shown in Figure 3.4a, with the
lowest PCE (12.3%) corresponding to the forward scan. On the other hand, the J-V curves acquired
at dark conditions provided indication of an excellent rectification behavior, showing a large

current in forward bias and a negligible current in reverse bias (see Figure 3.4b).
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Figure 3.4. (a) Hysteresis effect in the J-V curves of the top opaque control PSC by varying the
scanning direction. (b) Dark J-V curve (semilog plot) of the top opaque control PSC.

3.2.2. Design of a Novel Cu-based DMD Transparent Electrode

The second step of this work consisted in developing a novel, cost-effective transparent DMD
electrode to be used as a top anode in ST-PSCs in the prospect of practical ST applications. For
this purpose, Cu and MoOx were selected to be the metal and the dielectric material, respectively.
In addition to its hole-selective nature, the wide bandgap and visible-light transparency of MoOx
make it well suited for integration into a hole-collecting DMD transparent structure. Concerning
the metal layer, Cu was employed instead of the conventional precious metals (Au, Ag) in order
to develop a cost-effective DMD structure that is also intrinsically stable with perovskite unlike
Ag-based contacts. The proper work function (~4.53 eV),*' good electrical conductivity and
stability, as well as the low cost of Cu make it a suitable metal candidate.

A careful design of the DMD electrode was carried out to achieve a simultaneous optimization of

electrical conductance and optical transmittance. First, a 6-nm-thick MoOx film was chosen to be
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the bottom dielectric layer (b-MoOx) after being proven effective as anode buffer layer in opaque
reference Au-based PSCs (see Figure 3.3). Then, various attempts were made to deposit
continuous and smooth metal films onto the MoOx surface at the minimum thickness, in order to
provide electrical percolation pathways with minimized transmittance losses. Uniform and
conductive Au films as thin as 11 nm were easily grown onto MoOx (Figure 3.5a), as already
demonstrated in the literature.?® On the contrary, in a first attempt to replace gold with nonprecious
copper, isolated granular metal clusters were formed when Cu was directly deposited on the
molybdenum oxide layer at the same thickness (Figure 3.5b). This indicates a typical 3D (Volmer-
Weber) growth mode, which is universally observed with high-surface-free-energy metal films on
low-surface-free-energy oxides during the very early stages of growth.*S A particularly vigorous
coalescence between the fast-migrating nanoscopic Cu clusters evidently occurs, leading to a delay
in the formation of a percolative film over the thickness of 11 nm. The different behavior of Au
and Cu atoms on the MoOx surface can be explained as follows: since the surface free energy of
Cu (1.8 J m?) is higher than that of Au (1.5 J m2), the thermodynamic driving force for surface
diffusion and self-aggregation is stronger in the case of copper because of the higher energy
mismatch with the MoOx substrate (0.06 J m2);***® moreover, the small atomic radius of the Cu
atoms enables them to travel much more quickly than the Au ones, facilitating surface diffusion
and 3D clustering. Such a discontinuous morphology shown by the Cu film (Figure 3.5b), deriving
from the poor wetting of copper on the substrate, is clearly undesirable for electrode purposes since
it allows no efficient charge carrier transport.

To fabricate continuous and ultrathin Cu layers, the Volmer-Weber growth mode must be
suppressed. Current strategies for improving the wettability of oxide substrates by noble metals
consist on applying chemically different transition metals as either a seed layer®* or an alloy.*®
Interestingly, it was found that a very thin (1.5 nm) Au layer inserted between Cu and MoOx was
sufficient to enhance the interfacial adhesion and reduce the electrical percolation threshold
(equivalent thickness at which electrical paths are developed), thus acting as an effective wetting
inducer. Since the surface free energy of Au is much higher than that of MoOx, the energy
difference between Cu and the substrate is reduced upon deposition of gold, and it becomes
thermodynamically more favorable for the Cu atoms to bound to the surface. Moreover, the high
degree of interfacial alloying (Au and Cu are completely miscible) corresponds to a more negative

interfacial free energy which drives copper to grow more smoothly on the gold surface.*” From a
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kinetic point of view, the activation energy barrier for surface diffusion of Cu is expected to
increase on the Au seed layer compared to pristine oxide, thanks to strong cohesion between the
two metals, leading to a diffusion-limited scenario. As a result, a drastic transition to a more two-
dimensional (Frank-van der Merwe) growth mode is promoted: Cu adatoms tend to form a 2D

continuous film rather than diffuse and aggregate into disconnected island-like clusters (see Figure
3.5¢).
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Figure 3.5. Top-view SEM images and schematics of (a) pristine Au, (b) pristine Cu, and (c)
gold-seeded Cu deposited onto MoOx-coated FTO/glass substrates at the same metal thickness of
11 nm. Scale bar: 1 um. (d) Transmittance spectra of b-MoOy/Cu (11 nm), b-MoOy/Au-seed (1.5

nm)/Cu (9.5 nm), and b-MoOx/Au-seed (1.5 nm)/Cu (9.5 nm)/t-MoOyx multilayer structures; the
bottom and top MoOx films are of 6 and 20 nm respectively. The corresponding values of sheet
resistance are also reported. (€) The final architecture of the Cu-based DMD electrode.

This strategy allowed to get a continuous and percolative Cu film as thin as 9.5 nm with enhanced
electrical and optical properties. With the same metal thickness (11 nm), the gold-seeded Cu layer
exhibited a higher transmittance compared with the pristine Cu film in the whole range of 380-
1020 nm, as shown in Figure 3.5d. This result suggests that Rayleigh-scattering and absorption

effects of the surface plasmon resonance (SPR) in the nanoscopic Cu clusters are successfully
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suppressed by the formation of a continuous film, thereby leading to enhanced transparency. The
sheet resistance of the metal layer decreased by several orders of magnitude from a value higher
than 1 MQ/sq (11 nm Cu) to 10 Q/sq (1.5 nm Au + 9.5 nm Cu). confirming the achievement of
electrical percolation. The conductivity achievement can be entirely attributed to the substantial
change in the morphology of the Cu film. Indeed, the b-MoOx (6 nm)/Au-seed (1.5 nm) substrate
taken alone is highly resistive and shows a typical 3D morphology (see the AFM images in Figure
3.6), suggesting a nanoscale discontinuity that prevents gold from reaching the electrical
percolation by itself at such a low thickness.

0.0 5.0 um 0.0 5.0 pum

Figure 3.6. Top-view AFM images of MoOx (6 nm) (left) and MoOx (6 nm)/ Au-seed (1.5 nm)
(right) deposited on plain glass substrates. The surface roughness is noted as the root mean-
square value (Rq).

Once the metal film was optimized, the multilayer electrode was completed by subsequent
deposition of an additional MoOx top layer (t-MoOx) to further enhance the transparency according
to the DMD approach: by embedding a metal thin film with a low refractive index (gold-seeded
Cu) between two dielectric materials with high refractive indexes (b-MoOx and t-MoOx), surface
plasmon suppression and optical interference effects are promoted at the metal-dielectric
interfaces, leading to an enhanced optical transmittance.?* The molybdenum oxide was once again
selected over other candidates to simplify the fabrication process without changing the thermal
evaporation source. Following previous studies, the thickness of t-MoOx was fixed at 20 nm.3> As
expected, a significant increase in the overall transmittance was observed upon deposition of t-
MoOx (Figure 2d), up to a maximum Tmax = 73% at the visible wavelength of 604 nm. A schematic
cross section of the final b-MoOy/Au-seed/Cu/t-MoOxy architecture is depicted in Figure 3.5e. The

actual thicknesses of the constituent layers were measured by AFM and were found to be quite
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consistent with the values indicated by the quartz crystal microbalance (see Figure 3.7). A figure

of merit (FoM) for transparent electrodes has been defined by Haacke® as:

T10
FoM = T— 3.1

S

where T is the optical transmittance and Rs is the sheet resistance. Using Tmax, the figure of merit
obtained for the MoOx/Au-seed/Cu/MoOx electrode was 4.3 1072 Q 1, which is appropriate for the
role of TTE and of the same order of magnitude than that achieved by other DMD structures

reported in the literature.®"38
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Figure 3.7. Top-view AFM images and thickness profiles along the white dashed lines for the
following multilayers (the thickness values monitored by the quartz crystal microbalance are
indicated in brackets): (a) b-MoOx (6 nm)/ Au-seed (1.5 nm); (b) b-MoOx (6 nm)/ Au-seed (1.5
nm)/ Cu (9.5 nm); (c) b-MoOx (6 nm)/ Au-seed (1.5 nm)/ Cu (9.5 nm)/ t-MoOx (20 nm). The AFM
thicknesses are reported in the figures. As expected, the obtained values are slightly different
from those indicated by the quartz crystal microbalance, since the latter provides only a
theoretical estimation by considering the films as ideally smooth.

The value of FoM was found to be strongly dependent on the thickness of the intermediate metal
layer. Figure 3.8 displays the trends of Rs, Tmax, and FoM as a function of the Cu film thickness,
which was varied from 8 nm to 11 nm while keeping all other parameters constant. It was found
that the thickness of 9.5 nm corresponds to the highest value of FoM, and hence to the best trade-
off between transparency and conductivity. Indeed, Cu films thinner than 9.5 nm showed R higher

than 40 €Q/sq, while those thicker than 9.5 nm were significantly less transparent, both cases
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resulting in a lower FoM. The effect of the thickness of the Au seed layer on the electrode
performance was also investigated. A detrimental impact on the electrical conductivity was
observed when the thickness was reduced from 1.5 nm (Rs = 10 Q/sq) to 1 nm (Rs = 82 Q/sq), and
then from 1 nm to 0.5 nm (Rs =450 Q/sq), as presented in Figure 3.8. The AFM images in Figure
3.9 show the evolution of the morphology of the Cu film, which grows three-dimensionally and
appears rougher as the Au thickness decreases (the root mean-square surface roughness Rq of the
Cu filmis 5.9 onto 1.5-nm-thick Au, 6.4 onto 0.5-nm-thick Au, and 13.9 without a gold seed layer).
This is indicative of a poorer Cu wetting on the substrate, that can explain the gradual loss of
electrical percolation. Structures featuring Au seed layers thicker than 1.5 nm were not investigated
as they would not meet the objective of minimizing the amount of expensive gold. Therefore, the
thicknesses of Au and Cu were fixed at 1.5 nm and 9.5 nm respectively in order to guarantee the

best compromise between performance and cost of the electrode.
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Figure 3.8. Transmittance spectra of the MoOx/Au-seed/Cu/MoOx structure as a function of the
thickness of the Cu film (a) and of the Au seed layer (c). Sheet resistance (Rs), maximum optical
transmittance (Tmax), and figure of merit (FoM) of the MoOy/Au-seed/Cu/MoOx structure as a
function of the thickness of the Cu film (b) and of the Au seed layer (d).
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Figure 3.9. Top-view AFM images of 9.5-nm-thick copper films deposited onto Au-seed/MoOx-
coated glass substrates with different thicknesses of the gold seed layer: 1.5 nm (a), 0.5 nm (b),
and 0 nm (c).

3.2.3. Depth-Profiling XPS Characterization

Since Cu can diffuse into the bulk MoOx with detrimental effects on the electrical conductivity
and stability,*” the study proceeded with an in-depth compositional analysis of the DMD structure
to investigate the role of the ultrathin Au seed layer with respect to this phenomenon. The DMD
electrode under investigation (Figure 3.5e), as well as the MoOx (6 nm)/Cu (11 nm)/MoOx (20 nm)
analogue structure without the gold seed layer, were deposited on plain glass substrates for depth-
profiling XPS characterization. The relative composition profiles are shown in Figure 3.10.
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Figure 3.10. XPS depth profiles of the (a) MoOx (6 nm)/Cu (11 nm)/MoOx (20 nm) and (b) MoOx
(6 nm)/Au-seed (1.5 nm)/Cu (9.5 nm)/MoOx (20 nm) structures deposited on glass substrates.

As expected, a strong diffusion of copper was observed throughout the MoOx/Cu/MoOx stack

(Figure 3.10a), especially within the MoOx bottom layer. Given the thermally activated nature of
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diffusivity, the Cu diffusion within the b-MoOx is assisted by the high energy of the incoming Cu
atoms during thermal evaporation. As shown in Figure 3.9a, the atomic concentration of Cu
remains quite elevated all along the structure and is even higher than that of Mo for the entire
thickness of b-MoOx up to the glass surface. On the contrary, the MoOx/Au-seed/Cu/MoOx
structure showed a spatially-defined stacking of the constituent layers, indicating a very limited
Cu diffusion (Figure 3.10b). In this case, we found prevalent concentrations of Mo and O within
both the t-MoOx and b-MoOx layers, and a practically zero amount of copper at the b-MoOx/glass
interface. The clear predominance of the Cu atoms in a region of sufficient thickness (etching time
between 10 and 16 min), up to a maximum of 95 at%, confirmed the presence of a smooth and
uniform copper film at the center of the structure.

A direct comparison between the Cu depth profiles of the two structures clearly suggests that the
Au seed layer contributes substantially to the limitation of Cu diffusion, thus allowing ultra-thin
and spatially-defined Cu films to be grown onto the MoOx surface. This result should not surprise
since the insertion of ultra-thin metal layers is often used as a strategy to circumvent inter-
diffusion.3” Even if discontinuous at such a low thickness, the pre-deposited gold film can prevent
or retard the diffusion of copper in the b-MoOx by acting as a physical barrier to the incoming
high-energy Cu atoms during thermal evaporation (reduced number of free adsorption sites at the
MoOs/air interface) as well as by favoring the adhesion of copper to the surface (higher activation
energy for bulk diffusion of Cu) as previously discussed. On the other hand, the apparent
suppression of Cu diffusion within the outer t-MoOx, which is in direct contact with the copper
layer, could be attributed to the improved uniformity and smoothness of the gold-seeded Cu film.
Indeed, the topography of the Cu/t-MoOxy interface can strongly influence the kinetics of inter-
diffusion (inter-diffusion rates are expected to decrease with decreasing interface area and
structural defects) as well as the results of the XPS depth analysis (the more the interface is sharp
and smooth, the more accurately the two layers are resolved). In any case, the Cu diffusion into
the t-MoOx would not be as detrimental for the electrode performance as that occurring within the
b-MoOx. While the latter would compete with the growth of a thin percolative Cu film and
potentially proceed in the underlayers of the solar cell, the diffusion into the t-MoOy is expected
to saturate and give rise to a conductive Cu-MoOx blend if the thickness of t-MoOx does not exceed
20 nm, as in the present case.®® Therefore, it was assumed that the use of an additional diffusion

barrier between Cu and t-MoOx was not necessary to obtain a long-term performance electrode.
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3.2.4. Thermal and Mechanical Stability

In order to test the performance stability of the proposed MoOx/Au-seed/Cu/MoOx electrode, the
evolution of its electrical properties with time and under thermal stress was monitored. The
electrode aging was carried out both in glove box (inert atmosphere), to probe aging mechanisms
that are intrinsic to the architecture, and in the ambient environment, to investigate the additional
effects of oxygen and moisture. The corresponding variation in the sheet resistance Ry — Ry),
normalized to the R, initial value, was plotted as a function of time. As can be seen in Figure
3.11a, the sample stored in glove box showed no significant changes in resistance, even when aged
at 85 °C for up to 1000 h. The multilayer structure appears inherently stable within this time frame,
with no evident intrinsic mechanism occurring at the expense of electrical conductivity. On the
other hand, a gradual increase in R from 10 €/sq to around 300 €)/sq was observed under ambient
conditions. This can be attributed to the fact that Cu can be easily oxidized by oxygen and moisture
from the ambient environment. The possible oxidation products can induce the release of Cu ions
into the dielectric and negatively affect the electrical properties of the multilayer structure. To
investigate the stability of the Cu-based electrode also at elevated temperature, other samples were
subjected to thermal cycles of 30 min at 100, 150, 200, and 300 °C, and the corresponding sheet
resistance was measured after each cycle. In ambient air, an abrupt increase in Ry due to oxidation
was observed above 200°C (Figure 3.11b). On the contrary, the sample stored in inert atmosphere
exhibited high thermal stability, with a change in resistance of less than 5% at 300°C. These results
suggest that removing oxygen and moisture, for example by encapsulation, would prevent the Cu
oxidation and stabilize the electrode performance in the perspective of practical use.

