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Abstract

The global energy demand is rising due to the rapidly growing world population as well as the
inherent necessity of energy for fueling economic progress. Consequently, the human energy
economy is facing great challenges in the near future. The challenge is that the power industry
of nearly all countries is based on the use of fossil fuels in the form of coal, oil and natural
gas. These resources have in common that their availability on our planet is limited and the
byproducts formed in the conversion processes are harmful for the environment. Therefore,
renewable resources like wind, water or solar energy are needed. In particular, sunlight is an
ideal candidate for energy production because of the high incident solar flux, which by far
exceeds the actual annual worldwide demand. One possibility to use this energy is the use of
crystalline silicon in solar cells, which offers power conversion efficiencies of up to around
25%. However, the production of such solar cells is rather cost and energy intensive. For
these reasons, new photovoltaic technologies based on simple preparation procedures as well

as the use of cheap and abundant materials are required.

Hybrid metal halide perovskite based solar cells have recently emerged as a serious
competitor for large scale and low-cost photovoltaic technologies. State-of-the-art solar cells

based on methylammonium lead iodide (MAPbI3) now reach efficiencies of over 20%.

This thesis addresses the challenges of stability, reproducibility and impact on the
environment of these new materials. One import parameter in commercially available solar
cells is the reproducibility of the synthesis protocol. In the case of MAPDI3, chloride based
precursors are known to have a positive influence on the crystallization and the final
performance of the perovskite. Thereby, MAPDLCI; crystallizes directly after the deposition of
the starting solution and acts as a template for the formation of MAPDbI;. Together with
controlled and slow crystallization conditions, reproducible, high efficiency solar cells can be

produced. Formamidinium lead iodide (FAPbI3) has the potential to achieve even higher
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efficiencies than MAPDI3, while being more stable at ambient conditions. Stability is another
key parameter for the commercial application since solar cells are exposed to fluctuating
weather conditions and strong temperature variations. The major drawback for pure FAPbI; is
that it can crystallize at room temperature as a wide bandgap material with hexagonal
symmetry instead of the desired trigonal black phase. With a mixture of methylammonium
(MA) and formamidinium (FA) the phase transition of FAPbI; can be completely suppressed,
while maintaining the superior properties of the material. Not only single junction perovskite
based solar cells are potentially industrially relevant. Medium-bandgap perovskite absorber
materials, such as MAPbBr; or FAPbBTr3, can be used in tandem solar cells or as building-
integrated photovoltaic systems. Both compounds can be incorporated in planar

heterojunction solar cells exhibiting power conversion efficiencies approaching 7%.

Another big concern in terms of commercial applications is the use of toxic lead in these
devices. One potential alternative for lead is bismuth, but because of the oxidation state of 3°
these compounds exhibit different structures, with strong absorbance in the red region.
However, the inorganic (Cs3Bilg) or hybrid (HDABIls) compounds are still solution-
processable and show photovoltaic efficiencies of 1%. However, the perovskite structure can
also be achieved with bismuth by incorporating an element with oxidation state 1*. These
materials exhibit photoluminescence in the same wavelength range as the lead perovskites.
Another way to reduce exposure of the environment to lead is a sustainable procedure for
handling the cells after their operational lifetime. Thereby, the toxic lead can be isolated in
high yield and the received Pbl, can be reused for the preparation of new solar cells with
comparable performance. Additionally, the most expensive part of the solar cell, the
conductive glass (FTO), can also be reused several times without any reduction in the

performance.
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1 Introduction

1 Introduction

1.1 Global Energy Demand

The global energy consumption has rapidly increased during the last half century and is
expected to grow even further in the future. The increase in the past was stimulated by
“cheap” fossil fuels and the industrialization mostly in North America, Europe and Japan.
Furthermore, the contribution of China and India to the global energy consumption raised a
lot due to their constantly increasing population, which nowadays stands for a third of the
world’s population.™™ However, most parts of the western world managed to keep their energy
consumption constant or even reduce it in the 21% century. Nevertheless, the total energy

demand is still growing due to the increased needs in Asia as shown in Figure 1-1a.

These high amounts of energy can not only be harvested from fossil fuels (oil, natural gas and
coal) as they will run out sooner or later.[?! Therefore, new forms of renewable energy have to
be developed, not only to cover the energy demand but also to reduce the emission of

greenhouse gases in the atmosphere.”!

Approximately about 3.5 x 10%* J of solar energy reaches the Earth’s surface every year. In
contrast, the yearly consumption of energy in 2015 was 13,423 Mtoe, which corresponds to
5.62 x 10°° J.1 The unit toe (tonne of oil equivalent) is defined as the amount of energy
released by burning one tonne of crude oil. Wind and solar power are the most commonly
used renewable energies, at the moment. Figure 1-1b illustrates the increase of the produced
energy from wind and solar energy in this century. Especially, the amount of renewable

energy constantly increases in Europa, Pacific and Africa.
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1.2 Operation Principle of Photovoltaic Systems
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Figure 1-1: Energy consumption from the year 2000 till 2014 and the percentage of the produced energy
by wind and solar energy.

In order to benefit from this solar energy not only existing photovoltaic technologies have to
be steadily updated but also new compounds and their application in solar cells have to be
investigated. In particular, compounds with cheap, abundant starting materials should be in

the main focus of research, as well as easy fabrication routes for applications all over the

world.

1.2 Operation Principle of Photovoltaic Systems

The absorption of energy from the sun within a solar material results from an electronic
transition from a filled to an empty state, but is limited by an energy threshold below which

no photons are absorbed. Such materials are called semiconductors and the threshold is the
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1 Introduction

bandgap, which corresponds to the minimal photon energy that can be absorbed. This photon
energy suffices to promote an electron from the valance band (VB) to the conduction band
(CB).I! The lack of an electron in the VB is called a hole and can be treated as a quasi-
particle. Both electrons and holes can diffuse through the CB and the VB of the material,

respectively.”

Figure 1-2a shows the AM1.5 solar spectrum normally reaching photovoltaic systems on the
earth with 1.5 atmosphere thickness, which corresponds to a solar zenith angle of z = 48.2°.
The different radiation areas and the relation between wavelength and intensity are also
illustrated. On the one hand, a smaller bandgap material is able to absorb more photons; on
the other hand, a wide bandgap will be able to gain more energy from the absorbed photons.
Based on the solar spectrum, the highest efficiencies for a single-bandgap system can be
achieved for materials with a bandgap between 1.1 and 1.5 eV, which translates to an

absorption onset wavelength in the range of 825 — 1125 nm.®!

a) b) series

resistance ~ current
T >
light T !
current

UV § visible } infrared ——>

shunt

. voltage
resistance &

light current

¥ voltage

without light

400 600 800 1000 1200 1400 1600 1800
wavelength / nm

Figure 1-2: Solar spectrum (AM1.5) with the different absorption areas (a), the equivalent circuit diagram
of a solar cell (b) and the typical current-voltage curve of a photovoltaic cell (c).

17



1.2 Operation Principle of Photovoltaic Systems

In the majority of cases, the solar absorber within a photovoltaic device is a semiconductor. If
just one kind of semiconductor is used, the most common approach is to make a p-n junction
with it. A p—n junction is a boundary between two types of semiconductors, namely p-type
(excess of holes) and n-type (excess of electrons). If a p-n-junction is produced of the same
material it is called a homojunction. However, it is also possible to make a junction between

p- and n-type semiconductors of different materials. These are called heterojunctions.

Ideally, a solar cell can be modeled as a simple electrical circuit with a current source (light-
generated current) in parallel with a diode, as depicted in Figure 1-2b. If no light is present to
generate the current, the cell will behave like a normal diode, where the current will increase
exponentially under forward bias condition and very little current will flow in the reverse bias
direction (Figure 1-2c). In case of an illuminated device the current will increase and the
current-voltage (J-V) curve will be moved up along the y-axis. However, during operation the
efficiency of a solar cell is reduced because of internal resistances. The series resistance (Rs)
and shunt resistance (Rsy) of a solar cell are shown above in Figure 1-2b. Regarding an ideal
cell, Rsy would be infinite and would not provide an alternative path for the current, while Rs
would be zero. In reality the shape of the J-V curve largely depends upon both resistances and
is reflected by the fill factor (FF) and the maximum power point (Pyax) of the solar cell,
which will be explained in more detail in the characterization chapter. Thereby, Rsy can
reduce the open circuit voltage (Voc), while an increasing Rs can cause a drop of FF. The

values of both resistances can be estimated by the slopes at Voc and Jsc.

1.2.1 First-Generation Technologies

First-generation photovoltaic technologies are primarily crystalline silicon (c-Si), where the

material is doped with boron or phosphorus so that one side is p-type with holes as the

18
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dominant electronic species and the other side is n-type with electrons as dominant species.
By combining both materials, the electrons from the n-doped side tend to travel to the
positively charged p-doped side. In the center of the cell, the electrons and the holes
recombine and create a so-called depletion region where no mobile charges are present. As a
consequence of this effect, an in-built electric field is generated by the charge difference of
the n-doped side (positive side) and the p-doped side (negative side). At this point, there are
no mobile charges left in the junction region.”! When the cell is illuminated electrons are
excited to the conduction band (CB), generating holes in the valence band (VB). Through the
internal electric field, the carriers are separated and can be extracted by an external circuit.
The Shockley—Queisser limit predicts a maximum theoretical power conversion efficiency of
~30%"! under direct AM1.5 sunlight for single-junction devices; with silicon the actual

efficiencies are moving close to the theoretical limit.™*!

1.2.2 Second-Generation Technologies

Initially, one drawback of c-Si based solar cells were the high manufacturing costs. Therefore,
considerable efforts were made to develop “second-generation” technologies for photovoltaic
applications with reduced production costs. Absorber materials used for the second-generation
photovoltaics are cadmium telluride (CdTe), copper indium gallium selenide (CIGS) and
amorphous Si (a-Si). These devices are fabricated by using low-cost large-area deposition

techniques, such as sputtering, physical vapor deposition and chemical vapor deposition.

Prior to the development of CdTe and CIGS technologies, a-Si based solar cells were
commercially successful because of their relatively low production cost and their ability to be
integrated into electronics and building materials. An amorphous material has no long-range

crystalline order, which in the case of Si results in a “quasi-direct” bandgap and a higher
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1.2 Operation Principle of Photovoltaic Systems

optical absorption coefficient. As a result, thinner absorbing layers, which require less
material, are needed than for c-Si. The growth technique for a-Si can be adjusted by an
additional temperature step to form nanocrystalline or microcrystalline Si, either with or
without an accompanying amorphous matrix. As the grain size increases, the film starts to
convert in the direction of the characteristics of polycrystalline Si (indirect bandgap, lower
optical absorption). CdTe and CIGS solar cells on the other hand are heterojunction devices
between a thin n-type cadmium sulfide (CdS) layer and p-type CdTe or CIGS absorber layer.

Figure 1-3 shows SEM cross-sections of both device structures.

CdTe
5 um Glass
CTO/ZTO, SnO,
Zno, ITO 0.2-0.5 pm
2500A ’m_ o ‘,W’ s L
CdS ¢
700 A eds

600-2000 A

CIGS
1-2.5 pm
CdTe
2-8 um

Mo
0.5-1 um
Glass, 2 m . > : " C-Paste
Metal F9|I. with Cu,
Plastics clGs or Metals

Figure 1-3: SEM cross-sections of a CIGS solar cell (left) and a CdTe solar cell (right).”!

The challenges of these systems are the interactions between the different layers and the
sensitivity against moisture. Nevertheless, it is possible to get the efficiencies of CdTe cells a
bit over 22%*Y with the aid of the right glass/glass encapsulation, whereas CIGS cells reach

efficiencies of up to 22%.2
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1.2.3 Organic Photovoltaics (OPV)

OPV is a technology with the chance to produce solar cells at low production costs and
without the need for vacuum deposition techniques.[**) The major difference to the other solar
technologies, mentioned above, is the combination of polymers, small molecules and/or
inorganic (nano)structures to build an excitonic solar cell. A typical layout of a bulk
heterojunction organic solar cell is illustrated in Figure 1-4a, whereby the active area is
composed of an organic donor (small-molecules or polymers), which acts as an absorber
layer, and an electron acceptor (fullerene or quantum dots). These layers are sandwiched

between a metal contact and a hole-transport layer/transparent contact.

a) b)
Light Exciton Charge Charge
Absorption Diffusion Separation Extraction
LUMO
DONOR DONOR DONOR DONOR
L Gl ACCEPTOR ACCEPTOR ACCEPTOR ACCEPTOR

transparent substrate HOMO

Figure 1-4: Schematic layout (a) and the working principle (b) of a bulk heterojunction organic solar cell.

When illuminated, a photon is absorbed resulting in the excitation of an electron from the
HOMO to the LUMO and thereby forming an exciton (bound electron-hole-pair).
Subsequently, the excition diffuses to the interface between donor (Figure 1-4b, red) and
acceptor (Figure 1-4b, green) where charge transfer takes place, resulting in a coulombically
bound electron-hole pair. Subsequently, the carriers move energetically “downhill” collecting
holes and electrons at the electrodes. The hole-transport layer carries holes much easier than

electrons and lowers the recombination prior to the extraction of the carriers.
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1.3 Hybrid Perovskite Solar Cells — How to Make Them Industrially Relevant?

Although the efficiencies do not match those of crystalline Si-cells, advantages of this
technology compared to silicon are the very high optical absorption coefficients, where only
thin films are needed, the compatibility with flexible substrates and the possible production in
high-throughput and low-temperature roll-to-roll processes. Additionally, OPV has the
possibility to be integrated into existing structures, e.g. window units or other commercial PV

products as it has the ability to change the device color and the shape of the pattern.

1.3 Hybrid Perovskite Solar Cells — How to Make Them Industrially Relevant?

A new and revolutionary candidate has emerged in the third generation of solar technologies a
few years ago with the introduction of organic-inorganic hybrid perovskites based on the
general composition ABX3, where A represents an organic cation (such as methylammonium
or formamidinium), B a divalent heavy metal (Pb** or Sn?*) and X a halide anion (CI, Br’, I').
Especially, methylammonium lead iodide (MAPbI;3) has become the focus of research all over
the world, because of its simple solution-based synthesis which can be done at room
temperature™!, its high absorption coefficient!®, the long lifetime of the photogenerated
species® and the tunability of its bandgap.™” In this structure the lead ions are octahedrally
coordinated by 6 iodide ions. Through shared iodide ions the Pblg octahedra are connected in
all three dimensions, resulting in cavities where the methylammonium ions are located.™™

The structure of MAPDI3 is depicted in Figure 1-5a.
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Figure 1-5: Crystal structure of methylammonium lead iodide (a) and an SEM cross-section with EDX-
mapping of the typical solar cell layout (b).

To be able to use the above described material in solar cells, it is incorporated in a
heterojunction layout. The most common device architecture IS
glass / FTO / TiO, / perovskite / spiro-OMeTAD / Au as illustrated in the SEM cross-section
image together with the EDX-mapping (Figure 1-5b). Thereby, titanium dioxide (TiO;) acts
as  electron  extraction layer and  spiro-OMeTAD (2,2’,7,7’-tetrakis-(N,N-di-4-
methoxyphenylamino)-9,9°-spirobifluorene) as hole-transporting layer.™! In this layout, the
photogenerated electrons can be extracted through the TiO,, while the holes are transferred by

the spiro-OMeTAD to an external circuit.

The hybrid organic-inorganic perovskite exhibits characteristics approaching the quality of
commercially available systems, such as GaAs and Si. Since 2009 the power conversion
efficiency of MAPbI; based solar cells increased from 3.8% to over 20%.% 2! However,
before this technology can proceed to industrial production, several challenges have to be
addressed. Thereby, the most important challenges to overcome are the sensitivity of the
perovskite towards moisture® 2®! and the crystal phase transition in the operation regime of

solar cells.!** %! Additionally, poor reproducibility of the film formation, resulting in a spread
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1.3 Hybrid Perovskite Solar Cells — How to Make Them Industrially Relevant?

in performance, the toxicity and the related bad reputation of lead, as well as the material cost
of the hole transporter and top electrode are also important aspects that have to be considered
to make perovskite solar cells industrially relevant. In the following chapters recent results in
these areas regarding the above-mentioned aspects will be reviewed to illustrate the viability

of perovskite optoelectronics.

1.3.1 Stability

A major challenge regarding perovskite PV research is the degradation of the perovskite
material, which can be observed when solar cells are exposed to thermal stress, light, oxygen
and moisture.®® 21 The demand for commercial applications of solar cells is a 10,000 h
degradation test, during which the device has to show a constant power output.”®! Recent
studies show that perovskite solar cells are stable up to 1,000 h in accelerated degradation
tests,® dropping only to approximately 80% of the initial performance. With the objective of
reaching high standards in the commercial sector, the degradation behavior of MAPDI; has to
be further improved. Thereby, it is crucial to understand the degradation pathways, i.e., the
humidity-induced degradation as well as the decomposition of the structure under the

influence of heat and light, to be able to improve the stability of the system.

The presence of water causes the decomposition of MAPDbI; into aqueous hydroiodic acid
(HI), solid lead iodide (Pbly) and methylammonium (MA+) either released as gas (as amine)
or dissolved in water.*” This irreversible process occurs with films exposed to warm humid
air with water vapor content over 50% at room temperature and leads to a permanent loss in
device efficiencies.'"”? However, when the films are exposed to cool humid air without water
condensation on the surface, water is slowly incorporated into the crystal structure

accompanied by a separation of the Pblg octahedra.?? In Figure 1-6 the scheme of the slow
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hydration reaction as well as the XRD measurements of the reversible and irreversible

hydration of MAPbI; films are illustrated.
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Figure 1-6: Hydration reaction scheme with the corresponding crystal structures (a). XRD patterns of
?él)é[‘g]bls thin films exposed to moisture with cold air flow (b) and exposed to moist warm air for 20 min
The slow hydration reaction of MAPDI; is a two-step process, where the 3D arrangement of
the Pblg octahedra is first saturated with one water molecule per formula unit. Subsequently, a
new structure is formed by the inclusion of another water molecule upon longer exposure to
humidity. The change in the Pblg configuration can be depicted as a transition from a 3D
network of octahedra for MAPbI; into 1D double-chains of monohydrated MAPDI3, which
finally results in a OD framework of isolated octahedra of MAPbI; dihydrate. In this regard,
the monohydrate is an intermediate product that can be easily converted back to MAPDbI; as

shown in the chemical equation of the hydration process.*" If the reaction is driven further to

the right, the formation of the dihydrate will be initiated, accompanied by the formation of
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Pbl, and the release of two water molecules. Then, the released water molecules can be reused
to convert the remaining MAPDI; crystals into the monohydrated MAPDI3. The complete
conversion of a film occurs in the presence of an excess of water, which can dissolve the MA
and remove it from the device, resulting in an irreversible hydration process. Nevertheless, the
monohydrate-to-dihydrate conversion is reversible but also limited by the phase separation of
the reaction products.?? If the hydrated MAPbI; crystals are exposed to air with low humidity
(35% RH) for longer times, the dehydration will be revealed by a color change from yellow to

the dark grey of crystalline MAPDI3.

A number of approaches have been explored to reduce the moisture-sensitivity, including the
use of mixed-halide perovskites,!*”) the formation of crystal crosslinking,®? the adoption of
protective transporting layers or electrodes®®® 3! and the use of new deposition techniques.
Furthermore, protective hole-transporting materials (HTMs)®! or hydrophobic materials®®®

have been used to improve the moisture stability of the device.

Not only moisture, but also environmental conditions such as temperature or pressure can lead
to structural changes in the commonly employed hybrid perovskite based solar cells. The
stability of ABX3 perovskites can be estimated from the tolerance factor (t) proposed by
Goldschmidt (1927).2% This value depends on the ionic radii of the ions (A, B and X) and is

defined as:

TA+TX

T X

Empirically, for the most stable perovskite, t corresponds to values between 0.8 and 1 and an
increase in t generally leads to an increase in symmetry.®] A tolerance factor between
0.71 — 0.9 results in a distorted perovskite structure with tilted octahedra, while higher (>1) or

lower (<0.71) values lead to non-perovskite structures.!®®! Usually, more than one structure is
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found for a perovskite material with a given chemical composition, depending on the
temperature and preparation methods.?® The crystal structure of the commonly employed
MAPDI3 shows tilted octahedra along the c-axis and a tetragonal symmetry, for example. With
increasing temperature the octahedra start reorganizing into a cubic symmetry. This phase
transition occurs between 54 and 57 °C, which corresponds to common solar cell operating
temperatures during summer.”® MAPbI; has a very low thermal conductivity such that the
light-deposited heat inside the perovskite cannot be distributed quickly within the film.B% The
symmetry variation, caused by octahedra tilting, and the heat affect the electronic and optical
properties of the perovskite and therefore influence the photovoltaic performance of
devices.*” Additionally, cycling between two crystal structures during day and night cycles

could lead to material fatigue and shorter device lifetimes.

Currently, the best perovskite structure with no phase transition at solar cell operating
temperatures is formamidinium lead iodide (FAPbI3). This compound has a band gap of
1.53 eV for the trigonal a-phase,’®” which is near the optimum for single junction solar cells,
and a phase transition at 125 °C.1*®! The crystal structures and phase transitions of MAPbI;

und FAPDI; are shown in Figure 1-7.
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Figure 1-7: Phase transitions with the respective crystal structures of MAPDbI; (a) and FAPDI; (b).

One drawback of FAPDI; is the thermodynamically more stable 3-phase, which crystallizes in
a hexagonal symmetry where the lead halide octahedra are connected by a shared plane
creating a 2D structure. This configuration results in disrupted charge transport and a wide
band gap of 2.2 eV. Depending on the synthesis protocol FAPbIs-type materials can be
crystallized directly in the a-phase. One way to crystallize the a-phase is a replacement of
approximately 15% of the FA cations with MA. Thereby, the phase transition from trigonal to
hexagonal symmetry is completely suppressed between RT and 220 °C and the resulting
material exhibits the same lattice parameters, photoluminescence emission peak and band gap
as neat FAPbI5.1%*! This stabilization can be explained by the incorporation of MA and by the
accompanied increase in the overall hydrogen bonding strength between iodide and the

organic cation and the increase in Madelung energy or the combination of the two. State-of-
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the-art solar cells based on this approach now reach power conversion efficiencies above
20%.1 Another approach to retard the thermal degradation of perovskite based solar cells is
the replacement of the organic hole transport material with polymer-functionalized single-

walled carbon nanotubes (SWNTSs) embedded in an insulating polymer matrix.!"

1.3.2 Toxicity

Currently, one of the major issues still to be solved regarding perovskite based solar cells is
the heavy metal lead (Pb) in the absorber layer, which is well-known for its significant hazard
to the environment and human health.[* ! In particular, water-soluble salts are very harmful,
as they can be easily absorbed by living organisms, where a small daily dose of 1 mg will
result in chronic lead poisoning symptoms in humans, such as birth defects.[***®! For this
reason, the lead content of gasoline, paints and ceramic products, sealing and water pipe
solder has been limited. Furthermore, its concentrations have been dramatically reduced in
recent years. The maximum accepted levels of lead in drinking water and air are restricted to
15 and 0.15 ug/L, respectively, by the US Environmental Protection Agency (EPA).W] Lead
exists in the 2" oxidation state in perovskite solar cells, which makes it soluble in water and

thus a hazard to human health in case the cells are employed in large scale applications.

Like most toxic heavy metals, lead interferes with a variety of biological processes and can
harm many organs and tissues, including the heart, the intestine, bones, kidneys and the
reproductive and nervous systems. The human brain is the organ most sensitive to lead
exposure.®®! Because of the interactions with the nervous system, lead poisoning is
particularly toxic to children, causing potentially permanent learning and behavior
disorders.!*®! The Centers for Disease Control (US) has set standards regarding the elevated

blood lead level for adults to 10 pg/dl and for children to 5 pg/dl.[*! Major treatments include
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the removal of the source of lead and a chelation therapy, where the lead is bound by agents

that can be extracted afterwards.%

Looking at the periodic table, the most viable replacements for Pb would seem to be tin (Sn)
and germanium (Ge), which are also members of the group 14. The issue regarding elements
in this group is the decreasing stability of the 2" oxidation state when moving up in the
periodic table. For example, Sn-based perovskite materials have shown good mobilities in
transistors® and can become metallic.®? Noel and co-workers prepared a Sn-based
perovskite for the application in solar cells.®*) With a synthesis procedure like the one for the
Pb perovskite, namely dissolving Snl, and MAI in dimethylformamide (DMF), they spin-
coated films on different substrates to determine the properties of the material.
Methylammonium tin iodide (MASnNI3) crystallizes in a tetragonal symmetry with a lattice

parameter similar to MAPDI;. The structure is shown in Figure 1-8a.
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Figure 1-8: Crystal structure (a), normalized steady state photoluminescence (b), device performance
parameters (c) and current-voltage characteristics (d) of MASnI;.1*%

The absorption spectrum (Figure 1-8b) shows a broad absorption starting at 1000 nm and a
broad photoluminescence (PL) peak at 980 nm. In comparison, the lead perovskite shows a
sharper absorption edge and a narrower emission spectrum. Photo-thermal deflection
spectroscopy (PDS) of MAShI; revealed a bandgap of 1.23 eV.5¥ Besides these properties
Noel et al.>*! observed a rapid degradation of the material under ambient conditions. The
instability is likely to result from the inherent instability of Sn®* ions in the presence of
oxygen and moisture. Nevertheless, they incorporated MASNI; into a solar stack
(FTO / compact TiO, / mesoporous TiO, / MASnNI3 / spiro-OMeTAD / Au) and together with
encapsulation under inert atmosphere, a power efficiency of 6.4% under 1 sun illumination

was reported (Figure 1-8d).
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The stability of MASnI; still remains a challenge. The necessary next step will be the
stabilization of this material to suppress the oxidation of the Sn within the crystal. If this
problem can be solved, it will be possible to exploit the full potential of Sn-based perovskites.

