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(Picture from: http://green4uproject.eu/de/glossar/)

Remember to look up at the stars and not down at your feet.
Try to make sense to what you see and wonder about what makes the universe exist.

Be curious. And however difficult life may seem, there is always something you can do and

succeed at.

It matters that you don’t just give up!

(Stephen Hawking)
v
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ABSTRACT

Perovskite solar cells have received increased attention in recent years. In addition to being
easily and cheaply manufactured, they also show extremely good power conversion
efficiencies. Germanium-based perovskite materials have good optoelectronic properties and
are structurally very similar to the best-known lead- and tin-based perovskite materials. The
slight oxidation of Ge?* to Ge# is a major disadvantage and enormously affects
reproducibility. So far, only low efficiencies (<1%) of germanium perovskite solar cells have
been achieved, which is significantly lower compared to lead (> 22%) and tin-based (>10%).
Nevertheless, germanium has great potential to replace the toxic lead in perovskite solar cells.
Therefore, this work deals with the production of new germanium perovskite solar cells as
well as their optimization and stabilization in order to improve their performance. The solar
cells were built in a p-i-n architecture (glass/indium tin oxide/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/germanium -based
perovskite/[6,6]-phenyl-C;;-butyric acid methyl ester (PC,oBM))/Ag), whereby PEDOT: PSS
were used asholeand PC7oBM aselectron transport layers. The biggestchallenge to overcome
was the quick and easy oxidation of germanium, as well as the thermal degradation of
germanium perovskite, which negatively affects the performance of the solar cell. In addition,
a solvent had to be found in which Gel, dissolves well and the perovskite forms best using the
“antisolvent” method. Pure N, N-dimethylformamide (DMF) best dissolved the Gel, and the
methylammonium iodide (MAI) and also formed the most homogeneous layers. Germanium
perovskites have not only disadvantages with regard to easy oxidation, they are also highly
sensitive to water, which makes reproducibility of the manufacturing process of germanium
perovskite solar cells significantly more difficult. The germanium perovskite forms through a
very rapid crystallization, but this had to be stabilized in order not to disintegrate in the
glovebox after a few hours. Therefore, by modifying the chemical composition of the
germanium perovskite by introducing bromide ions into the methylammonium germanium
iodide perovskite (MAGels), the solar cell performance was significantly improved, as was
the stability of the germanium perovskite. By replacing 10% of the iodide with bromide,
performance efficienciesof up to 0.57% were achieved in MAGel, 7Brys-based solar cells. In
addition, it was found that the PEA*-cation had a positive influence on the germanium
perovskite. The newly manufactured, low-dimensional germanium halide perovskite with
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mixed cation PEAXMA1Gel;Br, showed very good solar cell performance with good
stability and a lifespan of over 20 days from a PEAI concentration of 40 - 50%. In addition,
the use of an LED lamp confirmed thatgermanium perovskites (MAGel ,Br) are very sensitive

to temperature and light.
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KURZFASSUNG

Perowskit-Solarzellen haben in den vergangenen Jahren immer mehr an Aufmerksamkeit
gewonnen. Neben ihrer ginstigen und leichten Herstellung zeigen sie auBerst gute
Wirkungsgrade. Germanium-basierte Perowskitmaterialien besitzen gute optoelektronische
Eigenschaften und &hneln strukturell sehr den bekanntesten blei- und zinnbasierten
Perowskitmaterialien. Die leichte Oxidation von Ge2+ zu Ge#* stellt einen groRen Nachteil dar
und beeintrachtigt die Reproduzierbarkeit enorm. Daher konnten bis jetzt nur geringe
Effizienzen (<1%) von Germanium-Perowskit-Solarzellen erreicht werden, was im Vergleich
zublei- (>22%) und zinnbasierten (>10%) deutlich niedriger ist. Trotzdem besitzt Germanium
grolRes Potential, das giftige Blei in Perowskitsolarzellen zu ersetzen. Daher beschaftigt sich
diese Arbeit mit der Herstellung neuer Germanium-Perowskit-Solarzellen und mit deren
Optimierung und Stabilisierung, um diese auch in ihrer Leistung zu verbessern. Die
Solarzellen wurden in einer p-i-n Architektur (Glas/ Indiumzinnoxid/ Poly(3,4-
ethylenedioxythiophen):Poly(styrenesulfonat) (PEDOT:PSS) / Germanium-basierter
Perowskit/  [6,6]-Phenyl-C71-butansduremethylester(PC,0BM)/ Ag) gebaut, wobei
PEDOT:PSS als Loch- und PC;,BM als Elektronentransportleiter verwendet wurden. Die
gréRte Herausforderung stellte die schnelle und einfache Oxidation von Germanium dar,
ebenso wie die thermische Degradation von Germanium-Perowskiten, wodurch die Leistung
der Solarzelle negativ beeintrdchtigt wurde. Zudem musste ein Ldsungsmittel gefunden
werden, in dem sich Gel, gut I6st und sich der Perowskit durch die Anti-Lésungsmitteln
Methode am besten bildet. N,N-Dimethylformamid (DMF) léste das Gel, und das
Methylammoniumiodid (MAI) am besten und bildete auch die homogensten Schichten.
Germanium-Perowskite zeigen nichtnur Nachteile in der leichten Oxidation, sie besitzen auch
eine hohe Empfindlichkeit gegeniiber Wasser, wodurch eine Reproduzierbarkeit des
Herstellungsprozesses von Germanium-Perowskit-Solarzellen deutlich erschwert wird. Der
Germanium-Perowskit bildete sich durch eine sehr rasche Kristallisation aus, jedoch musste
dieser stabilisiert werden, um nicht gleich nach einigen Stunden in der Glovebox zu zerfallen.
Das Modifizieren der chemischen Zusammensetzung des Germanium-Perowskits und das
Einfuhren von Bromidionen in den Methylammoniumgermaniumiodid-Perowskit (MAGels)
fuhrten zu einer signifikanten Verbesserung der Solarzellenleistung sowie zu einer
Verbesserung der Stabilitdt des Germanium-Perowskits. Durch Ersetzen von 10% des lodids

durch Bromid wurden Wirkungsgrade von bis zu 0.57% in Solarzellen auf MAGel, 7Bro s
IX



Basis erzielt. Darlber hinaus wurde festgestellt, dass das PEA*-Kation einen positiven
Einfluss auf den Germanium-Perowskiten hat. Das neu hergestellte, niedrigdimensionale
Germaniumhalogenid-Perowskit mit gemischtem Kation PEA,MA 1 Gel,Br, zeigte ab einer
PEA*-Konzentration von 40 - 50% sehr gute Solarzellenleistung mit guter Stabilitat und einer
Lebensdauervon iber zwanzig Tagen. Dartber hinaus bestatigte die Verwendung einer LED-

Lampe, dass Germaniumperowskite (MAGel,Br) sehr sensitiv gegeniiber Temperatur und
Lichtsind.
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1 INTRODUCTION

Water, heat and electricity are basic needs and as such should be available to every
consumer. Although these are basic needs, their price is rising rapidly, causing poorer
people in particular to suffer. Therefore, resources are conserved wherever possible, not
only because of the costs, butalso to care for the environment. Nevertheless, electricity
consumption can not be minimized. One of the main reasons for this is digitization.
Nowadays everybody wants to use a smartphone, laptop, tablet or television, and want to
be connected to the internet anytime and anywhere. It is also common electrical
household appliances (electric toothbrush, kitchen appliances, iron, vacuum cleaner...)
that make everyday life easier for a modern person and are therefore indispensable.
Forecasts show that in the near future there will be more and more of these devices (e.g.
Alexa, digital refrigerators, smart homes etc...) that easily slip into our lives and that in
the long term greatly increase electricity consumption. The switch to electric vehicles
goes hand in hand with an increased demand for electricity. However, due to their higher
degree of efficiency, these are significantly more energy-efficient than vehicles with
internal combustion engines. As a prerequisite for e-mobility to be climate-friendly, the
electricity required foritshould come from green electricity systems. (e.g. photovoltaics).
Fossil fuel is the main source of electrical energy today and it consumes a lot of carbon
dioxide, which exacerbates global warming. The sun is the most important and most
natural source of energy on earth. It offers inexhaustible energy to humans. Using solar
cells, devices that directly convert solar energy into electricity, would therefore most
likely stop the energy crisis and global warming. Perovskite solar cells are the greatest
hope today in photovoltaics. They are considered a promising alternative to replace the

silicon solar cells most used in photovoltaic systems.

Therefore, this chapter describes the great importance of renewable energies, specifically
photovoltaics and their latest innovations, perovskite solar cells. In particular, the basics
of perovskite solar cells, as well as their structure and functionality are discussed. In
addition, the importance of lead-free perovskite solar cellsisexplained, which constitutes

the motivation and importance of this work.