A more recent requirement for transparent electrodes is mechanical flexibility for applications in
modern opto-electronics. To determine the performance of the MoOx/Au-seed/Cu/MoOx electrode
under external mechanical stress, the DMD architecture was deposited on a PET substrate (Figure
3.11c), and the changes in the sheet resistance after repeated bending cycles were monitored.
Commercial ITO-coated PET (Sigma Aldrich, 60 €/sq) was subjected to the same characterization
for comparison. The samples were flexed manually to a radius of curvature of 4 mm, and the Rj
was measured after a certain number of bending cycles. The bending test results are presented in
Figure 3.11d. As expected, the ITO film failed to maintain the flexibility: Ry changed by 314% as
early as after the first 10 cycles. Indeed, ITO is brittle and tends to form cracks that block the
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electrical pathways upon bending.’! In contrast, the resistance of MoOx/Au-seed/Cu/MoOx
remained nearly unchanged even after 1000 bending cycles. The excellent flexibility shown by the
multilayer structure is a feature common to all the DMD architectures and can be associated to the
ductile nature of the metal thin film. Such a mechanical stability is a great advantage over existing

technologies like TCOs, as it extends the possibilities of application to flexible devices.
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Figure 3.11. (a) Change in sheet resistance (Rs — Rs(0))/Rs(0) 0of the MoOx/Au-seed/Cu/MoOy
electrode according to the aging time and temperature, under inert and ambient conditions. (b)
Effect of strong thermal stress on the sheet resistance of the Cu-based DMD electrode, under
inert and ambient conditions. Annealing time per thermal cycle = 30 min. (c) Photograph of a
PET substrate on which circular MoOx/Au-seed/Cu/MoOx electrodes were thermally evaporated.
(d) Effect of repeated bending cycles on the sheet resistance of MoOx/Au-seed/Cu/MoOy and ITO
films on PET. Bending radius = 4 mm.

3.2.5. Application as Hole-Collecting Top Electrode in ST-PSCs

In order to demonstrate the practical use of the proposed Cu-based DMD electrode as well as the

real effectiveness of the seed layer approach, semitransparent perovskite solar cells based on the
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same planar architecture of Figure 3.2a and featuring a 390-nm-thick CH3NH3Pbl3«xClx film were
prepared with both the MoOx (6 nm)/Au-seed (1.5 nm)/Cu (9.5 nm)/MoOx (20 nm) and MoOx (6
nm)/Cu (11 nm)/MoOx (20 nm) structures as the top electrode in place of the opaque 100 nm thick
Au. Figure 3.12 shows the schematic structure of a ST-PSC having MoOx/Au-seed/Cu/MoOx as
the top transparent electrode, as well as a photograph of a fabricated device. As a reference, ST-
PSCs having MoOx (6 nm)/Au (11 nm)/MoOx (20 nm) top electrodes were also fabricated. The

performances of the devices are summarized Table 3.2.

(a)

[ compact TiO,

‘ Glass/FTO

Figure 3.12. (a) Schematic illustration of the ST-PSC planar architecture with an enlarged view
of the DMD transparent top electrode. (b) Photograph of a fabricated ST perovskite solar cell.

The Au-based control ST solar cells exhibited a maximum PCE of 13% when illuminated from
the FTO side (see Table 3.2). This efficiency is lower than that of the Au-based opaque reference
(PCE = 14.2%, Figure 3.3), as expected, since the opaque metallic contact always leads to
enhanced light absorption due to back-reflection of unabsorbed photons into the perovskite layer.
Regarding the performance of the Cu-based ST-PSCs, Figure 3.13 highlights the huge impact of
the seed layer approach on the J-V characteristics. When Cu was evaporated directly on top of
MoOx, the devices exhibited non-ideal J-V curves and very poor power conversion efficiencies
(PCE < 0.001%), indicating no efficient charge collection at the MoOx/Cu/MoOx electrode. This
is consistent with the results presented in Figure 3.5 and 3.10, which show that a non-homogeneous
and highly resistive Cu film is formed onto MoOx without a proper wetting inducer. On the
contrary, the insertion of the ultra-thin Au seed layer in the DMD stack enabled solar cells with
much higher performances to be fabricated. The best solar cell delivered a very good PCE of
12.5%, which is slightly lower than that of the top control ST device based on MoOx/Au/MoOx
(see Table 3.2). To the best of our knowledge, this is the highest efficiency reported to date for a
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semitransparent regular PSC with a top electrode based on a copper thin film. The high values of
fill factor (FF = 76%), short-circuit current density (Jsc = 16.6 mA cm ?), and open-circuit voltage
(Voc = 993 mV) indicate that the MoOy/Au-seed/Cu/MoOx electrode acts as an effective hole-
extracting TTE by preventing significant resistive losses and providing efficient charge carrier
transport. These results prove that gold can be replaced almost entirely by non-precious copper
(the thickness of Au was reduced by a factor of 7.3) in the MoOx/M/MoOx structure without

sacrificing the device performance.
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Figure 3.13. (a) Cu depth profile of the two DMD structures with/without the Au seed layer. (b)
Reverse scanning J-V curves of the best-performance Cu-based ST-PSCs with/without the Au
seed layer, measured under standard (1 sun) illumination from the FTO side. The calculated

power conversion efficiencies are also reported.

A non-negligible hysteresis was observed in the J-V curves of the Cu-based ST devices, as shown
in Figure 3.14a, with the lowest PCE (9.9%) corresponding to the forward scan. The same
hysteretic behavior was also exhibited by the Au-based reference solar cells (Figure 3.14b),
indicating that this phenomenon is related to a feature common to all the samples, independently
from the nature of the counter electrode material. Indeed, the hysteresis effect is generally
attributed to intrinsic properties and mechanisms that are beyond the objective of this study, such
as the ferroelectricity of perovskite, the formation and release of interfacial charges, and the
migration of mobile ions in the absorber material.>> Similar and very good rectification properties
were observed for both Au-based and Cu-based solar cells, as evident from the dark J-V curves in
Figure 3.14c. This means that both types of solar cells satisfy the essential condition of acting as

a good diode in the dark to obtain good performance under illumination.
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In addition to the J-V output, the Cu-based ST-PSCs also exhibited stability comparable to that of
the control Au-based ST devices when stored in the glove box. Figure 3.14d compares the PCE
degradation of solar cells having MoOx/Au-seed/Cu/MoOx and MoOx/Au/MoOx as the top
electrode respectively. After over 500 hours of storage, the power conversion efficiency degraded
only to around 70% of its initial value in both cases, indicating that the intrinsic aging mechanisms
(mainly attributed to the perovskite decomposition) are not aggravated by replacing Au with Cu.
This analogous behavior of the Au-based and Cu-based solar cells seems to suggest that copper,
in the same way as gold, could provide greater inherent stability to the devices compared to other
metals typically used in PSCs such as Ag and Al, whose corrosion and reaction with perovskite
are recognized as a major origin of self-degradation in perovskite solar cells (see Chapter 1, Section
2.7).2442 However, this interpretation should be subject to further scrutiny, even though recent
reports on semitransparent Ag-based PSCs with poorer stability under inert conditions seem to

support our hypothesis.

Table 3.2. Summary of ST-PSC performances (short-circuit current, Jsc; open circuit voltage,
Voc; fill factor, FF; power conversion efficiency, PCE) for solar cells having 390 nm thick
perovskite films and different top electrodes, measured under standard (1 sun) illumination.

Top electrode Jsc Voc FF PCE
[mA cm™] [mV] (%] [%6]

MoOx (6 nm)/Au (11 nm)/MoOx (20 Best? 17.1 977 77.8 13.0
nm) (ST control)

Mean® 15.9 (z1.4) 976 (x14) 74.9 (£2.1) 11.6 (£0.9)
MoOx (6 nm)/Au (1.5 nm)/Cu (9.5 Best? 16.6 993 76.0 125
nm)/ MoOx (20 nm)

Mean® 15.7 (x0.8) 977 (¥17) 73.6 (¢3.9) 11.3 (x0.7)
MoOx (6 nm)/Cu (11 nm)/MoOx (20 Best? 0.0026 947 33.9 0.00083
nm)

Mean® -

YValues obtained for the best performing device. ¥ Mean values obtained from at least 8
individual cells, the standard deviation around the mean is given in brackets.
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Figure 3.14. Hysteresis effect in the J-V curves of the best-performance ST-PSCs having (a)
MoOy/Au-seed/Cu/MoOx and (b) MoOx/Au/MoOy as the transparent top electrode, respectively,
measured from forward bias to short circuit (FB-SC) and from short circuit to forward bias (SC-
FB). (c) Dark J-V curves (semilog plot) of the top Au-based and Cu-based ST devices (d) PCE
degradation of two representative solar cells having MoOy/Au-seed/Cu/MoOx and

MoOy/Au/MoOx as the top electrode, respectively, stored in a N2-filled glove box.

3.2.6. Effect of Increasing the Perovskite Film Thickness

After having demonstrated the effectiveness of MoOx/Au-seed/Cu/MoOx as a transparent top
electrode for ST-PSCs, the attention was focused on the perovskite layer. The very strong light
absorption of CH3NH3Pbl3.xClx in the visible spectral region (Figure 3.1) is certainly desirable for
PV application, but can also be inappropriate for semitransparent purposes, since even relatively
thin films (~390 nm) absorb almost all visible light. It is worth considering that specific
transparency requirements must be fulfilled to enable practical ST applications. For example, an

AVT of at least 25% is generally taken as a benchmark for solar windows.>®> Therefore, a fine
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tuning of the perovskite layer thickness was performed in order to achieve acceptable transparency
levels. Specifically, a series of semitransparent devices based on the MoOx/Au-seed/Cu/MoOx top
electrode were prepared in which the perovskite thickness was progressively reduced from 390 nm
to 100 nm by reducing the precursor concentration (see Chapter 2, Section 2). The J-V
characteristics and transmission spectra of the top devices are reported in Figure 3.15a and b,
while the corresponding photovoltaic parameters and average transmittances are summarized in

Table 3.3.
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Figure 3.15. (a) Reverse scanning J-V curves of the best-performance copper-based ST-PSCs
with different CH;:NH;3Pbl5.xCl; thicknesses, acquired under 1 sun illumination from the FTO
side. (b) Transmittance spectra through the complete devices with different perovskite
thicknesses. (c) Transmittance spectra through the devices without top electrodes, featuring
perovskite films of different thicknesses and a spiro-OMeTAD top layer. The spectra of the
FTO/glass and c-TiO2/FTO/glass substrates are also reported. (d) Short-circuit current density
(Js¢) and average visible transmittance (AVT) of the Cu-based ST devices, plotted with respect to
the thickness of the CH3;NH3PbI;..Clx layer.
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As expected, decreasing the active layer thickness brought to a considerable enhancement in the
device transparency, notably in the visible spectral range where CH3NH3Pbl3.xClx absorbs. The
contribution of each layer on the overall transmittance of the complete devices is presented in
Figure 3.15c. The average visible transmittance (calculated between 400 nm and 800 nm)
increased from 5% (for 390-nm-thick films) to 24% (for 100-nm-thick films), thus approaching
the benchmark of 25% for solar window applications. A substantial shift in the chromaticity
coordinates was also observed, with thinner devices having a color closer to the desired neutrality
(see Figure 3.16). Inevitably, thinner solar cells also displayed lower power conversion
efficiencies (PCE = 12.5% for 390-nm-thick films, 10.2% for 280-nm-thick films, 6.4% for 150-
nm-thick films, and 3.1% for 100-nm-thick films) because of poorer light absorption. The short-
circuit current density (Js) declined steeply from 16.6 mA ¢cm 2 to 5.6 mA cm 2, showing exactly
the opposite trend of AVT as a function of the perovskite thickness (see Figure 3.15d). On the
other hand, the FF and V. parameters underwent minor reductions. Except for the thinnest solar
cell, all the devices exhibited a high Vo between 910 mV and 993 mV and FF above 70%,

indicating excellent interface and charge transport properties.
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Figure 3.16. CIE 1931 color space chromaticity diagram showing the (x, y) coordinates
obtained for the ST-PSCs with different perovskite thicknesses, calculated from the XYZ
tristimulus values using the transmittance spectra of the devices and the AM 1.5 solar spectrum.
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Table 3.3. Summary of ST-PSC performances under standard (1 sun) illumination from the FTO
side as a function of the CH3sNH3PbI3.<Clx thickness, using the MoOx (6 nm)/Au-seed (1.5 nm)/Cu
(9.5 nm)/MoOx (20 nm) DMD structure as the transparent top electrode. The corresponding

average visible transmittance (AVT) calculated between 400 and 800 nm is also reported.

Perovskite Thickness Jsc Voc FF PCE AVT
[mA cm™] [mV] (%] (%] (%]
390 nm Best? 16.6 993 76.0 12.5 5
Mean® 15.7 (+0.8) 977 (+17) 73.6 (£3.9) 11.3 (x0.7)
280 nm Best?d 14.7 991 70.1 10.2 9
Mean® 13.3 (+0.7) 992 (+10) 71.1 (+1.7) 9.4 (+0.4)
150 nm Best? 9.9 910 70.5 6.4 18
Mean®) 9.2 (¢0.7) 910 (8) 70.5 (+2.8) 5.9 (£0.3)
100 nm Best?d 5.6 784 69.3 3.1 24
Mean® 6.1 (+0.4) 764 (+21) 61.5 (+4.5) 2.9 (x0.2)

YValues obtained for the best performing device. ¥ Mean values obtained from at least 8

individual cells; the standard deviation around the mean is given in brackets.

The Cu-based ST-PSCs displayed performances and transparency levels comparable to those of

control ST devices based on MoOx (6 nm)/Au (11 nm)/MoOx (20 nm) at the same perovskite

thickness, as schematized in Figure 3.17. This further confirms that the gold-seeded Cu film acts

as an effective alternative to the pristine Au film in the hole-collecting DMD structure. The J-V

characteristics and transmittance measurements of the top control Au-based solar cells are

summarized in Figure 3.17 and Table 3.4. In Table 3.5, the best devices are also compared with

other ST-PSCs taken from the literature and based on high-value metals. This comparative analysis

demonstrates that the MoOx/Au-seed/Cu/MoOx architecture can be conveniently used as a cost-

effective, perovskite-compatible alternative to the common Au- and Ag-based DMD electrodes in

the fabrication of high-performing and relatively stable regular ST-PSCs for BIPV systems.
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Figure 3.17. (a) Best-performance comparison between the Cu-based ST-PSCs and the control
devices based on MoOx/Au/MoOx at different perovskite thicknesses (b) Reverse scanning J-V
curves of the top control Au-based ST-PSCs with different CH;:NH3PbI3.<Cl, thicknesses,
acquired under 1 sun illumination from the FTO side. (c) Transmittance spectra through the

complete Au-based devices with different perovskite thicknesses.

Table 3.4. Summary of ST-PSC performances under standard (1 sun) illumination from the FTO
side as a function of the CH3;NH3PbI3.xCl; thickness, using the MoOx (6 nm)/Au (11 nm)/MoOx
(20 nm) DMD structure as the transparent top electrode. The corresponding average visible

transmittance (AVT) calculated between 400 and 800 nm is also reported.

Perovskite Thickness Jsc Voc FF PCE AVT
[mA cm™] (mV] (%] (%] (%]
390 nm Best?d 17.2 977 77.8 13.0 6
Mean® 15.9 (+1.4) 976 (+14) 74.9 (2.1) 11.6 (+0.9) -
280 nm Best? 14.5 974 75.9 10.7 11
Mean® 13.5 (+0.6) 983 (+12) 72.4 (£3.4) 9.6 (+0.7) -
150 nm Best? 9.7 917 70.2 6.3 20
Mean® 9.3 (£0.8) 905 (+12) 66.6 (+2.3) 5.6 (+0.4) -
100 nm Best? 5.8 778 70.7 3.2 26
Mean® 6.2 (+0.4) 763 (+23) 64.0 (+3.6) 3.0 (+0.2) -

YValues obtained for the best performing device. ¥ Mean values obtained from at least 8

individual cells, the standard deviation around the mean is given in brackets.
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Table 3.5. Recently reported performances of ST-PSCs based on ultra-thin metal films, and

comparison with the proposed best-efficiency Cu-based devices. The power conversion

efficiencies (PCEs) and average visible transmittances (AVTs) are tabulated basing on data
available in each reference.