Potentially the materials can approach the performance of c-Si and GaAs.*

In order to overcome challenges regarding the stability of the oxidation state, first attempts
have been made to use elements from group 15 in the periodic table. The general valence shell
electronic configuration of these elements is ns?np®. The elements of group 15 generally
exhibit 37, 3" and 5" oxidation states. Due to the inert pair effect, the stability of the 5" state
decreases and that of the 3" state increases by moving down the group in the periodic table.
This result suggests a high stability of Bi*" and together with the much lower toxicity

compared to lead, bismuth is an interesting alternative candidate in photovoltaics.®

Park et al. introduced bismuth-based perovskites for solar cell application with the chemical
structure AsBizlo, where A is a monovalent cation such as cesium (Cs) or MA.®! This
material consists of bioctahedral (Bi.lg)* clusters that are surrounded by the cations. A

schematic picture of the structure is shown in Figure 1-9a.
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Figure 1-9: Crystal structure of Cs;Bi,ls () and the corresponding current-voltage characteristics (b).*®
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In comparison with MAPDI;, the bismuth perovskites show lower light absorption for a
similar sample thickness and have bandgaps of around 2.1 eV.® For Cs;Biyls a broad PL
peak is observed at around 650 nm, which results in a power conversion efficiency of 1.09%
in the following solar cell stack: FTO / compact TiO, / mesoporous TiO; / Cs3Bilg / spiro-
OMeTAD / Ag (Figure 1-9b). The MA;Bi,lg perovskite, with the same solar cell layout, only
shows an efficiency of 0.12%.°°! One big challenge with these materials lies in the film
formation, which leads to rather rough surfaces with pinholes in the layer. Although the
photovoltaic performances are poor compared to MAPbI; and MASnI;, these perovskites
exhibit high stability and the solar cells show no decay of performance after one month.®® As
a denser homogeneous layer of these materials will probably result in more efficient devices,

bismuth perovskites do show promise for applications in solar cells.

Next to using lead-free alternatives, another approach to prevent the release of lead into the
environment is the recycling of solar cell devices based on MAPbI;. This opens up new vistas
for the commercialization of perovskite-based devices, as solar cells are not allowed to be
depolluted at the end of their working lifetime according to international electronic waste
disposal regulations®” *®. By recycling the hazardous materials the waste issue can be solved

and additionally the synthesis procedure will be economically more attractive.

In the past, different approaches have been published to reduce lead waste in the energy
economy, such as the recycling of lead-based batteries®™ or perovskite-based solar cells.!®® &
The recycling procedures of Poll et al.® and Chen et al.®® are shown in Figure 1-10; they
are based on dissolving the active areas with subsequent purification. Then the pure Pbl, can

be reused for the preparation of high quality films of MAPDI;.
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Figure 1-10: The combined recycling procedures of different lead sources for the preparation of
perovskite-based solar cells from Poll et al.®™ and Chen et al.l**)

These recycling procedures fulfil requirements regarding the environmental compatibility and
the avoidance of expensive high temperature steps, like the traditional lead extraction
process.l®? If deep eutectic solvents (DES) are used for the recycling of lead-based solar cells,
a clean, low-cost, electrochemical method will be introduced. In this regard, DESs have
shown excellent capability for the dissolution of metal salts!®® and the subsequent reuse of
these materials.’® Furthermore, they are considered environmentally friendly.®® If it is
possible to extend the recycling process to the other layers within a solar cell the cost and

environmental impact will be even lower.

1.3.3 Upscaling

Although the reported efficiencies of perovskite-based solar cells (PSC) are comparable to
those of silicon solar cells, these cells are mainly prepared by spin-coating on the lab scale.
This process is not only difficult to scale up and to apply to flexible and uneven substrates,
but it is also a relatively high-cost process because of its inevitable material waste during the
spinning process.'®® Furthermore, it is a non-continuous process, which is inconsistent with

low-cost and large scale production.!®”! Although large area MAPbI; deposition techniques are
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already under investigation, a fully printable module level process still poses a significant
challenge.’®® Like in other photovoltaic systems, the upscaling of device size as well as the
use of flexible substrates increases the series resistance and as a result the power conversion

efficiencies are lower than on the lab scale.[®®

A wide range of techniques, such as spray coating,l’® inkjet printing,"™* sequential vacuum
deposition,”? electrodeposition,!™ slot-die coating,! drop-casting!” and slot-die roll-to-roll
(R2R) coating,!"™® are being applied to address challenges associated with PSC processing on
the large scale. The photovoltaic performances, the active area of the devices as well as the

cell configuration of the different preparation techniques are summarized in Table 1-1.

Table 1-1: Photovoltaic performance of perovskite-based photovoltaics concerning large scale.l’”!

PCE preparation active area
cell configuration (%) method (mm?
ITO/TiO,/ MAPDI3 / Spiro / Ag 8.1 spray coating 6.5
FTO/TiO,/ mp-TiO, / MAPbI; / Spiro / Au 12.3 inkjet printing 4
ITO / PEDOT:PSS / MAPbl; / Cso / Bphen / Ca / Ag 154 S0 vacuum 5

deposition

10.2 7.1
FTO/TiO,/ MAPbI; / carbon electro-deposition

4.5 400
ITO/ZnO/ MAPbI; / P3HT / Ag 4.2 slot-die coating 50
FTO/TiO, / mp-TiO, / ZrO, / MAPbI; / Carbon 12.8 drop-casting 7

Among the many options, slot-die R2R coating is the most attractive route for PSC scale-up
because the technique is most suitable for high throughput device fabrication.® With this
technique, the crystallization kinetics can be tuned via the solution feed, the drum speed and

temperature, thus facilitating efficient printing of well-defined stripes for solar modules.
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Furthermore, it is economically viable because of the effective material usage with very little

loss during printing.[®®!

Probably the most difficult issue with scalable printing methods is the different drying
mechanism compared to the spin coating process. Coating methods form first a wet film,
which is dried naturally or afterwards by an air dryer.”® During this slow drying period, the
solution can lose uniformity and overgrowing crystals can be formed on the substrate./ In
order to overcome this problem, an external “quenching” effect is needed to imitate the spin-
coating process. Therefore, Hwang et al. introduced a second slot-die head into the setup,
which was connected to high-pressure nitrogen for rapid drying of the printed film.["* The

schematic layout of the setup is shown in Figure 1-11a.

a)

Nitrogen

Figure 1-11: Schematic illustration of slot-die coating with a gas-quenching process (a) and the actual roll-
to-roll production of perovskite solar cells (b).""

With this method, every layer (except of the metal electrode) of a perovskite-based solar cell
with the device layout ITO/ZnO /MAPDbI;/P3HT / Ag was printed. The perovskite layer
was prepared by a slot-die R2R deposition of Pbl, followed by conversion into the perovskite
with MAI, also deposited by a slot-die R2R process. ZnO and doped P3HT charge
transporting layers were also successfully fabricated by the slot-die coating. A PV efficiency

of around 10 % was obtained for areas up to 10 mm?2.["4
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In the near future, techniques like slot-die R2R processing are expected to enable the price
point necessary for PSCs to contribute to the photovoltaic markets. This technique is also
suitable for other perovskite-based applications, such as tandem devices with silicon or CIGS

cells as well as applications in light emitting and detecting technologies.[’”
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2 Characterization

2.1 X-Ray Diffraction

X-ray diffraction (XRD) is the commonly used method for the characterization of the atomic
structure and the composition of crystalline materials. The principle of XRD measurements is
based on the scattering of electromagnetic waves (X-rays) on structures in the Angstrem
range (10"°m), which have about the same physical dimension as the wavelength of the

incident radiation (Figure 2-1).
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Figure 2-1: Schematic representation of the scattering processes in a XRD measurement.

The observed diffraction pattern originates from the elastic scattering of X-rays by atoms in a
periodic three-dimensional structure. The relationship between the scattering angle and the

distance of lattice planes is given by Bragg’s law:
n = 2d sin(9) (2)

where n is the order of interference, A the wavelength of X-rays (usually

Cu K, = 1540562 A), d the lattice spacing of the material and 6 the angle of incidence. The
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2.2 Scanning Electron Microscopy (SEM)

resolution of this technique is given by the measurable angles between 0.5° 26 and 100° 26,

which correlate to lattice spacings of 0.1 nm to 20 nm.!!!

2.2 Scanning Electron Microscopy (SEM)

Besides the crystallographic properties of materials, the morphology and the surface of the
nanoscale structure are also important parameters, especially in the case of solar cells. One
technique to characterize materials concerning the structure of solar cells is scanning electron
microscopy (SEM). Thereby, an electron beam is generated by either a heated tungsten
filament or a field emission gun with acceleration voltages of about 1 to 30 kV. Afterwards,
the produced electrons are focused on the sample with the aid of various condenser lenses and
an objective lens. The scanning coils enable the motion of the beam on the sample, which
results in a variety of different types of interactions between the beam of electrons and the
atoms in the sample. Accelerated electrons can pass through the sample without interaction,
undergo elastic scattering or can be scattered inelastically. Other types of signals are back-
scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence) and specimen
current. The imaging in the SEM measurements is performed by absorbed electrons, which
relax within the sample and are emitted again as electrons with lower energy, so called
secondary electrons (SE). These SE can be detected by a detector, which is placed at a certain

angle to the sample holder. The typical setup of a SEM is shown in Figure 2-2.

44



2 Characterization
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Figure 2-2: Schematic setup of a scanning electron microscope (SEM).

The number of SE reaching the detector depends on the surface height and orientation of the
material as well as on the composition of the illuminated spot. Thus, by scanning the surface
of the sample with the electron beam point by point it is possible to generate a microscopic

image.™
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2.3 UV-Vis Absorption Spectroscopy

As mentioned above, characteristic X-rays are also produced by the electron beam. These
X-rays correspond to the atomic composition of the material and can be sorted in a detector
according to their wavelength. It is possible to determine the quantity of the included atoms of
the analyzed sample with the obtained spectrum. This technique is called energy dispersive X-

ray spectroscopy (EDX).!

2.3 UV-Vis Absorption Spectroscopy

In addition to the structure and the morphology of the material, the electronic properties are
another important feature of the absorber materials studied for PV applications. By means of
ultraviolet-visible (UV-Vis) spectroscopy the optical transitions from the ground state to
various excited states can be investigated. It is possible to apply this method for the
quantitative and qualitative determination of the absorption properties of liquid as well as

solid samples.

The absorbance A at a certain wavelength is defined in equation 3, where | is the measured

intensity and Iy the intensity of the incident beam (measured without inserted sample).

I(A
AQD) = —log% ®)

In case of a sample dissolved in a suitable solvent at a concentration where molecular
interactions are small, the absorbance is also related to the concentration of the absorbing
species via the Lambert-Beer-Law (equation 4), where A is the absorbance at a certain
wavelength, 2, ¢ the specific absorption coefficient, ¢ the concentration and L the optical path

length.

A =) clL (4)
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Normally solar cells consist of several layers with different refractive indices, which makes
the determination of the amount of absorbed light more difficult. This becomes even more
complicated in a fully assembled solar cell, as a solar cell typically not only contains various
charge selective layers but also a reflective metal electrode. Thereby, the light is scattered and
refracted at the interfaces between the different layers. In a simple model geometry for the
determination of the absorption in the active layer of a solar cell (sample on glass substrate),
there exist three interfaces that involve scattering of light, namely the air-substrate, the

substrate-sample and the sample-air interface.

As the Lambert-Beer-Law is not applicable for the determination of the absorbance in such
more complex samples, a reliable determination of the absorbance can only be obtained by
optical modelling based on the optical constants of each individual layer', or measurements

using an integrating sphere, corrected by choosing a suitable reference.

A procedure has been developed to produce reliable results for a wide variety of thin film
samples and has been applied throughout this thesis to estimate absorption in thin films.®
There are three possibilities of interactions between light and the sample: either the light is
absorbed, transmitted or reflected. Therefore, the intensity of the incident light can be written

as percentages of absorbed (%A), reflected (%R) and transmitted (%T) light.
%A + %R + %T = 1 (5)

The different components of the light can be determined by transmission and reflectance
measurements of the reference and sample by an integration sphere. For the reflectance
measurement the sample is positioned outside of the exit port of the integrating sphere. This
way, only light reflected from the surface will be taken into account. Regarding the

transmittance measurement, the sample has to be positioned just within the entrance port of
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2.4 Steady State Photoluminescence (ssPL)

the integration sphere. Thus, all the transmitted light and the light scattered towards the edges
of the sample is collected. These measurements have to be performed with the reference and
the sample. In case of thin film solar cells, the reference would be the supporting transparent
substrate without the active layer. Additionally, the instrument transmission baseline
(100% T) has to be acquired without any optical obstacles in the beam path and a Spectralon

white standard (100% R).

Through adapting equation 5 the absorbance for each sample can be calculated by the sum of
reflectance and transmittance subtracted from 1. Afterwards, the absorption can be calculated

by the absorbance following equation 6.

A= —log(1 — %A) (6)

For this reason and in summary, the absorption of the active layer is the absorption of the

complete sample reduced by the absorption of the substrate (reference).

2.4 Steady State Photoluminescence (ssPL)

If a chromophore or an electron is excited in a semiconductor, it will relax to its ground state
after a certain time, while the excess energy will be released as phonons or photons. The
energy of the emitted photon depends on the energy difference between the excited state and
the ground state (band gap). A schematic representation of the absorption and emission

processes is represented in Figure 2-3.

The detection of the emitted photons can provide valuable information not only about the
energy levels of a certain sample but also about the effectiveness of processes like charge

transfer.
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energy

Figure 2-3: Schematic representation of absorption (1) and relaxation (2) processes leading to
photoluminescence.

2.5 Time Correlated Single Photon Counting (TCSPC)

The photoluminescence (PL) signal cannot only be used to illustrate the absolute energy and
the intensity of the emitted photons (ssPL), but also to record the time-resolved kinetics of
photoemission from the band edge. One of the techniques used to measure this process is
called time correlated single photon counting (TCSPC) and is based on the repetitive and

precisely timed registration of single photons created by the sample.
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2.5 Time Correlated Single Photon Counting (TCSPC)

In order to realize the experimental setup, a pulsed laser source is needed. Thereby, the time
between a laser pulse and the detection of a photon is measured. However, this time is not a
constant value, as shown in Figure 2-4, because it is not possible to predict the exact time
when the relaxation process will happen. As a consequence, the decay mechanisms cannot be

investigated by a single experiment.

fluorescence photon

———p
start-stop-time 2

start-stop-time 1

Cb 34ns @ 4.7 ns

Figure 2-4: Measurement of start-stop times in a time-resolved fluorescence measurement with TCSPC.")

Therefore, the laser is pulsed in the frequency range of 100 kHz to 80 MHz in order to collect
a multitude of individual single photon measurements. In the evaluation, every single decay

time is sorted in a histogram consisting of a range of time bins (Figure 2-5).
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Figure 2-5: Histogram of start-stop times in time-resolved fluorescence measurement with TCSPC.["!

Thereby, typically an exponential decay is observed by plotting the count rates against time.
The half-life time of the photoexcited species can be extracted with a matching function of the

exponential decay.

2.6 Current-Voltage Measurements

After the PL investigations the sample can be incorporated into a stack of electron- and hole-
extraction layers to facilitate the determination of the power conversion efficiency (PCE, #) of
the device. To be able to compare different type of architectures, samples and results of
different laboratories, the testing takes place under standardized conditions. One important
parameter is the light intensity, which is standardized to a total light intensity of 100 mW/cm?

(1 sun).’® This standard is called ASTMG173-03 air mass 1.5 global (AM1.5G) and
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2.6 Current-Voltage Measurements

corresponds to the spectrum emitted by the sun and corrected for absorption and scattering by

the atmosphere.

During the illumination with 1 sun current-voltage (J-V), measurements are performed to
obtain the efficiency of the solar cell. Thereby, different voltages are applied to the device
during the measurement of the resulting current. A typical J-V-curve for a perovskite solar

cell is shown in Figure 2-6.

C}] 30 I I I I I I 1 I 1 I ) I
g 00 &2 — 16
E |
©
< 10 412
= @
% 0 Voc —
go) - 138 %
£-10 - 1 S
& - 3
- — 4 0
320 _
1 | ] ] ] | 1 | 1 | 1 ] O

02 04 06 038 1.0 1.2
voltage / V

Figure 2-6: Typical J-V and power curve for a perovskite solar cell.

Important factors characterizing solar cells are the short circuit current (Jsc) and the open
circuit voltage (Voc). Jsc represents the current of the cell with no applied bias voltage.
Furthermore, it provides insights in the absorption behavior, the charge carrier production and

the charge carrier transport within the absorber layer. On the other hand, Voc is the needed
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voltage to compensate the internal electrical field of the solar cell, which means that no

current is flowing at that voltage.

The power produced by the solar cell is determined as the product of the current and the
applied voltage (grey curve). The maximum of this parabolic power curve is called maximum
power point (Puax). At this voltage the solar cell performs with highest efficiency. The power
conversion efficiency (PCE) is directly proportional to the quotient of Pyax and the power of

the incident light (Py).

Pyax  Vmax Imax

PCE =
Py Py

()

The fill factor (FF) is introduced as another quality factor, which will vary as a function of the

shunt and serial resistance of the device. It is defined as

Vmax Jmax _ _Pmax
VocJsc VocJIsc

FF = (8)

This equals the ratio between the areas of the light blue and dark blue rectangles in Figure 2-6

(see above).

2.7 Time of Flight Measurements (ToF)

In addition to the number of excited species (excitons) within the absorber layer, splitting of
the excitons and the mobility of the resulting charge carriers is crucial for the photovoltaic
performance of the material, too. With the measurement of the time of flight (ToF), the
mobility of charge carriers in either a single charge-transporting layer or in multiple layers,
consisting of charge carrier generation and transport layers sandwiched between the two

electrodes, can be investigated.
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2.7 Time of Flight Measurements (ToF)

The ToF method is based on the measurement of the carrier transit time (z), that is the
required time for charge carriers generated by pulsed light irradiation to travel from one
electrode to the other under an applied electric field (Figure 2-7). In case of measuring a hole
drift mobility, the transparent electrode (FTO) is held at a positive potential, while the other
electrode (gold) is grounded through a resistor R that has a much smaller resistance than the
sample. This leads to an applied potential U in the material so that the photo-generated
charges will start moving towards the negative electrode. An advantage of using the

ToF technique is that hole and electron mobility can be studied separately.

hw

TiO,

d | EESEOHUE

bias

Figure 2-7: Principle of the time of flight measurement on a perovskite based solar cell.

If charge carriers start to drift, photocurrent will flow until the charge carriers arrive at the
other electrode. Then the transit time can be extracted from the double logarithmic plot of
transient photocurrents and the time, according to the Scher-Montroll theory.® With the
obtained transit time z, the sample thickness d and the applied potential U the mobility can be

calculated according to equation 9.1"

54



2 Characterization

p=— 9)

The mobility gives insights in the quality of the absorber and connects it with the power

conversion efficiency of the device.

2.8 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

Optical emission spectroscopy (OES) provides a measurement to investigate atoms, ions and
molecules within a plasma, causing the sample to emit light and thereby revealing their
presence and concentration by distinct spectral signatures. Here, the excitation of electrons to
higher energy levels within the sample is achieved by inductively coupled plasma (ICP). ICP
is plasma that is ionized by heating a gas (Ar) inductively with an electromagnetic coil.
Furthermore, the sample chamber contains a sufficient concentration of ions and electrons to
make the gas conductive. Plasma temperatures can range between 6000 K and 10000 K.
This is why almost every chemical element is ionized so it can emit its characteristic photons.

Afterwards, the generated light is transferred to a diffraction grid, which separates the

radiation in monochromatic components as shown in Figure 2-8.
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Figure 2-8: Schematic setting of ICP-OES measurement.

Small photoengraved plates are set on the grey circle (Rowland Circle) to isolate the spectral
lines belonging to the selected elements for the analysis. The intensity of each emission
spectrum depends on the concentration of the element. Therefore, it is possible to perform

qualitative and quantitative analysis of the elements within the sample.

2.9 Design of a Solar Simulator for the Glovebox

During the process of this thesis, we developed a setup for obtaining J-V curves under inert

atmosphere (N) and simulated solar irradiation (Figure 2-9).
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Figure 2-9: Layout of the solar simulator.

Solar irradiation is obtained by a LED array (Bridgelux, 6600 Im), which emits warm white
light with an intensity between 50 and 250 mW/cm?. The LED is thermally coupled to a
ventilator (SUNON) to prevent an overheating of the system (2). The intensity of the light can
be modified by a power supply (1). At normal working conditions the LED is calibrated to
100 mW/cm? with a Fraunhofer ISE certified silicon cell. However, the spectrum of the LED
differs from the simulated AM1.5G solar spectrum, so a mismatch factor has to be calculated

in order to get reliable J-V characteristics.

To be able to estimate the spectral mismatch the fractional variation between the test cell
short-circuit current measured under the solar simulator and the test cell short-circuit current
measured under AML1.5 sun light of 200 mWcm™ intensity has to be calculated. The equation
from Snaith et al.'?! is used for the calculation of the mismatch factor.

_ JErR(W)Sr(D)dA y [Eg(2)Sr(A)da
JEs(W)Sp(D)dA [ E, (D)Sp(A)dA

(10)

Here Sg(7) and St(4) are the spectral responses of the reference diode and the test cell, which
is in this case a Methylammonium lead iodide (MAPDI3) based solar cell with a strong
absorption starting from 850 nm to 350 nm. These values can be calculated from the IPCE
(incident photon to current efficiency) ratio. The term Es(Z) is the output spectrum of the used

solar source (in this case an LED) and Egr() is the AM1.5G spectrum. A mismatch factor of
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2.9 Design of a Solar Simulator for the Glovebox

0.9 is obtained for this setup as a result of the difference between the LED spectrum and the
solar spectrum. With this value the solar simulator is calibrated in order to get reliable results

for the devices.

Up to 12 individual devices per substrate can be measured automatically via computer-
controlled relays (3). The corresponding pins on the circuit board (Figure 2-10b) are bumped
onto on the gold contacts of the substrate by bolting a metal lid on top (Figure 2-10a). The
circuit for the measurement is closed by connecting the back contact (pin 13-16) with the
desired pixel (pin 1-12) of the solar cell. Afterwards, J-V curves are recorded with a Keithley
2400 sourcemeter (4) and plotted with the aid of LabView (5). Each device of the substrate
has an active area of 0.0831 cm? defined by a square metal aperture mask on the white teflon

layer (Figure 2-10a).
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Figure 2-10: a) LED setup (2) and b) layout of the circuit board.
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3 Control of perovskite crystal growth by methylammonium lead chloride

templating

This chapter is based on the following publication:

Andreas Binek”, Irene Grill", Niklas Huber”, Kristina Peters, Alexander G. Hufnagel, Matthias
Handloser, Pablo Docampo, Achim Hartschuh and Thomas Bein, Chemistry — An Asian

Journal, 2016, 11, 1199-1204.

*These authors contributed equally to this work

3.1 Introduction

With rising global energy demand and the decline of fossil fuels reserves, there is great need
to develop renewable energy resources. Lately, solar cells based on organic-inorganic
trihalide perovskites, e.g. (CH3NH3)Pbls, have emerged as a highly efficient and inexpensive
photovoltaic technology.™™ Through optimization of the fabrication processes,>" the
annealing process® ¥ and the interfaces;*®! perovskite solar cells have already exceeded 20 %
power conversion efficiency (PCE).™

Recently, several novel crystallization methods have been exploited to fabricate perovskite
photovoltaic devices with high and reproducible performance.** ** In particular, previous
studies show that control of the macroscopic morphology and the crystalline domain size has
a strong influence on the resulting device performance.**® Hence, understanding the
crystallization mechanism of the active layer is a crucial factor. In grain boundaries and
defects, traps for the photoexcited species are located and recombination can occur..*”! Thus,
a good strategy to maximize device efficiency is the reduction of the number of grain

boundaries in the perovskite layer by tuning the deposition technique.™ A common approach
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to improve the performance of perovskite solar cells is the use of a chloride-based precursor
in the casting solution. In particular, lead chloride (PbCl;) and methylammonium iodide
(MAI) mixtures lead to highly efficient devices when employed in planar heterojunction solar
cells.®! This enhancement is generally attributed to the formation of bigger crystal domains
of the perovskite compared to other precursors and the related reduction of grain boundaries
and defects in the bulk material.l*®! However, the role of chloride during the crystallization
process is still unclear, with many groups reporting no or only small amounts of chloride in
the final structure.”®% Thus, understanding the crystallization mechanism and, therefore,
gaining additional handles to tune the crystal morphology of these systems can open up new
strategies to maximize the device performance. Here, we investigate the crystallization of the
perovskite immediately after deposition in order to understand and control the crystallization
kinetics of the system. Our in-situ X-ray diffraction measurements show that initially
MAPDCI; crystallizes on the substrates to be fully converted into MAPbI; after a certain time
under heating. Furthermore, we show the positive influence of the slow evaporation of the
solvent on the crystal size, morphology, and also on the charge-carrier mobility in the
perovskite layer. Our results help to understand the influence of chloride during the
crystallization process of the perovskite and the origin of the improved performance of the

system.