1 INTRODUCTION

1.1 Motivation

1.1.1 Global Warming Challenge

Global warming describes the increase in the average temperature of the near-earth
atmosphere and seas sincethe beginningof industrialization. This has been systematically

measured and recorded since 1880 (see Figure 1).

15 Temperature Anomalies over Land and over Ocean
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Figure 1. Change in global surface temperature over land (red line) and sea surface temperature
(blue line) 1880-2019.1 Copyright (2020)

This average has increased by 0.74 degrees since the end of the 19th century. According
to scientific forecasts, this value should increase by a further 1.8 to 4 degrees by the year
2100. Such an increase would lead to rapid and great transformation, with the climate
changingmore thanin the past10 000 years. 23 The reasons for such rapid climate change
are primarily industrialization, ever increasing amounts of oil, gas and coal being bumed,
deforestation, and the negative affects on the climate caused by agriculture. Our behavior
releases and enriches more and more greenhouse gases, especially carbon dioxide (CO,),
methane and nitrous oxide in the earth's atmosphere. Such gases absorb part of the
infrared heatradiation emitted by the ground and thus preventitfrom escapinginto space.
Human activities amplify these gases, especially carbon dioxide, and thus destabilize the

4
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natural equilibrium. There is also a clear correlation between global warming and carbon
dioxide emissions (see Figure 2).4:56
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Figure 2. Blue curve: Total emissions of carbon dioxide since 1880 (source, Oak Ridge

Laboratory) Red curve: Temperature change since 1880 (source, NASA).” Copyright (2019)

To stop global warming, each of us would have to fundamentally change our lifestyle.
Therefore, in December 2015, at the United Nations Climate Change Conference, almost
all countries in the world decided that the average temperature should not rise by more
than 1.5to 2 °C. To reach the target of 1.5 °C, greenhouse gases worldwide would have
to be reduced to zero by 2060. At the same time, part of the previously emitted carbon
dioxide would also have to be removed from the earth's atmosphere through carbon
dioxide removal. The direct emission of carbon dioxide, in particular by AFOLU
(Agriculture, Forestry and Other Land Use), transport, industry, and electricaly and heat
production (see Figure 3) must be reduced urgently. In order to achieve the goal, each
country must make its own contribution. It would also be of great importance to switch

to more renewable energies, such as photovoltaics, wind and hydro power.6
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1.1.2 Global Energy Demand and Renewable Resources

In the 19th century, global energy demand rose rapidly due to the second industrial
revolution. At the same time, natural resources are being exploited more and more. Fossil
fuels are highly efficient, can be extracted relatively cheaply and converted into energy,
which makes them particularly attractive. However, fossil fuels will be exhausted within
the next 200 years and they also pollute the environment. The energy demand, on the
otherhand, is steadily increasingdue to globalization, advancingindustrializationand the
growth of the world population. Global energy production more than doubled in the
period from 1971 to 2009 (see Figure 4).

14000
12000
10000
8 000
6,000 |-
4000 §

2000

0
1971 1975 1980 1985 1950 1995 2000 2005 2010

B Coal/peat [ oIl [ Naturalgas [ Nuclear
Hydro Biofuels and waste B Other

Figure 4. World’s total energy consumption from 1971 to 2010 subdivided by type. Key World
Energy Statistics ©OECD/IEA, 2012. Copyright (2020)

More than 80% of current primary energy consumptioncomes from fossil fuels, but these
will be consumed in the next century. The contribution of solar energy is very small. The
International Energy Agency predictsabetter future for photovoltaicsin 2011. According
to their speculations, photovoltaic systems could accountfor more than a third of the total

energy demand in 2060 (see Figure 5).°
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In contrastto fossil fuelssuch ascoal and oil, solar energy is inexhaustible and is therefore
one of the renewable or regenerative energies. Furthermore, it is clean, emission-free (no

COg, soot, or fine dust) and available free of charge.

Oil 5%
. PV 13%
Gas and coal 8%
Baseload 7%
CSP 18%
Biofuels 13%
Solar fuels 1%

Solar heat 4%
Biomass heat 6%

Geothermal heat 1%

Hydropower 6% - v Wind 18%

Figure 5. Estimation of total energy demand in 2060, subdivided by providing sources (PV:
photovoltaics; CSP: concentrated solar power); Solar Energy Perspectives ©OECD/IEA, 2011.°
Copyright (2020)

Accordingto the International Energy Agency (IEA), the need for more and more energy
will increase, especially in the next two decades, due to the great demand. Forecasts
predict that global energy demand could even increase by a quarter by 2040. The IEA
warns that if energy-efficient technologies are not used, these values could increase
twofold. The biggest reason for this increase is the constant growth of the world's

population.10

More than 80% of current primary energy consumption is derived from fossil fuels, but
these will be used up in the next century. One of the greatest social challenges in the

coming years will be to transform to alternative energy sources.

To stop global warming, fossil fuels such as coal (27%), natural gas (22%) and oil (32%)
are to be replaced primarily by renewable energies and carbon-neutral fuel.11 Of the

greenhouse gases, CO, is most responsible for global warming. Most CO, emissions still

8
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come from the combustion of fossil fuels. Smaller emissions are due to industrial
processes (production of cementand other building materials) and agriculture. In addition
to CO,, two other gasesare of greatimportance. CHsand NO, are much less human-made
but are much more effective in terms of greenhouse gas effects than CO,. They mainly

arise as a by-product in animal husbandry, agriculture, or industry.

Strategies are primarily developed to combat global warming by eliminating the root
causes of greenhouse gas generation. Humans cause three important emissions from their
activities, including electricity and heat generation, transport, industrial production, and
agriculture. Electricity generation, heating, transport, and industrial needs are the main
responsibility for the largestshare of emissions. Despite the reduction and sustainable use
of renewable energies, worldwide energy continuesto be supplied by burning fossil fuels
(80%, see Figure 6).12 A promising strategy to combat global warming would be to use
climate-neutral sources (such as hydro, wind, geothermal energy, nuclear power, and the

sun) instead of fossil fuels.
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Figure 6. World primary energy mix (2010, 2020 and 2035 forecast). 12 Copyright (2020)
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1.1.3 Potential of Renewable Energies

The Levelized Cost of Electricity (LCOE) refers to the cost of converting energy from
another form of energy into electricity. These costs are usually quoted in euros or dollars
per kilo- or megawatt hour (kWh, MWh). They include all lifetime costs of a power-
generating system, such as initial capital investment, discount rate, as well as the costs of
continuous operation, fuel (if any), and maintenance. Therefore, the LCOE represents the
average minimum price at which electricity must be sold in order to achieve a balanced
performance over the life of the project. Such a calculated value often helps in many
policy issues, as well as in research, to make decisions. The average cost of solar cells
has fallen from $76.67/watt (Figure 7b) in 1977 to just $0.13/watt in May 2019 for
crystalline silicon solar cells and the module price has fallen to $0.23 per watt. While the
price of solar components in the last years has dropped, LCOE has also dropped
consequently (Figure 7a).13.14The costof solarandrenewable energy is steadily declining
and it has been predicted that the cost will drop by 66% by 2040.1516

0.404 European PV LCOE range projection 2010 - 2020 %
0.36  including multiple size segments (residential ~ MWs scale)
ncluding VAT for resi nt 80
035 ‘Refle:tiﬁg\.d;\\:femm:c: in national irradiation, operation cost, etc. $76'00
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=
=< 025 % — .
< Price history of silicon PV cells
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£
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Figure 7. a) European PV LCOE range projection 2010-2020 (graphic left)*” Copyright (2011)
European Photovoltaic Industry Association and b) price history of silicon photovoltaic cells
(graphic right)*8 Copyright (2020)

In principle, several materials are suitable for producing solar cells. However, 95 percent

of all solar cells consist of silicon (monocrystalline and polycrystalline), the rest is made

10



1 INTRODUCTION

up of thin-film technologies suchas CdTe, CIGS and amorphoussilicon (see Figure 8).
Silicon is, after oxygen, the second most abundant element of the earth. Although the
prices of these established technologies are rapidly falling, grid parity has not been fully
achieved. That's why researchers are interested in new photovoltaic technologies that can
be produced more cheaply. It is particularly important to use low-cost starting materials
and simple production techniques. In addition, the cost of installing the new solar cells is
to be reduced, but the efficiency and service life of the established photovoltaic
technologies are to be increased. One of the most promising photovoltaic technologies in
recentyearsare the perovskite solar cells (PCSs). In addition to the simple solution-based
manufacturing technology and its thin layers, they are particularly cost-effective.
Furthermore, no high-purity materials and no high temperatures are used in the
production. In addition, compared to silicon solar cells, perovskite solar cells are more

adaptable and can be made in many colors, which makes them particularly remarkable.