Device Architecture PCE [%)] AVT [%] Reference
ITO/PEDOT:PSS/MAPbIs/PCBM/Au 12.2 3 u
Au/PEDOT:PSS/ MAPDIzxClx/PCBM/MoOs/Au/Ag/MoOzs/Algs 8.6 4 12
ITO/PTAA/MAPDI3/PCBM/Cs0/BCP/Cu-seed/Au 16.5 5 13

13.6 7
FTO/TiO2/MAPbI3/spiro-OMe TAD/MoOx/Au/MoOx 8.8 19 14

5.3 31
FTO/TiO2/MAPDI3xClx/spiro-OMeTAD/MoOx/Au/Ag/MoOx 11.5 - 25
ITO/TiO2/MAPbIs/spiro-OMeTAD/MoOx/Ag/ZnS 131 8 15
ITO/PEDOT:PSS/MAPbI3/Ag nanocubes/BCP/Ag/MoOs3 9.6 18 16

7.0 7
FTO/TiO2/microstructured-MAPbIs.«Clx/spiro-OMeTAD/Au 6.5 18 e

4.5 32

7.73 10
ITO/PEDOT:PSS/polyTPD/MAPbIs/PCBM/AU/LIF 18

3.39 35

4.98 19
FTO/TiO2/mp-TiO2/MAPbIz grid/spiro-OMeTAD/Au 19

0.38 67
ITO/PEDOT:PSS/MAPbIs/PCBM/AZO/SnOx/Cu/SnOx 9.6 - 32

12.5 5

10.2 9
FTO/TiO2/MAPDI3xClx/spiro-OMeTAD/MoOx/Au-seed/Cu/MoOx This work

6.4 18

3.1 24
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The relatively low Voc and FF values corresponding to the thinnest device (see Table 3.3) are
indicative of some recombination losses occurring at very small perovskite thicknesses. To assess
any effect of reducing the thickness on the quality of the perovskite layer, an in-depth
morphological and structural characterization was performed. No relevant differences in the
structural and compositional properties were observed between perovskite layers of different
thickness (see the XRD patterns and EDX spectra in Figure 3.18 and Figure 3.19). In particular,
XRD measurements confirmed the deposition of tetragonal CH3NH3Pbl3.xClx, without any
contaminant phases. The only difference observed in XRD patterns between samples of different
thicknesses was a variation in intensity of the diffraction peaks, which scales proportionally with
the amount of material (thickness). The EDX analysis confirmed the presence of chloride in the
perovskite films and revealed reasonably comparable Pb/I and I/CI atomic ratios between layers
of different thicknesses. On the other hand, SEM and AFM images disclosed an increasing number
of morphological defects and pinholes in thinner CH3NH3Pbl3.xClx films, as shown in Figure 3.20
and Figure 3.21. As discussed in Chapter 1, the presence of pinholes and a low surface coverage
of the perovskite layer can cause interface charge recombination and shunts through direct
electrical contact between the HTL and the ETL, leading to a decay in the PV parameters.>* The
deposition of thin perovskite films with higher quality would probably be the key to enhancing the

performance and stability of the proposed devices. Further efforts in this direction are planned.
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Figure 3.18. XRD patterns of the perovskite films with different thicknesses, showing the
characteristic peaks of the CH;:NH;3PbI3..Cl; tetragonal phase with predominant crystallization
along the (110) and (220) planes.
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Sn PbI=1:2.26
I:Cl1=1:0.15
Pb Pb
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Figure 3.19. EDX spectra acquired in scanning electron microscopy (SEM) at the top-view
samples of CH3NH3PbI3<Cly deposited onto c-TiO>-coated FTO/glass substrates at different
thicknesses: (a) 390 nm; (b) 280 nm; (c) 150 nm, (d) 100 nm. The obtained Pb:I and I:CI atomic
ratios are reported as an inset.

(e) 390nm

&®,

Figure 3.20. Top-view SEM images of CH;NH3PbI3..Cl: films deposited onto c-TiO>-coated
FTO/glass substrates. The corresponding thickness is shown at the top of each image. Scale bar:
5 um.
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406.4 nm 380.1 nm
0.0 nm 0.0 nm
0.0 5.0 um
257.2nm 228.8 nm
0.0 nm 0.0 nm
0.0 5.0 um 0.0 5.0 um

Figure 3.21. Top-view AFM images of the mixed-halide perovskite films deposited onto c-TiO:>-
coated FTO/glass substrates. The corresponding thickness is shown at the top of each image.
The surface roughness of each film is noted as the root mean-square value (Ry).
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3.3. Conclusions

In summary, a novel DMD multilayer top electrode with high transparency and conductivity was
developed using copper as metal and molybdenum suboxide as dielectric. Uniform and conductive
Cu films as thin as 9.5 nm were successfully grown on the MoOy substrate by means of an ultrathin
(1.5 nm) Au seed layer, which was also proved to act as an effective Cu diffusion barrier. This
strategy provided great thermal and mechanical stability to the MoOx/Au-seed/Cu/MoOx structure,
making it appealing for applications in modern opto-electronics. High-performance
semitransparent mixed-halide perovskite solar cells were manufactured by combining the
proposed Cu-based transparent electrode with perovskite layers of different thicknesses. The
thickest solar cell yielded the best PCE of 12.5%, with an average transmittance of 5% in the range
400-800 nm. In the prospect of BIPV applications, solar cells with thinner perovskite films and
enhanced visible transparency were also prepared, showing AVTs of 9, 18 and 24% with the
corresponding PCEs of 10.2, 6.4 and 3.1%. The use of copper allowed a substantial reduction in
material costs compared to other DMD structures reported in literature and based on expensive
gold, without sacrificing the device performance. Moreover, the devices showed acceptable
stability under inert conditions, proving to be a reliable alternative to the more common and
intrinsically unstable Ag-based PSCs. Therefore, this work demonstrates that the traditional high-
value metals (Au, Ag) can be effectively replaced by non-precious copper in the fabrication of
high-performing, perovskite-compatible DMD architectures to serve as hole-selective contacts in
ST-PSCs. These findings open up new possibilities for high-performance, cost-effective
semitransparent perovskite solar cells for BIPV systems. The feasibility of using less expensive
metal in place of Au as a wetting inducer will be investigated in the future to further reduce material
costs, even though gold remains one of the most promising materials for this role in terms of
chemical stability, work function, and easy processing. Moreover, there is room for further
improvement in the electrode performance by optimizing thickness, processing conditions and
structural properties of each constituent layer in order to achieve higher efficiency as well as

transparency for practical ST applications, including tandem solar cells.
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Rational Additive Engineering for More
Efficient and Stable n-i-p PSCs

The perovskite film is at the core of a PSC, and its quality is crucial to device performance. In
particular, the uniformity, crystallinity, and coverage of the perovskite layer greatly affect PCE,
hysteresis, and long-term stability of devices. Additive engineering is an effective way to control
film morphology and to reduce defect density. In this chapter, o-terpineol, a non-toxic and easily
accessible monoterpene alcohol, is incorporated into one-step perovskite precursor solution as an
effective solvent additive to improve the quality of perovskite films and to restrain non-radiative
recombination in the corresponding devices. It is demonstrated that the incorporation of a-
terpineol at a concentration of 5 g/L is capable of generating uniform and highly crystalline
perovskite films with fewer trap states. Through this approach, the PCE of PSCs is boosted from
13.9% to 15.4% with reduced hysteresis and improved stability.

119



Chapter 4

4.1. Motivation of the study

At present, one of the main challenges in PSC fabrication is the control of the perovskite film
formation and crystallization. In Chapter 1 the importance of depositing uniform, dense, highly
crystalline and pinhole-free perovskite layers for obtaining higher PCEs was introduced. It is well-
known that poor perovskite morphology can deleteriously impact the efficiency of charge
dissociation, transport, and collection in the devices. In particular, a high concentration of defects
and grain boundaries in the perovskite film would create severe shorting and trapping sites for
non-radiative recombination, which is recognized as one of the main causes of PCE losses in PSCs.
As already discussed in Chapter 1, defect- and grain-boundary-assisted charge recombination is
also related to anomalous hysteresis phenomena and long-term stability issues. Therefore,
optimizing the perovskite layer by passivating defects and improving crystal quality has become
an important strategy to reduce recombination losses, remove adverse hysteresis, prolong device
lifetime, and boost PCE towards the theoretical SQ limit.!™

To date, numerous approaches have been proposed to manipulate the nucleation and growth of the
perovskite grains. Among them, additive engineering is the simplest and easiest technique, which
has often proved effective in enhancing the film quality and minimizing the recombination
losses.®” The mechanism behind this strategy is generally related to the passivation of defects and
trap states and modulation of the crystallization kinetics. Some additives can trigger the fast
crystallization, while others can delay the nucleation process, depending on their nature. Additives
with high coordination power can also play a key role in perovskite film formation if used in

suitable deposition routes. Various types of additives have been applied, including fullerene

10-12 13,14

derivatives,®’ inorganic acids,'® '? metal halide salts,'>!* organic solvents and polymers,'>!¢ which
have been incorporated into perovskite film in several ways, for example by simply adding them
to the one-step precursor solution or to the solution of organic sources in two-step deposition.

Recently published work has demonstrated that interactions between organic solvents and
components of perovskite can be utilized to control the morphology and crystallinity of solution-
processed perovskite films.!” For example, 1,8-diiodiooctane (DIO) and 1-chloronaphtalene (CN)
have been reported by several groups as effective solvent additives in the one-step precursor
solution.'®?? Their halogen atoms can coordinate with Pb?" during crystal growth, thus effectively

decreasing the density of defect states and altering the crystallization kinetics of the perovskite
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film. Moreover, as they possess higher boiling points compared with the major solvent (DMF, b.p.
153 °C), they are retained in the film for a longer time, which is beneficial to merge small grains
during the annealing treatment and form a uniform perovskite film with large grains. A significant
PCE enhancement from 9.0% to 11.8% has been demonstrated by Liang et al.,'” who introduced
1 wt% DIO in the precursor solution prior to thin-film deposition. High-quality perovskite films
can also be fabricated via the addition of some strong Lewis base solvents, such as N-methyl-2-
pyrrolidone (NMP), dimethyl sulfoxide (DMSO), and hexamethylphosphoramide (HMPA), which
can interact strongly with Pb** to form Lewis acid-base adducts.* 2 However, these solvents
generally show high toxicity, which can harm health and environment.

Aiming at the commercialization of PSCs, non-toxicity, low-cost and easy accessibility should be
addressed in seeking for the appropriate additives. In this direction, Chang et al.!® and Zhao et al.!'¢
reported the incorporation of poly(ethylene glycol) (PEG) as an effective and harmless additive in
the perovskite precursor solution. Apparently, PEG can retard the growth and aggregation of
perovskite crystals and can reduce the voids between perovskite domains during thermal annealing
at 100 °C. The strong hydrogen bonding between O atoms in PEG and H atoms in MA™ contribute
to a desirable perovskite morphology and an improved device stability. More recently, Zhi et al.?’
proposed the use of 1,3-Dimethyl-2-imidazolidinone (DMI) solvent additive as a less-toxic,
environmentally friendly alternative to the carcinogen HMPA and reproductively toxic NMP. In
their work, the efficiency of the solar cells was significantly enhanced from 10.72% to 14.54% by
adding 10 vol% DMI in the precursor solution and annealing at 130 °C.

Inspired by the abovementioned works, the study reported in this chapter explores the potential of
a-terpineol, a naturally occurring monoterpene alcohol (see the chemical structure in Figure 4.1),
as a solvent additive to improve the morphology and crystallinity of one-step solution-processed
perovskite films. a-terpineol can be isolated from a variety of natural sources such as pine oil,
cajeput oil, and petitgrain oil. It plays an important role in the industrial field as a popular fragrance
ingredient used in perfumes and cosmetics, but also in the medical ad biological fields as an
antioxidant, anticancer, antiulcer, anticonvulsant, pesticide, etc.?®*3? In addition, a-terpineol is
frequently used as a high viscosity solvent along with ethyl cellulose as a resin to prepare printable
pastes.®® Its low toxicity, easy accessibility, and high boiling point (b.p. 219 °C), as well as its
well-known capacity to act as a good solvent in printing media make it very attractive for

applications as solvent additive into perovskite precursor solution. Moreover, the —OH group in a-
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terpineol can interact with MA™ and I ions, as reported by Guo et al. in a recently published
work,** or with Pb?" through Pb—O coordination bonds, and this may lead to an effective defect

passivation in resultant perovskite films.

OH

Figure 4.1. Chemical structure of a-terpineol.
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4.2. Results and Discussion

4.2.1. Reference Solar Cells without Additive

As a reference, PSCs processed from pristine precursor solution (without additive) were first
fabricated. The same planar n-i-p configuration as that used in Chapter 3 was adopted in this work,
with ¢-TiO; as the ETL, CH3NH;3PbI3.«Clx as the absorber layer, and spiro-OMeTAD as the HTL.
However, less-expensive Ag (100 nm thick, WF = 4.3 eV) was used instead of Au as the top
electrode material. The architecture as well as the energy level diagram of the complete device are
illustrated in Figure 4.2. The CH3NH;3Pbl3.xClx films were deposited through the same one-step
spin-coating technique as that used in Chapter 3. Detailed information regarding the fabrication
procedure was provided in Chapter 2, while the results obtained from the morphological and

structural characterization of the fabricated perovskite films were reported in Chapter 3.

Y
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Figure 4.2. (a) Schematic illustration of the PSC planar architecture. (b) Energy band diagram
of the complete n-i-p photovoltaic device. Literature reports for band edges and Fermi levels
were used.

In this chapter, the electrical characterization of the devices was performed using a xenon arc lamp
solar simulator (Sunlite, model 11002, class ABA, Abet Technologies) instead of the halogen lamp
used in Chapter 3. As the halogen lamp inevitably leaves a significant UV deficit with respect to
the solar spectrum, this evolution in the instrumental equipment allowed for a more correct
extraction and interpretation of the photovoltaic parameters. The control Ag-based devices

prepared from the pristine precursor solution (without additive) exhibited PCEs as high as 13.9%
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under standard 1 sun illumination (see Figure 4.3a), an efficiency comparable to that extracted
from the J-V curve of the best opaque Au-based reference cell fabricated in Chapter 3 (14.2%). It
is well known from the literature that gold generally leads to the best-performance devices owing
to its high work function (5.1 eV) and excellent chemical stability.*> To confirm this, reference
solar cells with 100 nm thick Au top electrodes were also prepared in this work, but this time they
were characterized using the xenon arc lamp solar simulator. A record high PCE of 17.7% was
achieved under reverse scan (see Figure 4.3b), confirming the superiority of gold as a counter
electrode material and the importance of the UV spectral region for a more accurate PSC
characterization. The corresponding photovoltaic parameters are summarized in Table 4.1. The
higher FF and V. values obtained for the Au-based devices are indicative of an improved interface

contact and reduced charge carrier recombination compared with the Ag-based cells, as expected.
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Figure 4.3. Reverse scanning J-V curves of the best-performance control PSCs featuring (a)
MoOx (6 nm)/ Ag (100 nm) and (b) MoO, (6 nm)/ Au (100 nm) as the top electrode, respectively,
measured under standard (1 sun) illumination using a xenon arc lamp solar simulator. The
device parameters are reported as an inset. Active area: 3.14 mm?.
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Table 4.1. Summary of PSC performances (short-circuit current, Jsc; open-circuit voltage, Voc;
fill factor, FF; power conversion efficiency, PCE) for control (additive-free) solar cells having
100 nm thick Ag or Au as the top contact, measured under standard (1 sun) illumination.

Top electrode Jsc Vaoc FF PCE

[mA cm™] [mV] (%] [%]

MoOx (6 nm)/Ag (100 nm) Best? 23.0 1039 58.2 13.9
Mean® 21.3(+1.7) 1017 (#32)  57.9 (#5.1) 12.5 (x0.9)

MoOx (6 nm)/Au (100 nm) Best?d 22.9 1063 72.6 17.7
Mean® 23.1(x1.1) 1041 (x37) 70.3(2.2) 16.9 (x0.6)

YValues obtained for the best performing device. ” Mean values obtained from at least 8
individual cells; the standard deviation around the mean is given in brackets.

4.2.2. Impact of a-Terpineol Additive on the J-V Curves

After the control solar cells were optimized, the study proceeded with the investigation of the effect
on the device performance of introducing o-terpineol as a solvent additive into the perovskite
precursor solution. a-terpineol was selected among other compounds for its low-cost, non-toxicity,
and easy accessibility, and because it is frequently used as a solvent in printing media. Moreover,
it was chosen for its higher boiling point (219 °C) compared to that of DMF (153 °C), since it is
known that high-boiling-point additives can lead to a retarded crystallization of perovskite, which
in turn produces more uniform films with smooth coverage.!” Although the best-performance
control devices were obtained using gold as the counter electrode material, the optimization of the
solar cells processed from a-terpineol-based solutions was carried out using less-expensive silver
in the perspective of future PSC commercialization.