3.2 Results and Discussion

The MAPbI; samples were prepared according to the synthesis route of Eperon et al.’®! In
short, a mixture of lead chloride (PbCl,) and methylammonium iodide (MAI) was dissolved at
a ratio of 1:3, and was then spin-coated on a TiO,-covered fluorine-doped tin oxide (FTO)
substrate. Afterwards, the sample was kept at room temperature (RT) for different times to

allow for the slow evaporation of the residual solvent, and then heated to different
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temperatures to complete the conversion to the MAPDI; crystal phase. With this procedure we
enabled slow formation of the perovskite, leading to uniform crystallites. In order to examine
the influence of different evaporation times of the solvent at RT on the perovskite
morphology, cross-sections were prepared (Figure 3-1). Short exposure times between 1 min
and 20 min resulted in crystallites that are not uniform in size and shape, and a large number
of grain boundaries are visible. In contrast, the SEM images of samples with a longer
crystallization time show larger and more uniform crystallites, and consequently a reduction
of grain boundary density.

To substantiate the uniformity of the MAPDI; crystals, smooth cross sections showing high
contrast were also prepared with a focused ion beam (FIB). In the FIB cross-sections (Figure
3-1b) the noticeable difference between fast and slow evaporation of the solvent is even more
visible. The 5 min sample exhibits a rough surface due to non-uniform crystal formation. In
comparison, the 40 min sample shows a regular brick-like morphology of the perovskite on

the substrate.
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Figure 3-1: SEM images of cross-sections of samples with different evaporation times at RT (a) and SEM
images of FIB cross-sections of a 5 min and a 40 min sample, respectively (b).

In order to further understand the crystallization and the influence of the different temperature
treatments during the synthesis, in-situ X-Ray diffraction measurements (XRD) were
performed under a nitrogen atmosphere with freshly spin-coated samples. Additionally, we
investigated the effect of heating steps on the perovskite crystal structure; such steps are often
used to achieve highly efficient devices for a range of exposure times (Figure 3-2). In the first
XRD pattern, after 5 min at RT, an intense reflection at around 16 °20 is observed. Over time,
an additional reflection at 14 °26 appears and slowly increases at RT. The first reflection at
higher angles (16 °26) is attributed to the (200) plane of the MAPbCI3 perovskite structure,
while the second reflection (14 °20) is attributed to the (002) plane of MAPDI; (Figure 3-2d);
no shift is present in either reflection, therefore ruling out MAPbI;Clx mixed phases. The
broad reflection between 11.2 and 12.6 °26 is likely the result of the formation of Pbl,*™
complexes, which arise as a result of employing non-stoichiometric perovskite mixtures with

an excess of the organic cation.!*
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Figure 3-2: In-situ X-ray diffraction measurements with samples prepared according to the PbCl, route.
XRD patterns for the RT step from 5 min to 60 min (a), 90 °C step from 2 min to 120 min (b), 100 °C/

130 °C at different times and after cooling down (c). Theoretical patterns of MAPbl; and MAPDCI,
compared with XRD pattern of the sample after 20 min at RT (d).

The difference between both structures is not only the halide but also the arrangement of the
PbXg octahedra. Heating to 90 °C leads to a reversal of reflection intensity of both perovskite
structures, and thus conversion from one structure to the other. Thereby, the intensity of
MAPDCI; is quickly decreased while the reflection of MAPbI; gains in intensity.
Furthermore, the second reflection of the iodide perovskite at around 28 °26 also increases
during the heat treatment. In the following two temperature steps (Figure 3-2c), the intensity
of MAPDCI; reflections is further decreased and the orientation of the MAPbI; crystals is
enhanced as the number of reflections is reduced, and only reflections arising from c-axis
orientation remain. After cooling down to RT, only two reflections are observed, indexed as
(001) and (002) from MAPbDI3, indicating that the crystals exhibit a preferred orientation along

the c-axis and therefore parallel to the substrate. The same orientation is also observed in

samples having been exposed to different evaporation times at RT, as shown in Figure 3-3.
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From a crystallographic point of view the samples are very similar, however, the cross-

sections show different morphologies.
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Figure 3-3: XRD patterns of samples prepared by the PbCI, route with different resting times at RT. All
samples were heated up to 90 °C for 2 h, 100 °C for 10 min and 130 °C for 5 min after each RT step.

Crystallization of a material from a solution can occur by cooling down the solution or
through evaporation of the solvent.” This is achieved through spinning of the substrate,
which then leads to the formation of the nuclei. Afterwards, the crystallites grow due to the
heating of the substrate. The fact that chloride, which improves the crystal quality of the
perovskite,? is not incorporated into the structure of MAPbDIs, indicates that its effect must

take place during the crystallization process.

The crystallization order of the two perovskite structures can be explained with the Ostwald—
Volmer rule, which states that the system with the lower density crystallizes first.?”) Here, the
density of MAPBCI3?® was estimated as 1.576 g/cm®, while a value of 4.119 g/cm® was

obtained for the MAPbI5®®? compound, and therefore the chloride-containing material is
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expected to crystallize first, as observed experimentally. We show a schematic of the

proposed mechanism in Figure 3-4.
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Figure 3-4: Schematic mechanism of the crystallization of the perovskite based on the PbCI, synthesis
route established from Ostwald-Volmer rule.

Here, the sample is left at RT for the slow evaporation of the solvent, where MAPbCI; forms
on the surface and acts as a template for MAPbI;. Additionally, some crystallites of MAPbI;
emerge during the RT treatment as observed in the in-situ XRD. These can then act as seeds
for the formation of the MAPDI; layer while heating up the system. Over time, the solvent as
well as the excess of MA and chloride are evaporated, and highly oriented MAPbI; crystals
are formed on the surface of the substrate with the orientation induced by the MAPDLCI;
template. With this crystallization mechanism, the morphological differences in the SEM
cross-sections can be explained with the time required by the MAPDCI; template to form on
the surface. A short time of 5 min at RT appears to be insufficient to create an oriented and
fully formed MAPDCI; template. Therefore, in this case, the deposition of MAPbI; during the
heat treatment leads to less uniform and smaller crystals. The difference between samples
treated for 5 min and 40 min at room temperature was further investigated by incorporating
the resulting perovskite layers in a planar heterojunction photovoltaic device architecture with
TiO, and spiro-OMeTAD serving as the charge extraction contacts.®® The current/voltage
curves and the efficiency distributions of the devices are displayed in Figure 3-5a and b,

respectively.
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Figure 3-5: J-V characteristics of MAPbIs-based solar cell devices prepared with 5 min and 40 min
evaporation time at RT (a) and their distribution of efficiencies from 200 solar cells (b). Figure c shows a
representative ToF transient. The inset is a double logarithmic zoom in of the region used to fit the data to
obtain the transit time t, (see text). The respective mobilities obtained by ToF measurements of both
sample types are depicted in d). Here it is observed that the incorporation of the material treated for
40 min at RT in the solar cell leads to an increase of charge carrier mobility by a factor of 2.

We show that the film treated for 40 min at RT exhibits enhanced PCE values in comparison
to the film treated for 5 min at RT. We attribute this difference to the higher crystallinity and
more uniform size distribution of crystals within the film during the MAPbCI; template-
assisted growth process, as illustrated by our in-situ XRD measurements depicted in Figure
3-2. In the SEM top-view images (Figure 3-6) of both films we observe that the domain sizes
of the perovskite crystals are increased while the surface density of pinholes is decreased for

the film treated for 40 min at RT as compared to the film treated for 5 min, leading to an

enhanced PCE and reduced hysteresis of the device (Figure 3-7).['
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Figure 3-7: J-V curves (forward and backward scan) of samples with 5 min and 40 min resting times
at RT.

The trend observed for the best device J-V curves, as presented in Figure 3-5, also holds for
averaged devices as shown in Figure 3-8. Additionally, the greater number of pinholes present
in the film treated for 5 min at RT also results in a small open circuit voltage loss due to

higher recombination losses, similar to previous results reported in the literature.!
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Figure 3-8: Averaged J-V curve of all prepared cells for both sample types fabricated within this work.

In order to investigate the relationship between crystal quality and transport dynamics in our
solar cells, we carried out time-of-flight (ToF) studies for the devices fabricated from
perovskite films treated for 5 and 40 min at room temperature. ToF is a well-established
method to extract the mobility of charge carriers in semiconductors and solar cells. Based on
the generation of charge carriers by short laser pulses and subsequent drifting due to an
applied bias, the resulting time-resolved photocurrent is used for the determination of the
corresponding mobility.®X! A representative ToF transient is depicted in Figure 3-5. From this
transient, the transit time t; is obtained. A detailed description of the fitting procedure and the
measurement setup used, including the transit time as a function of applied bias, see Figure

3-9, Figure 3-10 and Figure 3-11.
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Perovskite layer

g
Figure 3-9: The ToF setup used in this study (schematic).

The extraction of the transit times that are necessary to calculate the charge carrier mobility
according to p = d%/U-#, (d: perovskite layer thickness, U: bias voltage) was done by linearly
fitting the plateau and the decay of the transient in a double-log-plot (see Figure 3-5). The
transit time of the charge carriers was extracted from the intersection of both lines.*™! In the
presented experiments we could not observe any difference for the mobilities of electrons and

holes due to our temporal resolution of ~2 ns.*%
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Figure 3-10: Transient characteristics for a ToF measurement performed with an applied bias voltage of
50 mV compared to the generated photocurrent at zero bias under pulsed laser excitation.
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Figure 3-11: ToF transients obtained at different applied bias voltages (left) and corresponding transit
times as a function of the reciprocal bias values (right), extracted by the before mentioned procedure.

In the current device structure, we predominantly measure hole transport, as most charges are
generated in close proximity to the electron collection layer (TiO,), while the holes must
travel throughout the whole thickness of the film. We note that the resulting ToF transient
characteristics in a thin film device fabricated for supporting electron transport, for instance,
by using PEDOT:PSS (poly(3,4-ethylenedioxythiophene)- polystyrene sulfonate) and PCBM

(phenyl-Cg1-butyric acid methyl ester), would lead to similar results, since electron and hole
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mobility in MAPbI; thin films have been shown to be similar.*? Further, the penetration

depth of light in MAPbl; thin films at 550 nm is 0.66 mm, as measured by Park.=*!

The results extracted from ToF data can be found in Figure 3-5d. We note that the
experimental error is mainly caused by the determination of the layer thickness. The slow
evaporation of the solvent and the associated formation of uniform and big crystals of the
perovskite for the 40 min at RT sample can be connected to the enhancement of the mobility
of the charge carriers within the photoactive layer, as observed in the ToF measurements. The
higher mobility in the 40 min at RT sample is also observable in the J-V characteristic since
the series resistance of the solar cell is lowered, which leads to a higher fill factor (FF). The
series resistance was estimated by fitting the ohmic regime of the J-V curve and yields
12.5 Qem? for the 5 min and 8.2 Qcm? for the 40 min device. With this increased conductivity
of the sample, the charge extraction by the selective contacts is enhanced, resulting in higher
device efficiency. The results presented here show mobility values two orders of magnitude
higher than previous ToF studies on perovskite solar cells.** We note that the morphology of
the perovskite plays an important role for the mobility, as demonstrated here, and hence we
expect that the much smaller crystals and thus higher grain boundary density present in the
previous study account for the discrepancy. On the other hand, values obtained from THz
(8.1 cm®v %5 and microwave (6.2 cm?v s conductivity measurements on the active
perovskite layer only are up to three orders of magnitude higher than the present results that
have been obtained for complete devices. We attribute these differences to the different
transport processes and probing dimensions associated with THz and microwave
measurements, in comparison with the complete through-layer transport probed with ToF
methods. Moreover, as the ToF measurement probes the entire device, there could also be a
minor influence of the transport layer (spiro-OMeTAD) and the relevant interfaces on the

apparent mobility of the material.
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3.3 Conclusion

In summary, we have studied the crystallization of MAPbI; based on a one-step approach
with a chloride-based precursor. Based on in-situ XRD measurements, we propose a
crystallization mechanism for the synthesis procedure. Thereby, MAPDCI; is assembled on
the substrate during the slow evaporation of the solvent, and over time some MAPDI; crystals
are also formed. While heating up the substrate, MAPbI; grows at the expense of MAPDCI;,
which leads to crystals oriented parallel to the substrate. Furthermore, we show that a slow
evaporation of the solvent during the formation of the MAPDCI; template influences the
morphology, size, and uniformity of the resulting MAPbI; crystals. Advanced electro-optical
characterization by time-of-flight studies in this work showed that the charge-carrier mobility
is doubled for devices based on MAPDI; that were fabricated with more controlled
evaporation of the solvent at RT. This indicates that slow evaporation of the solvent before
the heat treatment benefits the solar cell efficiency through enhanced conductivity and a

corresponding increased device performance.

3.4 Experimental Section
Preparation of the precursors

Methylammonium iodide was prepared by adapting a recipe published earlier.®”! In short,
24 mL of methylamine solution (33% in ethanol, Sigma-Aldrich) was diluted with 100 mL of
absolute ethanol in a 250 mL roundbottom flask. To this solution, 10 mL of hydroiodic acid
(33 wt%) was added under constant stirring. After a reaction time of one hour at room
temperature, the solvents were removed by rotary evaporation. The obtained white solid was

washed with dry diethyl ether and finally recrystallized from ethanol.
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Solar cell preparation

Fluorine doped tin oxide (FTO) coated glass sheets (7 Q/sq, Pilkington, USA) were patterned
by etching with zinc powder and 3 M HCI. They were subsequently cleaned with a 2%
Hellmanex solution and rinsed with de-ionized water, ethanol and acetone. Directly before
applying the blocking layer, last organic residues were removed by an oxygen plasma
treatment for 5 min. The dense TiO, layer was prepared from sol-gel precursor solution by
spin-coating onto the substrates and calcining at 500 °C in air.® For the sol-gel solution a
27.2 mM solution of HCI in 2-propanol was added dropwise to a vigorously stirred 0.43 mM
solution of titanium isopropoxide (99.999%, Sigma-Aldrich) in 2-propanol. The solution

stayed clear during the addition and was discarded otherwise.

The precursor solution for the synthesis of MAPbI; was prepared by dissolving 1.685 g of
MALI in 4 mL dry N,N-dimethylformamide (DMF, 99.8%, Sigma—Aldrich). This solution was
then added to 973 mg of PbCl, (98%, Sigma—Aldrich) and heated to 100 °C in order to fully
dissolve the lead precursor. Subsequently, 100 mL of this solution was spin-coated onto the
TiO,-covered substrates at 1000 rpm for 45s. After varying the resting times at RT, the
samples were placed on a hotplate at 90 °C for 2 h. Afterwards, two additional heating steps
were performed, first 10 min at 100 °C and then 5 min at 130 °C. Next, the films were
covered with a layer of spiro-OMeTAD (Borun Chemicals, 99.5% purity). Typically, 100 mg
of spiro-OMeTAD were dissolved in 1 mL chlorobenzene (99.8%, Sigma—Aldrich). The
solution was filtered and mixed with 10 pL 4-tert-butylpyridine (tBP, 96%, Sigma—Aldrich)
and 30 pL of a 170 mg/mL bis(trifluoromethane)sulfonamide lithium salt (LiTFSI, 99.95%,
Sigma-Aldrich) solution in acetonitrile. This solution was spin-coated dynamically at
1500 rpm for 45 s. In a second step the sample rotation was accelerated to 2000 rpm for 5 s to

allow the solvent to dry completely. Before depositing the gold electrodes by evaporation,

75



3.4 Experimental Section

spiro-OMeTAD was left to oxidize in air overnight at room temperature and <20% relative

humidity.
Characterization details:

X-ray diffraction analysis was carried out in reflection mode using a Bruker D8 Discover with
Ni-filtered Cu-Ko-radiation (A = 1.5406 A) and a position-sensitive semiconductor detector

(LynxEye). The XRD patterns were offset in y-direction.

In-situ X-ray diffraction measurements were also performed on the Bruker D8 Discover with
Ni-filtered Cu-Ko-radiation (A =1.5406 A) and a position-sensitive semiconductor detector
(LynxEye). An Anton Paar heating stage (DHS1100) coupled to an Anton Paar TCU200
control unit was used. The sample was placed on the heating stage and covered with an X-ray
transparent foil, which was flushed with N, (99.999%, Air Liquide) constantly during all

temperature steps. The heating rate for this experiment was 60 °C/min.

Scanning electron microscopy images were acquired on a JeoL JSM-6500F microscope. The
perovskite layer was deposited on FTO-coated glass. The latter was then fixed with silver
paint on an aluminum holder. The silver paint was allowed to dry for 3 h in a desiccator. The
samples were prepared 10 to 16 h before the measurement and were always stored in a
desiccator with <20% relative humidity to avoid decomposition of the moisture-sensitive

materials.

J-V curves were recorded with a Keithley 2400 sourcemeter under simulated AM 1.5 sunlight,
calibrated to 100 mW/cm? with a Fraunhofer ISE certified silicon cell. The active area of the
solar cells was defined with a square metal aperture mask of 0.0831 cm?. The devices were
light-soaked at 2 V for 10 s, and then they were scanned from forward to reverse bias with a

step size of 50 mV and 100 ms setting time; then from short circuit to open circuit.
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Time-of-flight (ToF) studies were performed by using a Nd:YAG laser with a pulse length of
7 ns and a repetition rate of 20 Hz, pumping an optical parametric oscillator (OPO) which
allows for tuning of the excitation wavelength to 550 nm. All solar cell devices were
illuminated from the transparent FTO side at ambient conditions and low laser light intensity
(order of one sun). The generated photocurrent was detected via an oscilloscope after
applying a bias voltage of 50 mV to force drifting of the charge carriers to the respective Au

electrode.

FIB cross-sections were prepared with a JEoL JEM-9320 focused ion beam setup.
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4  Stabilization of the Trigonal High Temperature Phase of

Formamidinium Lead lodide

This chapter is based on the following publication:

Andreas Binek, Fabian C. Hanusch, Pablo Docampo and Thomas Bein, The Journal of

Physical Chemistry Letters, 2015, 6, 1249-1253.

4.1 Introduction

With the recent rise in awareness of environmental and energy issues, the development of
renewable energy sources have been the focus of a large number of research groups. Over the
last two years, solar cells based on alkylammonium lead halide perovskites have distinguished
themselves as a highly efficient and inexpensive photovoltaic technology.!*™! Since these
materials are solution processable in a facile way at low temperatures, solar cells on flexible
substrates can be prepared with high photovoltaic performance.®® Current state-of-the-art
devices are based on the methylammonium lead iodide (MAPDbI3) perovskite, with a certified

power conversion efficiency (PCE) of 19.3%.%!

However, the long-term stability of the prepared devices is an open question since MAPDbI3
undergoes a reversible phase transition between tetragonal and cubic symmetry in a
temperature range between 54 and 57 °C, corresponding to common solar cell operating
temperatures during summer.’? This structural phase transition is expected to influence the
electronic band structure of the material and therefore impact the photovoltaic properties.™
In order to achieve a stable solar cell in the long term, the development of a perovskite

without temperature-induced phase transitions in this temperature range is required.
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4.1 Introduction

The exchange of the organic cation of the perovskite from methylammonium (MA) to
formamidinium (FA) results in a material with either a trigonal structure (black color,
a-phase) or a hexagonal structure (yellow color, &-phase) depending on the synthesis
temperature. For the d-phase, no significant phase transition is expected within the solar cell
operating temperature range since the phase transition from the d-phase to the a-phase takes
place at around 125 °C.*Y Furthermore, the larger cation influences the metal-halide-metal
bond angle, which leads to a narrower bandgap relative to MAPbI3.2 Therefore, FAPbI; is
closer to the optimum bandgap for a single junction solar cell derived from the Shockley-
Queisser limit, which in turn leads to potentially higher theoretical efficiencies.!**! Pellet and
co-workers used this concept to extend the optical-absorption onset of MAPDI; into the red
region by incorporating FA into the structure.' Jeon et al. have recently adapted this strategy
by mixing FAPbl; with MAPbBrs, achieving power conversion efficiencies of 18%.!
However, in this instance, one of advantages of using FAPDIs, i.e. its narrower bandgap, is
lost by the combination with a bromide compound.!® ! Moreover, the introduction of
bromide will per se change the lattice constant of the perovskite, thus making it more
challenging to isolate the impact of the inclusion of methylammonium in the structure.
Additionally, the devices developed in Jeon et al.’s study incorporate a mesoporous titania
photoanode, which could precludes its inclusion in tandem or flexible applications.
Concluding from Pellet’s and Jeon’s studies, a transition from tetragonal (i.e. similar to
MAPbDI3) to trigonal symmetry (i.e. similar to a-FAPDI3) is observed when the

methylammonium content in the structure is reduced to below 20%. 1

Here, we explore this route to stabilize the a-phase of FAPbI; for its application in planar
heterojunction solar cells without the need for high annealing temperatures. We show that
incorporation of a smaller cation (MA) with a high dipole moment stabilizes the trigonal

phase of FAPDbI; without any lattice shrinkage or changes in the optical properties. We ascribe
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this finding to the enhancement of I-H hydrogen bonds between the cation and the inorganic
cage or to an increase of the Madelung energy of the structure. Thereby, the 6-phase transition
can be completely suppressed as shown by temperature-dependent X-ray diffraction. Our
results help to elucidate the origin of the improved performance and the stability of the newly

developed systems.

4.2 Results and Discussion

The stabilized FAPbI; samples were prepared via a two-step deposition/conversion process. A
layer of lead iodide (Pbl,) was initially deposited on an FTO covered glass substrate via spin-
coating and subsequently converted into the perovskite phase in a second step by immersion
in a solution of 85% FAI and 15% MAI in isopropanol (IPA). In order to illustrate the
differences between MAPDI; and FAPDI;, the crystal structures of the starting material, Pbl,
as well as of MAPDbI; and FAPbI; are shown in Figure 4-1. For Pbl,, the Pblg octahedra are
connected via a shared plane of three iodide ions. Through the incorporation of MA, the
layered octahedra form a 3D-network by reducing the number of shared iodide ions from
three to only one. However, at room temperature the octahedra are not perfectly aligned,
which results in an identical twist of every second octahedral layer in the c-direction. When
the temperature increases, the unit cell expands and the octahedra will arrange perfectly along
the c-axis. This effect can also be observed when filling the unit cell with a mixture of MA
and FA. While still maintaining the tetragonal room temperature structure, the unit cell is
enlarged. This was observed in X-ray diffraction measurements by a shift of the diffraction
pattern to lower angles.™ With more than 80% of FA in the perovskite structure, the
tetragonal symmetry collapses and the trigonal structure of a-FAPDI; is formed. In this
configuration the octahedra form a 3D-network. However, at room temperature the neat

FAPDI; compound can also crystalize in a hexagonal structure (3-FAPbI3), where the

83



4.2 Results and Discussion

octahedra form a network similar to Pbl,. In Figure 4-1b and c the XRD patterns of the

synthesized yellow FAPbI; and stabilized black FAPbIs, and their theoretical patterns™! are

illustrated.
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Figure 4-1: Crystal structure of Pbl, and MAPDI; at different temperatures, a-FAPbI; and 6-FAPbI; (a)
and the corresponding wide angle XRD pattern of the yellow 8-phase (b) and the stabilized black a-phase
(c) of FAPDbI,. The intensity of the theoretical patterns was reduced by half to illustrate the comparison of
the XRD patterns.

The comparison of theoretical and experimental XRD patterns for the prepared samples
shows that both FAPbI; structures were successfully prepared. In order to monitor the
stabilization of the a-phase of FAPbI;, temperature-dependent X-ray diffraction
measurements were performed on both a non-stabilized and a stabilized sample. The phase

transition can be observed in the shift of the main reflection to higher angles (from 5.4° 26 to

6.3° 26), since the unit cell of the o-phase is larger than the unit cell of the &-phase.
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Temperature-dependent XRD measurements with powder samples (Figure 4-2) were
performed with a molybdenum source. The diffraction pattern is therefore shifted to lower
angles compared to the XRD patterns in Figure 4-1, which were obtained using Cu-K,
radiation. The main reflection for the 5-phase is at 5.4° 26 and for the a-phase this reflection

is at 6.3° 20.

absolute intensity / counts
absolute intensity / counts

Figure 4-2: Temperature-dependent X-ray diffraction measurements of non-stabilized FAPbI; with phase
transition (a) and stabilized FAPDbI; (b) without phase transition.