About 97.5* GWp PV module production in 2017

2015

Thin film
Mono-Si s
Multi-Si 1l

*2017 production numbers reported by
different analysts vary to some extend.
We estimate that total PV module
production is realistically around 97.5

GWp for year 2017. 2000

Figure 8. Worldwide annual PV production by technology (in GWp).1° Copyright (2020)
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2 THEORETICALBACKGROUND

2.1 Perovskite Solar Cells (PSCs)

2.1.1 Structural Considerations of Perovskites

Perovskites are crystalline materials with an ABX 3 structure. Depending on the anion (X)
used, a distinction is made between oxidic and non-oxide metal perovskites. Non-oxide
perovskites contain chalcogenides (S?-, Se2-, Te2") or halides (CI-, Br—, I") in their metal
perovskite structure. Larger molecular anions (such as SCN-, HCOO-) can also be
incorporated as anionic species (X).20.21 In the ABX3 structure A is occupied by a small
monovalent organic (e.g. CH3NH3*, CH(NH,),*, (NH)3C*) or an inorganic (e.g. Cs*, Kt
Rb*) cation, B is a divalent metal ion such as Pb2*, Sn2*, Ge2*, Mg?*, Ca2*, Sr2*, Ba?t,
Fe2*, Pd2*, EuZ* or Cu2* and X is a halide (I, Br-or CI). Figure 9 shows the three-
dimensional structure of ABX3, where A occupies the center of the cubic cell, whereas B
occupies the corners of the cell and X lays in the mid-points of the edges. In this ideal
case, the perovskite hasa cubic symmetry where the BXg octahedraare connected via the

corners and the cuboctahedral voids are occupied by the A-cations (see Figure 9).

A-site cations: [CH;NH;]*, [(NH,),CH]*, Cs*

B-site cations: Pb2*,Sn2*, GeZ*, Cu2*, Mn?*

X-halogen anion: I, Br-, Cl-

Figure 9. Crystal structure of ABXs-type metal halide perovskite used for solar cells.?2 Copyright
(2017) American Chemical Society

12



2 THEORETICAL BACKGROUND

To form a stable perovskite, the octahedral factor pu, which represents the ratio of the
radii of the B-cation (rg) and the halide-ion (rx) (see Equation 1), must be in the range
0.442 < >0.895.

In 1926, Goldschmidt discovered that complete isomorphism (different solids appearing
in the same crystal form) is only possible if theirionic radius (ra, rs and rx) does notdiffer
by more than 10-15%.23 This was referred to as the Goldschmidt tolerance factor (%),
which is calculated according to Equation 1. Such a parameter is used to determine the
possible perovskite structures. Based on this calculation, ABX3perovskites canbe formed
if the tolerance factor tis in the following range 0.8 <t<1.0.

Tp Tty
S V2(ry )

(Equation 1)

When we change the A-site and the B-site with a smaller A- or larger B-ion, then the
structure can be changed to an orthorhombic, rhombohedral or tetragonal, this is because
the Goldschmidt tolerance factor t gets smaller than 1. Moreover, the size of the A-site
has an influence on the dimensionality (D), so the perovskite with a large A-ion has a 2D

structure or a one dimensionality chain material (see Figure 10).24.2526

"

Substrate

Figure 10. Crystal structure of a) 3D reference FASnls, b) 2D/3D mixture (2D 0.08 m), with the
unit cells of each component outlined in red, and c¢) 2D PEA2Snl4.2” Copyright (2018) Adv.
Energy Mater
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Methyl ammonium lead iodide (CH3NH3Pbl3) was the first perovskite to excite the PV
research field and one of the most extensively investigated for use in solar cells. The first
PSCs-work was published in 2009 by Kojima28, where the solar cells were prepared in a
dye-sensitized solar cell (DSSC) architecture with CH3NH3Pbl; as a perovskite. This
material shows very good optoelectronic properties and was prepared in a low-
temperature solution-based processing route. The bandgap of this material was
characterized by 1.6 eV2%, which is close to the range of the optimal band gap (1.1- 14
eV)30.31 for efficient solar cells. The efficiency limit for this bandgap is about 31% under
an AM1.5G solar spectrum at 1000 W/m2.32 An important feature of perovskites is that
they have a diffusion length for both holes and electrons over one micrometer.33:34 Such
a material can efficiently diffusethe charge to the electrodes before arecombination takes
place. This means that these materials can work effectively in a thin film (approximately
500 nm) architecture. In addition, they have a high absorption coefficient, which allows
them, despite having thinner layers, to absorb the entire visible solar spectrum. These
characteristics lead to the possibility of achieving low cost, high efficiency, thin,

lightweight and flexible solar cells.

2.1.2 Device Architecture of the Pscs

Solar cellswork by convertingthe energy of incidentphotons directly to electricity. PSCs
are the most rapidly developing PV technology. In 2009 the first perovskite solar cells
were discovered by Kojima et al.22 and were based on the dye-sensitized solar cells
(DSSC) architecture with a mesoporouse TiO  Layer (thickness of 8 - 12 um).
CH3NH3Pbl; and CH3NH3PbBrs was used as a sensitizer in a liquid electrolyte based
DSSC. This solar cell achieved a power conversion efficiency (PCE) of 3.81 (forx =1)
and 3.13% (for x = Br).% Such perovskites, which are in a liquid electrolyte, show
stability problems and dissolve quickly. 2012 Kim et al.36 replaced the liquid electrolyte
with the solid hole conductor and developed a solid-state, highly efficient (PCE 9.7%)
and stable perovskite solar cell. Since then, PSCs have been intensively researched and
have achieved efficiencies of over 25% in the shortest possible time.3” Typically, PSCs
are built on ITO (indium-doped tin oxide) or FTO (fluorine-doped tin oxide) glass and
have a 300-500 nm perovskite layer surrounded with electron and hole charge transport

layers (ETL and HTL). Au, Ag and Al are the most used metal electrodes. Depending on
14
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which transport material (ETL or HTL) is present on the exterior portion of the solar cell
and so first incident light, PSCs can be classified as normal (n-i-p) and inverted (p-i-n)

structures. These structures can be further divided into two categories: mesoporous and

planar (Figure 11).

a) n-i-p mesoporous b) n-i-p planar c¢) p-i-n mesoporous d) p-i-n planar

Metal anode (Au) Metal anode (Au) Metal cathode (Al) Metal cathode (Al)

HTL (Spiro-MeOTAD) HTL (Spiro-MeOTAD) ETL (PCBM) ETL (PCBM)
Perovskite Perovskite Perovskite Perovskite

) \) )99 4 \) ) I

T w s R A OL S S w s R AS W]

ETL (TiO,) ETL (TiOy) HTL (NiO) HTL (PEDOT.PSS)

FTommm FTOm- O ITo™.
st t e sttt te e
|Sunhght

Figure 11. Device architecture of perovskite solar cells: a) n-i-p mesoporous, b) n-i-p planar, c)
p-i-n mesoporous and d) p-i-n planar; self-designed based on references.

2.1.3 Working Principle of the PSCs

a) ) b)
%‘7"
- ITO PEDOT:PSS  ABX; PCBM  Ag
E L 4
(eV) N /“
—— —— 9

.,v-[f“-h

-39

glass

Figure 12. (a) Schematic illustration of a PSC with a planar p-i-n architecture using PEDOT:PSS
as hole and PC70BM as electron transport layer and (b) energy level diagram of the planar PSC

showing collection and separation of photo-generated electrons.
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A schematic representation of the functional principle of a perovskite solar cell is shown
in Figure 12. A perovskite-structured material is used as a light absorber for the
photovoltaic activity. As soon as sunlight falls on a PSC, the perovskite material absorbs
light, creating so-called excitons. Now, the exciton must overcome the binding energy
and dissolve into electrons and holes with free charges. Perovskites are characterized by
relatively high charge mobility and long charge diffusion lengths. They efficiently
transport both holes and electrons. As soon as the electron is separated from the hole and
injected into the electron-transporting layer (ETL), it can migrate to the anode. The hole
is injected into the hole transport layer (HTL) and then migrates to the cathode.38 An
electrical field builds up where a current circuit is formed over the metal contacts.3?

Figure 13 shows a planar p-i-n architecture. ETL consists of a continuous PC,,BM layer.
In this case, HTL is PEDOT: PSS. Both layers were deposited by spin coating. The
electrode is thermally vaporized and consists of silver.