As a first attempt, a relatively high concentration of a-terpineol was added to the precursor solution
of MAI and PbCl> in DMF, namely 25 g/L. Then, the as-prepared solution was spin-coated onto
c-TiO2/FTO/glass substrates according to the reference protocol (see Chapter 2, Section 2).
Discouragingly, the as-deposited films (before thermal annealing) showed non-uniform coverage

with a high density of striation defects (see the picture in Figure 4.4). The occurrence of such
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radial striated inhomogeneities typically arises from unfavourable surface tension effects during

the spin-coating process and is indicative of an inappropriate solvent system.>®

Figure 4.4. Striation defects in perovskite precursor films obtained by adding 25 g/L of a-
terpineol to the precursor solution.

Based on the previous results, it was decided to opportunely reduce the concentration of the a-
terpineol additive from 25 to 5 g/L. As a result, uniform and homogeneous perovskite films were
achieved on top of the c-TiO2/FTO/glass substrates, looking completely similar to those obtained

from pristine precursor solutions at the naked-eye level (see Figure 4.5).

Figure 4.5. As-deposited perovskite precursor films obtained by adding 5 g/L of a-terpineol to
the precursor solution.

The optimized films were then subject to the standard annealing treatment at 105°C for 1.5 h to
promote the conversion of precursors into CH3NH3Pbl3xClx crystals. Since a-terpineol has a
boiling point comparable to that of other processing solvents commonly used in PSC fabrication
(e.g. GBL, b.p. 204 °C), it is supposed to be completely removed from the samples through
evaporation at the end of the annealing step, leading to high-purity perovskite layers with
negligible residues. Further characterizations of the CH3NH3PbI3«Clx films are planned in order
to confirm this possibility. After the annealing process, the devices were completed by sequential
deposition of the spiro-OMeTAD HTL and the MoOx/Ag top electrode.

Surprisingly, the devices processed from the precursor solution containing 5 g/L a-terpineol
showed a significant PCE enhancement (~11%) compared to the control solar cells, as presented

in Figure 4.6a. The best-performance device possessed a PCE of 15.4% with a Voc of 1.05 V, a J
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of 23.2 mA cm 2, and a FF of 63.1%, compared to the 13.9% PCE of the top control device with
a Vo of 1.04 V, a Jsc of 23.0 mA cm 2, and a FF of 58.2%. The results of the J-V analysis are
summarized in Table 4.1. The overall increase in the PV parameters, particularly in the FF,
indicates that the interface and charge-transport properties are enhanced by the use of a-terpineol
in the perovskite layer. Decreased series resistance and increased shunt resistance, which can be
estimated from the inverse of the slope of the J-V curve at J = 0 and at J = Js. (see Chapter 2,
Section 3), reveal faster charge transport and less carrier recombination and suggest an improved

morphology of the perovskite film in terms of coverage, uniformity, and crystallinity.
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Figure 4.6. (a) Reverse scanning J-V curves of the best-performance PSCs processed from
solutions with/without a-terpineol, measured under standard 1 sun illumination. Active area:
3.14 mm?. (b) Dark J-V curves (semilog plot) of the best-performance PSCs processed from
solutions with/without a-terpineol. Hysteresis effect in the J-V curves of the top devices
processed from solutions (¢) without a-terpineol and (d) with a-terpineol by varying the voltage
scanning direction.
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The dark JV curves of the PSCs with and without a-terpineol are reported in Figure 4.6b. It is
observed that the dark current density of the device with a-terpineol is lower than that of the control
cell in the reverse bias region between —0.5 V and —1.2 V, indicating that the leakage current is
reduced with the addition of a-terpineol. On the other hand, the dark current density is higher for
the a-terpineol-based device under the forward bias (voltages higher than 1 V), suggesting a lower
injection barrier at the TiO2/perovskite interface. These results account for the increase in Vo and
FF observed under standard illumination conditions.

Figure 4.6¢c-d compares the hysteretic behavior of the control PSCs and the PSCs treated with a-
terpineol depending on the voltage scanning direction. The control device showed a relatively large
degree of hysteresis, with the lowest PCE (8.7%) corresponding to the forward scan. As discussed
in Chapter 1, such hysteresis effects may arise from charge trapping/detrapping dynamics resulting
from a large defect density in the perovskite film, as well as from injection barriers at the
perovskite/charge-transport layers interfaces. Interestingly, the cell using the perovskite absorber
with a-terpineol in the precursor yielded a PCE of 11.6% under forward voltage scanning,
revealing a significantly reduced hysteresis and a much-improved FF. These results further suggest
a reduced density of defects and trapping sites for non-radiative recombination in the a-terpineol-
modified perovskite film and lower carrier injection barriers at the interfaces, which translate into
higher performances and lower hysteresis.

The reproducibility of the photovoltaic performances was also investigated. The values shown in
Table 4.1 are average values and standard deviations of eight devices fabricated under identical
conditions, with or without a-terpineol. The average Vo, Jsc, FF, and PCE for the eight control
cellsare 1017 £32mV, 21.3+ 1.7mA cm 2, 57.9 £ 5.1%, and 12.5 £ 0.9%, respectively, measured
under reverse voltage scanning. On the other hand, the average Vo, Jsc, FF, and PCE for the eight
devices prepared from a-terpineol-based solutions are 1028 £26 V, 22.1 + 1.6 mA cm ™2, 62.9 +
3.8%, and 14.3 £ 0.6%, respectively, extracted from the reverse scanning J-V curves. It is clear
from the lower standard deviations that adding 5 g/L a-terpineol in the precursor solution
significantly improves the reproducibility of PSCs. This means that the proposed deposition
method is capable of generating compact and highly repeatable perovskite films. Considering that
a very simple one-step spin-coated technique was used in this work, the achieved PCEs, along with
the high reproducibility of the fabricated PSCs, are very promising and highly competitive with

those of other systems reported in the literature.'®2!
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Table 4.2. Summary of PSC performances (short-circuit current, Jsc; open-circuit voltage, Voc;
fill factor, FF; power conversion efficiency, PCE) for solar cells processed from solutions
with/without a-terpineol, measured under standard (1 sun) illumination.

Sample Scan Direction Jsc Vaoc FF PCE

[mA cm™] [mV] [%] [%]

Without a-terpineol Reverse Best?d 23.0 1039 58.2 13.9
Reverse Mean® 21.3 (+1.7) 1017 (£32) 57.9 (¢5.1) 12.5 (x0.9)

Forward Best? 19.1 961 47.0 8.7

With a-terpineol Reverse Best? 23.2 1053 63.1 154
Reverse Mean® 22.1(¥1.6) 1028 (+26) 62.9 (+3.8) 14.3 (x0.6)

Forward Best? 21.2 996 55.1 11.6

YValues obtained for the best performing device. ¥ Mean values obtained from at least 8
individual cells; the standard deviation around the mean is given in brackets.

4.2.3. Effect of Increasing the Active Area

As introduced in Chapter 1, one of the major challenges in PSC manufacturing is the scaling up.
In large-area PSC devices, surfaces, bulk defects, and interfaces introduce charge recombination
centers that lead to fast non-radiative losses and consequent decrease in the PV parameters.®’ The
dilemma with fabricating large-area devices is that the perovskite layer should be thin enough to
minimize resistive losses, while at the same time, it should cover the entire area in a contiguous
and uniform manner. However, the deposition of uniform and pinhole-free perovskite films over
a large area using a simple solution-based technique such as spin-coating is typically arduous.

In this work, solar cells with an increasing active area (3.14, 7.07, and 12.56 mm?) were fabricated
in order to evaluate the impact of the a-terpineol additive on the device performance while scaling
up. The active-area-dependent J-V curves of the top devices with and without additive are shown
in Figure 4.7, together with the trends of the corresponding power conversion efficiencies. The
PV parameters are summarized in Table 4.3. A significant decrease in the conversion efficiency

with the increase of the active area was observed for the control devices. The decrease in FF (from
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58.2% to 50.6%) was the most significant influence, as often found in the literature. Indeed, the
FF parameter is strictly linked to charge transport and recombination, which in turn depend on the
morphology of the perovskite film over the entire active area. Conversely to the control devices,
the solar cells processed using a-terpineol as a solvent-additive showed a minor reduction of the
PV parameters as the active area increased. The FF decreased only from 63.1% to 60.7% when the
active area was increased from 3.14 to 12.56 mm?. A PCE as high as 14.0% was achieved for the
o-terpineol-based PSC with 12.56 mm? active area. This implies that the incorporation of a-

terpineol into the precursor solution improves the quality of the perovskite film over a large area.
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Figure 4.7. Reverse scanning J-V curves of the best-performance PSCs processed from solutions
(a) without a-terpineol and (b) with a-terpineol with increasing of the active area, measured
under standard 1 sun illumination. (c) Photograph of a fabricated sample with nine cells defined
on it and featuring different active areas. (d) Variation in PCE with increasing of the active area
for solar cells processed from solutions with/without o-terpineol.

130



Chapter 4

Table 4.3. Summary of PSC performances (short-circuit current, Jsc; open-circuit voltage, Voc;
fill factor, FF; power conversion efficiency, PCE) for solar cells processed from solutions
with/without a-terpineol and featuring different active areas, measured under 1 sun illumination.

Sample Active Area Jsc Vaoc FF PCE
(mm?) [mA cm™] [mV] (%] (%]

Without a-terpineol 3.14 23.0 1039 58.2 13.9
7.07 21.9 1018 56.3 125

12.56 21.8 1009 50.6 11.1

With a-terpineol 3.14 23.2 1053 63.1 154
7.07 22.8 1043 63.6 15.1

12.56 22.7 1018 60.7 14.0

4.2.4. Stability Testing

In this study, the inherent stability of the PSC devices with and without the a-terpineol additive
was also investigated. The solar cells were stored in a N»-filled glove box (inert atmosphere) in
the dark, and their PV performance was measured at different time intervals at room temperature.
The results reported in Table 4.3 and Figure 4.8 show that, after more than 500 h of storage, the
PCE of the best a-terpineol-based device degraded only to around 76% of its initial value. On the
other hand, the control device merely retained 58% of its original efficiency, mainly due to a fast
decrease in the Jsc (Figure 4.8e). Since the control and modified devices were processed and stored
under identical conditions, this discrepancy can be entirely attributed to the effect of a-terpineol
on the intrinsic properties of the perovskite layer. It is known from the literature that the perovskite
materials can undergo several decomposition mechanisms (see Chapter 1, Section 7), and that the
latter are favoured by a high density of lattice defects and grain boundaries in the perovskite film.*®
Therefore, the enhanced stability observed in the o-terpineol-based devices suggests that the
incorporation of this additive in the precursor solution can effectively prevent or retard the
degradation of perovskite by passivating the defects and favourably altering the kinetics of

crystallization. These results are promising for stability also under ambient humidity conditions.
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More measurements will be carried out to evaluate the PCE degradation of a-terpineol-based

devices exposed to ambient air. In this regard, the hydrophobicity of a-terpineol could help to

enhance the perovskite resistance against oxygen and moisture and to prolong the device lifetime.
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Figure 4.8. Reverse scanning J-V curves of the best-performance PSCs processed from solutions
(a) without a-terpineol and (b) with a-terpineol over time, measured under standard 1 sun
illumination. (c) Degradation of the (c) Vo, (d) FF, (€) isc, and (f) PCE parameters of solar cells
processed from solutions with/without o-terpineol and stored in a No-filled glove box.
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Table 4.3. Degradation of the PV parameters (short-circuit current, Jsc; open-circuit voltage,
Voc; fill factor, FF; power conversion efficiency, PCE) for solar cells processed from solutions
with/without o-terpineol and stored in a No-filled glove box.

Sample Storage Time Jsc Vaoc FF PCE
(h) [mA cm™] [mV] (%] (%]
Without a-terpineol 0 23.0 1039 58.2 13.9
168 20.1 1027 53.0 11.0
336 19.6 993 52.3 10.2
504 155 984 52.4 8.0
With a-terpineol 0 23.2 1053 63.1 154
168 23.6 1018 60.7 14.6
336 21.8 1035 58.8 13.2
504 211 1006 55.2 11.7

4.2.5. Structural and Morphological Analysis

From the results shown so far, the incorporation of a-terpineol into the perovskite precursor
solution generates a significant enhancement in the photovoltaic performance of the devices. To
explore the mechanism behind this improvement, the structural and morphological properties of
the perovskite films with and without the o-terpineol additive were opportunely analyzed and
compared. First, XRD measurements were conducted to investigate the role of a-terpineol in
perovskite crystallization. The analysis results are reported in Figure 4.9. Both control and
modified films exhibited prominent peaks at 14.1° and 28.5°, which can be ascribed to the (110)
and (220) lattice planes of the typical CH3NH3Pbl;.«Cly tetragonal phase, respectively.’* The
unchanged positions of the peaks suggest that the solvent additive does not modify the crystal
structure of the perovskite. On the other hand, the higher intensities of the diffraction peaks are
indicative of a higher degree of crystallinity, which is beneficial for charge carrier transport in the
perovskite layer. Since the a-terpineol can be retained in the film for a longer time compared to

DMF due to its higher boiling point, it is supposed that the residual a-terpineol can balance the
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dissolution and recrystallization processes during the annealing treatment, thus promoting the
formation of high-quality perovskite grains. An enhanced crystallinity of the perovskite film
generally leads to higher PCEs, reduced hysteresis and improved stability of PSCs, as reported in

numerous works, 82122

and this is in perfect agreement with the results of the J-V analysis
conducted in this study. The chemical interactions between the —OH group in a-terpineol and the
MA" and I” ions in the perovskite precursors,** as well as the possible Pb—O coordination bonds
may also be responsible for the improved perovskite crystallization. However, further

characterizations are required to confirm this possibility.
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Figure 4.9. XRD patterns of the perovskite films processed from solutions with/without a-
terpineol, showing the characteristic peaks of the CHsNH3zPbls<Clx tetragonal phase with
predominant crystallization along the (110) and (220) lattice planes.

This study next analyzed the morphology of the perovskite films by AFM. The corresponding
results are shown in Figure 4.10. The control films appeared relatively rough (Rq =53.6 nm) and
unshaped, as frequently reported in the literature for one-step spin-coated perovskite layers. On
the other hand, the films prepared from a-terpineol-based solution displayed better surface
coverage, lower roughness (Rq = 43.5 nm), and more regular shaped crystallites. This is consistent

with a reduced nucleation rate of the perovskite induced by the residual a-terpineol during the
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thermal treatment, which helps to get a more uniform crystallization and a smoother morphology.
Such improvements in the morphological properties of the perovskite films are typically
advantageous to the performance of PSCs and thus provide a further explanation for the higher

PCEs observed for the a-terpineol-treated solar cells in the previous sections.
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Figure 4.10. Top-view (left) and 3D (right) AFM images of the pristine perovskite film (above)
and of the perovskite film prepared using the a-terpineol additive (below), deposited on top of c-
TiO2/FTO/glass substrates.

4.2.6. Spectroscopic Characterization

To further understand how the a-terpineol additive influences the performances of PSCs, steady-
state fluorescence measurements were performed for both the control samples and the a-terpineol-
treated samples. As described in Appendix A, steady-state fluorescence spectra can provide useful
information about the quality of thin films and interfaces in perovskite solar cells. By monitoring
the variations in fluorescence intensity, it is possible to evaluate the entity of non-radiative

recombination losses in pristine perovskite films as well as the efficiency of charge transfer
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processes at the interfaces. The schematic structures of the samples used for PL measurements are
shown in Figure 4.11, together with the corresponding steady-state PL spectra. The excitation

wavelength was fixed at 525 nm to incident from the FTO/glass side.
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Figure 4.11. Structures (left) and steady-state fluorescence spectra (right) of the control samples
(a) and a-terpineol-treated samples (b) with/without spiro-OMeTAD.

Both control and o-terpineol-treated perovskite films exhibited a prominent emission band
centered at ~783 nm, corresponding to the characteristic fluorescence of CH3NH3Pbl;Clx. It is
observed from Figure 4.11 that there is a clear fluorescence quenching caused by deposition of
spiro-OMeTAD on top of the perovskite films. This quenching is more pronounced in the case of
a-terpineol-treated sample (92%) compared to pristine sample (79%). This is indicative of a better
interface contact and a more efficient charge transfer process (which competes with radiative

recombination) at the perovskite/spiro-OMeTAD junction. Therefore, the enhanced quality of the
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a-terpineol-treated perovskite film seems to positively impact the interface and charge transport
properties of the device, as expected. This further explains the improved PV performance and
enhanced stability of PSCs previously observed.