In the non-stabilized sample, the phase transition occurs at 130 °C, which is slightly higher
than the observed temperature for single crystals of FAPbI; (125 °C).*Y The phase transition
was reversible, where upon cooling down to room temperature the sample returned to the
original 6 phase. The measurement of the MA-stabilized sample of FAPbI; was performed in
the same temperature range. In contrast to the neat FAPbl; sample, no phase transition from
the trigonal a-FAPDI; was observed in this temperature range. We note here that previous
studies demonstrate phase pure a-FAPbI; at room temperature,™ however these films were
prepared on mesoporous TiO,. The use of a mesoporous scaffold may influence the crystal
structure of the perovskite and possibly alter its phase transition due to the confinement in
TiO, mesopores.'® The sample preparation and the temperature-dependent XRD

measurements were performed under a nitrogen atmosphere, and thus the influence of water
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can be excluded as a cause for the formation of 3-FAPbI;. At concentrations of MA below

15% in the conversion solution, both a-FAPbI; and 3-FAPbI; were formed, see Figure 4-3.
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Figure 4-3_’: XRD patterns of pure yellow 6-FAPDbI; and stabilized FAPbI; with different MAI
concentrations.

The disappearance of the yellow 6-FAPDbI; phase can also be monitored via the SEM
micrographs in Figure 3 d-f. Here, the needle-like crystals formed at lower MA content can be
assigned to the 6-FAPDI; phase, as they correlate with the disappearance of the XRD
reflections corresponding to the hexagonal structure when a-FAPDI3 is stabilized with higher

amounts of MA.

The photophysical properties of the materials were measured to further understand the origin
of the higher photovoltaic performance. The photoluminescence (PL) spectra of the stabilized
samples are illustrated in Figure 4-4a. In the non-stabilized samples, a PL emission maximum

at 798 nm can be observed. With increasing MAI content, the emission is shifted and matches
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the position of neat a-FAPbI; at 813 nm with 10% MAI and 15% MAI in the conversion
solution. For the neat d-phase the PL signal was below the detection limit of the instrument
and is therefore not shown. Additionally, time-correlated single photon counting (TCSPC)
measurements were performed to obtain the lifetime of the photoexcited species in the
prepared films. Figure 4-4b shows the drastic increase in lifetime for samples with 10% and
15% MAI compared to the non-stabilized FAPDI3, the neat a-FAPbI; and the 5% MAI
sample. This striking difference in lifetime can be attributed to the stabilization of the crystal
structure of a-FAPbI; and the disappearance of the 6-phase. We note here that the decay
dynamics found for the neat a-FAPbI; compound are very similar to those found for the
standard MAPbI; compound.*®! As already mentioned above, both structures of FAPbI; were
observed in the XRD measurements for samples with lower MA concentration, with a large
number of grain boundaries between both phases. In these crossover samples, traps for the
photoexcited species may be located and recombination can occur.?? By reducing the number
of grain boundaries in the perovskite layer, the lifetime of the photoexcited species can be
enhanced. Similar behavior was also reported for a passivation of surface trap states in

MAPDI,.[24
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Figure 4-4: Photoluminescence measurements (a), time-correlated single photon counting measurements
(b) and Tauc-plots (c) of samples with different concentration of MAI. The estimated bandgap for all MAI
concentrations and a-FAPDI; is 1.52 + 0.02 eV. SEM micrographs of stabilized FAPbI; with 5% MAI (d),
10% MAI (e) and 15% MAI (f). With increasing MA content the needle-like structure disappears and is
replaced by a cubic structure.

The corresponding UV-Vis measurements are shown in Figure 4-5. By fitting the linear part
of the plots, a bandgap of 1.52 +0.02 eV was estimated for all films (Figure 4-4). The
bandgap energy found for the films presented here is in good agreement with the value of

1.48 eV estimated by Eperon and coworkers.™®
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I;/il%re 4-5: UV-Vis measurements of a-FAPbIl; and stabilized FAPbI; with different concentrations of
Since the bandgap of the prepared films was found to be the same for all MAI contents, there
is a possibility that no MA was introduced in the crystal structure. To probe this, we
performed elemental analysis of the stabilized sample. Neat FAPbI; should have a nitrogen
content of 4.5% and a carbon content of 1.9% of the total compound mass; however, in the
stabilized FAPbI; prepared by substitution with 15% MAI relative to FAI in the conversion
solution, the nitrogen content is lower (4.2%) and the carbon content is higher (2.1%), which

corresponds to a composition of FA g;MAg 13Pbls.

The stabilization of the a-phase of FAPbI; can also be monitored in the performance of the
solar cells with different MAI concentrations. With increasing MAI content, the short circuit
current (Jsc), the open circuit voltage (Voc) and the fill factor (FF) is enhanced (Figure 4-6).
The most efficient device contains 15% MAI and exhibits a high short circuit current of
15.7 mA and a fill factor of 56% with a voltage of 1V, resulting in power conversion

efficiency () of 8.7%. We note here that the maximum performance of the devices prepared
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in this work is limited by the rough perovskite layer. The SEM micrographs shown in Figure
4-4d-f show a full surface coverage for all prepared samples, while all samples exhibit similar
absorbance (Figure 4-5). We can therefore exclude shunting between the electron and hole
selective contacts or thickness variations as the causes for the differences in short circuit
current for the prepared devices. However, the needle-like crystals lying on top of the
perovskite layer suggest the formation of the hexagonal structure of FAPDI; at this interface.
This wide-bandgap material may then reduce charge transfer from a-FAPDI; into the hole
transporter and consequently diminish the charge collection efficiency, thus accounting for

the observed short circuit photocurrent differences.
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Figure 4-6: J-V curves for devices with different MAI content measured under AM 1.5 solar irradiation
conditions. The table summarizes the photovoltaic parameters (short circuit current, Jsc; open circuit
voltage, Voc; fill factor, FF; and power conversion efficiency, #).

In order to understand the stabilization of the a-phase of FAPDbIs;, we consider two
possibilities. Firstly, the structure can be made more stable by increasing the number of
hydrogen bonds between the iodide ions and the hydrogen of the ammonium moiety in the
cation. The probability of hydrogen bond formation may be related to the number of hydrogen
atoms of the molecule, and with four FA ions present in the pseudocubic a-FAPDI; unit

cell’® bearing 4 hydrogen atoms each, this is already quite likely. However, molecules with

a higher dipole moment tend to form stronger hydrogen bonds.”® %! Since MA exhibits a
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dipole moment ten times higher than FA, 2.3 Debye compared with 0.21 Debye,!*! with
3 hydrogen atoms, we suggest that it is more likely that stronger hydrogen bonds are formed
when MA is introduced into the a-FAPDI3 structure. The low dipole moment in FA is due to

the resonance-stabilization of the structure.?¥

In this case, the electron density is
homogeneous distributed over the nitrogen-carbon-nitrogen bond as reported by Frost et al.*
In contrast, the electron density of the MA molecule is concentrated at the nitrogen atom.
Secondly, the structure can be made more stable through the increase of the Madelung
energy.?® Since the Coulombic interaction between charges and dipoles is proportional to the
strength of the dipole, in this second scenario it is possible that the stronger interaction
between MA and the lead iodide octahedra results in an increase of the Madelung energy and

therefore to an enhanced stability of the system.?® Both cations and their interactions with the

inorganic “cage” are shown in Figure 4-7.

CcOr + @ Lb

Figure 4-7: lllustration of the dipole moments of MA (a) and FA (b) and their different influence on the
inorganic cage of the perovskite (c).
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4.3 Conclusion

Summarizing, we have studied the phase transition of the yellow &-phase to the dark a-phase
of FAPDI3 in perovskite films prepared by a 2-step deposition/conversion method. By
exchanging a small amount of 15% MA relative to FA in the immersion solution, we show
that the resulting films exhibit a fully stabilized o phase in the temperature range studied
(25-250 °C). Elemental analysis of the prepared samples shows a composition of
FA,87MA,13Pbls. Strikingly, no accompanying lattice shrinkage was observed, while the
transition to the yellow d-phase of FAPDbI; was completely suppressed in the temperature
range examined. We suggest that the smaller MA cation, which exhibits a dipole moment
10 times larger than FA, stabilizes the 3D arrangement of the Pbls octahedra with a
pseudocubic symmetry via I-H hydrogen bonding and/or the increase of Coulomb interactions
within the structure. This results also in additional benefits for solar cell performance in the
form of a drastic increase of the lifetime of the photoexcited species generated within the film,
and a corresponding high device performance. The dipole moment of the cation is an
important parameter for the formation of hybrid perovskites and therefore this approach is
expected to be suitable for the stabilization of other perovskite systems for further
enhancement of the crystallization of the active layer and their application in photovoltaic

devices.

4.4 Experimental Section
Preparation of the precursors

Methylammonium iodide was prepared by adapting a recipe published earlier.’®! In short,
24 mL of methylamine solution (33% in ethanol, Sigma-Aldrich) was diluted with 100 mL of

absolute ethanol in a 250 mL roundbottom flask. To this solution, 10 mL of hydroiodic acid
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(33 wt%) was added under constant stirring. After a reaction time of one hour at room
temperature, the solvents were removed by rotary evaporation. The obtained white solid was

washed with dry diethyl ether and finally recrystallized from ethanol.
Solar cell preparation

Fluorine doped tin oxide (FTO) coated glass sheets (7 Q/sq, Pilkington, USA) were patterned
by etching with zinc powder and 3 M HCI. They were subsequently cleaned with a 2%
Hellmanex solution and rinsed with de-ionized water, ethanol and acetone. Directly before
applying the blocking layer, last organic residues were removed by an oxygen plasma
treatment for 5 min. The dense TiO, layer was prepared from sol-gel precursor solution by
spin-coating onto the substrates and calcining at 500 °C in air.l'! For the sol-gel solution a
27.2 mM solution of HCI in 2-propanol was added dropwise to a vigorously stirred 0.43 mM
solution of titanium isopropoxide (99.999%, Sigma-Aldrich) in 2-propanol. The solution

stayed clear during the addition and was discarded otherwise.

The Pbl, (99%, Sigma-Aldrich) layer was prepared by spin-coating 75 pL of a 1 M Pbl,
solution in dry N,N-dimethylfomamide (DMF, 99.8%, Sigma-Aldrich) onto the TiO,-covered
substrates at 3000 rpm for 15s. To obtain smooth, homogeneous layers it was important to
heat both, the Pbl, solution and the substrates, to 60 °C before spin-coating and to perform the

deposition dynamically with hot solution onto hot substrates.

The lead iodide layer was transformed into the stabilized FAPbI3 perovskite by immersing it
into a 20 mM solution of FAI (Dyesol) mixed with a 20 mM solution of MALI in isopropanol.
The substrates were immersed into 40 ml of the solution. The mixing ratios of the different

MAI concentrations are shown in Table 4-1.
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Table 4-1: Contents of FAI and MAI used to prepare the dipping solutions for the different MAI
concentrations.

MAI concentration FAI content MAI content
5% 38 mL 2mL
10% 36 mL 4 mL
15% 34 mL 6 mL

The solutions were heated up to 60 °C and the substrates were placed in the reaction vessel
for 7 min. After taking the films out of the solution, they were washed in an isopropanol bath

and carefully dried in a nitrogen stream.

Afterwards, the films were covered with a layer of spiro-OMeTAD (Borun Chemicals, 99.5%
purity). Typically 100 mg of Spiro were dissolved in 1 mL chlorobenzene (99.8%, Sigma-
Aldrich). The solution was filtered and mixed with 10 pl 4-tert-butylpyridine (tBP, 96%,
Sigma-Aldrich) and 30 ul of a 170 mg/mL bis(trifluoromethane)sulfonamide lithium salt
(LiTFSI, 99.95%, Sigma-Aldrich) solution in acetonitrile. This solution was spin-coated
dynamically at 1500 rpm for 45s. In a second step the sample rotation was accelerated to
2000 rpm for 5s to allow the solvent to dry completely. Before evaporating the gold
electrodes, spiro-OMeTAD was left to oxidize in air over night at room temperature and

<20rel% humidity.

PL sample preparation

Perovskite samples for steady state and time resolved PL measurements were prepared as
described in the preparations mentioned above. In this case non-conductive glass substrates
were used and the perovskite was covered with a poly(methylmethacrylate) (PMMA) layer to
prevent degradation by ambient moisture. The layer was deposited by spin coating 75 pL of a

10 mg/mL solution of PMMA in chlorobenzene at 1000 rpm for 45 s.
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Characterization details:

The X-ray diffraction patterns were obtained on a Stoe powder diffractometer in transmission
geometry (Cu-K,1, A = 1.5406 A) equipped with a position-sensitive Mythen-1K detector. The
XRD patterns were offset in y-direction in order to better visualize changes in the crystal

structure. The powder samples were prepared by removing films from glass substrates.

Steady-state absorption spectra were acquired with a Lambda 1050 UV-Vis

spectrophotometer (Perkin Elmer) using an integration sphere.

Steady state and time resolved PL measurements were performed with a Fluotime 300
Spectrofluorometer (Picoquant GmbH). The excitation wavelength was fixed at 510 nm. The
emission for time resolved measurements was monitored at the maximum intensity of the

steady state photo-emission.

J-V curves were recorded with a Keithley 2400 sourcemeter under simulated AM 1.5 sunlight,
calibrated to 100 mW/cm? with a Fraunhofer ISE certified silicon cell. The active area of the

solar cells was defined with a square metal aperture mask of 0.0831 cm?.

Temperature-dependent powder diffraction experiments in the range of 25 to 400 °C were
performed with a Stoe Stadi P powder diffractometer equipped with an imaging plate detector
system using MoKal radiation (A =0.71093 A) in a modified Debye-Scherrer geometry.
Powdered samples were filled into silica glass capillaries with 0.5 mm diameter and sealed
under nitrogen atmosphere. During the measurements, the samples were heated up to 250 °C

with a heating rate of 2 °C/min.

SEM images were acquired on a Jeol JSM-6500F microscope. The perovskite layer was
deposited on FTO-coated glass. It was then fixed with silver paint on an aluminum holder.

The silver paint was allowed to dry for 3 h in the desiccator. The samples were prepared 10 to
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16 h before the measurement and were always stored in a desiccator with <20% relative

humidity to avoid decomposition of the moisture-sensitive material.
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This chapter is based on the following publication:

Fabian C. Hanusch, Erwin Wiesenmayer, Erich Mankel, Andreas Binek, Philipp Angloher,
Christina Fraunhofer, Nadja Giesbrecht, Johann M. Feckl, Wolfram Jaegermann, Dirk
Johrendt, Thomas Bein and Pablo Docampo, The Journal of Physical Chemistry Letters,

2014, 5, 2791-2795.

Initial experiments and basic material characterization have been performed by Fabian
Hanusch. Optimization of the sample preparation have been performed by Andreas Binek.
Rietveld refinements have been performed by Erwin Wiesenmayer. XPS/UPS measurements

have been performed by Erich Mankel.

5.1 Introduction

Solar cells based on alkylammonium lead halide perovskites have recently garnered a large
amount of interest in the photovoltaics community.! This class of materials exhibits a very
high absorption coefficient of more than 10* cm™ above their bandgap energy range and
extremely long lifetimes of the charge carriers,”>® making them comparable to established
inorganic solar cell materials. One possible application of these materials is in tandem solar
cells with a conventional Si or CIGS bottom cell, where the latter established technologies
could be improved by as much as 30% in this configuration at almost no extra cost.[
Moreover, building-integrated photovoltaics can also benefit from absorber materials

displaying different colors, i.e. band gaps.
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Recently, Eperon et al. reported on the substitution of iodide with bromide for a
formamidinium-based system.”! They observed a band gap of 2.23 eV for the resulting
FAPbBr; material, which makes it a more suitable candidate for tandem applications than
either MAPbBr; or MAPbI3.[ Although high efficiency MAPbBrs-based solar cells have
been reported by Ryu et al.,®! their device architecture includes a high-temperature sintered
titania layer, which makes them unsuitable for tandem and flexible applications. As our
results show, a striking advantage of the FAPbBr; system is that it can be processed in a
planar heterojunction configuration, without a mesoporous scaffold for charge extraction. In
this material, the lifetime of photoexcited species, measured via TCSPC, is long enough to
enable diffusion to the charge selective contacts and therefore efficient charge separation. The
fabricated devices exhibit over 6.5 mA short circuit currents (Jsc), a 1.35V open circuit
voltage (Voc) and an overall efficiency approaching 7%. This comparably high efficiency, in
combination with its facile, low temperature processability makes FAPbBr3; an ideal candidate

for wide bandgap photovoltaics.

The structure of alkylammonium lead halide perovskites can be readily adjusted to tune the
material’s absorption and electronic properties. For example, elemental substitution of the
halide can vary the material’s bandgap in a range of 1.55102.35 eV,P! extend the
photoexcited species lifetimel® X and enhance charge transport through the layer.l*> 1Y The
choice of the organic cation can also strongly impact the structural parameters and therefore

the performance in photovoltaic devices.[” 4

5.2 Results and Discussion

Here we focus on the cation exchange of methylammonium by formamidinium in lead

bromide systems, resulting in the FAPbBr3; perovskite structure. This material is very similar
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to MAPDbBr; which has been widely investigated over the last years, as both compounds

crystalize in the pseudocubic perovskite structure Pm-3m. 1 13

Figure 5-1a shows the wide angle powder X-ray diffraction patterns for both materials. We
have performed Rietveld analysis on these powder diffraction patterns and obtained the

crystal structures shown in

Figure 5-1b. As previously reported for the MAPDBr; structure, the lead atoms are
coordinated octahedrally by bromide with the organic cation sitting in the voids between the
octahedra. However, due to its larger size, the FA cation spaces the PbBrg octahedra further.
This increases the lattice constant from 5.92 A for MAPbBr; to 5.99 A for FAPbBr;. The
PbBrgs octahedra share one corner with their nearest neighbor, where the Pb-Br-Pb bond angle
deviates from the ideal value of 180° by about 15°. This displacement is visible in the crystal
structure, where for each bromide ion two of the four possible positions are shown. The tilting
of the rigid PbBrg building blocks leads to a higher degree of space filling and therefore to a

higher stability of the whole structure.!** **!
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Figure 5-1: Wide angle XRD pattern of MAPbBr; and FAPbBr; (a) and refined crystal structures
obtained from the XRD patterns (b). The rotation of the organic cations in the center of the unit cell is
illustrated by 12 different positions for the nitrogen atoms.

While the lead and bromide ions form the stable backbone of the structure, the MA or FA ions
can rotate in the center of the unit cell.'® The position of the carbon and nitrogen atoms
cannot be precisely determined, since the cation is rotating freely along and perpendicular to
the C-N axis.*®! For the FAPbBr5 the rotation center lies in the carbon atom, which is fixed in
the center of the unit cell. The nitrogen atoms are distributed around the center in a distance of

about 117 pm. The results of the Rietveld refinement, including the refined atom positions

and fit parameters, are summarized in Table 5-1 and

Table 5-2.

Table 5-1: Results of the Rietveld refinement of MAPbBr;.

MAPDBT;
space group Pm-3m (No.221)
Z 1
lattice parameter [A] 5.923 (1)
volume [A%)] 207.8 (1)
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atomic parameters X y z occ
Pb la 0 0 0 1
Br 12h 0 0.0724 (2) 0.5 0.25
C 12j 04143 (4) 0.4143 (4) 0.5 0.0833
N 12j  0.5857 (4) 0.5857 (4) 0.5 0.0833
Uiso [Pm?] Pb 301 (2)
Br 241 (4)
C/N not refined
Ruwp / Rp 2.747/2.036
% 1 Reragg 1.930/2.916
Table 5-2: Results of the Rietveld refinement of FAPbBr.
FAPbBr;
space group Pm-3m (No.221)
z 1
lattice parameter [A] 5.992 (1)
volume [A%] 215.2 (1)
atomic parameters X y z occ
Pb la 0 0 0 1
Br 12h 0 0.0617 (3) 0.5 0.25
C 1b 0.5 0.5 0.5 1
N 12j 0.3633(5) 0.3633 (5) 0.5
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Uiso [PM?] Pb 403 (3)
Br 286 (6)
C/N not refined
Rup / Rp 3.198/2.287
%1 Reragg 2.115/2.342

The SEM micrographs in Figure 5-2a,b show the high surface coverage of the prepared
perovskite layers. The top-view images show a dense layer with no gaps and occasional larger
crystals, which appear lighter in the micrograph. The same can be seen from the cross-section
images in Figure 5-2c, where the perovskite layer uniformly coats the FTO substrate, without
any dips or pinholes. It has been shown previously that a high degree of film coverage is
beneficial for light absorption of the perovskite layers and is a requirement for efficiently
working solar cells.*” 1 We have recently demonstrated that in the case of the
methylammonium lead iodide perovskite, a high surface coverage can be achieved with a
solution deposition-conversion technique.™ Here, the prepared MAPbBr; and FAPbBI; films
consist of crystallites ranging from several tens to hundreds of nanometers in size. After the
conversion, the film thickness is approximately 400 nm, as can be estimated from the cross

section images in Figure 5-2c, and complete surface coverage is achieved.
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Figure 5-2: SEM top view micrographs of MAPbBr; (a) and FAPbBYr; (b) films. Below cross section of a
FAPbBr; film on a compact TiO, blocking layer, covered with spiro-OMeTAD and a gold electrode(c).

We have prepared solar cells based on these materials according to a previously reported
layout.™ In short, FTO-coated glass slides were covered with a non-porous TiO- layer as the
electron selective contact. Over this layer, the MAPbBr; or FAPbBTr3; layer was deposited via
a deposition/conversion approach.!® 2 Firstly, a PbBr, film was deposited via spin-coating
and was then immersed in MABTr or FABTr solutions in 2-propanol, respectively. The state-of-
the-art p-type hole transporter spiro-OMeTAD was then deposited by spin-coating from
chlorobenzene and the whole device was contacted with thermally evaporated gold electrodes
under high vacuum. A scheme of the solar cell layout and the energy levels of the used
materials are displayed in Figure 5-3a,b. The energy levels of FAPbBr; were obtained through
ultraviolet photoelectron spectroscopy (UPS). The obtained spectra are depicted in Figure 5-4.

The current voltage curves obtained for both types of materials are displayed in Figure 5-3c.

105



5.2 Results and Discussion

Gold . 8
) e . ) —— MAPbBr,
a C ——FAPbBr, 1
£ 6 -
Q
<
£
£
=4 .
(2]
o)
3
b) _ = Js¢ Voo FF M Ry Ry
40 592 e © 21 MAPbBr, 0.5 148 048 04 12 433 1
44 8 FAPbBr, 6.6 135 0.73 65 44 500
- FAPbBr, ™ 51
o 0 T T T T T T T
e 00 02 04 06 08 10 12 14

Voltage /V

Figure 5-3: Schematic display of the prepared solar cell layout (a) and energy levels for all layers (b). The
HOMO and LUMO levels for FAPbBr; were determined by ultraviolet photoelectron spectroscopy (UPS).
J-V curves under AML1.5 solar irradiation conditions for both MAPbBr; (red) and FAPbBr; (black)-based
solar cells (c). The inset table summarizes the photovoltaic parameters (short circuit current, Jsc (MAcm’

%); open circuit voltage, Voc (V); fill factor, FF; power conversion efficiency, 7; series resistance, Rs
(Ohm cm?) and shunt resistance, Rgy (Ohm cm?)).

The energy levels of FAPbBr; were obtained through ultraviolet photoelectron spectroscopy
(UPS). The obtained spectra are depicted in Figure 5-4, as well as a comparison for the energy

level of both investigated materials (Figure 5-5).
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Figure 5-4: XPS spectra obtained for FAPbBr;. The graph on the left describes the Fermi level Er relative
to vacuum. The images on the right show the energetic position of the valence band relative to the Fermi

level Er.
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Figure 5-5: Comparison of the energy levels of FAPbBr; and MAPDBr;. The values for MAPbBr; were

taken from literature.?Y

The current voltage curves obtained for both types of materials are displayed in Figure 5-3c.

Additionally, forward and backward scans for FAPbBr3 are shown in Figure 5-6.
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Figure 5-6: Forward and backward current-voltage sweep for a FAPbBr3 solar cell.

The MAPDBr3 solar cells show a very high open circuit voltage of 1.5 V, matching previously
reported record values. Both, the short circuit current and fill factor, however, are low,
compared to the theoretical maximum, resulting in a power conversion efficiency of only
0.4%. The FAPDBTr; devices, on the other hand, exhibit high short circuit currents of over
6.5 mA and a fill factor exceeding 70%. Additionally the FAPbBr; devices exhibit lower
series resistance compared to the MAPDBr; devices and also highly efficient MAPbI;
prepared in a similar way in our laboratory.™™ This compensates for the slightly lower voltage
of 1.35 V and results in an overall power conversion efficiency of 6.5%. Statistics on a batch

of 36 solar cells are depicted in Figure 5-7.
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Figure 5-7: Power conversion efficiency (PCE) histogram of a batch of 40 devices.

We can attribute the lower voltage to the narrower band gap of the FAPbBr; of 2.26 eV
compared to 2.34 eV for the MA compound. We note here that the open circuit voltage of the
devices is limited to a large extent by the use of spiro-OMeTAD, which exhibits a HOMO
level of 5.1 eV. This energy level is optimum for the MAPbI3 perovskite, but in the systems
presented here, this results in a rather large voltage loss. Hence, before high voltage
perovskite solar cells can be achieved, new hole transporting materials need to be developed.
A step in this direction was presented in recent work by Ryu et al., where high performance
devices based on the MAPDBr3; perovskite were prepared by employing various triarylamine
polymers.®®’ However, the voltages in that study were still low and further progress is

required.