Pt

Ag

Metal electrode
ETL PC,,BM
Ge-perovskite
Perovskite PEDOT:PSS

ITO
Al ~ ITO

glass

Substrate B— —

Figure 13. Perovskite solar cell architecture with PEDOT:PSS (HTL) and PC70BM (ETL) (left)
and SEM image of a FIB processed cross-section (right).
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2.1.4 Characteristic Solar Cell Parameters

A current-voltage characteristic or I-V curve (current-voltage curve), asachartor graph,
are used for describing the performance of solar cells. To get such a graph, typically a
solar simulator unit with a standard light source can be used. In this case, the voltage is
varied during the measurement and the corresponding current is read. All solar cells are
measured at standard test conditions in the dark and under illumination. At standard
conditionsthe solar cells are tested under the global (G) air mass (AM) of 1.5 G condition,
at a temperature of 25 °C, and with an intensity of 2000W/m?2 (100 mW/cm?2). The IV-
curves give information about the ability of the solar cell to convert sunlight into
electricity. The curves obtained show a diode-like shape and they give information about
the performance of the solar cell. Figure 14 showsa typical IV characteristic with a curve
(red line), which crosses the voltage at the x-axis at the point Voc (open circuit voltage;
voltage at zero current) and the y-axis atthe point Isc (shortcircuitcurrent; currentdensity
at zero voltage). Pmax (Mmaximum power output) is defined at the maximum power point
(MPP) and the product of Iypp and Vuep. The fill factor (FF) is the quotient of the Py Of
a solar cell at the MPP and the product of Voc and Isc. In the present diagram (Figure
14), the fill factor is considered to be the ratio of the blue to the green area. The fill factor

is dimensionless and servesas a measure of the quality of the solar cell.

— dark
= illuminated

Current density / mA/cm?

Voltage/V

Figure 14. Current—voltage characteristic of a solar cell with corresponding parameters like the

Isc, Voc, Impp, Vivpp.
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PCE = Pmaxz Vaep* Lupp — FF Ise *'Voc FF — P rnax _ Ve * Lypp
P:’n an P1n ISC * VOC ISC * VOC

(Equation 2)

2.1.5 Challenges with PSCs

Hysteresis

An I-V hysteresis effect is a phenomenon, whereby scanning the voltage on its terminals,
the forward scanning (FS) I-V curve is different from the reverse scanning (RS).
According to the shape of the IV curves, perovskite solar cells are divided into three
categories of hysteresis: normal, free, and inverted, see Figure 15. If the photocurrentand
the fill factor or the open circuit voltage of the reverse scan (RS) are higher than those of
the forward scan (FS), then one speaks of normal hysteresis. In the case of an inverted
hysteresis, the two parameters or the open circuit voltage in the FS are increased
compared to those in the RS.4041 If both normal and inverted hysteresis are present in the
IV curves, then one speaks of a mixed hysteresis. The type of hysteresis in PSC depends

on both the sampling rate and the perovskite material.4!

25 25
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Figure 15. Different types of hysteresis in PSCs. Copyright 2017, Royal Society of Chemistry.

Such behavior in solar cells can be caused by different reasons: ion migration, device
architecture, scanning rate and scanning direction, light soaking, and defects.42:43.44 Such

a hysteresis effect could also be observed in other types of solar cells that have high
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internal capacities (for example in CIGS, CdTe, silicon solar cells). Studies on CdTe
devices show that the hysteresis can be related to the accumulation of charge carriers and
the defect states.*> In PSC, a larger hysteresis effect can lead to instability of the solar
cells.6 Snaith etal. first reported abnormal hysteresis in PSC in 2014.47 It was observed
that the hysteresis mainly resulted from the presence of the perovskite absorber and
depended on the contact materials.

Many research groups have investigated and described the causes of hysteresis
extensively. The solar cell architecture must also be carefully selected in order to be able
to eliminate the hysteresis effect. For example, hysteresis can be observed fora lot of
device architectures (on compact and mesoporous TiO,, Al,O3, with and without HTL)).
Inverted planar PSCs, typically using PCBM or Cg as the ETL material and PEDOT:
PSS or nickel oxide as the HTL material, show a reduced hysteresis compared to the
regular planar heterojunction structures based on TiO,.48 PSCs based on Al,O3 show a

more severe hysteresis compared to mp-TiO, PSCs.49

Kang et al investigated the hysteresis behavior of PSCs as a function of the perovskite
composition with normal mesoscopic and planar structure.>® They found out that the
capacitive current is responsible for the hysteresis. The ion migration and the non-
radiative recombination near the interface play an important role. Bulk and interface
defect engineering could eliminate the hysteresis in PCSs. Regardless of the perovskite

composition, KI-doping turned out to be a good approach for hysteresis-free PSCs.
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2.2 Lead-Free Based Perovskite Solar Cells

Consideration of lead-based perovskite solar cells shows that these solar cells have
undergone rapid development in recent years and, with their latest efficiency of 23.7%51,
have surpassed commercial solar cells. Although the lead perovskite absorber serves as
the ideal material for PSCs, it shows two major disadvantages. On the one hand, poor
stability and on the other hand, the known high toxicity of lead.>2 The stability of such
PSCs can be significantly improved by low-dimensional (such as 2D perovskite) or mixed
low-dimensional Perovskite (mixed 2D / 3D perovskite), by improved device
development, and with the help of encapsulation.3:54 In comparison, toxicity is a much
bigger problem. Lead is also carcinogenic, bioavailable and water-soluble, which could
contaminate the soil and water supply.556.57 In terms of the commercialization of solar
cells, non-toxicand less reactive materials are preferred. Such materials should, however,
have similar or better photovoltaic properties than lead, andshouldhave a higher stability.
So far, there are many theoretical and experimental studies that discuss possible

alternative elements for the replacement of lead in perovskites.

Table 1 shows the ion radii and electronic configurations of various metal cations that are
suitable for perovskite solar cells. Lead has an ion radius of 1.19 A and can be replaced

with metals with a similar ion radius.

Table 1. lonic radii and electronic configurations of metal cations for perovskite solar cells.>8
Copyright (2019) Materials Chemistry Frontiers.

Metal cations lonic radius (A) Electronic configuration
Pb?* 1.19 652

Sn2* 1.02 552

Ge?* 0.73 4s2

Bi%* 1.03 652

Shs* 0.76 5s2

Sn* 0.69 4d10

Ti4* 0.53 3p¢

Cu?* 0.73 3d°
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Tin-based perovskites proved to be extremely promising, as they show the bestefficiency
in energy conversion. Germanium, copper, bismuth, antimony and other elements show
promising properties in the research community. In this work, perovskite materials based
on tin, bismuth and antimony for solar cells are briefly discussed, while perovskite solar

cells based on germanium, the focus of this work, are considered in more detail.59.60

2.2.1 Tin Based Perovskite Solar Cells

Tin-based perovskite materials are characterized by very good optoelectric properties,
which are very similar to lead-based perovskites.®1 Tin is in the same group as lead and
is one of the most promising alternatives for lead-based perovskite materials. In
comparison to other lead and lead-free alternatives, the tin perovskite has a significantly
smaller band gap of 1.3 eV.6263 This value is very close to the ideal value for the band
gap of 1.34 eV to achieve the maximum calculated efficiency of 33% for AML1.5 solar
spectrum.4.32 Despite the good properties of tin, it also has a major disadvantage
compared to lead. Due to the reduced inert pair effect, it is not stable as Sn2* and easily
oxidizes to Sn4+.%5 Therefore, many research groups in the perovskite community are
trying to improve the stability of tin perovskite. The photovoltaic properties of tin
perovskites can be significantly influenced by a targeted selection of the cation at the A-
site and the halides used.>66 In order to obtain more efficient solar cells, different
optimization of the manufacturing processisalso carried out.67.68 In addition, the addition
of additives suppresses the oxidation of Snl,.%9.70 All inorganic CsSnlz was shown to be
a thermoelectric material, which showed good properties as a hole transport conductor in
dye-sensitized solar cells. Excess Sn in CsSnlz (addition of 20% SnF; in the precursor
solution) reduced Sn vacancies and improved solar cell performance, resultingin PCE
values of 2.02% with photovoltaic parameters: Jsc =22.7 mA cm2, Voc =0.2 V, and FF
=0.37.70

Furthermore, it can be said that tin halide perovskites ASnX; (A =MA, FA orCs, X = |,
Cl, Br) as lead-free absorber materials were most frequently investigated. In 2014, Noel
etal. published the firstlead-free tin halide perovskite semiconductor, methylammonium
tin iodide (CH3NH3Snls). Built solar cells with a device architecture (glass/FTO/c-
TiO2/mp-TiO,/CH3NH3Sn13/Spiro-OMeTAD/Au) showed efficiencies above 6%. In the

same year, a mixed halogen perovskite MASNn(l,—xBry);s with a device structure
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(glass/FTO/c-TiO,/mp-TiO,/CH3NH3Sn13/Spiro-OMeTAD/Au) and an efficiency of
4.6% was also reported.’?