Figure 4.12 directly compares the optical (absorption + fluorescence) properties of control and a-
terpineol-treated perovskite films. No relevant differences in the absorption spectra were found
(Figure 4.12a). Both samples exhibited an absorption band edge at about 780 nm, which is
consistent with the optical bandgap of CH3NH3Pbl3.«Clx (~1.6 V), and comparable absorption
intensities in the measured wavelength range. This implies that the discrepancy of the Jsc and Vi
values between control devices and a-terpineol-processed devices is not due to an enhanced light
absorption or to a variation of the bandgap, but it is more related to charge recombination. On the
other hand, the addition of a-terpineol apparently improves the fluorescence efficiency of the
pristine CH3NH3PbI3.<Clx film, as evident from Figure 4.12b. This may indicate a reduced density
of defects (where emission might be quenched) and trapping sites for non-radiative recombination
within the perovskite film, which would be consistent with the improved quality of the perovskite
crystals revealed by XRD and with the enhanced performance and stability exhibited by the a-
terpineol-treated devices. This interpretation is in agreement with recently published work by Guo
et al.,>* who demonstrated that a-terpineol can act as an effective defect passivating agent in
perovskite films as a consequence of chemical interactions with MA™ and I" ions. Therefore, the
results of the steady-state PL analysis further demonstrate the effective defect passivation induced

by the a-terpineol additive in this PV system.
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Figure 4.12. (a) Absorption spectra and (b) steady-state PL spectra of the pristine perovskite
films with/without o-terpineol deposited onto c-TiOx/FTO/glass substrates.
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4.3. Conclusions and Future Work

In this work, non-toxic, easily accessible a-terpineol was successfully employed as a solvent-
additive in the fabrication of high-performance planar n-i-p PSCs. It was demonstrated that the
incorporation of a-terpineol into the one-step perovskite precursor solution at a concentration of 5
g/L can lead to perovskite films with improved crystallinity, lower roughness, and reduced density
of defects and trap states. The higher boiling point of a-terpineol compared to the major solvent
(DMF) can moderate the growth rate of CH3NH3Pbl3<Clx, thus favoring the formation of
continuous and homogenous films with a smoother morphology. Planar n-i-p PSCs processed from
solutions containing the a-terpineol additive achieved PCEs as high as 15.4%, significantly higher
than those yielded by control devices without additive (13.9%). The PV parameters (Voc, Jsc, FF)
were all improved due to reduced non-radiative recombination, and the hysteresis effect was
partially eliminated by trap passivation. Contrarily to the reference cells, the a-terpineol-treated
devices exhibited high performances also after having increased the active area from 3.14 mm? to
12.56 mm? (14.0% PCE), suggesting that the proposed strategy is effective in forming uniform
and high-quality perovskite layers over a larger area. This result is encouraging with respect to the
scaling up of PSCs in the prospect of a future commercialization. Additionally, the best device
processed from 5 g/L a-terpineol solution displayed relatively high stability under inert conditions,
retaining more than 75% of its original efficiency after more than 500 h of storage (against 58%
of the control device). This was attributed to the effective defect/trap passivation induced by a-
terpineol, which can retard the degradation of perovskite. The significantly enhanced PL intensity
of the a-terpineol-modified perovskite films was a powerful testament to the efficient defect
passivation, while the higher fluorescence quenching observed after the deposition of spiro-
OMeTAD highlighted a more efficient charge extraction at the perovskite/HTL interface, which
was in agreement with the J-V analysis results. The passivation effect, along with the
hydrophobicity of the a-terpineol additive, could provide the devices with long-term stability also
under ambient humidity conditions. This possibility will be investigated in the future. To this end,
a-terpineol-treated devices with gold top electrodes will be opportunely fabricated, and their
performances will be compared with those of reference gold-based solar cells, in order to prevent

stability issues related to the use of silver under ambient atmosphere.

138



Chapter 4

In summary, this work provided a facile and very effective method to promote the formation and
growth of high-quality perovskite films using a simple one-step solution technique for integration

in highly efficient and stable PV devices.
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Novel Charge-Transport Layers for Planar
and Mesoscopic n-i-p PSCs

The electron-transport and hole-transport layers play a crucial role for charge extraction in PSCs.
Spiro-OMeTAD and PTAA are the most widely used HTMs in regular device structures due to
their superior photovoltaic performances. However, their high commercial prices due to synthesis
complexity, as well as the requirement of stability-adverse dopants, necessitate the development
of alternative materials. In the first part of this chapter, three novel conjugated copolymers are
tested for the first time as dopant-free HTLs in planar n-i-p PSCs. It is demonstrated that one of
the three copolymers can lead to efficient hole extraction from the perovskite layer to the anode
without the addition of any doping additive, resulting in a maximum PCE of 10.4%, much higher
than that of pristine spiro-OMeTAD-based device (0.77%). In the second part of this chapter,
preliminary studies on the development and optimization of mesoporous TiO>-based ETLs are
presented. Specifically, Ti**-containing blue-titania nanoparticulate (NP) films are successfully
prepared and used as mesoporous scaffolds in mesoscopic n-i-p PSCs. The best device yielded a
PCE of 6.0%, significantly higher than that of solar cells fabricated using commercial TiO2 NPs
(4.8%). A further 10% PCE enhancement is demonstrated by doping the blue titania with nitrogen
element. In parallel, TiO; nanorod (NR) arrays are grown onto c-TiO2/FTO/glass substrates by
hydrothermal method at different autoclaving times. The best efficiency is achieved with an

autoclaving time of 0.5 h (8.9% PCE).
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5.1. Part I -Dopant-Free Polymeric HTLs

5.1.1. Motivation of the Study

Although hybrid perovskites show excellent ambipolar transport properties (see Chapter 1), recent
reports of HTL-free PSCs have resulted in PCEs much lower than those of HTL-based devices.!™ This
indicates the necessity of introducing a proper hole-transport material to obtain efficient hole extraction
from the perovskite layer to the anode. To date, HTL-based PSCs with record efficiencies (> 20%) have
been achieved by a regular n-i-p device architecture, wherein spiro-OMeTAD or PTAA was used as
the HTM.>® These arylamine-based HTMs exhibit ideal properties in terms of energy level alignment
and electron-blocking ability. However, both pristine spiro-OMeTAD and PTAA films suffer from poor
hole mobility (~10~* cm? V™! s7!) and low conductivity (~10° S cm2) on account of their amorphous
nature. Thus, appropriate additives and p-type dopants such as Li-TFSI and TBP have been commonly
used to adjust their electrical properties, as introduced in Chapter 1. However, the doped arylamine-
based HTLs have some apparent disadvantages from the viewpoint of long-term stability and industrial-
scale fabrication: (1) they generally require complex synthesis and laborious purification steps, which
involve high costs; (i1) the incorporation of dopants/additives complicates the device preparation process
and increases the fabrication costs; (iii) the hygroscopic nature of Li-TFSI can cause a fast degradation
of the perovskite layer when exposed to the ambient air; (iv) TBP slowly erodes the perovskite material;
(v) a complex and uncontrollable air doping method is necessary for spiro-OMeTAD HTL to reach
appreciable conductivity. In this regard, it is highly desirable to develop novel cost-eftective, dopant-
free HTMs in the perspective of a future PSC commercialization.”

In the design of alternative dopant-free HTMs, suitable energy levels (HOMO level well-matched
with the VBM of perovskite) and excellent hole-transport properties should be guaranteed in order
to minimize any resistive/recombination loss. Moreover, the top HTM should be soluble in
solvents that are orthogonal to the perovskite material (e.g. CB, DCB, toluene), and it should not
require any post-annealing step. Among other materials, conjugated polymers are promising HTM
candidates for PSCs since they present many advantages such as excellent solution processability,
tunable energy levels, thin film uniformity, mechanical flexibility, and thermal stability. Moreover,
their hydrophobic nature is attractive for protecting the perovskite layer in ambient conditions.

Numerous polymeric dopant-free HTMs have been explored in the past few years.'>"16 In 2013,
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Conings et al.!” reported P3HT HTL-based perovskite cells with PCE of 10.8%. PTB7, another
polymer widely investigated in the organic solar cell literature, was incorporated into PSCs by
Marin-Beloqui et al.,'® and a PCE of 7.5% was achieved without the addition of any dopant. In
2015, Qiao and co-workers'? applied PDPP3T, a polymer containing electron-donating thiophene
and electron-accepting diketopyrrolopyrrole moieties, as HTM in perovskite solar cells. Their
pristine PDPP3T-based PSCs exhibited a PCE of 12.32%, comparable to that of doped spiro-
OMeTAD-based device (12.34%), and remarkable stability. More recently, other types of m-
extended donor-acceptor (D-A) “push-pull” copolymers have been developed and proposed as
dopant-free HTMs for PSCs. For instance, Cai et al. introduced a series of carbazole-
benzothiadiazole copolymers as HTMs without any doping additive and achieved an impressive
PCE of 19.1%.%° Interestingly, the thiophene units in the backbone of these copolymers were found
to act as Lewis bases and coordinate with the under-coordinated Pb atoms through the electron-
donating sulphur atoms, thus partially passivating the trap states on the perovskite crystal surface.
As widely discussed in the previous chapters, this passivation effect is highly beneficial for PSC
performance as it results in a reduced non-radiative charge recombination.

Here, three different m-conjugated “push-pull” copolymers containing electron-accepting Ceo units
and electron-donating oligothiophene moieties of different lengths are tested for the first time as
dopant-free HTMs in planar n-i-p PSC architectures within a project in collaboration with Eni
S.p.A. The main attraction of these systems is that they can be easily synthesized by employing a
simple and inexpensive one-step approach. It is anticipated that a maximum PCE of 10.4% was
achieved (with much room for improvement) using one of the three copolymers, without the

addition of any doping additive.

5.1.2. Material Properties and Device Structure

Figure 5.1a shows the PSC n-i-p planar architecture used in this work, in which the three
copolymers under investigation were incorporated as dopant-free HTLs. The three copolymers,
here called P1, P2, and P3, are conjugated “push-pull” copolymers containing Ceo units and
oligothiophene moieties with increasing length (P1 < P2 < P3). The electron-donating and
electron-accepting functionalities are directly linked to each other without any additional

insulating spacer, thus resulting in m-extended systems. The copolymers were designed and
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synthesized by Dr. Francesco Giacalone and co-workers (SteBiCeF, University of Palermo) via a
simple and low-cost one-step approach. Details on the synthesis procedure and chemical structures

are not provided here as they are covered by the obligation of industrial secrecy.
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Figure 5.1. (a) Schematic illustration of the PSC planar n-i-p architecture. (b) Energy band
diagram showing the band edges and Fermi levels of the materials used in this work.

The three copolymers are all soluble in common organic solvents such as chloroform,
chlorobenzene, and dichlorobenzene, and they exhibit excellent film-forming ability. According
to previously collected UV-visible spectra (not shown here), the spin-coated films show a large
red shift of the band associated with the conjugated oligothiophenic chain compared with those in
solution. This can be ascribed to the formation of a w-m stacked structure in the solid state, which
would be beneficial for charge carrier transport in a PV device. A clear trend was also observed
going from P1 to P3 (red shift + higher intensity), likely attributed to the increased extension of
the conjugation. On the other hand, the intensities of the two major bands typical of the fullerene
unit, with maxima in the wavelength range between 250 and 320 nm, appeared directly
proportional to the content of the Ceo derivative in the copolymers, as expected.

The UV-vis. absorption spectra, combined with the cyclovoltammetric (CV) characterization (not
shown here), allowed to evaluate the HOMO and LUMO energy levels of the copolymers, which
are schematized in Figure 5.1b and compared with those of traditional HTMs (spiro-OMeTAD
and P3HT). A slight increase in the HOMO energy level can be observed going from P1 to P3
(—5.37eV <—5.34eV <—-5.29 eV), in accordance with the increasing oligothiophenic chain length,
whereas the LUMO levels do not follow a particular trend (—3.57 eV for P1; —3.59 eV for P2;

146



Chapter 5

—3.52 eV for P3). The positions of the energy levels are suitable to generate an i-p junction with
the perovskite layer and to promote a hole extraction at the interface. In addition, the slightly higher
HOMO levels of the three copolymers compared with spiro-OMeTAD (-5.2 eV) and P3HT (-5.0
eV) suggest a more favorable band alignment with the VBM of the perovskite, which in principle
will reduce the energy loss during charge extraction. These results, along with the extended
conjugation shown by these systems and the evidence of n-n stacking in the corresponding thin

films, prompted the investigation of these copolymers as HTLs for PSCs.

5.1.3. Results and Discussion

The first step of this work was the fabrication of spiro-OMeTAD HTL-based PSCs having a
regular planar architecture, with and without the addition of traditional LiTFSI and TBP dopants.
This step was essential to demonstrate the requirement of stability-adverse doping for spiro-
OMeTAD-based devices in order to reach appreciable conductivity and PCEs. Indeed, the devices
without dopants exhibited non-ideal J-V curves and very poor conversion efficiencies (0.77%),
indicating no efficient charge collection, against the 13.9% PCE of doped spiro-OMeTAD-based
devices (see Figure 5.2). This is attributed to the low conductivity of the pristine spiro-OMeTAD

film, which inevitably leads to a high series resistance and very low FF.
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Figure 5.2. Reverse scanning J-V curves of the best-performance PSCs having traditional spiro-
OMeTAD as the HTM with/without dopants (TBP, LiTFSI), measured under standard 1 sun
illumination. Active area: 3.14 mm®.
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In order to develop novel dopant-free HTL-based PSCs, the pristine spiro-OMeTAD layer was
replaced by thin films deposited from solutions of the three copolymers in CB (15 g/L), without
the addition of any dopant. The excellent film-forming properties of these materials resulted in
uniform and defect-free layers on top of the perovskite film. The J-V characteristics of the best-
performance devices are reported in Figure 5.3a, while the corresponding PV parameters are
summarized in Table 5.1. It is observed that the devices based on the copolymers P1 and P3
showed very poor efficiencies (0.98% PCE), with J-V curves similar to those of pristine spiro-
OMeTAD-based PSCs. This suggests poor charge transport properties of the polymeric films,
which impede an efficient charge collection at the anode and result in low FF (28.0% and 27.3%)
and Jsc (4.4 mA cm2). On the other hand, an impressive PCE of 10.4% was achieved by using the
P2 copolymer as a dopant-free HTM, with a Jsc of 20.4 mA cm ™2, a Voc of 920 mV, and FF of
55.3%. The P2-based device displayed much smaller series resistance than solar cells with P1 and
P3 and yielded much larger fill factor. This suggests better electrical properties and higher hole
mobilities for P2 compared to P1 and P3. Such a difference in the electrical properties may result
from a different aggregation mode of the polymeric chains in the solid state or from a different
degree of crystallinity. Indeed, it is known that carrier transport strongly depends on the molecular
orientation, crystallinity, and interchain n-m staking pattern, which may vary according to the
length of the oligothiophenic chains. However, further characterization is required in order to
confirm this possibility.

The results shown so far indicate that the P2 copolymer could be a promising candidate for
replacing the costly and unstable spiro-OMeTAD as the HTM in PSCs (see Figure 5.3b). The
relatively high hole mobility of P2 and the excellent thin-film formability are likely the main
contributors to the efficient hole transport function of the layer. In addition, the electron-donating
capability of the thiophene moieties can assist in extracting holes at the perovskite/HTL interface
as well as in passivating the defects and trap states located at the perovskite surface, leading to an
efficient charge transfer and reduced non-radiative recombination, as already demonstrated in the
literature. In this regard, regioregular P3HT is a common thiophene-based organic polymer that
has been widely investigated and used as the HTM in OSCs and PSCs. In this work, P3HT HTL-
based PSCs were also fabricated and used as a polymeric reference. To do a fair comparison, the
PSCs were prepared under the same conditions, using CB solutions of P3HT at a concentration of

15 g/LL and spin-coating at a rate of 2000 rpm for 45 s (see Chapter 2, Section 2). Interestingly, the
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P3HT-based devices exhibited lower efficiencies than those of P2-based solar cells, reaching a
maximum PCE of 8.4% with a Jsc of 18.4 mA cm 2, a Vo of 888 mV, and FF of 51.2% (see Figure
5.3b and Table 5.1). This can be ascribed to the better energy level alignment between the VBM
of the perovskite and the HOMO level of the P2 copolymer compared to that of P3HT (see Figure
5.1), which corresponds to a more favorable charge extraction at the interface. Further

characterizations are planned to investigate other possible reasons for this improvement.
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Figure 5.3. Reverse scanning J-V curves of the best-performance PSCs featuring different

dopant-free HTLs: (a) P1, P2, and P3. (b) Spiro-OMeTAD, P3HT, and P2. The curves were
measured under standard 1 sun illumination. Active area: 3.14 mm?>.
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Table 5.1. Summary of best PSC performances (short-circuit current, Jsc; open-circuit voltage,
Voc; fill factor, FF; power conversion efficiency, PCE) for solar cells featuring different dopant-
free HTLs, measured under standard (1 sun) illumination.