In order to understand the differences in short circuit current, the light absorption of both

materials was studied. The UV-Vis absorbance spectrum for FAPbBTr; in Figure 5-8a shows a
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strong increase of absorbance at the band edge and an excitonic feature centered on 532 nm.
The absorption band onset and the photoluminescence signal at 550 nm are overlapping,
indicating that there is no significant vibronic relaxation and therefore no sub-band gap states
in the material.[ The optical band gap of the prepared structure is estimated to be 2.26 eV by
a Tauc-plot (Figure 5-9). For the MAPbBr; system the absorption onset and PL are shifted
10 nm to shorter wavelengths as compared with the MA system. Both materials show
comparable absorption coefficients for energies higher than the band gap, and both prepared
films absorb over 90% of the incident light. We calculated the maximum achievable short
circuit current for solar cells prepared from both materials by integrating the absorption
spectra with the AM1.5G solar spectrum to be 9.0 mAcm? for FA based films and
7.5 mA cm for the MA system. Therefore, the substantial differences in short circuit current

in the devices cannot be explained by light absorption differences.
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Figure 5-8: (a) UV-Vis absorption in transmission and PL emission spectra for 400 nm thick FAPbBr;
(black) and MAPDbBT; (red) films. (b) Photoluminescence (PL) decay curves for FAPbBr; and MAPDBrs.
The samples were illuminated at 510 nm with a pump fluence of ~0.3 pJem™; the emission was monitored
at the maximum of the PL emission at 548 nm for FAPbBr; and at 540 nm for MAPbBr3;.

It is possible that the device photocurrent in MAPDbBr3; is limited by insufficient charge
collection. It has recently been shown that measurements of photoluminescence (PL)

dynamics yield important information about the diffusion length of the photoexcited species

in the devices, with longer PL lifetimes indirectly indicating longer charge diffusion
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lengths.’ *1 We show such data in Figure 5-8b. The FAPbBTr; films show an unusually long
decay lifetime z of about 200 ns, much slower than the lifetime exhibited by MAPbBr; films
(17 ns). Stranks et al. attribute a comparable lifetime for the MAPDbI5..Cly perovskite to a free
diffusion length of electrons and holes of more than 1 pm.!? In contrast, the MAPbBr; variant
exhibits a similar lifetime to that of the non-Cl treated MAPDI; perovskite, and therefore
diffusion lengths closer to ~100 nm./> ® It is not clear at this point why the FA-based
perovskite exhibits longer diffusion lengths than the MA variant, as both crystallize in the
same crystal phase and only minor differences in the size of the unit cell exist. While
differences in the nature and behavior of the cations, be it limited cation rotation or a smaller
dipole moment,'?? could certainly play a role. It has also been shown recently that processing
conditions,*? crystal quality and orientation can significantly influence the electronic
properties of the final devices.”®! More experiments to clarify this aspect are currently under

way.
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Figure 5-9: Tauc-plot for FAPbBr; and MAPbBr;. The estimated band gaps are 2.26 eV and 2.34 eV,
respectively.
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Our results are consistent with the recent report by Ryu et al., who showed high short circuit
currents for devices based on the MAPbBr; material.”®! In their study, the short diffusion
length of the MA-based perovskite was overcome by the use of a mesoporous TiO, scaffold.
In this case, due to the interpenetrating nature of the titania framework and the perovskite
material, efficient charge collection was possible as charges only need to travel the pore
diameter (typically under 30 nm) in order to be collected.* In our study, however, the
MAPDBTr; perovskite was deposited in a planar configuration and therefore the photoexcited
species must travel the whole thickness of the film (>400 nm) in order to be collected. Since
the diffusion length is shorter than the thickness of the film, we can conclude that poor charge
collection limits the photocurrent in this system. This is not the case for the FA-based
perovskite, which works efficiently even without a high temperature sintered titania scaffold.
This is particularly important in order to integrate the perovskite technology into tandem
devices with inorganic bottom cells or flexible applications, neither of which can sustain
heating processes above 150 °C. Additionally, the FA-based perovskites show favorable
chemical stability, where the photovoltaic performance of the devices improved by over 50%
after storage in the dark in a desiccator for over 72 h. Additionally, we have performed
thermogravimetric measurements on both MA- and FA-based perovskites as shown in Figure
5-10. We can clearly observe a shift of +50 degrees for the decomposition onset, clearly
indicating that the FA perovskite is more thermally stable than both MAPbBr; and MAPDIs.
Since solar cells under real working conditions will usually heat up to over 60 degrees during
the course of the day,!*”! high thermal stability is likely to extend the long-term stability of

perovskite solar cells fabricated from formamidinium variants.
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Figure 5-10: Thermogravimetric analysis (TGA) of MA and FAPbBr;. For comparison we include the
TGA for the literature known methylammonium lead iodide perovskite.

5.3 Conclusion

We have studied the novel wide bandgap perovskite material FAPbBr3; and fully characterized
its crystal structure as well as optical and electronic properties. We have shown that FAPbBr3
can achieve for the first time high power conversion efficiencies of up to 7% in a planar
heterojunction architecture, without the need for a mesoporous scaffold. Our results show that
devices fabricated from MAPDBr; in the same configuration are charge collection limited,
while the formamidinium variant exhibits diffusion lengths that are orders of magnitude
longer, and therefore is able to achieve high charge collection efficiency. Additionally, we
have performed thermogravimetric analysis and find that the FA variant exhibits a shift of
+50 degrees in the decomposition onset, showcasing the higher stability of this system. This
renders the FAPbBr; system suitable as the absorber for flexible photovoltaic applications as
well as the top cell in a tandem configuration with a commercially available silicon or CIGS

bottom cell.
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5.4 Experimental Section
Preparation of the precursors

Methylammonium bromide was prepared by adapting a recipe published earlier.?® In short,
24 mL of methylamine solution (33% in ethanol) was diluted with 100 mL of absolute ethanol
in a 250 mL roundbottom flask. To this solution, 8 mL of an aqueous solution of hydrobromic
acid (48 wt%) was added under constant stirring. After a reaction time of one hour at room
temperature, the solvents were removed by rotary evaporation. The obtained white solid was

washed with dry diethyl ether and finally recrystallized from ethanol.

Formamidinium bromide was synthesized following a known procedure./”” Formamidinium
acetate was dissolved in a double molar excess of aqueous HBr (48 wt%), and stirred at 50 °C
for 60 minutes. The solvent and remaining HBr was removed by rotary evaporation to obtain
a slightly yellow powder. Washing with dry diethyl ether and recrystallization from ethanol

led to the white, crystalline product.
Solar cell preparation

Fluorine doped tin oxide (FTO) coated glass sheets (15 Q/sqg, Dyesol Italy) were patterned by
etching with zinc powder and 3 M HCI. They were subsequently cleaned with a 2%
Hellmanex solution and rinsed with de-ionized water, acetone and ethanol. Directly before
applying the blocking layer, last organic residues were removed by an oxygen plasma
treatment for 5 minutes. The dense TiO, layer was prepared from a sol-gel precursor solution
by spin-coating onto the substrates and calcining at 500 °C in air.*! For the sol-gel solution a
27.2 mM solution of HCI in 2-propanol was added dropwise to a vigorously stirred 0.43 mM
solution of titanium isopropoxide in 2-propanol. The solution stayed clear during the addition

and was discarded otherwise.
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An approximately 250 nm thick layer of PbBr, was prepared by spin-coating 75 uL of a 1 M
PbBr; solution in dry N,N-Dimethylformamide (DMF) onto the TiO, covered substrates at
2000 RPM for 15 seconds. To obtain smooth, homogeneous layers it was important to heat
both, the PbBr, solution and the substrate, to 60 °C before spin-coating and to perform the

deposition dynamically with hot solution onto the hot substrate.

The lead bromide layer was transformed into either the MAPDbBr; or FAPbBr; perovskite by
immersing it into a 20 mM solution of either MABr or FABTr in isopropanol respectively. For
the MAPbBr; perovskite, the PbBr, coated substrates were immersed into 40 mL of the
solution, which was heated to 60 °C for 5 minutes. For FAPbBr; the solution had to be heated
to 70 °C and the immersion was performed for 30 minutes. After taking the films out of the

solution, they were rinsed in an isopropanol bath and carefully dried in a nitrogen stream.

Afterwards, the films were covered with a 400 nm layer of spiro-OMeTAD (Borun
Chemicals, 99.1% purity). 75mg of spiro-OMeTAD were dissolved in 1mL of
chlorobenzene and mixed with 10 mL 4-tert-Butylpyridine (tBP) and 30 pL of a 170 mg mL™
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) solution in acetonitrile. This solution
was spin-coated dynamically at 800 rpm for 45 seconds. In a second step the sample rotation
was accelerated to 2000 rpm for 5 seconds to allow the solvent to dry completely. Before
evaporating the gold electrodes, spiro-OMeTAD was left to oxidize in air over night at room

temperature and 15 — 20% relative humidity.
PL sample preparation

Perovskite samples for steady state and time resolved PL measurements were prepared as
described for the solar cell preparation. In this case non-conductive glass substrates were used

and the perovskite was covered with a poly(methyl methacrylate) (PMMA) layer to prevent
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degradation by ambient moisture. The layer was deposited by spin coating 75 uL of a

10 mg mL* solution of PMMA in chlorobenzene at 1000 rpm for 45 seconds.
Characterization details:

J-V curves were recorded with a Keithley 2400 sourcemeter under simulated AM 1.5 sunlight,
calibrated to 100 mWcm 2 with a Fraunhofer ISE certified silicon cell. The active area of the

solar cells was defined with a square metal aperture mask of 0.0831 cm?.

Steady-state absorption spectra were acquired with a Lambda 1050 UV/Vis

spectrophotometer (Perkin EImer) using an integrating sphere.

Steady state and time resolved PL measurements were performed with a Fluotime 300
Spectrofluorometer (Picoquant GmbH). The excitation wavelength was fixed at 510 nm. The
emission for time resolved measurements was monitored at the maximum intensity of the

steady state photo emission.

Scanning electron microscopy (SEM) images were obtained using a Jeol JSM-6500F

microscope equipped with a secondary electron detector.

Samples for powder XRD measurements were obtained by preparing perovskite films on
glass substrates following the procedure described for solar cells and removing them from the
glass. The measurements were performed on a Huber Imaging Plate Guinier Diffractometer
G670 (Cu-K,;-radiation). Rietveld refinement was performed using the Bruker TOPAS
package.?® The refinements are based on a structure published by Mashiyama et al.l*® To
describe the rotation of methylammonium in MAPDbBr3, the nitrogen and carbon atoms were
displaced around the center of the unit cell. For FAPbBr3, the carbon atom was placed in the
center of the unit cell and the nitrogen atoms were dislocated around it. As a consequence of

the fast rotation of the organic cation, the Ui, of C and N was restrained in both cases.
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The photoelectron spectroscopy experiments were performed using an Escalab 250
spectrometer equipped with a monochromatized Al anode X-ray source (2v = 1486.6 eV), and
a helium discharge lamp (kv =21.2 eV) as excitation sources for X-ray photoelectron
spectroscopy (XPS) and UV photoelectron spectroscopy (UPS), respectively. The energetic
resolution determined by the 2c Gaussian broadening used to fit the Fermi edge of a freshly
sputter-cleaned silver sample measured at room temperature is 0.35 eV for XPS and 0.13 eV
for UPS. All spectra are referenced in binding energy to the Fermi level. The core level lines
of in-situ cleaned Au, Ag and Cu metal foils were used to calibrate the XPS binding energy

scale.
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6 Synthesis of Perfectly Oriented and Micrometer-Sized MAPbBT;

Perovskite Crystals for Thin Film Photovoltaic Applications

This chapter is based on the following publication:

Nadja Giesbrecht, Johannes Schlipf, Lukas Oesinghaus, Andreas Binek, Thomas Bein, Peter

Miiller-Buschbaum and Pablo Docampo, Energy Letters, 2016, 1, 150-154.

Initial experiments and basic material characterization have been performed by Nadja
Giesbrecht. Optical characterization with SEM measurments have been performed by Andreas

Binek. GIWAXS measurements have been performed by Johannes Schlipf.

6.1 Introduction

Perovskite based solar-cell development has been very impressive with power conversion
efficiencies already exceeding 20% after only a few years of development.™! This fast
development can be attributed to the excellent properties of the perovskite material, mainly its
very high absorption coefficient’® and long charge carrier diffusion length.’* *! Furthermore,
the perovskite material is easy to process from solution, with no high temperature steps
required.®! Although alternatives based on the exchange of iodide for bromide are interesting
for applications in multijunction and photoelectrochemical devices, their fabrication has not
been studied in detail.®! Bromide-based compounds are interesting since they exhibit a wider
bandgap of approximately 2.3 eV and thus can achieve much higher values compared to the

iodide counterpart.t® ®

To date, the most efficient devices employing methylammonium lead bromide (MAPDbBr3)

utilize a mesoscopic titania scaffold as the electron extraction layer.’® & However, a planar
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architecture provides higher flexibility for device optimization, multijunction construction and
thus can be employed in a wider variety of applications.> ™ The main challenges for planar
heterojunction solar cells, which we will focus on, are the perovskite film coverage, grain size

and crystal orientation.™?

Recent studies have highlighted the importance of the perovskite morphology, which
determines to a large extent the performance of the final device.™® ¥ In particular, further
understanding of the crystallization processes has been the driving force behind the recent
impressive device performance improvements in the iodide perovskite system.**8 Thus, a
wide variety of deposition techniques has been developed, such as the fast deposition-
crystallization procedure, vapor-assisted solution process, or the interdiffusion of solution-

processed precursor stacking layers, respectively.!*31%20!

To improve the solar cell
performance in the bromide perovskite system, a similar improvement in morphology is

expected to be necessary.

Recently, we have highlighted the importance of perovskite crystal orientation in the
performance of the assembled devices.” A higher degree of preferential orientation of the
crystallites in the perovskite film generally leads to higher device photocurrents and more
reproducible solar cells overall.”l Therefore, further understanding on the crystallization
process for the bromide system will not only provide a path to enhanced performance with
higher voltages of this system, but will also give insights applicable to other hybrid halide

perovskite structures.

In this work, we introduce a new synthesis approach for MAPbBr; and incorporate this
material into a planar device structure. We achieve extended control over crystallization such
that the perovskite film exhibits densely packed and highly-ordered grains with crystallite

sizes between 5 and 10 um. We present the first grazing-incidence wide angle X-ray
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scattering (GIWAXS) investigation of the MAPbBr3; perovskite and the highest orientation of
the crystallites in a perovskite film ever reported for this family of materials. Such highly-
ordered crystallites, in combination with the perovskite film quality in solar devices,
maximize the charge collection efficiency leading to internal quantum efficiencies of over

95%.

6.2 Results and Discussion

In order to understand the impact of morphology and crystal orientation of methylammonium
lead bromide based solar cells, we have prepared films via the state-of-the-art spin-coating the
PbBr, and MABr precursors from y-butyrolactone:dimethylsulfoxide solution (BD),® vapor-
assisted solution process (VASP)™ and via spin-coating from a lead acetate precursor, which
we have termed controlled solvent drying (CSD). To deposit the perovskite via the state-of-
the-art process, referred to as BD from here on, we spin-coated the perovskite from the
precursor solution and added toluene during the spin-coating process with a subsequent

heating step.’® The deposition steps for the VASP technique are illustrated in Figure 6-1.

P ——

-
1M PbBr, drying evaporation of MABr
3000rpm, 15s 60°C, 5min 150°C, 4h

Figure 6-1: Schematic illustration of the perovskite-layer synthesis approach via evaporation; first: PbBr,
was deposited via spin-coating; second: the PbBr, film was dried on a hotplate; third: conversion of the
PbBr, to the perovskite in a MABT vapor.
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In this case, an initial lead bromide layer is deposited directly on TiO,-coated ITO substrates
and afterwards converted to the perovskite with methylammonium bromide (MABr) vapor.™*!
In Figure 6-2 we show a schematic illustration of the deposition-route via the CSD process.
Our approach involves two stages wherein the solution of Pb(Ac), and MABr precursors is
spin-coated in a nitrogen-rich environment and is annealed under a glass cover. Here, we find
that control of the solvent atmosphere during the whole crystallization process is crucial to

maximize crystal size.

5000 rpm 100 °C ~
—) g —) )
180 s > 120 s T

Figure 6-2: Schematic illustration of the perovskite-layer synthesis approach via CSD

In particular, films undergo gentle solvent annealing during the 3 minute spin-coating process
as a result of the solvent coating the walls of the spin-coater. To achieve high-quality films,
excess of solvent in the spin-coater must be removed between samples. Exposure to too much
solvent or traces of alcoholic solvents, such as methanol, leads to secondary nucleation and

inhomogeneous films, as shown in Figure 6-3.
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Figure 6-3: SEM top views of MAPbBr; perovskite films deposited via CSD; a, b) films deposited with an
excess of perovskite solution, ¢, d) films deposited in a MeOH containing environment in the glove-box.

In Figure 6-4a, c, e we illustrate the morphology of the perovskite films prepared via VASP
which has been shown in previous studies to achieve high performance when employed in
solar cells.”” 221 This morphology is comparable with the state-of-the-art films on top of a
mesoporous scaffold with full surface coverage and grain sizes of approximately 1 um, and is

similar to that achieved for the iodide system.!*?4
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1um'

Figure 6-4: SEM top-view and cross-sectional images of MAPDbBr; perovskite-film a, c, €) deposited on a
TiO,/ITO substrate by VASP, and b, d, f) deposited on TiO,/ITO by spin-coating with a lead acetate

precursor.

On the other hand, films deposited via the CSD method are very smooth and also achieve full
surface coverage with large crystals between 5 and 10 um, as shown in Figure 6-4 and Figure

6-5 and Figure 6-6.
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Figure 6-5: a) SEM images of MAPDbBr; perovskite films deposited via CSD, b) SEM top-view of
MAPDBT; perovskite-film deposited by spin-coating from lead acetate precursor with a short spin-coating
duration of 30 s, ¢) SEM top view of FAPbBr; deposited with the CSD method on TiO,/ITO coated glass.

We have also prepared films through the BD process, as shown in the Figure 6-7. In this case,

the crystal sizes are very small, in the range of 100 nm.®!
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Figure 6-6: SEM cross-sectional images of MAPDBr; perovskite solar cells in the configuration
ITO/TiO,/ MAPbLBYr3/ spiro-OMeTAD / Au.
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Figure 6-7: SEM images of MAPbBr; perovskite films deposited via the state-of-the-art BD method; a,b,c)
top view on a film prepared on ITO, d) cross-sectional image of a solar cell device prepared on ITO, e) J-V
curve under AM1.5 solar irradiation conditions of the best performing device, f) XRD pattern normalized
to the reflex at 20 = 14.9 °.

We attribute the full surface coverage and large grain size to our newly developed synthesis
approach, which results in improved control over the crystallization of the perovskite. Low

volatile solvents, such as dimethylformamide (DMF) are good candidates to grow large

crystals at temperatures around 100 °C. However, achieving perovskite films with full surface
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coverage is challenging.® 1 In our developed CSD method Pb(Ac), and MABT react to form
the perovskite structure and the excess organic components react to form methylammonium
acetate, methylamine and acetic acid. All the expected organic components formed during the
reaction are liquid at room temperature, which keep the films wet during the process. This in
turn likely allows a certain degree of precursor mobility, and enables the very large crystal
growth observed in the final films. Further evidence that this is the case is given by the
structurally related formamidinium lead halide perovskite (FAPbXs). Here, a solid
formamidinium acetate salt is formed, and thus the films completely dry within the spin-
coating step. In turn this results in the formation of a non-continuous perovskite film with

large voids between the crystals (see Figure 6-5).

To further investigate the crystalline quality of the films with the large domains, X-ray
diffraction (XRD) experiments were performed for both CSD and VASP derived films. The
X-ray patterns, shown in Figure 6-8a, confirm for both films a phase-pure MAPbBr;
compound crystallized in the cubic Pm3m structure type. However, most of the reflections
for the CSD sample are not present, which indicates a high degree of crystal orientation. A
good tool to fully determine this parameter is grazing incidence wide-angle X-ray scattering
(GIWAXS) which captures a two-dimensional slice through reciprocal space, allowing the
reconstruction of the crystal structure and extraction of information on the orientation of the
crystal planes from the azimuthal intensity distribution.!” ?®! In Figure 6-8b and d we show
GIWAXS data for VASP and CSD derived perovskite films. In case of VASP films very
homogeneous rings with no pronounced peaks are found. This implies no preferential
orientation of the crystallites in the perovskite film. In contrast, films fabricated via the CSD
process show very intense Bragg peaks and no rings. This implies that all crystallites are very
well oriented with the {001} planes parallel to the glass substrate. This is remarkable for a

thin polycrystalline film processed from solution. The orientation distribution is shown
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schematically in Figure 6-8c. We suggest that such high order derives from the pre-
crystallization step with the presence of a solvent layer on top. We note that a similar effect

was observed for the iodide system when an ionic liquid was used to crystallize the

H 27
perovskite.[?”
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Figure 6-8: XRD patterns normalized to the reflex at 20 = 14.9 °, perovskite-film prepared via CSD and
via VASP and the theoretical pattern, b) 2D GIWAXS patterns of the sample produced via CSD ((001)
and (101) peaks are marked in red and white, respectively). The data are corrected as outlined in the
experimental section.), ¢) schematic illustration of the crystal orientation of the perovskite film prepared
via CSD and disorder of the film prepared via VASP, d) 2D GIWAXS pattern of the sample produced via
VASP.

To correlate the effect of morphology and crystal orientation with the solar cell performance,
we prepared devices with the developed perovskite layer in the standard device configuration,
employing TiO2 and spiro-OMeTAD as the charge extraction contacts, as shown

schematically in Figure 6-9a. To exclude variations in the optical absorption of the films due
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to different perovskite film thicknesses, we have fixed this value for both techniques to
350 nm. The corresponding photovoltaic performance for perovskite films deposited via CSD

and VASP is shown in Figure 6-9b, and the data are summarized in Table 6-1.
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Figure 6-9: a) Scheme of the regular solar cell layout and energy diagram, b) J-V curves under AM1.5
solar irradiation conditions for solar cell employing MAPDbBr; derived from CSD or VASP processes, C)
photocurrent and d) efficiency box plots of 20 devices employing VASP- or CSD-derived perovskite films.
The edges of the box represent the 25/75 percentile, while the horizontal line represents the median value.
Whiskers represent minimum and maximum values.

Table 6-1: Photovoltaic performance data of devices employing CSD- or VASP-derived perovskite films.

Method Voc !V Jsc / mAcm™ FF/ % PCE/ %
CSD 1.38 6.60 67 6.08
VASP 1.26 5.05 62 4.00

In general, the performance of devices employing VASP-derived films is lower compared to

those employing CSD-derived films. In Figure 6-9c, d and in Figure 6-10 we show the
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distribution of the photovoltaic performance for the fabricated devices. The difference in
device performance may arise from the different crystallization processes of the film leading
to disparities in perovskite surface and in defect density. However, the VASP technique leads
to the highest performance reported,’?? thus we expect the amount of defects to not be the

major factor behind the variation in device performance.
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Figure 6-10: Distribution of device performance data of 20 devices with perovskite films prepared via
VASP or spin-coating from a lead acetate precursor (CSD), a) open circuit voltage, b) fill factor, c)
forward and reverse scanning results for solar cells employing MAPbBr3derived from CSD.

Here, devices employing perfectly oriented perovskite films, derived via the CSD process,

exhibit photocurrents between 6 and 7 mA cm™, which is twice the average value found for
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devices employing non-oriented perovskite crystals, prepared via the VASP process. We note
that the theoretical limit for the short-circuit current extracted from light absorption
measurements on devices is 7.15 mA cm™ which implies an internal quantum efficiency of

over 95% (Figure 6-11).
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Figure 6-11: a) Absorptance of MAPbBI; prepared via VASP or spin-coating from lead acetate precursor,
b) PL decay curves for MAPbBr; prepared via VASP or spin-coating from lead acetate precursor. The
samples were illuminated at 510 nm with a pump fluence of ~0.3 pJcm?; the emission was monitored at
the maximum of PL emission at 549.5 nm for CSD and 540 nm for VASP; c) PL emission.

To further understand the differences in crystalline quality between films obtained from the
CSD process and VASP derived films, we performed time-correlated single photon counting
(TCSPC) to obtain the lifetime of the photoexcited species. Recent investigations showed that

time resolved photoluminescence (PL) measurements yield not only important information

about the diffusion length of the photoexcited species in the devices but also correlate with
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perovskite layer morphology. In particular, larger crystals present narrower band gaps and
longer lifetimes, which points towards a smaller radiative bimolecular recombination
coefficient.l”®! Our results presented in Figure 6-11 agree with these findings, since we also
observed a red shift of the steady-state PL maximum for the CSD-derived sample with respect
to the BD- and VASP-derived sample. We also observed a slower bimolecular recombination
process for films prepared with CSD, which is a strong indicator for good crystalline quality

with fewer defects and lower disorder compared to the BD- and VASP-derived film.? 3!