Liu et al. showed the positive influence of combined treatment with hot anti-solvent and
DMSO vapor on the film coverage as well as the average crystallite size in

FA0.7sMA 25Sn13 and achieved an efficiency of more than 7%.72

Liao et al. reported in 2017 that the low-dimensional Sn-perovskites have significantly
improved stability in the ambient atmosphere compared to their three-dimensional
counterparts, and therefore the degradation under air exposure is reduced. The low-
dimensional tin halide perovskite thin films were fabricated using PEA as an organic
separating interlayer. They substituted the FA-cation of an FASnI; with PEA to obtain a
perovskite with the following structure PEAFA14Snl;. It was also found that the
orientation is modified by the variation in the PEA* ratio. With 20% PEA, a highly
oriented perovskite film could be realized perpendicular to the substrate. With these
highly oriented perovskite films, a PCE of 5.94% is achieved with a V. of 0.59 V, a Js
of 14.44 mA/cm?and an FF of 69%. A significantly higher V., compared to previously
reported 3D-FASNI; perovskite solar cells (varied between 0.262 and 0.465 V), was

observed in this study. Such prepared solar cells were stable for more than 100 hours.”

In the same year, Shao et al. 27 demonstrated even better solar cell performance with a
PCE of 9%, by using a combination of 2D and 3D FASnI; in a planar p-i-n device
structure. Toachievea 2D structure, they used very smallamounts of PEAI. They showed
that the addition of a very small amount (0.08 M) of layered (2D) tin perovskite in 0.92
M 3D tin perovskite induces excellent crystallinity and orientation of the 3D FASnI;
grains. The best solar cell performance was with a PCE of 9%, an FF of 71%, a V oc of
0.53 V and a Jsc of 24.1 mA cm2 with an inverse device architecture: glass/ITO/PEDOT:
PSS/FASnl; (2D/3D mixture)/C60,BCP/Al. In order not to deteriorate the device
performance, only a concentration of 0.1 M from SnF;, (reducing agent) was used. In
2020, Liu et al reported tin perovskite solar cells, which consist of an amorphous layer of
three halogen halides and cesium formamidiniumtin iodide polycrystals. This structure
blocked ion diffusion, oxygen and moisture and achieved a PCE value of over 10%. 74
Furthermore, in 2020 K. Nishimura et al reported the highest efficiency for lead-free tin
halide PSCs using mixed cations (Gel,doped (FA0.9EA0.1)0.9sEDAg01SN13). The bestsolar

cell performance was achieved with a PCE of 13.24% with a Jsc of 20.32 mA cm-2, an
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FF of 0.78 and a Voc of 0.84 V. For pure lead-free tin perovskite, this is the highest
reported PCE value to date. 7

2.2.2 Bismuth Based Perovskite Solar Cell

Inthe periodictable, bismuthisrightnextto lead and is therefore in the 15 group. Because
of its similar electronic configuration, it has properties comparable to those of lead. 76 It
is less toxic, which makes it particularly attractive, and it is used in medication. 77.78
Methylammonium bismuth iodide perovskite (MA3Bi:lg) is a much studied, low toxic
and air stable compound with promising properties.” In a planar normal device
architecture (glass/FTO/TiO,/MA3Bi,le/ PsHT/Au) they were developed and examined
by Lyu et al.&, whereby a PCE of 0.08% was achieved. Ran et al.8? managed to achieve
a PCE of 0.39% in a planar inverted  structure  (glass/
ITO/PEDOT:PSS/MA3BI,1o/C60/BCP/Ag). The same perovskite material was able to
achieve a PCE of 0.42% in a mesoporous device architecture (glass/ITO/TiO,/m-
TiO2/MA;3BIle/Spiro-MeOTAD/MoO3/Ag). Because of the relatively high bandgap
energy of 2.1 eV and poor surface morphologies, only a PCE of 1.09% for bismuth-based
perovskites has been achieved so far. Park et al. published this result in a mesoporous
structure  (glass/FTO/c-TiO/mp-TiO,/Cs3Bi,lg/Spiro-OMeDAT/AQ), using cesium
bismuth iodide (Cs3Bizlg) as absorber material.82 Although bismuth-based perovskite
solar cells have been extensively studied, the efficiencies are still very low, so further

research is urgently needed to eliminate problems (such as poor morphology).

Organic-inorganic hybrid double perovskite MA,B*Bi3*Xs (X =1, Br, Cl; B= Ag, Tl, K)
are more promising. Greul et al.83 published a BiAg-based doubleperovskite
(MA,AgBIBrs) with a low bandgap of 2.02 eV and achieved record efficiency of 2.43%
in a mesoporous setup (glass/FTO/c-TiO,/mp-TiO,/absorber/spiro-OMeTAD/Au). In
2018, Fan et al showed that solar cells based on Cs3Bi,lg nanosheets instead of Cs3Bislg
filmshave remarkably improved photovoltaic performance. By usingCul asHTM, a PCE

value of 3.2% could be achieved.84

23



2 THEORETICAL BACKGROUND

2.2.3 Germanium Based Perovskite Solar Cells

Germanium, which is like tin and lead, a group 14 element, is a further conclusive
candidate for perovskite solar cells. Germanium has the same valent state as lead. In
comparison to Pb2+, Ge2* exhibits a higher electronegativity, a more covalent character
andan ionicradius (73 pm), which issmaller than the one of Pb2* (119 pm). Interestingly,
even though numerous theoretical studies attest to these materials having promising
properties for solar cell applications,8586.87.88 germanium halide perovskites have rarely
been investigated experimentally. This is most likely due to the instability of the Ge2* ion
towards oxidation to Ge#*. In addition, Ge?2* is easier to oxidize because the 4s ione pairs
are more active than the 6s ione pairs of lead. The same problem can be observed with
tin-based perovskites, which can lead to metallic conductivity as well as short-circuits in
the solar cell material.8.90.91 Goldschmidt tolerance factor calculations for different
germanium halide perovskites, such as for CH3NH3;GeCl; (1.005), CH3NH3GeBrs3
(0.988), and CH3NH3Gel; (0.965), show that such a perovskite can be formed (ideal
range: 0.97 <t<1.03).86.92 Similar to lead, germanium halide perovskites are said to have
high absorption coefficients and carrier transport properties. 9.9394 Theoretical band gap
calculations of CsGeX3 perovskites show that they depend on the halide ion, therefore
CsGelz (1.53 eV) < CsGeBr3 (2.32 eV) < CsGeCl; (3.67 eV). 92 Sun et al. examined
methylammonium germanium halide perovskites and a similar trend was observed:
CH3NH;Gels (1.61 eV) < CH3NH3GeBr; (2.81 eV) < CH3NH;GeCls (3.76 eV).9

Stoumpos et al. investigated a series of germanium halide perovskites with regard to their
structural and optical properties and found that germanium perovskites crystallize in a
trigonal crystal structure and possess suitable band gaps for solar cell applications (e.g.
1.9 eV for MAGel3, MA: methylammonium).8 Furthermore, mixed tin and germanium
halide perovskites were theoretically studied regarding applications in photovoltaics and
small effective masses as well as low exciton-binding energies are predicted for these
compounds.86

Germanium perovskite solar cells were first reported in 2015 by Krishnamoorthy et
al.?0 CsGel; based solar cells led to a PCE of 0.11%, while a PCE of 0.2% was obtained
using MAGel; as absorber layer (Figure 16). Here, the absorber materials were built in

mesostructured perovskite solar cells on fluorine-doped tin oxide-coated glass substrates.
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2 THEORETICAL BACKGROUND

Figure 16¢ shows that poor performance and limited Voc could be achieved, which is
likely due to the rapid decomposition of theperovskite due to the oxidation of germanium.
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Figure 16. a) Optical absorption spectrum of CsGel3, MAGel3, and FAGel3, in comparison with

CsSnl3; b) Schematic energy level diagram of CsGel3, MAGel3, and FAGel3; ¢) J-V curves of

photovoltaic devices fabricated with different germanium halide perovskites.®® Copyright 2015,
RSC.