Dopant-free HTL Jsc Vaoc FF PCE

[mA cm™] [mV] (%] [%]
Spiro-OMeTAD 4.6 836 20.1 0.77
P3HT 18.4 888 51.2 8.4
P1 4.4 797 28.0 0.98
P2 204 920 55.3 10.4
P3 4.4 806 27.3 0.98

5.1.4. Conclusions and Future Work

In this work, three new m-conjugated copolymers with similar “push-pull” molecular structure, P1,
P2, and P3, were tested as dopant-free HTMs in PSCs. The extended  conjugation, excellent film-
forming ability, and suitable energy levels of these materials, as well as their simple and
inexpensive synthetic procedure, make them attractive for this kind of application. Unfortunately,
the solar cells based on P1 and P3 showed very low efficiencies, suggesting poor charge transport
properties of these copolymers in the form of thin films. On the other hand, high-performance
devices were obtained using the polymer P2 HTM, for which the PCE achieved a maximum of
10.4% without the addition of any dopant. Such a difference in the performances between the P2-
based devices and the solar cells with P1 or P3 suggest that the spin-coated P2 films possess better
structural and electrical properties which are beneficial for charge carrier transport and extraction.
Further characterization will be carried out to explore these properties more in depth.

The main attraction of the proposed P2-based PV system is that it does not require processing HTL
in air or adding any dopant such as LiTFSI and TBP, which are needed for the spiro-OMeTAD
HTL preparation. This prevents exposure of the perovskite layer to the ambient conditions and
avoids corrosion of the perovskite by dopants, which is promising for long-term stability of the

devices. More measurements are planned in order to evaluate the PCE degradation of P2-based
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PSCs over time. Moreover, it was shown that the PSCs based on the P2 copolymer exhibit higher
efficiencies than those of P3HT-based devices (8.4% PCE), and this was mainly attributed to the
better energy level alignment at the interface with the perovskite layer. This result indicates that
the energy level tuning of the HTMs plays a key role in achieving highly efficient dopant-free
HTLs for PSCs. Lastly, there is still much room for improving the P2 thin films by optimizing the
solvent system, concentration, and spin-coating parameters towards higher photovoltaic

performances. Further efforts are planned in this direction.

151



Chapter 5

5.2. Part II — Titania Mesoporous ETLs

5.2.1. Motivation of the Study

As already introduced in Chapter 1, the state-of-the-art PSCs yielding the record PCEs are
predominantly fabricated in the regular n-i-p mesoscopic configuration. The introduction of a
proper mesoporous scaffold promotes an efficient electron extraction at the interface between
perovskite layer and cathode, thus leading to Jsc and PCE higher than those of planar devices.?!">*
Since the early development stages of PSCs, TiO> has been widely used as the mesoporous ETM
in mesoscopic PSCs owing to its excellent electron transport properties, well-matched energy
levels, and suitable bandgap, as well as for its non-toxicity and low-cost. In particular, zero-
dimensional (0D) titania nanoparticle (NP) films are the most widely studied and used as
mesoporous ETLs.>?° However, these films generally suffer from a high density of surface
defects and trap states, which provide numerous non-radiative recombination pathways at the
ETL/perovskite interface and consequently reduce the voltage output and the electron injection
rate in the corresponding device.*? Various strategies have been developed to circumvent this issue
and to improve the performance of the mesoporous TiOz-based PSCs. For instance, an effective
way of passivating the defects and improving the electronic properties of TiO> consists in doping
the titania NPs by deliberately inserting impurities into the TiO; lattice. The Ti*" cation and the
O anion can be replaced with other metal (Y, Nb, Li, Mg, Al, Ru)*'* or non-metal (F, N)*>3
ions, respectively. Alternatively, one-dimensional (1D) TiO2 nanostructures, including nanorods
(NRs), nanowires (NWs), nanocones, and nanotubes, have also been applied and considered as
promising ETLs for PSCs owing to their unique advantages compared to the TiO2 NP films, such
as facilitated electron transport and enhanced light harvesting.’**” For instance, Kim et al. reported
PSCs based on 600 nm thick TiO» nanorod films that yielded a good PCE of 9.4%.?® Extensive
research has been done to control the morphology of the TiO2 NR films with the aim of maximizing
the photocurrent extraction and minimizing the interface losses. For instance, recent investigations
of the effect of TiO2 nanorod length on the device performance have revealed a decrease in the
photovoltaic parameters with an increased nanorod length owing to the higher orientational
disorder in the nanorod array and reduced pore-filling of the perovskite.*3#%*? Various doping

strategies of the TiO2 NRs have also been reported by several groups. For example, Zhang et al.
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synthesized N-doped titania nanorod arrays with hydrothermal method and used them as the ETL
in mesoporous n-i-p PSCs.>® Their best device yielded a PCE of 11.1%, which was 14.7% higher
than that of devices based on undoped TiO,. The efficiency enhancement was ascribed to faster
electron transfer and lower resistance in the N-doped TiO»-based device.

In this work, Ti**-containing (blue) TiO> NP films were prepared by a simple sol-gel route and
doped with two different ionic species, namely N>~ and Pt*". The effect of the TiO, doping on the
performance of mesoscopic n-i-p PSCs was investigated and discussed. Parallelly, 1D TiO, NR
arrays were grown by hydrothermal method at different autoclaving times and used as mesoporous
scaffolds in regular PSCs in order to evaluate the influence of the nanorod length and density on
the electron extraction and power conversion efficiency of the devices. It is anticipated that the
blue TiO2 NP films doped with nitrogen element and the TiO2 NR films grown at an autoclaving
time of 0.5 h were found to correspond to the best PCEs, equal to 6.6% and 8.9%, respectively.

5.2.2. Doping of Titania Nanoparticles

The introduction of defects such as Ti*" and oxygen vacancies in the TiOx lattice has been widely
studied due to their close relationship with the electronic structure, charge transport, and surface
activity of TiO,. Numerous research groups have reported Ti**-containing (reduced, blue) TiO»
NPs exhibiting excellent visible-light-driven photocatalytic activities thanks to the elevated
valence band edge and consequently higher photoreactivity.**-! In general, the incorporation of
Ti** defects efficiently narrow the band gap of TiO: and inhibit the fast recombination of electron-
hole pairs, leading to enhanced photocatalytic performances. In the context of mesoscopic TiO»-
based n-i-p PSCs, a partial reduction of Ti*' to Ti** within the TiO> lattice has been reported to
improve the photovoltaic performance, mainly due to a faster electron injection and enhanced
charge transport property, which can reduce electron accumulation at the TiOa/perovskite
interface.”> Moreover, Pathak et al. have demonstrated that a small amount of species with
valency +3 can effectively passivate the electronic defects and trap states within the TiO> film,
thus making non-radiative recombination less favorable.>?

In this work, Ti** defects were introduced into the TiO> NPs by reduction with 2-ethylimidazole

).48

during the sol-gel processing (see Chapter 2, Section 2).*® The presence of Ti*" in the TiO; lattice
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was confirmed by electron paramagnetic resonance (EPR) measurements. The EPR spectrum

reported in Figure 5.4 clearly shows the characteristic signal of the Ti** species at g = 2.005.4%
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Figure 5.4. EPR spectrum of the blue (Ti**-containing) TiO> nanoparticles.

The as-synthesized blue TiO, NPs were also characterized by XRD. The XRD pattern shown in
Figure 5.5 reveals a clear prevalence of rutile phase in the sample. Based on literature reports, the
rutile phase is not desirable for PV purposes since it generally suffers from inferior charge transport
property and a lower CB compared to anatase, which can potentially lead to lower Vo and Jc.>
However, there are some studies suggesting that rutile TiO»>-based solar cells can exhibit
photovoltaic characteristics comparable to those of conventional anatase TiO»-based devices.*

The average crystallite size was also determined by XRD, and it was found to be 45.17 nm.
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Figure 5.5. XRD pattern of the blue TiO> NPs, showing the characteristic peaks of the rutile (R)
and anatase (A) phases.
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As previously anticipated, N-doped and Pt-doped blue TiO> NPs were also prepared by adding
specific amounts of urea and chloroplatinic acid hydrate to the starting precursor solution,
respectively (see Chapter 2, Section 2). XPS measurements confirmed the presence of N and Pt
ionic species in the surface of the corresponding samples. The doping concentrations were found

to be 2.3% and 1.1%, respectively.

5.2.3. Growth of Titania Nanorod Arrays

Parallelly, 1D TiO2 nanorod films were grown by hydrothermal method onto c-TiO2/FTO/glass
substrates, following the same procedure as that reported by Liu et al. (see Chapter 2, Section 2).*’
The as-prepared films were subjected to structural and morphological characterization prior to
integration into PSCs. First, the crystal structure of the samples was examined by XRD. The typical
diffraction pattern is presented in Figure 5.6. In addition to the characteristic peaks of the FTO,
two other peaks can be observed, corresponding to the (101) and (211) planes of the rutile TiO,.%’

The clear predominance of the rutile phase is in agreement with the results reported by Liu et al.*’
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Figure 5.6. XRD patter of the TiO:z nanorod array grown onto a c-TiO2/FTO/glass substrate,
showing the characteristic peaks of the rutile (R) TiO: along the (101) and (211) planes.

Figure 5.7 shows the SEM images of the obtained TiO2 NR array, which exhibits the desired rod-

like structure with sufficiently uniform orientation and thickness of around 1.7 um (see the cross-
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sectional SEM image in Figure 5.7c). Basing on recently published works,*® such a thickness may
be too high to allow for an efficient electron extraction at the cathode. Therefore, other films were
prepared by gradually decreasing the autoclaving time with the aim of reducing the nanorod

length/density and maximizing the PSC performance, as discussed in the next sub-section.

Figure 5.7. Top view (a and b) and cross-sectional (c) SEM images of the TiO2 NR film grown
by hydrothermal method with autoclaving time of 2 h.
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5.2.4. Application as Mesoporous Scaffolds in PSCs

Figure 5.8 shows the schematics of the mesoscopic n-i-p PSCs fabricated in this work, in which
the synthesized TiO> nanostructures were incorporated as the mesoporous ETLs. As already
described in Chapter 2, the blue TiO> NPs (undoped, Pt-doped, or N-doped) were dispersed in
appropriate solutions and then deposited by spin-coating onto the c-TiO2/FTO/glass substrates.

Commercial TiO> P25 (Degussa) NPs were also used as a reference.

Ag Ag
. _MoO, |
Spiro-OMeTAD Spiro-OMeTAD
Perovskite Perovskite
c-TiO,
FTO/glass FTO/glass

Figure 5.8. Schematics of the fabricated mesoscopic n-i-p PSCs featuring TiO> NP films (left) or
TiO> NR arrays (right) as mesoporous ETLs.

Interestingly, the devices containing the undoped blue TiO»> NPs showed a significant PCE
enhancement compared to the solar cells based on commercial TiO2 P25, as presented in Figure
5.9a. The best-performance device possessed a PCE of 6.0% with a V. of 769 mV, a Js of 15.7
mA cm 2, and a FF of 49.9%, compared to the 4.8% PCE of the top control device with a V. of
612mV, a Jsc of 17.0 mA cm 2, and a FF of 46.0%. The results of the J-V analysis are summarized
in Table 5.2. The significant increase in the Voc and FF parameters indicates that the interface and
charge-transport properties are enhanced by the use of the blue TiO> NPs compared to the
commonly employed TiO, P25 NPs. This performance enhancement could be explained in terms
of improved electronic properties and effective defect passivation induced by the incorporation of
Ti** defects in the TiO; lattice, which would be in agreement with other published works.>?
However, there could be many other reasons, related to the crystallite size, film morphology, light

absorption, etc. Further investigations will be carried out to investigate these aspects.
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Figure 5.9. Reverse scanning J-V curves of the best-performance PSCs featuring different
mesoporous ETLs: (a) TiO> P25 (commercial) and blue-TiO: (BTiO3) NP films. (b) BTiO>, N-
doped BTiO:, and Pt-doped TiO> NP films. The curves were measured under standard 1 sun
illumination. Active area: 3.14 mm?®.

Subsequently, the performance of the undoped blue TiOz-based PSCs was compared with that of
solar cells containing N-doped and Pt-doped blue TiO» NP films as the mesoporous scaffolds. As
can be seen from Figure 5.9b and Table 5.2, the devices exhibited comparable V. but significantly
different Jsc and FF values. In particular, doping with nitrogen element resulted in a substantial
PCE enhancement from 6.0% to 6.6.%, mainly due to a Js increase from 15.7 mA ¢cm™ to 17.8
mA cm 2, suggesting an enhanced charge transport ability and a more effective electron transfer
from CH3NH3Pbl;«xClx to N-doped blue TiO; than to undoped blue TiO». This result should not
surprise since it has already been reported in the literature that N-doping can lead to faster charge
transport and less carrier recombination in the device, as a consequence of the larger conduction
band offset between CH3NH3Pbl;xClx and N-doped TiO: and the effective passivation of the
electronic trap states due to oxygen vacancy reduction.’® On the contrary, platinum doping of blue
TiO2 was found to deteriorate the PSC performance, leading to a substantial reduction of the Js
from 15.7 mA cm 2 to 12.0 mA ¢cm 2. The lower photogenerated current, together with the higher
series resistance of the device compared with that of undoped blue TiO;-based solar cells indicate
inferior charge transport ability and less efficient charge extraction. This may be due to the
formation of sub-band gap states arising from partially filled d-orbitals that act as recombination
centers and result in an overall lower PV performance. Further characterizations are needed to

confirm this hypothesis.
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Table 5.2. Summary of best PSC performances (short-circuit current, Jsc; open-circuit voltage,
Vo; fill factor, FF; power conversion efficiency, PCE) for solar cells featuring different
mesoporous nanoparticulate ETMs, measured under standard (1 sun) illumination.

Mesoporous ETM Jsc Voc FF PCE

[mA cm™] [mV] (%] [%]
TiO2 P25 (commercial) 17.0 612 46.0 4.8
Blue TiO2 15.7 769 49.9 6.0
N-doped Blue TiO2 17.8 779 47.4 6.6
Pt-doped Blue TiO2 12.0 763 49.7 4.5

Parallelly, the potential of the 1D TiO2 nanorod films as mesoporous scaffolds for n-i-p PSCs was
also investigated. As a first attempt, TiO> NR arrays grown at an autoclaving time of 2 h were
used. However, the corresponding devices showed non-ideal J-V curves and poor power
conversion efficiencies, with a maximum PCE of 1.9% (see Figure 5.10a). The extracted PV
parameters are summarized in Table 5.3. The high series resistance and very low FF (27.2%)
suggest poor charge transport and interface properties. Since it is known that too long and dense
TiO> nanorods may impede an efficient electron extraction and perovskite pore-filling,*® it was
decided to reduce the autoclaving time (from 2 h to 1 h, and then from 1 h to 0.5 h) in order to stop
the growth of the nanorods earlier, thus potentially obtaining less dense and thinner TiO> NR
arrays. Through this approach, the efficiency was successfully enhanced from 1.9% to 7.3%, and
then from 7.3% to 8.9% (see Figure 5.10a). Therefore, the optimal autoclaving time to fabricate
high-performance perovskite solar cells was found to be 0.5 h. An in-depth characterization of the
synthesized TiO2 NRs (at different autoclaving times) will be performed in the future in order to
find a precise correlation between their morphological properties and the corresponding device
performances. Figure 5.10b shows the dark JV curves of the PSCs processed at different
autoclaving times of the TiO2> NR array. It is observed that the dark current density of the device
corresponding to the shortest autoclaving time (0.5 h) is lower than that of the other solar cells in
the reverse bias region (voltages lower than — 1 V), indicating that the leakage current is reduced

by reducing the autoclaving time. On the other hand, the dark current density is higher at an
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autoclaving time of 0.5 h under the forward bias (voltages higher than 1 V), suggesting a lower

injection barrier at the TiOo/perovskite interface. These results indicate a better rectifying

behavior, which accounts for the increase in the PCE. It is worth noting that the best-performance

TiO> NR-based device delivered a very high Js, equal to 23.6 mA cm 2, which is much higher

than that shown by the TiO> NP-based solar cells discussed above. This is in line with what is

reported in the literature about the superior electron transport properties of the 1D TiO;

nanostructures compared to 0D TiO- nanoparticles.>” However, the voltage output of the device is

still too low, limiting the overall PCE and indicating the need for further optimization.
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Figure 5.10. Reverse scanning J-V curves of the best-performance PSCs featuring different
mesoporous scaffolds of TiO2> NR arrays, grown by hydrothermal method at different autoclaving
times, measured (a) under standard (1 sun) illumination and (b) in the dark (semi-log plot).