The higher current for our CSD-derived films may be a result of either their larger crystal
size, or their enhanced crystal order, as compared to those deposited via the VASP technique.
In order to investigate this further, we have prepared devices with the rougher bottom contact
FTO. This enhanced surface roughness hinders horizontal crystal growth and reduces the
domain sizes in the perovskite layer, leading to crystal sizes comparable to those derived with

the VASP approach, as shown in Figure 6-12.
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Figure 6-12: a) SEM top views of MAPbBr; perovskite films deposited via VASP, b) SEM top views of
'2\/(I)A;P1b4?53_ perovskite films deposited via CSD on FTO, ¢) XRD pattern normalized to the reflex at
However, these films maintain their high degree of orientation with the (001) plane parallel to
the substrate, allowing us to discriminate between effects arising from the crystal size or the
crystal orientation. We show histograms of all photovoltaic parameters in Figure 6-13. Here,
we observe that the short circuit current is not affected by the crystal size of the films, leading
us to postulate that the degree of crystal order in the film is the parameter affecting the short

circuit current. This may be a result of a lower number of defects at the grain boundaries as all

neighboring crystals exhibit the same facets with the same orientation.

136



6 Synthesis of Perfectly Oriented and Micrometer-Sized MAPbBr3 Perovskite Crystals
for Thin Film Photovoltaic Applications

a) 16 [ L) L) L] L] b) 30 i L] L] L] L]
I CSD on ITO mm CSDonITO
14 msm CSDon FTO o5 | | E=N CSDonFTO
12
@ o 20|
s 8
3 8 & 15}
T T
Y Y=
© 6 )
TS % 10
4
2 i
0 N N X 0 PR N LSS el
3 4 5 6 7 0.2 0.3 0.4 05 0.6 0.7
Current/ mA cm” fill factor / %
c) L} L} L} L} L] L} L) d) 16 L) L) L) L) L) L)
35F 1 14| |EEECSD onITO N i

ECSDonITO
30} |ms=sCSDonFTO 4

g CSD on FTO

# of devices
# of devices

07 0.8 09 1.0 114 1. 14 15 4 2 3 4
Voltage /' V efficiency / %

Figure 6-13: Distribution of device performance data of 45 devices with perovskite films prepared via
spin-coating from a lead acetate precursor (CSD) with an FTO- or ITO-coated substrate, a) short circuit
current output, b) fill factor, c) open circuit voltage, d) power conversion efficiencies.

6.3 Conclusion

In summary, we have studied the role of morphology and crystal order in the photovoltaic
performance of MAPDbBTr; deposited via three different deposition techniques. We developed a
new fabrication method based on solvent drying with a halide-free lead precursor controlling
the crystallization atmosphere. Here, the reaction of the precursors yields liquid organic
by-products at RT which enable large crystal growth with perfectly oriented crystal planes
parallel to the substrate as shown by GIWAXS measurements. Our results show that large
crystal sizes can only be achieved for smooth ITO substrates, whereas perovskite films on

FTO result in crystals limited to hundreds of nanometers due to the enhanced surface
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roughness which limits horizontal growth. In addition, we examine the role of perovskite
crystallite orientation in planar heterojunction solar cells by comparing non-oriented VASP-
derived films with our newly developed oriented CSD-derived films. We show that this
perfect alignment of the cubic crystal planes parallel to the substrate of the CSD-derived film
leads to reproducible high performance and enhanced short circuit currents approaching
(7 mAcm™) their theoretical limit, compared to non-oriented VASP-derived perovskite films.
The photocurrents generated in these devices correlate with the degree of crystal orientation
rather than the crystal size. Thus, this work demonstrates that crystal orientation and

morphology are key parameters to maximize the short-circuit current in perovskite solar cells.

6.4 Experimental Section
Preparation of the precursors

CH3NH3Br was synthesized by reacting 8 mL of hydrobromic acid (48 vol% in water) with
24 mL of methylamine (33 vol% in methanol, Sigma-Aldrich) in ethanol in a round-bottom
flask at room temperature for 1 h. To recover the precipitates, solvent evaporation at 60 °C at
a pressure of 200 mbar was used and the products were recrystallized in ethanol, filtered and

dried with diethylether and under vacuum afterwards.
Solar cell preparation

Fluorine-doped tin oxide (FTO, Pilkington, 7 Q sq™) substrates or indium-doped tin oxide
(ITO, Zhuhai Kaivo Optoelectronic Technology Co., Ltd., <15 Q sq™*) were etched with 2 M
HCI and zinc powder and cleaned in 2% Hallmanex detergent, acetone and ethanol. The TiO,
layer was deposited via a sol-gel approach where a solution containing 0.23 M titanium

isopropoxide (Sigma Aldrich, 99.999%) and 0.013 M HCI in isopropanol was spin-coated on
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FTO or ITO at 2000 rpm for 30 s and annealed at 150 °C for 10 min and for 45 min at 400 °C

for the ITO and at 500 °C for the FTO in ambient air conditions.

BD: A 1.2 M solution of the perovskite precursors PbBr, and MABTr (1:1 ratio) was prepared
in a solvent mixture of y-butyrolactone and dimethylsulfoxide in a 7:3 ratio. The precursor
solution was deposited in a 3-step spin-coating program. The first step of the program was at
500 rpm for 5 s, the second step was at 1000 rpm for 40 s and the third step was at 5000 rpm
for 50 s. At the beginning of the last step toluene was dripped on the substrate. Afterwards the

films were annealed at 100 °C for 10 min.

VASP: In the vapor-assisted-solution process first the lead bromide precursor layer was
deposited. The PbBr, was dissolved in DMF (1 M) and preheated together with the substrates
at 60 °C before spin-coating the layer at 3000 rpm for 15 s. Afterwards the PbBr, was dried at
60 °C for 10 min and converted in a closed vial to the perovskite in MABTr vapor for 2 hours

at 150 °C.

CSD: The perovskite layer was deposited at room temperature kept substrate via dynamically
spin-coating 50 pL solution (1.5 M Pb(Ac), + 4.5 M MABr in DMF) per 9 cm? of substrate
dimension at 5000 rpm for 3 min. The samples were then annealed at 100 °C for 2 min with a

glass lid covering the substrate in order to avoid defects caused by gas circulation.

On top of the perovskite a 100 mg/mL solution of spiro-OMeTAD in chlorobenzene was spin-
coated at 1500 rpm for 45 s and a second step at 2000 rpm for 5 s. Finally a 40 nm thick Au
counter electrode was thermally evaporated under high vacuum conditions (<10 mbar)
through a metal aperture leading to devices in the range of 0.10 cm?. The active area was

determined with a 0.083 + 0.001 cm? metal aperture.
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Characterization details:

X-ray diffraction patterns were obtained from samples of perovskite deposited on TiO,-coated

FTO or ITO glass using an X-ray diffractometer (Bruker D8 Discover).

GIWAXS measurements were performed using a Ganesha 300XL SAXS-WAXS with an
8 keV Cu-K, X-ray source. The incident angle of 0.4° and the sample-detector distance
(SDD) of approximately 106 mm were chosen according to the material properties. The exact
value of the SDD was determined for each measurement by careful calibration using XRD
data. For data evaluation we used the software GIXSGUI by the Advanced Photon Source
(APS) of the Argonne National Laboratory, USA.!*Y] The applied corrections include the solid

angle correction, the efficiency correction and the polarization correction.** %!

A scanning microscope (JSM-6500F) was used to acquire SEM images of perovskite layers

prepared on TiO,-coated FTO / ITO glass.

The absorbance of the perovskite films on TiO,-coated ITO glass was measured with a

Lambda 1050 UV/Vis spectrometer (Perkin EImer) using an integrating sphere.

Steady-state and time-correlated single photon counting measurements of the perovskite films
coated on non-conductive glass were performed with a Fluotime 300 Spectrofluorometer
(Picoguant GmbH); the excitation wavelength was fixed to 510 nm with a pump fluence of
~0.3 uJem® and the emission was monitored at the maximum at 550 nm, the maximum

intensity of the steady state photo emission.

Photovoltaic device performance was measured with a Keithley 2400 sourcemeter in air at
25 °C under illumination by an Newport Oriel Sol2A solar simulator, which was calibrated to
100 mW/cm™ with a Fraunhofer ISE certified silicon cell with a mismatch factor of 1.01. The

active area of the solar cell was defined with a square metal aperture mask of 0.0831 cm?.
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This chapter is based on the following publication:

Andreas Binek*, Michiel L. Petrus*, Niklas Huber, Helen Bristow, Yinghong Hu, Thomas

Bein and Pablo Docampo, Applied Materials and Interfaces, 2016, 8, 12881-12886.

*These authors contributed equally to this work

7.1 Introduction

Solar energy is the most abundant renewable energy source; its harvesting on a global scale
shows the potential to fulfill the world’s energy demand at low cost while minimizing
greenhouse gas emissions, in accordance with the United Nations’ Paris Agreement.m
Presently, hybrid halide perovskite materials such as methylammonium lead iodide (MAPbI5)
have emerged as extremely efficient light harvesters in solid-state solar cells.” * Through
optimization of the fabrication process,!*® the annealing processt” ® and the interfaces, *°!
perovskite solar cells have already exceeded 20% power conversion efficiency (PCE),
comparable to established commercial technologies such as CIGS, CdTe or poly-Si, and
further improvements are expected.™

Despite their high PCEs, perovskite solar cells still have not entered commercial markets at
this time. One of the current major issues is the heavy metal lead used in the perovskite
structure in high efficiency devices, which is known to be a significant hazard to the
environment and human health.> *! The toxic effects of lead are ascribed to its harmful
interactions with proteins, which cause changes in the folding of the proteins resulting in

reduced activity and loss of function. Because of this, lead is harmful to all living

organisms.™*® While researchers worldwide have made progress towards developing
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perovskite photovoltaics based on lead alternatives,™*”! these devices show poorer photovoltaic
performance and lower stability, making them less likely to be used on a large scale. It is thus
important to prevent release of lead into the environment through device encapsulation.
Nevertheless, at the end of their working lifetime, the devices will have to be collected
according to international electronic waste disposal regulations.'® **! Recycling protocols
have been published for other solar technologies.?® #! For instance, recycling CdTe or CIGS
solar cells requires fragmentation of the modules in a first step and then the metals are
stripped in successive steps of chemical dissolution, mechanical separation and precipitation
or electrodeposition.l?” After that, (toxic) metals need to be isolated before they can be reused
or handled in a waste stream. Reusing the hazardous materials is particularly interesting since
the disposal of hazardous waste is expensive (about 1.10 $/kg).”? Developing a recycling
strategy in which all the different layers of the panels can be separately collected and reused
could thus resolve the waste issues and make the procedure economically attractive.

Here we study the feasibility of recycling different layers of perovskite solar cells with respect
to their environmental and cost impact. In our approach, the layers of a planar perovskite-
based solar cell can be removed and recovered one by one, greatly simplifying the recycling
process. In addition, we demonstrate that the expensive conductive glass as well as the toxic
lead precursor can be reused. We believe that this approach could bring perovskite solar cells

one step closer to their introduction into commercial systems.

7.2 Cost Estimation of Perovskite based Solar Cell

We estimated the cost of the different layers in a perovskite-based solar cell with planar
architecture. In order to make a realistic comparison between the different layers, the price of
the chemicals was taken for large lab-scale quantities from different commercial suppliers. In

this cost estimation we omitted the solvents since their cost contribution is expected to be
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negligible. Also the energy needed for the preparation is not included in the calculations,
expect for the heating step in the TiO; blocking layer, which was annealed at 500 °C. We note
that this is a very rough estimation, and upscaling of the production of perovskite solar cells is
expected to have a significant influence on the price of starting materials. Nevertheless, the
estimated costs can be used as a guide pointing out which layers are the most promising to

recycle from an economical point of view.

Gold

We assume a 40 nm thick gold layer and no loss during the process. With the current gold

price (32.414 €/kg in December 2015) this results in a price of 25 $/m?,

HTM (Spiro-OMeTAD)

The calculation for the hole transporting material spiro-OMeTAD has been published by

Petrus et al. and was estimated to be 40 $/m?.[!

Perovskite (MAPDI,)

We assume a layer thickness of 300 nm and a density of the perovskite® of 4.092 g/cm®,
which results in a weight of 1.23-10°° kg/m? Assuming a full conversion of Pbl, and MAI
into MAPDI3, and a cost of 915 $/kg for Pbl, (Fisher Chemicals) and of 850 $/kg for MAI
(DyeSol), results in a cost of 898 $/kg. This results in a cost of 1.10 $/m? for the perovskite

layer.
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Blocking layer (TiO,)

The price for the titanium (1V) isopropoxide precursor is 3,336 $/kg (Sigma Aldrich). The
thickness of the TiO; is assumed to be 20 nm and the density 3.89-10° kg/m* 1 resulting in a
cost of 0.31 $/m® Additionally, we estimated the price for the calcination of the TiO, layer,
since this is assumed to have a significant impact on the cost of this layer. For annealing on a
lab-scale we used a hot plate (area 0.043 m?) and measured the required energy for the heating
step (0.9 kWh). With these values an energy demand of 20.8 kwWh/m? was obtained, which
was multiplied by the energy cost of 0.10 $/kWh (assumed) resulting in a cost of 2.08 $/m?

for the heating step and a full price for the blocking layer of 2.39 $/m?.

FTO

The cost of FTO / glass strongly varies depending on the supplier; we found cost estimates in
the range of 100-850 $/m? when ordered on a square meter scale. As we compare the lowest
cost for lab scale we report a price of 100 $/m? for the FTO / glass substrate. That makes the

substrate by far the most expensive layer within the solar cell stack.

As a result of the large price variations, we also requested a quote from Pilkington for
industrial amounts of FTO/glass, in order to estimate a minimum cost. In this case the
minimum price would be around 18 $/m? when ordered in very large quantities. Despite the
fivefold lower price when ordered at this scale compared to the lab scale, the FTO / glass is
still among the most expensive layers. And while low-cost alternatives for the hole transporter
and top electrode are under development and being published, there is only little progress in
replacing the FTO / glass substrate with low-cost alternatives. This emphasizes the potential

of recycling the FTO / glass substrate.
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7.3 Results and Discussion

In order to recycle perovskite solar cells, we have developed a procedure to strip down the
device layer by layer. We performed this protocol on freshly prepared methylammonium lead
iodide (MAPDI3) perovskite solar cells with a planar device architecture, which were prepared
following the synthetic route described by Xiao et. al.”! In the first step, the gold contact is
removed using adhesive tape (step I, Figure 7-1). Secondly, the spiro-OMeTAD based hole-
transporting layer is selectively removed via immersion of the device substrate into
chlorobenzene (step I, Figure 7-1). This step selectively removes the hole transporter without

removing the perovskite structure, as shown in Table 7-1.

Table 7-1: Metal concentrations measured by ICP in different fractions.

Solution Pb217 nm Pb220 nm Tiazs nm Tis36 nm
(ug mL™) (ug mL™) (ug mL™) (ug mL™)
Chlorobenzene <L.0.D. 0.068 <L.O.D. <L.O.D.
Water 4.22 4.35 <L.0.D. <L.O.D.
DMF 157.4 155.1 <L.0.D. <L.O.D.
Detection limit 0.090 0.040 0.004 0.005

L.O.D. = limit of detection

Additionally, we showed that it is also possible to combine these two steps by delaminating
the gold electrode by using ethyl acetate, after which the gold can be isolated via filtration.
This would be particularly interesting for industrial processes where large volumes are
required. Brief immersion in doubly distilled water then reconverts the perovskite layer into
Pbl, and methylammonium iodide (MAI), and the MAI is directly extracted into the water
(step 111, Figure 7-1). The short immersion time combined with the low solubility of Pbl, in
water results in a low lead concentration in the water (4 pgmL™), which is below the

maximum concentration of contaminants for toxicity characteristic according to the US
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Environmental Protection Agency (EPA).”® |n step 1V (Figure 7-1), Pbl; is removed from the
substrate by immersing the sample for a short time in dimethylformamide (DMF). Analysis
shows that the Pbl, was recovered quantitatively. Extended washing of the device in DMF
will also result in the removal of the TiO, layer, resulting in a clean FTO substrate (step V,

Figure 7-1).
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Figure 7-1: Recycling procedure for perovskite solar cells. 1: Removing Au electrode with adhesive tape.
I1: Removing the HTM by immersing in chlorobenzene. 111: Transformation of the perovskite into MAI
and Pbl, and extraction of MAI in water. IV & V: Removal of Pbl, and TiO, using DMF. VI: Preparing a
new TiO, film. VII: Formation of the perovskite film on recycled FTO from recycled Pbl,. VIII:
Preparation of the HTM layer. IX: evaporation of the Au top electrode.

The isolation of toxic lead iodide is important because of its harmful effects to the
environment.[*Y However, by reusing the collected Pbl,, the environmental impact would be

even further reduced, leaving no toxic waste. In addition, the described process opens the

possibility to recycle the FTO substrate, MAI, spiro-OMeTAD and gold layers.

148



7 Recycling perovskite solar cells to avoid lead waste

FTO
100 $/m?

Perovskite 1 5/m?

TiO, 4 $/m?

Figure 7-2: Pie chart displaying the estimated cost of the different layers in perovskite solar cells.

Cost analysis for different solar technologies such as organic (OPV), cadmium telluride
(CdTe) and dye sensitized (DSSC) photovoltaics shows that the FTO / glass is a major factor
of between 20-60% of the module cost.2” %! In our cost estimation (depicted in Figure 7-2)
we have determined that this is also the case for perovskite solar cells. Alternatives for the
commonly used FTO substrates have been reported in the literature, including ITO / glass,
PEDOT:PSS™ or graphene.” However, to date, the best performance is still achieved with
FTO substrates. Additionally, these alternatives are either more expensive, not commercially
available or have not been scaled up yet. The hole transporting material is also a significant
cost factor; however, recent publications have shown that several materials that can be
produced at a fraction of the cost show the potential to compete with the current state-of-the-
art spiro-OMeTAD,? 3% * making recycling of this material less critical. The gold top
electrode will most likely also be replaced by other materials when perovskite solar cells are
scaled up, for example by silver paste.** 3 The cost contribution of the perovskite layer
consisting of Pbl, and MAI and the titanium dioxide layer is relatively small, and the
recycling of these layers is less interesting from an economic point of view. Based on the
above considerations, here we focus on the recycling of Pbl, for environmental reasons and

on the FTO / glass for economic reasons.
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Recycling of Pbl,

In the recycling process, Pbl, was removed from the substrate through DMF extraction (Step
IV, Figure 7-1). UV-vis absorption and ICP analyses show a quantitative recovery of the Pbl,,
indicating that the process is very efficient. The solvents used for the recycling could get
contaminated with other materials. In example, the water layer containing the MAI could
contain traces of lead, since Pbl; is slightly soluble in water (0.0756 g/100 mL at RT). Here

we analyzed the purity of the different fractions using different techniques.

The solvents used for recycling of the solar cells were studied using UV-vis and the results
are presented in Figure 7-3. For these measurements 225 cm? of solar cells were recycled.
14 mL of chlorobenzene was used to remove the spiro-OMeTAD, 14 mL of water to remove
the MAI and 14 mL of DMF to remove the Pbl,. The chlorobenzene solution was diluted
20 times and clearly showed the absorption of spiro-OMeTAD and its oxidized species, which
gives a signal in the range of 450-550 nm. MAI and Pbl, are considered to be insoluble in
chlorobenzene. The water solution containing the MAI did not show any absorption in the
range from 350-800 nm and a small onset near 300 nm. A small increase in the absorption is
measured near 300 nm, which we assume to originate from Pbl,, however, this signal hardly
exceeds the noise. As reference two solutions containing 0.25 mg mL™ and 0.075 mgmL™
lead iodide have been added to the spectrum. These reference solutions absorb stronger at
300 nm than our solution, indicating that the Pbl, concentration is below 0.075 mg mL™. The
noise in the signal does not allow more precise analyses of the concentration of Pbl, in this
sample. We ascribe the low concentration of the lead iodide in the water, to the rather low
temperature of the water (~20 °C) and very short immersion time. The DMF solution
containing Pbl, showed absorption with an onset around 410 nm. No absorption in the range

of 450-550 nm was observed, indicating the absence of (oxidized) spiro-OMeTAD.
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Figure 7-3: UV-vis absorption spectra of a) the chlorobenzene fraction (diluted 20 times) containing spiro-
OMEeTAD, b) the water fraction containing the extracted methyl ammonium iodide and traces of Pbl,, c)
The DMF fraction containing lead iodide and d) the calibration line to determine the lead iodide
concentration of the recovered Pbl,. The blue circle indicates the recycled DMF solution.

We prepared a calibration line of Pbl, in DMF to determine the concentration of the solution.
The absorption of the DMF solution from the recycling is marked with a blue circle in the
graph (Figure 7-3d). The recycled solution has a concentration of 1.47 mg Pbl, per mL of
DMF. In total 14 mL of DMF was used for recycling 225 cm? of perovskite solar cell, which
results in a recovery of 20.6 mg. Since the layer thickness is 300 £ 21 nm, we calculated the
recovery rate of the Pbl, to be 100 + 7%. We like to point out that the error in the (measured)

layer thickness is relatively large, and therefore the error in the recovery rate is also relatively

high. Nevertheless we show that the Pbl, can be recovered quantitatively.

The solutions used for the UV-vis experiments were also used for the ICP measurements. The

chlorobenzene was removed from the recovered spiro-OMeTAD under vacuum and then the
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possibly present Pbl, was dissolved in 15 mL of water. The recovered MAI solution in water
was measured without workup. The DMF was removed from the recovered Pbl, under
vacuum and the solids were redissolved in 55 mL of water. These solutions were measured
with ICP to check for the presence of lead and titanium. The concentration of titanium in all
samples was below the detection limit (<0.004 pg mL™), indicating that the electron blocking
layer does not dissolve during the recycling process and is simply delaminated. This is also
expected since TiO, is considered insoluble in these solvents. The concentration of lead was
determined at two different wavelengths (214 and 220 nm). The chlorobenzene fraction used
to remove the spiro-OMeTAD practically contains no lead. The measurement at 217 nm
showed no detectable amount of lead, while the measurement at 220 nm resulted in a
concentration just above the detection limit of 0.068 ugmL™. According to ICP
measurements the water fraction used for extraction of MAI contains 4.22 to 4.35 pg mL™
lead. This is in agreement with the UV-vis absorption measurements, which indicated that the
concentration would be below 75 ug Pbl, mL™. We ascribe the very low concentrations of
lead in the water to the short immersion time and relatively low solubility of Pbl, in water.
Additionally we like to point out that the concentration of lead in the water is strongly
influenced by the amount of water used (in our experiments around 700 mL per square meter
of solar cell). Water containing 5 pg mL™ lead or more are considered hazardous according to
the US Environmental Protection Agency (EPA, Federal Hazardous Waste code D008).E®!
The water fraction containing the recovered MAI is therefore below the maximum
concentration of contaminants for toxicity characteristic according to EPA. For the DMF
fraction, which was used for extraction of the lead iodide, concentrations of 155.1 to 157.4 ug
Pb mL™? were measured. This would result in a total recovery of 19.0 - 19.3 mg Pbl, for
225 cm? of solar cell (92 — 94%). Comparable to the results from the UV-vis experiments, a

near quantitative recovery rate was obtained (see Table 7-1).
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Recycling 70 dm? of perovskite film yields around 600 mg of Pbl,, which is enough to
prepare 1 mL of a 1.25 M Pbl, solution. This permits the production of recycled MAPDI3
films with an area of around 2 dm? The large amount of perovskite film required to prepare
the recycled Pbl, solution is the result of the significant material loss when preparing films
using spin-coating techniques. On an industrial scale, spin-coating will most likely be
replaced by other techniques, such as slot die coating, where material loss can be close to

negligible thus making the recycling more efficient.
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Figure 7-4: Comparison of the XRD patterns of recycled Pbl, and fresh Pbl, (a), and MAPbI; perovskite
Zilgtgist)rl).repared from fresh Pbl, and from recycled Pbl, (b). The normalized XRD patterns are offset for
The recycled Pbl, was studied by *H-NMR (in DMSO-d6) and UV-vis and no traces of spiro-
OMeTAD or other organic compounds were observed in its spectrum (Figure 7-5), while ICP
measurements indicate the absence of titanium dissolved in the DMF (Table 7-1). The
recycled Pbl, and perovskite films prepared from the recycled Pbl, were characterized by
XRD and compared to the films prepared from fresh starting materials (Figure 7-4). No
changes in the XRD patterns were observed for the recycled Pbl, and the resulting perovskite

film. The observed reflections also correspond to the theoretical reflections of Pbl, and

MAPDI;.
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Figure 7-5: 'H-NMR spectra of recycled Pbl, (a) and MAI as reference (b) both in DMSO-d6.