Chen reported in 2018 on a lead-free cesium germanium halide CsGeX3 (X =Cl, Br, and
I) perovskite, which was produced by solvothermal processes. The efficiency of the
power conversion was 4.92%, by tuning the composition of the perovskite quantum

rods.®

Mixed Ge- and Sn-perovskites are more promising. Compared to germanium-based
perovskites, they show a narrower band gap and significantly better stability of the solar
cells.%. 102 At a conference in September 2018, S. Hayase et al. presented a new type of
SnGe mixed metal perovskite solar cells with improved efficiency and stability. By
doping the mixed cation tin halide perovskite FA 7sMAg 255n1xGexls with germanium, it
was found that most Ge-atoms passivate the surface of the Sn perovskite. A mixed cation
Sn perovskite (FAo.7sMAg.25Snl3) device without germanium showed an average Jsc
17.61 mA/cm2, Voc 0.46 V, FF 0.41 and PCE was 3.31%. Doping with 5 wt% of Ge
increased the Jsc to 19.80 mA/cm?, FF improved to 0.55 with an overall efficiency of
4.48% and doping with 10 wt% of Ge deteriorated all photovoltaic properties. Further
optimizations increased the efficiency to 7.75% and significantly improved the air

stability of the perovskite.®6
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2 THEORETICAL BACKGROUND

In 2019, Chen etal.192demonstrate a lead-free, mixed allinorganic cesium tin-germanium
trilodide (CsSng sGegsl3) perovskite absorber material with a band gap of 1.5 eV. The
material was produced by thermal evaporation. In addition, to the promising efficiency
of up to 7.11%, this absorber material showed a very high stability. After 500 hours of
continuous operation in an N,-atmosphere, without encapsulation, an efficiency drop of
less than 10% was demonstrated. If the solar cells are exposed to ambient air, they can
retain more than 90% of their original efficiency after 100 hours of continuous exposure.
Such stability of the solar cells could be achieved by applying an ultra-thin GeO, surface
layer to the absorber (glass/FTO/PCBM/CsSngsGegsls/native  oxide/Spiro-
OMeTAD/Au).102
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2 THEORETICAL BACKGROUND

Table 2. Lead-free germanium halide perovskite absorbers: structural and optical data and the
PCEs.

Crystal Band gap | PCE

Perovskite Dimensionality References
system [eV] [%0]
MAGels 3D Trigonal 1.9-2.0 | 0.20 | 90, 97,98
MAGeBr3 3D Trigonal | 2.76-2.81 & - 98, 99
MAGeCl; 3D Trigonal 3.74-3.76 - 98, 99
MAGelz7Bros 3D Trigonal 2.1 0.57 100
CsGeCl3 3D Trigonal 3.4-3.67 — 98,99
CsGeBr3 3D Trigonal 2.32-2.4 — 98,99
CsGels 3D Trigonal | 1.53-1.63 01 85,90,92,
492 | 93,95, 101
CH(NH2)2Gels 3D Trigonal 2.2-2.35 - 85, 90, 98
CsSnosGeosls 3D Trigonal 1.5 7.11 102
RbSnosGeosls 3D Trigonal 0.9-1.6 - 103
GUAGels 3D Monoclinic 2.7 — 85, 98
TMAGel; 3D Hexagonal 2.8 - 85
IPAGels 3D Trigonal 2.7 — 85
FA075sMAo.25SN0 5sGeosl3 3D Trigonal 7.75 96

There are no further reports on germanium perovskite solar cells published so far besides
one patent by Huang et al. application in which PCEs of 3% are claimed, however, only
very limited data is provided.1%4 For CsGels, a theoretically maximum PCE of 27.9% was
calculated using the Spectroscopic Limited Maximum Efficiency (SLME) mathematical

model.®3
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2 THEORETICAL BACKGROUND

2.3 Stability and Degradation

Perovskite solar cells are the fastest growing photovoltaic technology in history. In order
to bring such a technology to the photovoltaic market, in addition to efficiency, there are
also costs and lifetime considerations that should be taken into account. Only when these
three points are met can a photovoltaic technology be commercialized. If you look at
today's PV market, you can see that more than 90% of the current commercialized PVs
aresilicon PV. Silicon modulesshow an efficiency of 21%, they are also inexpensive (0.3
$ / watt), stable and therefore have a lifetime of more than 25 years.195 In comparison,
PSCs are half the price and show almost similar efficiencies. Their greatest disadvantage
is their stability and thus their service life (see Figure 17). The longest lifetime of PSCs
is currently around one year and is therefore the greatest hindrance to why this type of

solar cell cannot be commercialized.106.107

26.6% 25 years
~0.3 /W 23.3%
PSCs PSCs
<0.15 $/W
I —
—
COST EFFICIENCY LIFETIME

Figure 17. Comparison of perovskite and silicon solar cells based on cost, efficiency and lifetime.

The causes of this poor stability can be divided into two categories: extrinsic and intrinsic
factors. Extrinsic factors are all environmental influences, such as: UV-light, oxygen,
H,0 or mechanical stress. Encapsulationcan avoid these factors. The intrinsic factorscan
in turn be broken down into intrinsic stability of the device architecture (chemical
stability, illumination, temperature) and intrinsic stability of perovskite layer
(illumination, temperature). In order to avoid the intrinsic factors, the perovskite material

as well as the device architecture must be changed.

Perovskite materials are very sensitive to humidity.1%8 An increased degradation takes

place especially if the material comesinto contact with air humidity in addition to UV
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2 THEORETICAL BACKGROUND

light, high temperatures or under an electric field.109.110.111 The most used organic part
(MA) of this compound is very hygroscopic. The water molecules form weak hydrogen
bonds with the cations. This can produce a hydrated perovskite phase, which affects the
perovskite structure. Figure 18 shows schematic illustrations of different degradation

pathways in PSCs.
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Figure 18: Degradation pathways induced by moisture, heat, and light in regular (n—i—p)
architecture PSCs.112 Copyright 2018, Adv. Mater.

The degradation of perovskites is closely related to their structural instability.113 The
presence of volatile organic components and mobile ion defects in particular lead to the
degradation of the structure. While many research groups report on moisture-induced
degradation, which makes the structure unstable, others report that a proportion of 30-
35% moisture facilitates perovskite crystallization and improves the morphology of the
layer.114.115.116 Considering that MAI is hygroscopic!l’, it helps absorb moisture within
the grain boundary, thereby significantly increasing the grain size and suppressing the

formation of pinholes, resulting in improved photovoltaic performance.[127]-118

The moisture-induced degradation can be divided into three stages. Monohydrate
(MAPbI3 - H,0) is already formed by low concentrations of moisture.119 With higher

humidity and prolonged exposure, dihydrate ((MA)4Pbls - H,O) and Pbl, are being
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2 THEORETICAL BACKGROUND

formed which makes entire process partially irreversible.[1321.120.121 |n the event of longer
exposure, the perovskite irreversibly decomposes into Pbl, and volatile MAI.[133][134]

Furthermore, oxygen leads to a rapid degradation of the perovskite, this process can take
from minutestoafew hours. If the perovskite isexposedto lightand oxygen, a superoxide
is generated which decomposes the perovskite into Pbl,, methylamine, iodine, and

water. 122123

Avristidou et al. reported that light-induced superoxide species form much more easily on
perovskite films with smaller grain sizes. Thus perovskites with poor crystallinity are

degraded significantly faster and are also more unstable.124

Unencapsulated perovskite solar cells can be stable (in ambientair) for up to 500 hours
under direct sunlight and 1000 hours under full sunlight. However, these values are still

far from commercial standards.125.126

These powerful photovoltaic devices could be on the market in the near future. In order
to commercialize this phenomenal technology, there are still some issues to be solved.
These include, for example: a scalable and reproducible process, controlled production of

thin layers, high stability and long life as well as low toxicity.
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3 AIM OF THIS THESIS

When | started my PhD, perovskite solar cells were on the way to revolutionizing the
photovoltaic industry with their low fabrication cost and high efficiency. Because of the
toxicity issues of lead halide perovskites, which are so far the best performing compounds
in this class of materials, this work should produce a lead-free perovskite material and

investigate its photovoltaic properties.
For this reason, this thesis is divided into the four following sections:

The first target was to prepare a new perovskite material for solar cells as an alternative
to the lead-based perovskite. Many metals were tested, but germanium showed the most
promising results. One major problem of these perovskite materials is the easy oxidation
of Ge2*, which causes stability problemsand a poor solar cell performance. In addition to
the homovalent substitution of the divalent lead cation (Pb2*) with the group 14 element
cation germanium (Ge?2*), the optimal solvent as well as the optoelectronic properties and
the photovoltaic performance of experimental and theoretical experiments of the first

germanium iodid perovskites (MAGel; FAGelzand CsGels) were discussed.

In a second study, the germanium perovskite was stabilized by modifying the chemical
composition of the germanium perovskite, therefore by introducing bromide ions into the
methylammonium germanium iodide perovskite (MAGels3) and improving the solar cell

performance.