Table 5.3. Summary of PSC performances (short-circuit current, Jsc; open-circuit voltage, Voc;
fill factor, FF; power conversion efficiency, PCE) for solar cells featuring mesoporous scaffolds

of TiO2 NR arrays, grown by hydrothermal treatment at different autoclaving times.

Autoclaving Time Jsc Voc FF PCE

[mA cm™] [(mV] [%] [%]
0.5h 23.6 705 53.7 8.9
1h 18.8 771 50.3 7.3
2h 9.2 776 27.2 1.9
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5.2.5. Conclusions and Future Work

In this work, various TiO:-based nanostructures were synthesized and tested as mesoporous
scaffolds in mesoscopic n-i-p PSCs. First, 0D TiO2 NPs were prepared by a simple sol-gel method,
and Ti*" defects were successfully introduced into the TiO, lattice by reduction with 2-
ethylimidazole, as confirmed by EPR. The as-synthesized blue TiO> nanoparticles were dispersed
in appropriate solutions, spin-coated into c-TiO2/FTO/glass substrates, and calcined at 500 °C to
obtain the desired crystalline mesoporous layers. Interestingly, the PSCs containing the blue TiO:
NPs showed a significant PCE enhancement (from 4.8% to 6.0%) compared to control solar cells
prepared with commercial TiO2 P25 NPs. This performance enhancement was explained in terms
of improved electronic properties and effective defect passivation induced by the incorporation of
Ti*" defects in the TiO: lattice. Further investigations will be performed in order to investigate
other possible reasons related to the different crystallite size, film morphology, and light
absorption. N-doped and Pt-doped blue TiO2 NPs were also prepared by adding specific amounts
of urea and chloroplatinic acid hydrate to the starting precursor solution, respectively. Other
mesoscopic n-i-p PSCs were fabricated by employing these novel doped blue TiO> NPs as
mesoporous scaffolds, and their performances were compared with those of the devices containing
undoped blue TiO2 NPs. Interestingly, doping with nitrogen element resulted in a substantial PCE
enhancement from 6.0% to 6.6%, mainly due to an increase in the Js., suggesting an enhanced
charge transport ability and a more effective electron transfer at the perovskite/ETL interface. On
the other hand, platinum doping of blue TiO> was found to deteriorate the PSC performance,
probably caused by the formation of sub-band gap states that act as recombination centers. Further
characterizations will be performed to confirm this possibility. Parallelly, 1D TiO2 nanorod films
were synthesized by hydrothermal method using different autoclaving times in order to tune the
length and density of the TiO> nanorods, and then they were incorporated as mesoporous ETLs
into n-i-p PSCs. The optimal autoclaving time was found to be 0.5 h, corresponding to the
maximum PCE of 8.9%. The very high Js (23.6 mA cm?) delivered by the best-performance
device confirmed the superior electron transport properties of these 1D TiO» nanostructures
compared to 0D TiO, NPs. However, much work has to be done to optimize the performance of
these mesoscopic n-i-p PSCs in order to achieve PCEs higher than those of the planar n-i-p devices

fabricated in the previous chapters and comparable to those of the state-of-the-art PSCs.
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Concluding Remarks

From a sustainable development perspective, transforming the global energy sector by switching
from fossil fuels to renewable energy sources constitutes an absolute priority. Among all the
renewable technologies, solar photovoltaics offers one of the most effective strategy for producing
clean and sustainable electric power. However, the expansion of solar PV on a Terawatt scale is
still hindered by the high costs of production compared with other conventional fuels. Alternative
thin-film PV technologies are continuously being developed to reduce the costs for a large-scale
use. Among them, perovskite solar cells have recently gained much attention both from the
scientific and industrial community mainly because perovskite absorbers have demonstrated very
high PCEs, competitive with those of silicon-based PV devices. The high performance, low-cost
processing, and great potential for unconventional PV applications (e.g. semitransparent BIPVs)
make this kind of devices very appealing. However, the presence of still unsolved problems, such
as the long-term stability of materials and interfaces, the high commercial prices of some
components (e.g. spiro-OMeTAD HTL, Au top electrode), the current-voltage hysteresis, and the
significant non-radiative charge recombination limiting the PCE with respect to the theoretical SQ
limit, still constitute an obstacle to their massive commercialization. In this work of thesis, various
strategies have been proposed to reduce the costs, increase the efficiency, and improve the stability
of PSCs, with the ultimate goal of contributing to the advancement of this amazing PV technology.

In further details, the chapters presented in this thesis have covered the following:

- In Chapter 3, I proposed a novel approach for fabricating high-performance semitransparent
PSCs using nonprecious copper-based DMD transparent top electrodes. It was demonstrated
that an ultrathin (1.5 nm) gold layer can act as an effective wetting inducer and diffusion barrier
for copper, thus allowing conductive structure to be obtained with gold-seeded Cu films as thin
as 9.5 nm evaporated on top of MoOx. This strategy enabled planar n-i-p ST-PSCs with PCEs
as high as 12.5% and acceptable transparency levels to be fabricated. A maximum AVT of
24% (corresponding to a PCE of 3.1%) was achieved after having decreased the perovskite
layer thickness from 390 nm to 100 nm, thus approaching the benchmark of 25% for solar
window applications. This work has been object of a publication in the journal of Advanced

Materials Technologies (Elsevier) and is believed to be the first report of efficient planar n-i-
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p PSCs containing Cu-based DMD top electrodes. The use of copper allows a substantial
reduction in material costs compared to other DMD structures reported in the literature and
based on expensive gold or silver, without sacrificing the device performance. Moreover, the
less reactive nature of Cu compared to Ag makes it a valid metal candidate for the fabrication
of highly stable and perovskite-compatible DMD structures. Future work will be focused on
optimizing thickness, processing conditions and structural properties of each constituent layer
of the proposed DMD electrode in order to achieve higher efficiency as well as transparency

for practical ST applications, also in the field of tandem PV devices.

In Chapter 4, I reported on an efficient way to deposit CH3NH3Pbl3.xClx films onto c-
TiO2/FTO/glass substrates, using a one-step spin-coating technique that involves the
incorporation of a-terpineol as a solvent additive into the precursor solution (PbCl, and MAI
in DMF). a-terpineol was selected among other compounds for its low-cost, non-toxicity, and
easy accessibility, and because it is frequently used as a solvent in printing pastes. It was
demonstrated that the addition of a-terpineol at a concentration of 5 g/L can improve the quality
of perovskite films and restrain non-radiative charge recombination in the corresponding
devices. The results of the XRD analysis revealed a higher degree of crystallinity for the a-
terpineol-treated perovskite films, which is beneficial for charge carrier transport. Moreover,
as observed by AFM, the perovskite films prepared from o-terpineol-based solution displayed
better surface coverage, lower roughness, and more regular shaped crystallites. It was supposed
that the higher boiling point of a-terpineol compared to the major solvent (DMF) can moderate
the growth rate of CH3NH;Pbl3xClx, thus favoring the formation of continuous and
homogenous films with smoother morphology and enhanced crystal quality. The chemical
interactions between the —OH group in o-terpineol and the MA™ and I” ions, as well as the
possible formation of PB—O coordination bonds, may also be responsible for the improved
perovskite crystallization. This aspect will be investigated in the future. Through this strategy,
the fabricated n-i-p PSCs achieved efficiencies as high as 15.4%, significantly higher than
those yielded by control solar cells without additive (13.9%). This performance enhancement
was ascribed to an effective defect/trap passivation induced by the a-terpineol additive,
corresponding to a significantly reduced non-radiative recombination. The a-terpineol-treated
devices also showed better reproducibility, reduced hysteresis, and higher stability under inert

conditions. The defect passivation effect, together with the hydrophobic nature of a-terpineol,
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may provide the devices with long-term stability also under ambient humidity conditions. More

measurements are planned to verify this hypothesis.

- In Chapter 5, a novel conjugated push-pull copolymer containing Ceo units and oligothiophene
moieties was employed for the first time as a dopant-free HTM in planar n-i-p PSCs. A
maximum PCE of 10.4% was successfully demonstrated, without the addition of any doping
additive and with much room for improvement. In contrast to the traditional n-i-p PSCs based
on spiro-OMeTAD, the proposed PV system does not require processing HTL in air or adding
any dopant such as LiTFSI and TBP. This is encouraging with respect to the long-term stability
of the devices, since this approach prevents exposure of the perovskite film to the ambient air
and avoids corrosion of the perovskite by the common dopants. Further characterizations are
planned in order to evaluate the PCE degradation over time. Moreover, it should be stressed
that P2 can be easily synthesized by employing a simple and low-cost one-step approach,
which makes it a promising candidate for replacing the expensive spiro-OMeTAD.
Interestingly, the solar cells based on the P2 copolymer also exhibited higher efficiencies than
those of P3HT-based devices (8.4% PCE), and this was mainly attributed to the better energy
level alignment at the interface with the perovskite layer. A clear extension of this work will
be the optimization of the P2 thin films by varying the solvent system, concentration, and spin-
coating parameters in order to achieve higher photovoltaic performances. Parallelly, various
doping strategies were attempted in the preparation of blue (Ti*'-containing) TiO:
nanoparticulate films to be used as mesoporous scaffolds in mesoscopic n-i-p PSCs. Doping
with nitrogen element led to a significant PCE enhancement of 10%. Preliminary studies on
mesoporous 1D TiO; nanorod films were also reported, and a maximum PCE of 8.9% was
achieved. Future work will be dedicated to the optimization of such mesoporous films and to

a more in-depth investigation of the role of the mesoporous ETL on the device performance.

To sum up, the studies documented in this thesis open up new scenarios for future development of
PSCs by providing several strategies for the fabrication of cost-effective, semitransparent devices
and for the optimization of materials and interfaces towards higher performance and stability.
Further improvements of the technology in this direction will ultimately pave the way to PSCs
with efficiencies close to the SQ limit and with long-term durability, ready to emerge as a leading

technology in the global energy PV market.

169



Appendix A

Material and Thin Film Analysis

In this appendix, the techniques used for the characterization of materials and thin films are briefly
outlined. These techniques are key for further understanding the behavior and trends observed in
solar cells since they provide additional information on the opto-electrical, structural,

morphological, and compositional properties of the constituent layers.
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Appendix A

A.1. Absorption and Fluorescence Spectroscopy

The performance of a PV device strongly depends on the way in which the constituent layers
interact with light. In particular, the ability to absorb light across the solar spectrum is a
fundamental precondition for the proper functioning of a solar cell. For this reason, an in-depth
optical characterization by means of spectroscopic techniques is probably the most obvious and
routinely performed analysis in PV research.

Ultraviolet and visible (UV/vis) absorption spectroscopy is a very simple, accurate and cost-
effective technique that readily allows to quantify the absorption of ultraviolet, visible and near-
infrared electromagnetic radiation by a sample.! The instrument used in UV/vis spectroscopy,
called UV/vis spectrophotometer, simply measures the attenuation of a beam of light when it
passes through, or interacts with, an absorbing substance. The most straightforward approach is to
generate UV/vis radiation with a light source (often a combination of tungsten/halogen and
deuterium lamps), split that radiation into its component wavelengths by means of a diffraction
grating (a monochromator or a prism), measure a reference spectrum of light intensity at different
wavelengths with a photodetector (typically a photomultiplier tube, a photodiode, a photodiode
array or a charge-coupled device CCD), and then re-measure the sample spectrum after placing
the material under study in between the source and the detector (see Figure A.1). The ratio between
the intensity of light transmitted by the sample (Ir) and the intensity of light before it passes through
the sample (Io) is called transmittance (T), usually expressed as a percentage (%T). The

absorbance of a material, denoted A, can be expressed as a function of T as follows:

I

A spectrophotometer typically measures A (or T) as a function of wavelength A (in nm) in the
UV/vis spectral region, thus providing the optical absorption (or transmission) spectrum of the
sample. Liquid samples are typically held in a flat and transparent container called cuvette, while
thin films can be measured by depositing them onto transparent glass substrates. To calculate the
actual absorption of the material under investigation, a reference spectrum of the solvent (for liquid
samples) or substrate (for thin films) used, also referred to as the blank, has to be taken and
subtracted to the sample spectrum. In a single-beam instrument the reference spectrum has to be

measured first, while in a double-beam instrument blank and sample measurements can be made
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at the same time. A spectrophotometer can also be configured to measure reflectance. In this case,
the intensity of light reflected from the sample is measured and compared to the intensity of light
reflected from a reference material. The ratio is called the reflectance (R), and is usually expressed

as a percentage (%R).

Collimator Wavelength
(lens) Selector (Slit)
Detector
| v I e lo l;
3 L
Light Monochromator Cuvette
Source (prism or grating) with sample

Figure A.1. A schematic diagram of an UV/vis spectrophotometer.

The UV/vis spectroscopy is most often used in analytical chemistry for the quantitative

determination of an absorbing species in solution, using the Beer-Lambert law:
A = ¢ebc {A.2}

where ¢ is the molar absorptivity or extinction coefficient (specific for every species, and at every
A) with units of L mol™! cm™!, b is the path length of the beam of light through the sample expressed
in cm, and c is the concentration of the attenuating species in the sample expressed in mol L.
According to this equation, for a fixed b, the measured absorbance can be used to calculate the
concentration of an analyte in solution. However, it is necessary to know &, which can be taken
from references or can be determined from a calibration curve.

In PV research, the UV/vis spectroscopy is a useful tool for measuring the transmittance,
reflectance, and absorbance of solar cells, as well as for investigating the optical and electronic
properties of the constituent materials (e.g. for determining the optical HOMO-LUMO energy
gap). Indeed, since the absorption of light in the UV/vis region is associated with excitation of
electrons from lower to higher energy levels, this technique can also provide rich information on
the electronic and vibrational states of the material under study, as well as on the interaction
between different chemical species in the sample and on the presence and nature of defects and
impurities. In the simplest instance, the technique is simply used to verify the identity of a chemical

species by comparing the measured spectrum with those taken from the literature.
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Figure A.2. The optical set-up of a typical fluorimeter.

Another spectroscopic technique commonly used in PV research is fluorescence spectroscopy.>
This technique is complementary to absorption spectroscopy, in that absorption deals with
electronic transitions from the ground state to the excited state, while fluorescence measures
transitions from the excited state to the ground state. Once a molecule is excited by irradiation at
a certain wavelength, relaxation can occur via several processes; fluorescence is one of these
processes and results in the emission of light at a different wavelength (usually at a lower
frequency) in all directions. Instruments designed to measure parameters of fluorescence are called
fluorimeters. A typical fluorimeter includes a light source, a sample chamber with integrated
optical components, and a high sensitivity photodetector. Fluorescence is typically measured at a
90° angle relative to the excitation light, as shown in Figure A.2, in order to ensure minimal
leakage of excitation light in the detection system. Filters and/or monochromators are placed in
the excitation and emission light paths to select a specific spectral region. The most versatile
fluorimeters can record both emission and excitation spectra. The emission spectrum is defined as
the fluorescence intensity measured as a function of emission wavelength at a fixed excitation
wavelength (preferably a wavelength of high absorption). The excitation spectrum is the
fluorescence intensity measured as a function of excitation wavelength at a constant emission
wavelength and it is generally identical to the absorption spectrum as the fluorescence intensity is
proportional to the absorption. Since the fluorescence signal is dependent on the type,
concentration, and local environment of the fluorophore, fluorescence analysis can provide useful
information for both qualitative and quantitative analysis.

In the context of solar PV research, photons emitted from a solar cell can be captured with a

fluorimeter to obtain an image of the distribution of radiative recombination in the device. In a

173



Appendix A

solar cell, and more specifically in a perovskite solar cell, photogenerated excitons with a certain
probability of recombining radiatively in the pristine perovskite material can become quenched at
the interfaces with the HTL or the ETL. This is because the charge transfer (CT) process, from the
perovskite layer to the HTL or from the perovskite layer to the ETL, competes with the radiative
decay of the excitons, resulting in a lower intensity of fluorescence compared to that emitted from
the pristine perovskite film. Such a decrease in intensity is called fluorescence quenching and is

indicative of an efficient CT process at the interface, a desirable condition in a PV device.