Photovoltaic devices prepared using the recycled Pbl, were characterized and their J-V
characteristics are shown in Figure 7-6. Although the devices show good performance with
best efficiencies exceeding 12%, their PCE is lower than that of devices prepared from highly
pure Pbl, purchased from Sigma-Aldrich (99%-+), termed “fresh” in the rest of the article. The
lower PCE mainly originates from a lower open circuit voltage (Voc 0.95 vs 1.03 V) and fill
factor (FF, 65 vs 74%). This most likely originates from a very small amount of impurities in
the Pbl, solution, which were undetectable with NMR, UV-vis absorption, XRD or ICP
measurements. The trace contaminations are probably MAI and/or TiO, particles. To examine
this hypothesis, we recrystallized the recycled Pbl, from water in order to remove possible
impurities in the material.*® Solar cells prepared from this recycled and recrystallized Pbl,
(from here on termed “recrystallized”) show improved device performance with PCES up to

13.5% and an average of 12.5% (compared to an average of 13.0% for the fresh Pbl,,

Table 7-4) and a significant improvement in the Voc and FF (see inset Figure 7-6). Scanning
electron microscopy (SEM) cross-sectional images of the devices prepared from fresh and
recycled Pbl, show similar morphology (Figure 7-6b, c), which is in line with the comparable

device performance. This demonstrates (i) that our recycling process is able to isolate the
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7 Recycling perovskite solar cells to avoid lead waste

toxic Pbl, from the perovskite solar cells, and (ii) that the recycled Pbl, can be reused for the

preparation of efficient new solar cells.
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Figure 7-6: a) J-V characteristics of perovskite solar cells prepared from fresh, recycled and recycled and
recrystallized Pbl,. SEM cross-section of solar cells prepared from b) fresh Pbl, and c) recycled Pbl..

Recycling the glass/FTO

The cost analysis discussed above shows that the FTO / glass substrate is the most expensive
part of the perovskite solar cells, and thus the most economically interesting layer to recycle.
In a first approach, the TiO,—coated FTO/glass substrate was recycled directly after
removing the Pbl, with DMF. Photovoltaic devices prepared on these substrates showed a

significant decrease in device performance over several recycling cycles (Figure 7-7).
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Figure 7-7: Box plot of the PCEs for the devices prepared on fresh and recycled TiO,/FTO/glass. The box
plot displays the average, median, minimum, maximum and 75 and 95% deviation, respectively (a). XRD
pattern of FTO / TiO, substrates immersed into DMF for different times (b). The decrease of the TiO,
reflections is illustrated with two black arrows.

XRD studies showed that removing the Pbl, with DMF also degrades the underlying TiO,
layer, suggesting that this is the reason behind the lower device. However, the XRD study
also revealed that complete removal of the TiO, underlayer is possible by prolonged

immersion in DMF, which was confirmed by energy dispersive X-ray spectroscopy (EDX)

and UV-vis (Figure 7-3and Figure 7-8).
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7 Recycling perovskite solar cells to avoid lead waste

E) fresh prepared TiO, on FTO

Figure 7-8: SEM top view image of a FTO-TiO, substrate (a) and a recycled FTO substrate (b) and the
corresponding EDX spectra (c-d). The white arrows mark the peaks of Ti.

Since TiO; is insoluble in DMFE™ we expect that the solvent penetrates through pores in the
TiO,, resulting in the delamination of the layer (see Figure 7-9). In order to see the effect of
the DMF treatment on the TiO,, cross-sections of a 600 nm thick blocking layer were
analyzed by SEM. The extra-thick blocking layer was prepared by spin-coating several layers
using the standard sol-gel approach with heating steps (150 °C/10 min) in between. One of
these samples was afterwards immersed in DMF for 3 min and dried at 100 °C. In Figure 7-9
the images of both a DMF treated and a non-treated sample are shown. The SEM images
indicate that the DMF delaminates the TiOy layer by infiltrating the interface. Further studies

regarding the delamination process are ongoing.
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7.3 Results and Discussion

Figure 7-9: Cross-sections of non-calcined TiOx blocking layers before (a) and after the DMF treatment
(b).

The transmittance of the substrate was studied by UV-vis absorption for fresh FTO, FTO with
TiO, and recycled FTO and the results are presented in Figure 7-10. The transmittance for all
films is around 80% for most of the visible spectrum. The thin layer of TiO,, most clearly
affects the spectrum in the region of 350-500 nm. On the recycled substrate the TiO, was

successfully removed as can been seen in the transmission spectrum.
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Figure 7-10: Transmittance spectra of fresh FTO, FTO with TiO, and recycled FTO substrates.
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7 Recycling perovskite solar cells to avoid lead waste

To address this issue, a fresh electron-selective TiO, layer was prepared on the recycled and

cleaned FTO / glass substrate using the same deposition protocol. These devices show no loss

in performance even after several recovery cycles (Figure 7-11 and Table 7-2). The devices

show a relatively narrow distribution of PCEs (standard deviations just above 1%) over a

large set of 24 individual devices and no significant drop in any of the device performance

parameters (Figure 7-12, Figure 7-13 and

Table 7-4).
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Figure 7-11: J-V curves of the record cells on fresh FTO and 3x recycled FTO, showing no significant
differences in the hysteresis or the dark measurements.
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Table 7-3: Device performance of device after recycling the FTO / glass substrate over various cycles.

Jsc/mAcm? | PCE/% | Voc/V FF
Average values 18.2 13.0 1.03 0.69
Standard deviation 1.2 1.1 0.01 0.04
Best cell 19.2 14.6 1.03 0.73
Shorted cells 2 out of 24
_ Jsc/mAcm? | PCE/% | Voc/V FF
Average values 17.9 13.4 1.04 0.71
Standard deviation 1.4 1.1 0.01 0.02
Best cell 19.6 151 1.05 0.72
Shorted cells 5 out of 24
_ Jsc/mAcm? | PCE/% | Voc/V FF
Average values 17.4 12.8 1.04 0.70
Standard deviation 1.8 1.3 0.01 0.03
Best cell 19.6 14.7 1.03 0.72
Shorted cells 3 out of 24
_ Jsc/mAcm? | PCE/% | Voc/V FF
Average values 18.5 135 1.04 0.70
Standard deviation 2.0 1.5 0.01 0.03
Best cell 20.2 154 1.06 0.71
Shorted cells 2 out of 24




7 Recycling perovskite solar cells to avoid lead waste

The best cells show similar power conversion efficiencies between 14.6 and 15.4% for all
batches, where the highest PCE was obtained on a three-times recycled substrate. The slightly
higher PCEs on the recycled substrates may be the result of an improved coverage of TiO,

over the FTO substrate.
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Figure 7-13: Device performance of solar cells prepared on recycled FTO /glass substrates. a) J-V
characteristics, b) bar diagram showing the average (circle), median (middle line), maximum, minimum
(crosses) and 75 (box) and 95% (small error bar) distribution of 24 individual cells for each of the
recycling steps. ¢) SEM cross-section of a record cell prepared on a three-times recycled substrate.

Table 7-4: Device performance after recycling the FTO substrate.

Jse (MA cm™) Vee (V) FF (%) PCE (%)

Record 19.2 1.03 73 14.6

Fresh

Average 182+1.2 1.03+0.01 69+ 4 13.0+1.1

First Record 19.6 1.05 72 15.1
recycled  Average 179+ 1.4 1.04 0.01 71+2 134211

Second Record 19.6 1.03 72 14.7
recycled — Average 17.4+18 1.04 £0.01 70+3 12.8+1.3
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Third Record 20.2 1.06 71 15.4

recycled  Average 185+ 2.0 1.04 +0.01 70+3 13515

Lead has been commonly used in households for millennia in all kinds of applications, such
as in pots, pans, pipes and paints. However, since the 19" century the toxic effects of non-
metallic lead have become apparent. In particular, water soluble lead salts are potentially very
harmful, as they can be easily taken up by living organisms, where a small daily dose of 1 mg
results in chronic lead poisoning symptoms in humans, such as birth defects.***% In the case
of perovskite solar cells, lead is present in the 2* oxidation state, which makes it soluble in

water and thus a hazard to human health if the cells are employed in large scale applications.

As shown in the cost estimation above, each square meter of solar panel would contain
approximately 1.2 g of perovskite absorber. MAPbI; consist of 34 wt% lead, which leads to a
lead content 0.42 g/m? solar cell. When considering a single solar park, which can easily
exceed more than 200 hectares (2 x 10° m?), the total lead content of such a solar park would
be over 800 kg. Without a proper way of handling these large amounts, general support for

such a park would be unlikely due to the well-known dangers of lead.

An accurate cost estimation of the recycling procedure at this point is challenging since many
assumptions have to be made. Both the cost of the recycling process and the cost of perovskite
based solar panels, produced on an industrial scale, are difficult to evaluate. However, the cost
of transportation and dismantling are unavoidable since the panels have to be collected after
their operation lifetime in accordance with international electronic waste disposal laws. The
additional costs for the recycling are expected to be relatively low since the process presented
here is entirely based on low temperature solution steps. In addition to being economically

attractive once perovskite solar cells are produced on a large scale, the recycling of the FTO

162



7 Recycling perovskite solar cells to avoid lead waste

substrate is already of interest for research facilities and startup companies. As demonstrated,
the expensive FTO substrates can be recycled in a simple and low-cost process, which reduces
the overall material cost and also saves production time since the recycled substrates are

already patterned and cut to the appropriate size.

7.4 Conclusion

In conclusion, we have demonstrated an environmentally responsible and cost-efficient
recycling process for solar cells based on MAPbI;. Our results show that perovskite solar cells
can be stripped down in a layer-by-layer approach, and that the collected materials can be
reused without significant losses to device performance. In particular, we show that the toxic
Pbl, can be recycled and, after recrystallization, can be employed to prepare devices
exhibiting power conversion efficiencies up to 13.5%. With this approach, the risk of lead
contaminating the environment can be decreased, while still retaining Pbl, as the starting
material for the production of highly efficient solar cells. In addition, we were able to recycle
the expensive FTO/glass substrates several times without significant loss of device
performance on solar cells exhibiting PCEs exceeding 15%. This work demonstrates a process
to address the environmental and health issues of lead based-perovskite solar cells and
combines this with a cost-reducing recycling process, bringing perovskite solar cells one step

closer to their introduction into commercial systems.

7.5 Experimental Section

All materials where obtained from commercial sources and used as received, unless stated

otherwise.
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7.5 Experimental Section

Solar cell preparation

Fluorine doped tin oxide (FTO) coated glass sheets (7 Q/sq, Pilkington, USA) were patterned
by etching with zinc powder and 3 M HCI. They were subsequently cleaned with a 2%
Hellmanex solution and rinsed with de-ionized water, ethanol and acetone. Directly before
applying the blocking layer, last organic residues were removed by an oxygen plasma
treatment for 5 minutes. The dense TiO, layer was prepared from a sol-gel precursor solution
by spin-coating onto the substrates and calcining at 500 °C in air."*™ For the sol-gel solution a
27.2 mM solution of HCI in 2-propanol was added dropwise to a vigorously stirred 0.43 mM
solution of titanium isopropoxide (99.999%, Sigma-Aldrich) in dry 2-propanol. The solution
remained clear during the addition and was discarded otherwise. After cooling down, the
substrate was transferred to a nitrogen-filled glovebox. A solution consisting of Pbl, (1.25 M)
and methylammonium iodide (1.25 M) in DMF was spin-coated dynamically (at 5000 rpm,
total 15s) onto the substrate. After 5s, 100 uL of chlorobenzene was added on top of the
spinning substrate and afterwards the substrate was placed on a hotplate (100 °C for 10 min).
After cooling down to room temperature, the films were covered with a layer of spiro-
OMEeTAD (Borun Chemicals, 99.5% purity). For this purpose, spiro-OMeTAD was dissolved
in 1 mL chlorobenzene. The solution was filtered and 10 pl 4-tert-butylpyridine (tBP) and
30 pul of a 170 mg/mL bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) solution in
acetonitrile were added. This solution was spin-coated dynamically at 1500 rpm for 45 s. The
devices were stored overnight under air at room temperature and <30 rel% humidity to allow
for oxidation of the spiro-OMeTAD. The top electrode was deposited by thermal evaporation

of gold under vacuum (at ~10® mbar), with a thickness of 40 nm.
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7 Recycling perovskite solar cells to avoid lead waste

Recycling of the solar cells

In the first step the gold top electrode was removed with scotch tape, which was lightly
pressed on the surface of the solar cell before pulling off. Alternatively, the gold can be
removed by dissolving the hole transporter as described below, which resulted in

delamination of the gold electrodes. Afterwards the gold can be collected via filtration.

The removal of the hole-transporter was done by immersing the whole substrate in
chlorobenzene while slowly swirling the solution. After 1 min. the substrate was removed
from the solution and was dried under a nitrogen stream. As a more environmentally friendly
alternative to chlorobenzene, ethyl acetate can be used as solvent to remove the hole
transporter using the same protocol as describe above. In order to extract the
methylammonium iodide from the perovskite, the surface of the substrate was dipped in
distilled water for approximately 1s and dried under a nitrogen stream afterwards. To
evaporate the residual water, the substrate was placed on a hot plate at 100 °C for 10 min. The
obtained Pbl, layer was immersed for 40 s in DMF to dissolve the Pbl,. The concentration of
this solution was studied by UV-Vis spectroscopy (for more details see Figure 7-3). This
solution was used for recycling the Pbl,. For the recycled and recrystallized batch of Pbl,, the
DMF was removed under vacuum. The solids were dissolved in refluxing water and the
solution was filtered to remove insoluble particles. The solution was slowly cooled down to
4 °C resulting in the crystallization of the Pbl, as golden flakes. The Pbl, was collected by
filtration and dried under vacuum prior to use. The Pbl, solutions of the recycled and
recrystallized Pbl, looked clear and bright yellow. The glass / FTO / TiO, substrate resulting
from the above removal steps was placed in a fresh DMF bath for at least 4 min to remove the
TiO, layer, after which the FTO substrate was dried at 100 °C. After cooling down, the

FTO / glass substrate can be used for the preparation of new devices.
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Characterization details:

Scanning electron microscopy images were acquired on a Jeol JSM-6500F microscope. The
cross-sections were freshly cut directly before the measurement. The investigation of the
elemental composition was performed by energy dispersive X-ray (EDX) analysis with an

EDX-detector from OXFORD INSTRUMENTS.

The X-ray diffraction patterns of the Pbl, powder were obtained on a STOE powder
diffractometer in transmission geometry (Cu Koy, A = 1.5406 A) equipped with a position-
sensitive Mythen-1K detector. X-ray diffraction analysis of perovskite films was carried out
in reflection mode using a Bruker D8 Discover with Ni-filtered Cu Kay-radiation

(. = 1.5406 A) and a position-sensitive semiconductor detector (LynxEye).

'"H-NMR measurements were performed using a Bruker WM-400, 400 MHz. The Pbl, was
dissolved in DMSO-d6 and the recorded spectra were referenced to the solvent (DMSO-d6:

'H, 2.50 ppm) relative to TMS.

Steady-state UV-Vis absorption spectra were acquired with a Lambda 1050 UV-Vis

spectrophotometer (Perkin Elmer) using an integration sphere.

Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements were

carried out using a Varian Vista RL.

J-V curves were recorded with a Keithley 2400 source meter under simulated AM1.5G
sunlight, with an incident power of approximately 100 mW cm, which was corrected for the
exact light intensity using a Fraunhofer ISE certified silicon cell. The reported device
characteristics were estimated from the measured J-V curves obtained from the backwards

scan (from Voc to Jsc). All our devices show a significant amount of hysteresis between the
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7 Recycling perovskite solar cells to avoid lead waste

forward and backwards scan, which is comparable for all prepared samples. The active area of

the solar cells was defined with a square metal aperture mask of 0.0831 cm?.
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8 Antimony and Bismuth Based Materials as Lead-Free Light Absorber

8.1 Introduction

One of the current major issues for perovskite based solar cells is the heavy metal lead (Pb) in
the absorber layer, which is known to be a significant hazard to the environment and human
health.> 2 In particular, water soluble salts are potentially very harmful, as they can be easily
taken up by living organisms.®! Previously it has been reported that tin (Sn) can replace lead
to form the less toxic MASnIs, and solar cells with an efficiency of over 6% were reported.[®
The challenge with this compound is the low stability of the 2" oxidation state of Sn and the
associated easy oxidation to the preferred tetravalent 4* state through exposure to air and
humidity.®!

In order to overcome the problem with the stability of the oxidation state while maintaining
the reduced toxicity of the metal ion within the perovskites structure, first attempts have been
made to use elements from the group 15 in the periodic table. The general valence shell
electronic configuration of these elements is ns’np®. The elements of group 15 generally
exhibit 37, 3" and 5" oxidation states. Due to the inert pair effect, the stability of the 5" state
decreases and that of the 3" state increases by moving down the group in the periodic table, "
which implies a high stability of Bi*" and Sb**. Additionally, bismuth and antimony are

significantly less toxic than lead."®!

Here we report the synthesis and characterization of different bismuth and antimony based
compounds and their applicability as photovoltaic absorbers. Thereby, we will focus on the
inorganic compound CssMyly (M = Bi**, Sb*"), the hybrid organic-inorganic compound
HDABIl5 (HAD = 1.6-hexanediammonium) and the halide double perovskite Cs,M*'M*""'Xq

(M*=cu’, Ag'; MM =Bi**, sb*; X =1, Br). Together with X-ray diffraction (XRD),
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UV-Vis and photoluminescence (PL) measurements the crystallographic as well as the
optoelectronic properties of the materials were characterized. We believe that these results can
be a foundation for finding suitable replacements for Pb in the absorber layer of third-

generation photovoltaic technologies.

8.2 Results and Discussion

CssM,lg (M = Bi**, Sb*)

The CssMly samples were prepared according to the synthesis route of Park et al.”! In short,
a mixture of bismuth iodide (Bils) or antimony iodide (Sbls) and cesium iodide (Csl) was
dissolved either in a DMF/DMSO mixture (7:3) or in pure DMSO. The solution was then
dynamically spin-coated on a substrate and afterwards annealed at 110 °C. This procedure
leads to films with the known crystal structure of Cs3Bizls.™® Thereby, bioctahedral (Bi,lg)*
clusters surrounded by cesium cations are formed, resulting in a hexagonal symmetry with the
space group P63/mmc. A schematic picture of the Cs3Bilg structure, as well as the X-ray

diffraction (XRD) patterns of Cs3Bizlg and Cs3Sh,lg are shown in Figure 8-1.
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Figure 8-1: (a) Crystal structure of Cs;M,ls (M = Bi**, Sb®) and (b) the corresponding XRD patterns of
both compounds and their mixed phase.
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8 Antimony and Bismuth Based Materials as Lead-Free Light Absorber

The XRD patterns of Cs3Bi2lg and Cs3Sh,lg show sharp reflections with a small shift to higher
angles for the Sb-compound. This shift is most visible for the reflection at around 53 °26 and
can be explained with the contraction of the unit cells due to the smaller metal ion in the
structure. Furthermore, a preferred orientation along the c-axis of the structure is observed for
the spin-coated samples since the first three reflections are indexed as (002), (004) and (006),
respectively. Despite the small shift in 26 values, the three samples are similar from a
crystallographic point of view. Nevertheless, these films exhibit different colors and

morphologies on an FTO substrate.

In Figure 8-2c these differences are illustrated together with the semi-transparency of the
spin-coated films. For Cs3Bi,lg, the used solvent seems to be a crucial parameter for the
crystal formation leading to either a red or a brownish color. On the other hand, the smaller Sb
ion produces yellow crystals of Cs3Sbale. In order to explain these differences, scanning
electron microscopy (SEM) images were recorded to determine the morphologies of these

films. The images are presented in Figure 8-2a,b and d.
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Figure 8-2: SEM topview images of Cs3Bi,lg prepared with a DMF/DMSO mixture (a) and DMSO (b) and
Cs;Sh,lg (d). Additionally an image of the different compounds on an FTO substrate is shown, illustrating
the clear semi-transparency of the films (c).

In the case of Cs3Bizlg, the addition of DMF to the DMSO solution seems to benefit the
crystal formation of the compound. The DMF/DMSO mixture leads to perfect hexagons,
while DMSO only solvent shows rather incomplete hexagons and many small crystallites. It
should be mentioned that the same annealing temperature was used to verify the influence of
the solvent for both synthesis protocols. The difference in color can be possibly explained
with the formation of the monoclinic low temperature (LT) structure of CszBizlg with the
space group C2/c. The structure of the LT phase is slightly distorted in comparison to the
hexagonal phase.™ Although no distinct reflection of this phase could be observed in the

XRD patterns, even small amounts could influence the optical properties of the film because
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of the change in space between Bi and I.*Y However, the color and morphology of the
hexagonal Cs3Bi,ly and Cs3Sb,lg samples are in good agreement with literature reports.® 2
The semi-transparency of all the films arises from the large pinholes between the crystallites.
The color difference between the samples is reflected in the UV-vis spectra of Cs3Bizlg and

Cs3Sh,lg (Figure 8-3a).
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Figure 8-3: UV-Vis measurements of Cs;Biylg, Cs3SbBilg and Cs3Sh,lg (a) plus the corresponding Tauc-
Plots (b-d).

Cs3Bizlg shows the strongest light absorption compared to Cs3;SbBilg and Cs3Sh,lg for a
similar sample thickness as confirmed by Dektak profilometer measurements. With the aid of
Tauc-Plots (Figure 8-3b-d), the bandgaps of the corresponding compounds were determined.
Interestingly, the incorporation of Sh does not seem to change the bandgap of the material,
only the pure Sb compound shows an increased bandgap of 2.4 eV compared to the 2.1 eV for

CS3Bi2|9.
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8.2 Results and Discussion

In addition to an appropriate bandgap and sufficient light absorption, the presence of
photoluminescence (PL) is important for the application in solar cells. For example, the
lifetime of the photogenerated species can impact the efficiency of the charge extraction from
the absorber layer. Therefore we performed PL measurements and the results are shown in
Figure 8-4. It should be noted here that due to the low quantum yield a high intensity laser
was needed to determine the PL spectra of the samples. Only the Cs3Bizlg sample prepared
with the DMF/DMSO solution was stable during the measurement. Therefore the PL

spectrum of Cs3Sh,lg could not be recorded.
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Figure 8-4: Photoluminescence spectra of CszBiylg (a) and a PL scan over a bigger film area on the
substrate (b). The PL signal was detected with short passes at 750nm and 800nm.

In the literature, a PL maximum of CssBi,ls was observed at around 650 nm.®! By fitting a
Gaussian distribution curve to our spectrum, the PL maximum was also found to be around
650 nm. At this point it is unclear why a splitting of the PL signal occurs. One possible
explanation could be the presence of two compounds, or additional effects due to the high
intensity laser. For example, similar observations have been made in GagslngsP where the PL
signal was affected by different temperatures.™® In Figure 8-4b an image of the measured

area on the substrate is shown illustrating the source of the PL signal. Again we see the
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hexagonal structures, as observed in the SEM images, and additionally we observe that the PL
arises from the edges of these structures. This indicates the presence of large single crystals of
Cs3Bizlg where the excitation probably originates within the structure. Afterwards, the charges
can travel through the lattice and recombine at the edges, or alternatively light is emitted
within the crystal and only escapes from the edges. Good charge transport properties in the
absorber layer are beneficial for the application in solar cells since the charges can be
collected efficiently. However, in the case of Cs3Bizlg much energy is needed to create free
charges because of the high exciton binding energy of 279 meV.*“ MAPbI; on the other hand
only features an exciton binding energy of 40 meV.™ The high value limits the applicability

of Cs3Biylg in solar cells™®

Nevertheless, Park et al. constructed solar cells including Cs3Bi,lg with mesoscopic TiO, as
the electron extraction layer and spiro-OMeTAD as the hole extraction layer.[) These devices
showed only poor performance with around 1% PCE. In order to make this material more
attractive for solar cells, the crystallization and surface coverage of the material on the

FTO / TiO; substrate still needs to be optimized.

HDABIIs (HAD = 1.6-hexanediammonium)

One way to increase the surface coverage is the use of easy processable organic cations in
order to form bismuth-containing hybrid organic-inorganic materials, which have already
been investigated as semiconductors for optoelectronic devices.*” ! One example is the
dicationic alkyldiammonium bismuth halide material (HDABIls), where HDA is 1,6-
hexanediammonium (H3sNCgH12NH3). The use of long alkyl chains has been suggested to
enhance the mobility of charge carriers because of the reduction in intermolecular distance

between adjacent moieties caused by the intermolecular interaction between the alkyl

177



8.2 Results and Discussion

chains.® This effect is called molecular-fastener effect.” Therefore HDA is good candidate
for the formation of bismuth-based materials with good mobilities for solar cell application.
HDABII5 crystallizes in a primitive orthorhombic crystal structure with the space group
Pn2la. Thereby, the Bilg octahedra form one-dimensional distorted zig-zag chains where
three of these octahedra are connected via a shared iodide ion. The crystal structure of

HDABIIs is shown in Figure 8-5a.
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Figure 8-5: Crystal structure of HDABII5 (a) and comparison of the XRD patterns of prepared samples
and the theoretical pattern (b). Additionally, UV-Vis measurements (c) and the corresponding Tauc-Plot
(d) of HDABI 5 are shown.

The HDABIls samples were prepared according to the synthesis route of Fabian et al.?Y) The
resulting films exhibit the desired crystal structure, which is visible in comparison with the

theoretical XRD pattern of HDABIls. The theoretical pattern was simulated with the single

crystal data from Mousdis et al.l?? The red-looking films were further characterized with light
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absorption spectroscopy and showed a strong absorbance starting from 600 nm. The
absorbance of a material can be directly related to the theoretical maximum for the short
circuit current (Jsc) when incorporated in a solar cell. Therefore the values of the light

absorption spectrum (wavelength and absorbance) were substituted in the following equation.