The third topic of this thesis is to investigate the positive influence of the PEA*
(phenethylammonium) on the germanium perovskites. To check this behavior, the PEA*
was added to the perovskite in different concentrations and integrated in solar cells, and

the behavior of the solar cells was observed over 20 days.
Furthermore, an LED lamp was used to check whether the heatand light had a negative

effect on the germanium perovskite and how the annealing step of the absorber layer

influences the morphology of the layer.
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The work describes also the new non-toxic perovskite materials to understand and
improve the stability of perovskite solar cells. This thesis gives the photovoltaic
community new non-toxic germanium perovskite materials and helps to understand their

stability.
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4 EXPERIMENTAL

4.1 Materials

4.1.1 Chemicals

Gel; (99.99%, ABCR), MAI and MABTr (Dyesol), PEDOT:PSS (Clevios P VP.Al 4083,
Heraeus), PC70BM (99.5%, Solenne BV), PEAI (Dyesol), FAI (>98%, Sigma Aldrich),
toluene (>99.5%, Rotipuran®, Roth), 2-propanol (>99.8%, Rotipuran®, Roth),
anhydrous chlorobenzene (99.8%, Sigma Aldrich), DMF (>99.9%, SeccoSolv®), DMSO
(with a water content <0.02%), GBL (Microchem SU-8 5), Spiro-MeOTAD and FK-209
(99%, Sigma Aldrich), LiTFSi (99%, ACROS Organics), for TiO, layer Ti (I1V)
isopropoxide (97%, Sigma Aldrich), PMMA (100%, Sigma Aldrich).

4.1.2 Substrate

ITO coated glass substrates (15 x 15 mmz2, 15 Q/square, purchased from Lumtec).

4.2 Methods of Analysis

4.2.1 X-Ray Diffraction (XRD)

X-ray diffraction measurements were conducted on a PANalytical Empyrean
diffractometer in Bragg-Brentano configuration operated at 40 kV and 40 mA using Cu
Ko radiation. For the XRD measurements, the perovskite films were prepared on glass
slides and covered with a thin PMMA protection layer, spin coated from a chlorobenzene
solution (10 mg/mL).

4.2.2 Optical Characterization

UV-Vis spectra were acquired with a Perkin Elmer Lambda 35 UV-Vis spectrometer
equipped with an integrating sphere. For the UV-Vis measurements, the perovskite films
were prepared on glass slides and covered with athin PMMA protection layer, spin coated
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from a chlorobenzene solution (10 mg/mL). All measurements were carried out in a
wavelength scan range from 350 nm to 1000 nm with a slit width of 2 nm and a scan rate
of 480 nm.

4.2.3 JV-Measurements

JV curves were recorded in a glovebox using a Keithley 2400 source measure unit and a
custom made LabView software. The samples were illuminated by a Dedolight xenon

lamp with a spectrum similar to the AM 1.5G spectrum at 100 mW/cm2,

4.2.4 Contact Profilometer

The layer thickness (nm) was determined with a DektakXT Bruker surface profiler. A
scratch in the layer was used to calculate the thickness of the coating. The scan length
was set to 100 um over the time duration of 3 seconds. The diamond stylus had a radius
of 12.5 um and the force was 3 mg with a measurement range of 6.5 um. The profile was

setto Hills and Valleys.

4.2.5 Optical Microscopy

The optical microscopy measurements were carried out with an Olympus BX60
microscope and the images were taken with an Olympus E-520 camera. Images were

captured at maximum light intensity.

4.2.6 External Quantum Efficiency (EQE)

The EQE spectra were measured using monochromatic light from a MuLTImode4
monochromator (AMKO) equipped with a 75 W Xenon lamp chopped at 30 Hz. The
signals (wavelength increment: 10 nm) were measured by a lock-in amplifier from
Stanford Research Systems (Model SR830). A spectrally calibrated 818-UV/DB
photodiode (Newport Corporation) was used as a reference. A sealed measuring box with
a quartz glass window was used to protect the solar cells against ambient atmosphere

during the EQE measurement.
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4.2.7 Scanning Electron Microscopy - Energy Dispersive X-
Ray Spectroscopy (SEM-EDX)

The investigation of the microstructure was performedby usinga field emission scanning
electron microscope (FESEM) TESCAN MIRA3 (TESCAN Brno s.r.o., Brno, Czech
Republic) coupled with an energy dispersive X-ray spectrometer (EDS) Octane Plus
detector and the TEAM v.4.5 software analysis (Ametek, Inc. Berwyn, PA, USA) were
used. Thereby, SEM micrographs were acquired in In-Beam SE Mode, with an
acceleration voltage of 3 kV, beam spot size of 4 nm and a working distance of 3.5 mm.

The SEM micrographs were further analyzed using ImageJ software.

4.2.8 FIB/SEM

The cross section of the solar cell was prepared via the focused ion beam (FIB) technique
using a FEI NOVA 200 FIB/SEM dual beam system with multiple current approach to
minimize spatial sample damage. SEM imaging was done in low dose conditions to

minimize e-beam related material alteration.

4.3 Device Fabrication

The devices were built in the same inverted planar device construction:
glass/ITO/PEDOT:PSS/Perovskite/PC,,BM/A(g

ITO coated glass substrates (15 x 15 mm, 15 Q/sq, purchased from Lumtec) were
carefully rinsed with acetone and put into an isopropanol bath followed by sonication for
30 min at 40 °C. Subsequently, the substrates were dried under an N, gas stream and
treated with oxygen plasmafor 3 min. As first layer, a PEDOT:PSS (30 ul) film was spin
coated (spin coater: Model XW-4A 220 Volts) at 6000 rpm for 30 s and the substrates
were putinto a glovebox immediately afterwards for a temperature treatmentat 120 °C
for20 min. PEDOT: PSS was filtered with a 0.45 pm filter (PVDF-45/25 Chromafil Xtra).
Next, the precursor solution was spin coated (spin coater: Model WS 650 MZ-23NPPB)
onto the PEDOT:PSS film in glovebox atmosphere with the following spin coating
conditions: 4000 rpm, 1000 rpm/s, 30 s. After 10 s of spinning, 30 pl chlorobenzene was
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dropped onto the rotatingsubstrate, whereupon the color of the film changed from yellow
to orange/red. Afterwards, the perovskite was tempered at 70 °C for 10 min
(programmable heating plate: MCS 66, CAT Ingenieurbiro M. Zipperer GmbH). The
perovskite precursor solution was filtered before with a 0.45 pum filter (PTFE, 13 mm
Syringe Filter). A PC7BM solution (30 pl) in dry chloroform (50 mg/mL) was spin
coated on top of the perovskite layer with 1000 rpm, 500 rpm/s for 30 s. PC7,BM was
always filtered before spin coating with a 0.45 um filter (PTFE, 13 mm Syringe Filter).
Ag electrodes (3 x 3 mm2) were deposited by a thermal evaporation chamber MB-EVAP
(mounted inside the glovebox) at a rate of 2 A/s at a base pressure below 1x10-5 mbar.
During thermal evaporation the substrates were rotated. The layer thickness was 100 nm

for each electrode.

4.4 Perovskite Precursor Solution

Preparation

The perovskite precursor solutions were prepared under nitrogen atmosphere in the
glovebox (MBraun). A 1 M precursor solution was prepared by dissolving Gel, in dry
DMF. The cations were added in a ratio such thata 1 M solution concerning the cations
was obtained. In the case of MAg oPEA, 1Gels there were added 90 mol% of MAI and 10
mol% PEAI. The solution was stirred for 24 h at room temperature in N, atmosphere in

a glovebox. Beforeuse, the precursor solution was filteredthrough a 0.45 um PTFE filter.
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5.1 Solubility of Germanium Perovskites

Properties of perovskite layers that are prepared by a solution-based process are heavily
dependent on the solvent used. Thus, different solvents can have differences in
absorption, film thickness, film coverage, roughness, and crystallization. Solvents

therefore have a major influence on the efficiency of a solar cell.

The optimal solventshould be found for the preparation of methylammonium germanium
perovskite. For this, five different solutions or mixed solvents were considered. The
solvents used were dimethylformamide (DMF), vy-butyrolactone (GBL), dimethyl
sulfoxide (DMSO), a mixture of DMF and DMSO (4:1), and a mixture of DMF and GBL
(4:1), respectively (see Figure 19). Unfortunately, the Gel, and MAI did not completely
dissolve in any of the solvents.

;‘;'DMF'  DMSO . DMF: sy GBL DMF GBL
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Figure 19. Photograph of precursors, using DMF, DMSO, DMF and DMSO (4:1), GBL, and
DMF and GBL (4:1) as a solvent.

Figure 20A shows the absorption spectra of the germanium perovskite layers. MAGel;
layer fabricated from DMF, GBL and DMF.GBL (4:1) show similar absorption spectra.
The absorption coefficients of the MAGel; layer fabricated from the solvent DMF were
higher than that of MAGel; layers fabricated from GBL and DMF.GBL (4:1) because of
the large amount of crystallization in the film (Figure 20B). DMF and a DMF:DMSO
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mixtures are very suitable as solvents in perovskites and promote a homogeneous,
crystalline layer formation in the antisolvent step. However, the DMSO has a negative
influence on germanium. Adding small amounts of DMSO to the precursor solution
prevents perovskite formation. There is no homogeneous layers because such precursor
solution is very viscous and sticky. The lower absorption of perovskite layers fabricated
from GBL was ascribed to the lower solubility in this solvent of the materials Gel, and
MAI.