A.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a powerful and versatile tool for material characterization
that allows to observe surfaces at submicron and nano-level, providing information about the
topography and composition of solid samples.> SEM imaging is achieved by probing the sample
surface with a focused beam of accelerated electrons. By virtue of their smaller wavelength,
electrons are able to resolve finer features and details of materials to a much greater extent
compared with optical light (image resolutions of the order of 1 nm). The interaction between the
electrons and the specimen result in the generation of many different signals, which are measured
by different types of detectors and stored in computer memory. The intensity of the detected signal,
combined with the position of the beam, is used to produce an image.

A schematic representation of the SEM technology is shown in Figure A.3. The SEM instrument
consists of three basic components: electron column, specimen chamber, and detection system.
Firstly, an electron beam is thermionically emitted from an electron gun, fitted with a tungsten
filament cathode, placed at the top of the column. The generated electrons are then accelerated and
attracted by a positively-charged anode. After that, a combination of electromagnetic lenses and
apertures inside the column focus the beam into a fine spot (as small as 1 nm in diameter) on the
surface of the specimen, which is located in a chamber at the end of the column. The gun, the
column, and the specimen chamber are kept under vacuum since the presence of other atoms and
molecules would cause the electron beam to deflect and would reduce the image quality. Before
hitting the target, the small diameter probe passes through pairs of scanning coils which deflect
the beam in the x and y directions, so that it scans the surface in a rectangular raster fashion (raster-

scanning). The beam electrons, which typically have an energy ranging from 0.2 keV to 40 keV,
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penetrate a few microns into the sample and interact with its atoms at various depths, generating a
variety of signals such as secondary and backscattered electrons and characteristic X-rays, each of

which can be detected by specialized detectors placed at the side of the electron column.
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Figure A.3. Schematic representation of the basic SEM components.

Secondary electrons (SE) are low-energy electrons that are ejected from conduction or valence
bands of the sample atoms by inelastic scattering interactions with the primary beam electrons.
They originate from very close to the surface (within a few nanometers), and consequently, they
can produce very high-resolution maps of the surface topography. All SEMs are standardly
equipped with a SE detector. The Everhart-Thornley detector is the most commonly used and
consists of a scintillator located inside a positively-charged Faraday cage. On the other hand,
backscattered electrons (BSE) are beam electrons that are reflected or back-scattered out of the
specimen by elastic scattering. Since BSE emerge from deeper locations within the sample, the
resolution of BSE images is typically lower than that of SE images. However, BSE imaging is
often used for analytical purposes since it can provide information about the distribution of
different elements in the sample, the intensity of the BSE signal being strongly related to the atomic
number Z. For the detection of BSE, solid-state detectors, usually either of scintillator or of
semiconductor types, are placed above the sample, concentrically to the electron beam, in order to

maximize the collection efficiency. Characteristic X-rays are also emitted when the incoming
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electron beam dislodges an inner shell electron from the specimen, causing a higher-energy
electron to fill the shell and release energy in the form of X-ray radiation. The energy of these
characteristic X-rays can be measured by an energy-dispersive spectrometer and used to estimate
the abundance of elements in the sample and map their distribution. This compositional

characterization technique is called energy-dispersive X-ray spectroscopy (EDX).

A.3. Atomic Force Microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) that can provide
three-dimensional images of virtually any surface at nanometer-scale resolution by means of a
physical probe that scans the specimen.* Since its introduction in 1986,> AFM has evolved into a
standard tool for high-resolution surface imaging in the fields of nanoscience and nanotechnology,
also thanks to its several advantages over other competing technologies. Unlike optical microscopy
and electron microscopy, it does not suffer from a limitation in spatial resolution due to diffraction
and aberration. In addition, it does not require any special treatment of the specimen (such as metal
coatings) or expensive vacuum environment for proper operation. As shown in Figure A4, a
typical AFM probe consists of a small spring-like cantilever that protrudes from a support (also
called holder chip) and that has a sharp tip on its free-swinging end. The cantilever is typically
made of silicon or silicon nitride and has dimensions in the micrometer scale, while the radius of
the tip is usually on the scale of a few nanometers. When the tip is brought into proximity of a
sample surface, forces between the tip and the surface lead to a deflection of the cantilever

according to Hooke’s law:
F = —ks, {A.3}

where s; is the vertical displacement and k is the spring constant of the cantilever (k is typically
between 0.01 and 100 N/m). In most AFM instruments, the cantilever deflection is indirectly
monitored by reflecting a laser beam off the cantilever top side and measuring the movement of
the reflected laser spot on a position-sensing detector, a split photodiode (laser beam deflection
method). The displacement of the reflected laser spot is strictly dependent on the change of
inclination of the cantilever near the tip end.

The tip-surface interactions that are measured in AFM include Van der Waals forces, electrostatic

forces, dipole-dipole interactions, capillary forces, etc. These forces translate to changes in the
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cantilever motion, and this can be used to create a spatial map of the surface topography at a high
resolution (topographic imaging). In the traditional constant-force static AFM mode, this is
achieved by raster-scanning the position of the sample with respect to the tip along an x-y grid and
recording the z height of the probe that corresponds to a constant probe-sample interaction. A
piezoelectric XY scanner is used to displace the sample stage in the x and y directions, while an
electronic feedback loop is employed to continuously adjust the z position of the tip with respect
to the surface so that the cantilever deflection (and thus the probe-sample force) is restored to a
user-defined value. A Z scanner is used to vertically displace either the chip to which the cantilever
is attached or the sample stage, depending on instrument design. The feedback output essentially
represents the sample surface topography, which can then be displayed as a false-color image using

an appropriate rendering software (e.g. Gwyddion).

Photodiode

Electronic
Feedback
Loop

XYZ scanner

Figure A.4. Scheme of a typical AFM probe.

The conventional AFM static mode described above is also called “contact” mode because the tip
and the sample are kept in close contact during scanning (repulsive region of the interatomic force
curve). Despite the widespread success of contact mode AFM in various applications, its resolution
was frequently found to be limited by lateral dragging forces exerted by the probe tip on the sample
surface, especially when measuring soft samples like biological samples or organic thin films. To
bypass this problem, a variety of dynamic (“non-contact” and “tapping”) modes were developed

in which the cantilever is deliberately oscillated in vertical direction above the sample surface, at
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or near its natural resonance frequency, using a piezoelectric actuator. The non-contact mode is
operated by moving the cantilever relatively far away from the sample surface (attractive region
of the interatomic force curve). The tapping mode (also called “intermittent contact” mode)
combines qualities of both the contact and non-contact modes, allowing the cantilever tip to impact
the surface for a minimal amount of time during oscillation. In both operation modes, the cantilever
dynamics are governed by the tip-sample interaction as well as by its driving method. Different
detection schemes measuring either the changes in the oscillation amplitude (“amplitude-
modulation”, AM) or the changes in the resonance frequency of the cantilever (“frequency-
modulation”, FM) were proposed. Over the years, the AM tapping mode, where the oscillation
amplitude is used as the parameter that goes into the feedback loop to control the tip-to-sample
distance, has been established as the most widely applied AFM technique for soft samples in
ambient conditions. When operating in tapping mode, changes in the phase of the cantilever
oscillation with respect to the driving signal can be recorded as well and can be used to discriminate
between different types of materials on the surface (phase imaging).

For AFM, the potential to extract quantitative information in post-processing is significant. The
most common computations from AFM images are statistical metrics of the distribution of Q,
where Q is the measured quantity (z height, phase, etc.). Indeed, the large number of measurements
N contained in a conventional image (N = 5122) provides for very-well determined distribution
functions. Common statistical metrics include the mean value as well as various moments around
the mean, which quantify deviations from the mean. For example, by analyzing z data, it is possible

to quantify surface roughness (Rq) as the root-mean-square (rms) deviation of height distribution:

1
Ry = Zpps = \/ﬁ (zZ2 4+ z5 + -+ z}) {A.4}

A.4. X-ray Diffraction Analysis

X-ray diffraction, frequently abbreviated as XRD analysis, is a powerful non-destructive technique
commonly used in laboratories to investigate the structural properties of a material.® Particularly,
it is superior in elucidating the three-dimensional atomic structure of crystalline solids, providing
information on crystalline phases, preferred crystal orientations (texture), and other structural

parameters such as grain size, strain, and crystal defects.
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In the simplest instance, an XRD experiment is performed by directing a monochromatic X-ray
beam at a sample and detecting the intensities of the diffracted X-rays as a function of the outgoing
direction (angle-resolved detection). The wavelengths of X-rays (between 107> and 10! nm) are of
the order of atomic distances in condensed matter, which qualifies their use as structural probes.
When a crystalline sample is illuminated with X-rays, the regularly-spaced atoms in the crystal
lattice cause the X-rays to be diffracted into very specific directions as a result of destructive and
constructive interferences (analogous to diffraction of visible light by gratings), producing a
characteristic XRD pattern. This diffraction pattern can be thought of as a chemical fingerprint
containing information about the long-range orderly periodic arrangements of atoms within the
sample. A geometrical interpretation of this phenomenon was provided by W. L. Bragg in 1913.7
He considered the diffraction as the consequence of contemporaneous reflections of the X-ray
beam by various lattice planes belonging to the same family. Bragg’s law defines the condition for

X-rays of wavelength A to be diffracted by a family of parallel atomic planes in a crystal lattice:
n)l = Zdhkl sin @ {AS}

where dni is the spacing between the Bragg planes, 0 is the Bragg angle, and n is the diffraction
order (see Figure A.5). Miller indices (hkl) are used to identify different planes of atoms in a
crystal lattice. In most XRD measurements, A is fixed, and consequently, a family of atomic planes
produces a diffraction peak only at a specific angle 20. The intensity of this peak is related to the
number of crystallites with the dnx spacing that are reflecting X-rays into the detector (crystallites
with correct orientation) and may shed light on, for example, the degree of crystallinity. The
dependency of the peak intensity on the crystallite orientation is also important in investigating

crystallographic texture of the sample.

Figure A.5. Geometrical condition for X-ray diffraction by lattice planes.
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The working principle of a conventional X-ray diffractometer in 6 - 20 (or Bragg-Brentano)
symmetric reflection geometry is visualized in Figure A.6. The instrument consists of three basic
elements: X-ray tube, sample holder, and X-ray detector. X-rays are generated in a cathode ray
tube by heating a filament to produce electrons and accelerating these electrons towards a target
by applying an appropriate acceleration voltage (in kV). The electron current between filament
and target may be adjusted by tuning the filament current in the range of some 10 mA. When
electrons have sufficient energy to displace inner shell electrons of the target material,
characteristic X-ray spectra are produced. These spectra comprise a continuous part, called
Bremsstrahlung, and some discrete spectral lines, the most common being K, and Kg, which are
characteristic of the target material (Cu, Fe, Mo, Cr). Appropriate filtering is required to select one
of these lines and produce the monochromatic X-rays needed for diffraction. The most commonly
used X-ray radiation is the Cu K, radiation (A = 1.5418 A) filtered through Ni foil. The
monochromatic X-rays are then collimated and directed to the flat surface of the sample
(positioned in the center of the instrument) at an incident angle 6. At the same angle, the detector
monitors the scattered radiation. During the scan, a goniometer is used to rotate the sample (by 6,
scanning speed S) and the detector (by 260, double scanning speed 2S) with respect to the collimated
X-ray beam. In this way, the angles of the incoming and exiting beam are continuously varied, but
they also remain equal to each other throughout the whole scan. The diffraction pattern is collected
by measuring the scattered intensity I(20) as a function of the scattering angle 20. When the
geometry of the incident X-rays satisfies the Bragg’s Equation, constructive interference occurs

and a diffraction peak is observed.
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Figure A.6. Schematic of an X-ray diffractometer in Bragg-Brentano geometry.
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The XRD method is traditionally employed on thick or powdered samples, but it can also be
applied to the investigation of thin films. A primary task in thin-film analysis is the identification
of chemical phases: in many thin-film projects, the prepared layers have to be checked whether an
intended chemical phase has successfully been obtained. XRD yields different diffraction patterns
for different chemical phases, and this selectivity makes it well suited for such an analytical task.

In this work of thesis, XRD investigations were devoted to this type of qualitative phase analysis.

A.5. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA), is a surface-sensitive spectroscopic technique routinely used to investigate the
elemental composition of solid surfaces.® It allows to determine the identity, chemical state, and
quantity of a detected element in the sample. All elements can be identified and detected with sub-
monolayer sensitivity, except for hydrogen and helium. This makes XPS a unique and effective
tool for investigating the chemistry of any surface.

XPS experiments are typically accomplished by irradiating the sample with a beam of soft,
monochromatic X-rays (1-3 keV) and simultaneously measuring the number and kinetic energy of
electrons that escape from the topmost few nm of the sample surface into the vacuum of the
instrument. A typical XPS spectrum is a plot of the number versus the binding energy (BE) of the

electrons detected. BE can be calculated using the following equation:
BE = hv — (KE + ¢) {A.6}

where hv corresponds to the energy of the monochromatic X-ray photons, KE is the kinetic energy
of the electron, and ¢ is an instrumental constant corresponding to the work function of the
spectrometer. Each element produces characteristic XPS peaks which are identified by the shell
from which electrons are emitted (1s, 2s, 2p, etc.) and whose intensity is directly related to the
amount of element within the sampling volume. Atomic percentage values can be generated by
dividing each XPS signal by a relative sensitivity factor (RSF) and normalizing over all the
elements detected.

The logical components of an XPS system are shown in Figure A.7 and include a source of
monochromatic X-rays, an ultra-high vacuum (UHV, 10°® - 10~ Pa) chamber, a set of magnetic

and/or electrostatic lens units, an electron energy analyser, and an electron detector system. During
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XPS measurements, UHV is required to eliminate adsorption of contaminants on the sample and
to increase the mean free path for electrons, photons, and ions. The source of X-rays used for
irradiation is a standard X-ray tube, in which electrons are emitted from a heated filament and
accelerated towards a solid anode. Al and Mg anodes are normally used. The generated X-rays are
then monochromatized by reflection from a bent quartz crystal disperser. The most commonly
used X-ray radiation is the Al K, radiation (hv = 1486.7 eV). Energy analysis of the electrons
emitted from the sample is typically performed using a hemispherical analyser (HSA), an
electrostatic device which can disperse electrons as a function of their kinetic energy. The energy-
dispersed electrons are then detected at the exit plane of the HDA, at 180° with respect to the
entrance plane, by a multichannel detector system such as a microchannel plate (MCP) electron
multiplier. Advanced XPS systems can also examine sample composition as a function of depth
by ion beam etching (XPS depth profiling). These systems are equipped with an ion gun sputtering
system (typically Ar" ion gun) which can be used to etch atoms from the surface in order to reveal
subsurface information. The rate of removal of surface atoms will depend on both the kinetic
energy of the ions and the nature of the sample atoms. During a typical depth-profiling analysis,
XPS spectra are acquired after each ion beam etching cycle, and this sequence of etching and data
acquisition is repeated until the desired depth is reached. This approach can be very useful in

determining the composition and thickness of multilayer structures and thin films.
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Figure A.7. Basic scheme showing the main components of an XPS instrument.
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A.6. Sheet Resistance Measurements

Sheet resistance (Rs) is a common electrical property used to characterize thin films of conducting
and semiconducting materials. Specifically, it is a measure of the lateral resistance through a thin
square of material, and it is commonly defined as the bulk resistivity (p, in ohm - m) divided by

the thickness (t, in m):
R, = f (A7}

The units of this equation resolve to ohms (Q). However, since Rs represents a special case of
resistance between opposite sides of a square film, it is generally expressed in “ohms per square”
(denoted Q/sq or /o). Being independent of the size of the square film, it enables an easy

comparison between different samples.

Figure A.8. A schematic diagram of a four-point probe.

Sheet resistance is a critical property for any thin film in which electrical charges are intended to
travel along. For example, thin-film solar cells require conducting electrodes with low sheet
resistances in order to transport electrical charges laterally with minimized power losses.
Therefore, it may be useful to measure the R of a thin film in order to assess its suitability as an
electrode material. A simple technique for measuring Rs is the four-probe method, which is
performed using commercial four-point probes.” These probes consist of four equally spaced,
collinear metal points that are pressed against the surface of the film, as shown in Figure A.8. A

constant current I is applied between the outer two points, while the resultant voltage drop V across
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the two inner points is measured with a high-impedance voltmeter. If the material being tested is
no thicker than 40% of the spacing between probes, and if its lateral size is sufficiently large, the

sheet resistance of the film can then be calculated using the equation:

R,= =—Z=45325% (A.8)
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