422 F(A)(1 — 10~4@
sc=f (A)( )dl (1)

" 1240
Here, A is the wavelength, F(A) the simulated solar power incident on earth from the AM1.5
solar spectrum and A(L) the wavelength-dependent absorbance of the material . The term (1-
10™ represent the light harvesting efficiency (LHE) of the sample. In the case of HDABIls,
a theoretical Jsc of 11.9 mA/cm? is estimated: comparable to the values obtained from
FAPDBr3.1®! Together with a bandgap of 2.1 eV (see Tauc-Plot Figure 8-5d) HDABIls could

be a promising candidate for tandem solar cells.

In order so take a look at the optoelectronic properties of HDABIls, PL measurements were
performed. In contrast to the PL measurements of Cs3Bixlg, a green LED was used instead of
a high intensity laser for the illumination of the sample in order to probe the influence of the
connectivity of the octahedra on the needed energy from the source to observe a PL signal.
With the increased connectivity a weak signal was observed at around 630 nm (Figure 8-6a)
which matches the bandgap of 2.1 eV from the Tauc-Plot. The low intensity of the PL could
potentially originate from the observed pinholes on the surface of the film as shown in the
SEM topview image in Figure 8-6b. In these pinholes, traps for the photoexcited species may
be located and recombination can occur.’?*! Despite that, the FTO / TiO, substrate is almost
completely covered. The majority of the crystal grains appeared to range in size between
200 nm and 400 nm with no preferential orientation in the plane of the deposited film. This

matches the observation of the appearance of almost all reflections of the theoretical pattern
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of HDABIIs in the observed XRD pattern. The Fermi level and valence band maximum is
estimated at around -3.7 eV and -5.6 eV relative to vacuum, respectively.™! Similar values
are observed for FAPbBr;, which gives PCEs of almost 7% in a planar heterojunction
layout.™® Therefore, HDABIls was also incorporated in a stack with TiO, and spiro-
OMEeTAD as the charge extraction layers. The measured J-V characteristics are shown in

Figure 8-6c.
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Figure 8-6: PL spectra of HDABIls (a) with the corresponding topview image of the sample (b). J-V
characteristics of a solar cell incorporating HDABI 5 (c) and a cross-section of the device (d).

The device exhibits a short-circuit photocurrent density (Jsc) of 0.03 mA/cm?, an open circuit
voltage (Voc) of 460 mV, and a fill factor (FF) of 0.61, which yielded a light-to-electrical
energy conversion efficiency of 0.01%. One reason for the low Jsc value could be the

observed pinholes in the film, however it is clearly visible in the SEM cross-section image
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(Figure 8-6d) that HDABIIs forms a dense smooth film with a thickness of around 300 nm
with no obvious pinholes reaching the FTO / TiO;, interface. Therefore, we suggest that other
causes must lead to the low current. HDABIIs devices still require more optimization of film
thickness, film quality, dopant density, trap-state density, and selective contact engineering to

achieve larger Jsc values.

Cs;M*'M™X, (M* = Ccu*, Agh; MM = Bi**, Sb*; X =1, Br)

Recently, Slavney et al. introduced the double perovskite structure incorporating Bi** and Ag*
with a strong PL signal and a lifetime of the photoexcited species of around 660 ns.[?®! The
perovskite Cs,AgBiBrg crystallizes as red-orange truncated octahedra in the cubic space group
Fm3m. The Ag* and Bi*" ions occupy the alternating centers of the octahedra in the ordered
double perovskite structure with no disorder between Bi and Ag sites (Figure 8-7a). The unit-
cell axis of 11.25 A is roughly double that of MAPbBr; (a=5.92 A)*! as summarized in
Figure 8-7c. Additionally, the structure is tunable with regard to the bandgap by a halide
exchange. McClure et al. showed the successful synthesis of Cs,AgBIClg with a larger
bandgap of 2.6 eV compared to 2 eV for the bromide compound.'?®! Both structures exhibit
the same crystal structure as shown in the Rietveld refinements in Figure 8-7b and d. So far,
only single crystals or powder samples of the double perovskite were prepared via solid state
reactions due to the low solubility of silver halides.!”®! However, the principle of the double
perovskite can be expanded to other combinations of 3" and 1° ions as suggested by

Volonakis et al.%
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Figure 8-7: Structure of the ordered double perovskite Cs,AgBiXg (with X =Br, Cl) (a), Rietveld
refinements of the XRD patterns for Cs,AgBiClg (d) and Cs,AgBiBrg (b) and the details of the refinement

( C) ) [32]

A suitable combination is copper (Cu) and antimony (Sb). Both structures are available as

halide compounds with the desired oxidations states. The compounds Cs,CuShXg (with X =1,

Br) were synthesized via solid state reactions in tantalum crucibles under an inert atmosphere.

The XRD patterns of both compounds are shown in Figure 8-8a. So far these compounds have

not been reported in the literature, thus the determination of the crystal structures with single

crystals is still under investigation.
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Figure 8-8: XRD patterns of Cs,CuSbXg (X =1, Br) (a) and Rietveld refinement of Cs,CuSbBrg (b).
Photoluminescence measurements (c) and time-correlated single photon counting measurements (d) of
Cs,CuSblg, Cs,AgBiBrg and Cs,CuSbBrg, respectively.

However, some basic information can be extracted from the powder patterns. The most
obvious difference in both patterns is the number of observed reflections. For Cs,CuShBrg
fewer reflections indicate a higher symmetry of the structure. Since a powder sample was
used, reflections missing due to a preferred orientation can be excluded. The powder pattern
was indexed, which resulted in a cubic symmetry as in Cs,AgBiBrs. A Rietveld refinement
was performed for Cs,CuSbBrg; results are depicted in Figure 8-8b. With the inclusion of
CsBr and CuBr as impurities, the calculated pattern almost matches the observed pattern as
seen in the blue difference curve. Nevertheless, the intensity of the two main reflections of
Cs,CuSbBrg, at around 15°260 and 21°26, does not match the calculated pattern.

Additionally, the reflection at around 7° 26 also cannot be explained by the crystal structure

of Cs,AgBiBrg. The mismatch of the intensities is thus a good indication that the space group
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used for the refinement is not entirely correct. Especially the centering of the space group has
an impact on the intensity of the reflections because of characteristic extinction rules. For
example, for a face-centered symmetry (F, Fm3m in the case of Cs,AgBiBrg), the reflections
should have Miller indices h k I either all odd or all even. In the case of body centered (1),
only reflections with h +k +1=2n indices would appear. If no centering is observed, a
primitive lattice (P) is present. The missing reflections in the theoretical pattern can either be
explained by another impurity or with a lower symmetry of the crystal structure. In the case
of Cs,CuSblg it is more difficult to estimate the symmetry from the XRD pattern. Various
split reflections are observed, which suggests the presence of lower symmetry than for the
bromide compound. Additionally, no systematic overlapping of reflections for both structures
is visible, indicating different unit cells. For both new materials, single crystal analysis would
be highly desirable to obtain the symmetry, the lattice parameters and the atomic positions in

the structure.

To evaluate the suitability of Cs,CuSbXs (X =1, Br) for photovoltaic applications, we
measured the presence of PL. In comparison to HDABIls, the I/11l compounds studied here
feature strong PL signal. The spectra are depicted in Figure 8-8c and show a PL maximum for
Cs,CuSblg at around 1.6 eV and for Cs,CuSbBrg at around 2.4 eV. For comparison, the PL
signal of Cs,AgBIBrs is also illustrated with its maximum at 2 eV. To determine the fate of
the photogenerated carriers, we performed time-correlated single photon counting
measurements (TCSPC). The observed decays in Figure 8-8d give the sum of radiative and
nonradiative recombination rates of the materials. The PL intensity of all three materials
shows a fast initial drop followed by a slower decay. Powders typically have much more
defects and surface states than single crystals, which suggests that the short lifetime process
may originate from trap and/or surface-state non-radiative recombination.!”®! Nevertheless, the

lifetime of Cs,CuShls is several ps and much longer than the lifetimes of Cs,AgBiBrs and
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Cs,CuShBrg. Long carrier recombination lifetimes are indicators of good photovoltaic
performance and with a PL maximum at around 1.6 eV, Cs,CuSblg appears to be a very good
candidate for solar cell applications. In order to evaluate the absorption properties of these
compounds UV-Vis spectra were obtained from powder samples in reflection mode and
converted afterwards with the Kubelka-Munk equation (Figure 8-9a). Cs,CuShblg shows strong
absorption starting from around 600 nm, while the other two compounds start to absorb at
around 480 nm. The Tauc Plots revealed direct band gaps for the bromide compounds at
around 2.7 eV and an indirect bandgap for Cs,CuSblg at around 1.8 eV. Although direct band
gaps are more favored for solar cell applications, Cs,CuSblg shows the right band gap energy,

good absorption and a long carrier lifetime.
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Figure 8-9: UV-Vis spectra of the different double perovskites (a) and the corresponding Tauc Plots (b-d).
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Standard solution-state film deposition techniques are complicated for Cs,AgBiBrg due to the
low solubility of AgBr (Ks, at 25 °C is 5 x 10™%).1°] In the case of Cs,CuSbls, Cul is soluble
in DMF with the addition of small amounts of HI and is processable via the spin-coating
technique. First attempts have been made to develop a solution-based deposition process by
spin-coating stoichiometric mixtures on glass substrates. The resulting films were analyzed by
XRD and showed the presence of Cul instead of the desired compound. These results suggest
that the precipitation of Cul from solution is the thermodynamically favored product rather
than the formation of Cs,CuSbls. Another approach is to start from a Cul layer and deposit the
other reactants on top of this layer, followed by thermal processing. During this subsequent
annealing step, the Cul could diffuse into the other structure as it was shown with germanium
(Ge) to from Ge.Cuy.2 Here we observed, after 6 h of annealing at 150 °C, the formation of
Cs3Shylg rather than the desired compound. The challenge with higher temperatures is the
high volatility of Sbls, but this property might make it possible to evaporate Shl; to form
Cs,CuSblg. As a final attempt, we mixed Cul and Csl and deposited it on the substrate.
However, this mixture resulted in the formation of Cs3zCuzls which did not react with the Sbl;
vapor. However, the evaporation was performed in a sealed glass petri dish, thus with more
controlled evaporation conditions the formation may be possible. Further investigations of
alternative methods for forming a high-quality film of Cs,CuSblg for photovoltaic devices are

still ongoing.

8.3 Conclusion

In summary, we have studied different compounds based on Bi and Sb as possible light
absorbers for their application in solar cells. For example, the solution-processable inorganic
compound Cs3Bizlg shows strong absorbance starting from 600 nm, a PL emission at around

650 nm and the formation of big single crystals on the substrate. However, the surface is not
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completely covered via spin-coating of the compound and the PL emission is only observed
with illumination from a high intensity laser, implying that most of the photogenerated
species recombine non-radiatively, i.e. via defects or traps. With the high excition binding
energy of Cs3Biylg and the apparent high concentration of recombination centers, its

application in solar cells may be rather difficult.

One way to get a full coverage of the substrate is the use of the hybrid bismuth compound
HDABIIs. This material exhibits a weak PL when illuminated with a low intensity green LED,
and gives an open circuit voltage of 460mV with a solar cell layout of
FTO/ TiO, / HDABIIs / spiro-OMeTAD / Au. However, the very low short circuit current of

0.03 mA/cm? makes the application in solar cells unlikely.

In order to potentially increase the intensity of the PL emission and the charge transport
properties within the structure, we enhanced the connectivity of the octahedra by forming the
double perovskite structure Cs,CuSbXg (X =1, Br). These materials exhibit strong PL signals
at 1.6 eV for the iodide compound and at 2.5eV for the bromide compound. Especially
Cs,CuSblg appears to be promising for applications in solar cells because of the long lifetime
(several ps) of the photoexcited species. The deposition of this material on an FTO / TiO,
substrate is still challenging because of the preferred formation of either Cul or Cs3Sh;lg, but
with further experiments this material may offer the potential to replace lead-based solar cells

and provide a less toxic photovoltaic system.
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8.4 Experimental Section

CssM.lg (M = Bi**, Sb*)
Sample preparation

The sample preparations were performed in a nitrogen-filled glovebox. The precursor solution
for the synthesis of Cs3Bi,lg was prepared by dissolving 974 mg Bils (99%, Sigma—Aldrich)
in either a mixture of DMF/DMSO (700 pl DMF and 300 pl DMSO) from Sigma-Aldrich or
in pure DMSO (1 mL) at 110 °C. The solution was then filtered and added to 644 mg Csl.
This solution was then heated to 100 °C in order to dissolve the precursors and afterwards the
solution was filtered to remove small remaining residues of precursors. Subsequently, 100 pL
of this solution was spin-coated onto the substrates at 1500 rpm for 20 s. Afterwards the

samples were placed on a hotplate at 110 °C for 15 min.

The preparation of Cs3Sh,lg was performed by dissolving 503 mg Sbls (98%, Sigma—Aldrich)
and 260 mg Csl in 1 mL of DMF at 100 °C. The spin-coating procedure was similar to the

preparation of Cs3Bilo.
Characterization details:

X-ray diffraction analysis was carried out in reflection mode using a Bruker D8 Discover with
Ni-filtered Cu-Ko-radiation (A =1.5406 A) and a position-sensitive semiconductor detector

(LynxEye).

Steady-state absorption spectra were acquired with a Lambda 1050 UV-Vis

spectrophotometer (Perkin Elmer) using an integration sphere.

Scanning electron microscopy images were acquired on a JEoL JSM-6500F microscope. The

different samples were deposited on FTO-coated glass (7 /sq, Pilkington, USA). The latter
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was then fixed with silver paint on an aluminum holder. The silver paint was allowed to dry
for 3 h in a desiccator. The samples were prepared 10 to 16 h before the measurement and
were always stored in a desiccator with <20% relative humidity to avoid decomposition of the

moisture-sensitive materials.

Steady state photoluminescence measurements of films were performed with a Mira 900
Laser (Coherent). The excitation wavelength was fixed at 834 nm and a laser excitation power
of ~4 uW was applied corresponding to a power density of 1.4 kWcm 2. For the detection
two short pass filters (750 nm and 800 nm) were used. The PL spectrum was recorded with a
spectrometer (Shamrock SR-303i combined with an Andor Newton CCD) and the PL images
were obtained with an avalanche photodiode (APD from MPD with a diameter of 50 um and
<100 dark counts). For the latter, the experimental setup is based on a confocal optical
microscope equipped with a closed-loop piezo scan stage (sample scan) to raster-scan the

sample through the focus of a high NA objective (NA = 1.4).

HDABIIs (HAD = 1.6-hexanediammonium)
Preparation of the precursors

To synthesize 1,6-hexanediamine dihydroiodide (HDA<2HI), 260.9 mg of 1,6-hexanediamine
(98%, Sigma Aldrich) was dissolved in 5 mL methanol under ambient conditions at RT, and
then 1 mL hydriodic acid (33 wt%) was added slowly at 0 °C with stirring, followed by
stirring for an additional 30 min. HDA<2HI precipitate was recovered by evaporation of
solvents at 40 °C under reduced pressure. The precipitate was rinsed with dry diethyl ether,

and vacuum dried at 60 °C for 12 h. A yield of 75% was achieved.
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Sample preparation

Fluorine doped tin oxide (FTO) coated glass sheets (7 Q/sq, Pilkington, USA) were patterned
by etching with zinc powder and 3 M HCI. They were subsequently cleaned with a 2%
Hellmanex solution and rinsed with de-ionized water, ethanol and acetone. Directly before
applying the blocking layer, last organic residues were removed by an oxygen plasma
treatment for 5 min. The dense TiO, blocking layer was prepared from sol-gel precursor
solution by spin-coating onto the substrates and calcining at 500 °C in air.®? For the sol-gel
solution a 27.2 mM solution of HCI in 2-propanol was added dropwise to a vigorously stirred
0.43mM solution of titanium isopropoxide (99.999 %, Sigma-Aldrich) in
2-propanol. The solution usually stayed clear during the addition and was discarded

otherwise.

The sample preparations were performed in a nitrogen-filled glovebox. HDABIlIs solution was
prepared by mixing HDA<2HI and Bils (99%, Sigma—Aldrich) powders at an approximately
1:1 mole ratio (200 mg HDA<2HI and 259 mg Bil3), in 1 mL anhydrous DMF (99.8%,
Sigma—Aldrich) at 70°. This solution was then heated to 100 °C without stirring in order to
fully dissolve the starting materials. Subsequently, 100 puL of the solution were spin-coated
with 2000 rpm for 30 s onto the substrate. The film formation was then achieved through
annealing at 100 °C for 10 min. Afterwards, the films were covered with a layer of spiro-
OMeTAD (Borun Chemicals, 99.5% purity). Typically 100 mg of spiro-OMeTAD were
dissolved in 1 mL chlorobenzene (99.8%, Sigma-Aldrich). The solution was filtered and
mixed with 10 pl 4-tert-butylpyridine (tBP, 96%, Sigma-Aldrich) and 30 pl of a 170 mg/mL
bis(trifluoromethane)sulfonamide lithium salt (LiTFSI, 99.95%, Sigma-Aldrich) solution in
acetonitrile. This solution was spin-coated dynamically at 1500 rpm for 45 s. In a second step

the sample rotation was accelerated to 2000 rpm for 5s to allow the solvent to dry

190



8 Antimony and Bismuth Based Materials as Lead-Free Light Absorber

completely. Before evaporating the gold electrodes on the devices, spiro-OMeTAD was left to

oxidize in air over night at room temperature and < 20 rel% humidity.
Characterization details:

X-ray diffraction analysis was carried out in reflection mode using a Bruker D8 Discover with
Ni-filtered Cu-Ko-radiation (A = 1.5406 A) and a position-sensitive semiconductor detector

(LynxEye).

Steady-state absorption spectra were acquired with a Lambda 1050 UV-Vis

spectrophotometer (Perkin Elmer) using an integrating sphere.

Scanning electron microscopy images were acquired on a JeoL JSM-6500F microscope. The
different samples were deposited on FTO-coated glass (7 €/sq, Pilkington, USA). The latter
was then fixed with silver paint on an aluminum holder. The silver paint was allowed to dry
for 3 h in a desiccator. The samples were prepared 10 to 16 h before the measurement and
were always stored in a desiccator with <20% relative humidity to avoid decomposition of the

moisture-sensitive materials.

Steady state photoluminescence measurements were performed with a 510 nm laser head
(LDH-P-C-510, PicoQuant GmbH) with an average power density of 2 mW. For the detection
one long pass filter (514 nm) was used. The PL spectrum was recorded with a spectrometer

(Shamrock SR-303i combined with an Andor Newton CCD) and a laser intensity of 2.2 pW.

Cs,;M"'"M*"'% (M* = cu*, Ag'; MM = Bi*, Sb**; X =1, Br)
Sample preparation

The solid-state reactions for the different compounds were prepared in a nitrogen-filled

glovebox, where the starting materials Csl (99.999%, Sigma-Aldrich), CsBr (99.999%,
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Sigma-Aldrich), Cul (99.999%, Sigma-Aldrich), CuBr (99.998%, Alfa Aesar), Sbl;
(99.999%, Alfa Aesar), SbBr3 (99.995%, Alfa Aesar), AgBr (90%, Sigma-Aldrich) and BiBr;
(>98%, Sigma-Aldrich) were stored. Typical samples sizes were 500 mg, which consisted of

the following ratios of the reactants (see Table 8-1).

Table 8-1: Initial weights of the different compounds.

compound Csl CsBr Cul CuBr Sbl, SbBr; AgBr BiBr;
Cs,CuShBrg 228 mg 77 mg 194 mg
Cs,CuSblg 214 mg 79 mg 207 mg
Cs,AgBiBrg 200 mg 89mg | 211 mg

The reactions were performed in tantalum crucibles (& =10 mm, | =30 mm), which were
welded under inert atmosphere. The following temperature programs were applied (see Table

8-2).

Table 8-2: Temperature programs of the different compounds.

Compound temperature program
50°C/h 10°C/h
Cs,CuSbBrg RT / 1sooc/h /) RT

Cs,CuSblg RT 50°C/h 200°C/h 10°C/h RT
Cs,AgBiBrg RT 50°C/h 250°C /h 10°C/h T

PL sample preparation

Samples for steady state and time resolved PL measurements were finely ground with pestle

and mortar and afterwards stuck with scotch tape onto a glass slide.
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Characterization details:

X-ray diffraction analysis was carried out in reflection mode using a Bruker D8 Discover with
Ni-filtered Cu-Ko-radiation (A = 1.5406 A) and a position-sensitive semiconductor detector

(LynxEye). The Rietveld-refinement was done with the software TOPAS Academic 4.1

Steady state and time resolved PL measurements were performed with a Fluotime 300
Spectrofluorometer (Picoquant GmbH). The samples were photo-excited using a 510 nm laser
head (LDH-P-C-510, PicoQuant GmbH) pulsed at 500 kHz, with a pulse duration of 117 ps
and fluence of ~300nJcm?/pulse. The PL was collected using a high-resolution
monochromator and hybrid photomultiplier detector assembly (PMA Hybrid 40, PicoQuant
GmbH). The emission for time resolved measurements was monitored at the maximum

intensity of the steady state photo-emission.
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This thesis focused on some of the challenges perovskite based solar cells have to face in
order to become industrially relevant. In the first part the crystallization of MAPbI; based on a
one-step approach with a chloride-based precursor is studied. Thereby, MAPbCI; crystallizes
first as a templating phase and while heating up the substrate, MAPbI; grows at the expense
of MAPDCI3, which leads to crystals oriented parallel to the substrate. Together with slow
evaporation of the solvent before the heat treatment it is shown that the efficiency as well as
the reproducibility of the devices increased due to the enhanced conductivity of the perovskite

layer.

The structurally related compound FAPDI3, with a slightly narrower bandgap, is stabilized in
order to suppress the formation of the yellow 6-phase instead of the desired dark a-phase and
to make FAPbDI; stable towards the operation temperatures of solar cells. By exchanging a
small amount of 15% MA relative to FA, with no accompanying lattice shrinkage, the
transition to the yellow d-phase of FAPbI; was completely suppressed between 25-250 °C.
We propose that the dipole moment of the organic cation is an important parameter for the
formation of stable hybrid pervoskites because of the increase in I-H hydrogen bonding and/or

the Coulomb interactions within the structure.

Furthermore the scope of the perovskites was extended to wide-bandgap materials through the
exchange of the halide from iodide to bromide. We have shown that MAPbBr; and FAPbBr;
can achieve high power conversion efficiencies of up to 7% in planar heterojunction
architectures, without the need for a mesoporous scaffold. FAPbBr; exhibits charge carrier
diffusion lengths that are orders of magnitude longer then with MAPbBr3, and therefore is

able to achieve high charge collection efficiency. However, with a perfect alignment of the
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cubic crystal planes of MAPDbBr; parallel to the substrate of the film the efficiency can be
increased and the reproducibility is enhanced while the short circuit currents (7 mAcm™)
approach their theoretical limit. Both materials are suitable as absorbers for flexible
photovoltaic applications as well as the top cell in a tandem configuration with a

commercially available silicon or CIGS bottom cell.

Whether considering single perovskite solar cells or the application in tandem systems, the
devices have to be collected at the end of their working lifetime, according to international
electronic waste disposal regulations. We have established an environmentally sound and
cost-efficient recycling process for solar cells based on MAPDbI; and can re-use the materials
without significant losses in device performance. In particular, we show that the toxic Pbl,
and the expensive FTO / glass substrates can be recycled and can be re-used to prepare new

devices without any significant loss of device performance.

In addition to the possible recycling of lead-based solar cells, alternative compounds based on
Bi or Sb are also studied in this thesis. Especially the bismuth-based compounds show strong
absorbance starting from 600 nm, and by using organic cations they are also solution
processable with a resulting full surface coverage. However, the PL of these materials is
limited by the loss of energy through radiation-less decay or vibrational motions of the Bilg
octahedra. In addition, we investigate the double perovskite structure Cs,CuSbXg (X =1, Br).
These materials exhibit strong PL signals at 1.6 eV for the iodide compound and at 2.5 eV for
the bromide compound. Especially Cs,CuSblg is a promising candidate for applications in

solar cells because of the long lifetime (several ps) of the photoexcited species.

Although this thesis tackles some of the challenges for the potential industrial application of
perovskite solar cells, there is still a long way ahead for commercialization of these systems.

One crucial problem is the upscaling from lab devices to solar panels. First results show that
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large aperture areas of the perovskite are possible but so far only efficiencies below 10% have

been achieved.

Even with the high efficiencies of the best lead-based perovskite solar cells, the application is
limited by the degradation of the active layer by environmental factors. As already known for
other photovoltaic systems, encapsulation significantly increases the lifetime of the devices.
Several encapsulation techniques are already under investigation for the solar cells in order to

obtain a stable performance under certain conditions.

After 5 years of intense research and constant improvement of perovskite-based solar cells,
there is still much research and development work left before these materials can enter the
photovoltaic market. Nevertheless, probably no material other than MAPbI; has ever before
experienced such a rapid increase in solar efficiency, and with a growing research community
that focuses more and more on aspects relevant for real-world applications, we expect a bright

future for this intriguing family of materials.
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