The X-ray diffractograms of the prepared germanium perovskites fabricated using various
solvents are depicted in Figure 20B. The main peaks of the simulated diffraction pattemn
fortrigonal MAGel; (based on single crystal X-ray diffraction data reported by Stoumpos
et al.8%) at 14.3°, 25.4° and 29.0° 26 match well with the measured diffraction peaks of
the prepared thin films fabricated from DMF, GBL and DMF:GBL (4:1). The perovskite

layers prepared from the DMF and GBL solvents are highly crystalline structures.
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Figure 20. (A) Absorption spectra and (B) X-ray diffraction patterns of germanium perovskite

layers fabricated from various solvents.
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5.2 Fabrication and Characterization of the

First Germanium lodid Perovskites

The first three germanium iodide perovskite materials AGels (A =Cs, MA (CH3NH3) or
FA (HC(NH,),)) were synthesized experimentally. Figure 21 shows photos of MAGels,
FAGel; and CsGel; perovskite films deposited on glass.

i 4 - 4

Figure 21. Photos of MAGels (A), FAGels (B) and CsGels (C) films deposited on glass.

By applying different A*-cations, the colour of the compound’s changes from red
(A=MA) to yellowish (A=FA*) and black (A=Cs*). Germanium (lI) iodide as educt, is

bright yellow as well, which might indicate that the FAGel ;3 perovskite is not formed.

Photos and light microscopic images of MAGel 3, FAGel; and CsGels films deposited on
glass outside the glovebox are shown in Figure 22. A very rapid degradation of MAGel;

perovskites and poor film-forming abilities of the CsGel; perovskites were found.

Figure 22. Photos and light microscopic images of MAGel3, FAGelzand CsGels films deposited

on glass. (1000x magnification).
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The solar cells with FAGel; as active layers have not worked properly and mainly short
circuited solar cells have been obtained. On the other hand, the solar cells based on
MAGel; and CsGel; show good performance and efficiencies up to 0.13% (see Figure 23
and Table 3).
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Figure 23. J-V curves of photovoltaic devices fabricated with different germanium halide
perovskites: MAGels (A) and CsGels (B).

Table 3. Parameters including mean values and standard deviations of the solar cells extracted
from the JV curves shown in Figure 23. The highest efficiency of the measured solar cells is
given in the second line.

Voc!V Joo/mAcm FF /% PCE / %

MAGel, 263 + 34 1.21+0.48 38.01£6.20  0.11£0.01
276 1.07 41.74 (max.0.12)
CsGel, 343 +0.02 0.99+0.07 38.49+1.44  0.13+0.12
357 1.05 40.88 (max.0.15)
FAGel, 4240.02 0.88+0.21 69.97+35.8  0.03=0.02
50 1.03 88.89 (max.0.05)

The absorption spectra of MAGel;, FAGel; and CsGel; show a high absorption below
650 nm, 450 nm and 750 nm. The optical band gaps were determined, and they are
different for the prepared perovskites: 1.93 eV (MAGels3), 2.16 eV (FAGels) and 1.61 eV
(CsGels). Nevertheless, these results are in good agreement with the literature values (2.0

eV, 2.35eV and 1.63 eV)#20 (see Figure 24 and Table 4). In terms of optical properties,
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these materials are potential candidates for the application as absorber materials in solar

cells.

- ol
= Lo
: =
- o
[=
9 %
'Ia- v
5 L,
@ 2
S C
< — _MAGE|3
FAGel,
—CsGel
I T T T T T 'I! T T T T 2
400 500 800 700 800 900 10 15 20 25 30 35 40 45
Wavelength / nm hv/eV

Figure 24. UV-Visabsorption dataof MAGels, FAGels and CsGels filmsdeposited on glass (left)
and Calculation of the band gap for these perovskites via the Tauc-Plot with a band gap energy

of 1.93eV, 2.16 eV and 1.61 eV (right).

Table 4. Experimentally and literature band gap determination of the germanium perovskites.

Perovskite Band gap/ eV (Experimentally) Band gap/ eV (Literature)

MAPbDI, 1.58 1.6 [85]
MAGel, 1.93 2.0[90]
FAGel, 2.16 2.35[90]
CsGel, 1.61 1.63 [90]
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Figure 25. XRD pattern of a produced germanium perovskites (MAGelz, FAGels and CsGels)
films. Peaks of the starting compound Gel are also present in the diffractogram.

The formation of the germanium perovskites via a low-temperature solution based
processingroute was confirmedby XRD measurements. Comparingthe X-ray diffraction
patterns of the perovskites with the educt Gel,, the corresponding starting material was

not found in the perovskites.

In summary, germanium (I1) may act as a suitable replacement for lead in metal halide
perovskite materials for solar cell applications. MAGel; and CsGel; are solution-
processable perovskite absorber materials with low toxicity and band gaps in the range of
1.6-2.2 eV. The solar cells reach efficiencies up to 0.09% for MAGel; and 0.13% for
CsGelg, respectively. Solar cells with the active material FAGels; did not show diode
characteristics. Furthermore, this material also showed the highest band gap (2.16eV).

In order to improve the stability of pure germanium perovskites, mixed cations (MA*,
FA*, Cs*) and mixed halides (I, Br-) were introduced into the pure perovskite structure
(see Table 5). The use of several cations, such as MA and FA, stabilized the FAPDbI;
perovskite for lead perovskites and increased the efficiency of solar cells from 13 to over
18%.127 Lee et al significantly improved photo and moisture stability by partially
replacing the FA* cation with Cs* (FA(.9Cso.1Pbl3).128 2016 Graetzel et al. presented a
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new triple cation type perovskite Csy(MAg.17FA0.83)1-xPb(lo.83Bro17)s, which in addition
to the high efficiency also showed good phase stability.12° Mixed germanium perovskites
with tri-cation and dual anion show significantly higher efficiencies, but the stability was

only minimally improved.

Table 5. Parameters including best solar cell, mean values and standard deviations of the solar
cells prepared with mixed cations (MA*, FA*, Cs*) and mixed halides (I-, Br-) in the AGeX3
absorber layer.

Perovskite Vrﬁ\c/ mJAS/%r/m FF PCE /%
MA.05CSg 05Gel3 435 2.15 40.50 0.37 (max.)
429+8 2.17+0.04 39.68+1.25 0.35+0.01

MA.9Cso1Gel3 451 2.06 39.83 0.37 (max.)
451+0.1 2.02+0.04 39.26+0.54 0.35+0.01
MAgCsooGels 451 1.77 36.01 0.29 (max.)
451+0.1 1.76+0.07 35.22+0.78 0.28+0.01

MAo.oF Ao 1GelBr 498 1.44 37.70 0.27 (max)
459+18 1.12+0.32 34.93+2.93 0.18+0.03

MAo.sCso.1GelBr 451 2.12 41.67 0.39 (max)
451+0.1 2.12+0.02 39.99+1.21 0.38+0.01

FA0.9Cs0.1GelBr 482 1.04 34.60 0.17 (max.)
425+50 0.94+0.09 29.47+4.48 0.12+0.05
CsosMAo1sFAomiGe(lossBrooe)s 455  0.87 7429 0.29 (max)
444+ 40 1.06+0.14 56.40+9.24 0.26+0.02

MAo.15FA0.85Ge(l0.94Bro.06)3 529 1.40 44.75 0.33(max.)
472+40 1.17+0.32 36,90+5.11 0.21+0.09

Cs0.0sMA0.15FA0.77Ge(l0.94Br0.06)3 561 1.43 45.46 0.38 (max.)
561+0.1 1.41+0.03 44.88+0.49 0.35+0.02

Cs0.10MA0.15FA0.77Ge(l0.94Bro.06)3 514 1.14 40.08 0.23 (max.)
498+16 1.12+0.02 36.16£6.42 0.20+0.04
'Cs0.15MA0.15FA077Ge(logsBrogs)s 560 1.46 45.54 0.37 (max,)
561+0.1 1.43+0.03 45.28+0.79 0.36+0.01
'Cs0.20MA0.15FA077Ge(loasBroos)s 560 1.48 44.52 0.37 (max)
560+0.1 1.47+0.02 43.69+0.82 0.36+0.01
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5.3 Enhanced Performance of Germanium
Halide Perovskite Solar Cells through

Compositional Engineering
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ABSTRACT

Germanium halide perovskites are an attractive alternative to lead perovskites because of
their well-suited optical properties for photovoltaic applications. However, the power
conversion efficiencies of solar cells based on germanium perovskites has remained
below 0.2% so far and also device stability is an issue. Herein, we present that modifying
the chemical composition of the germanium perovskite, i.e. introducingbromide ionsinto
the methylammonium germanium iodide perovskite, leads to a significant improvement
of the solar cell performance along with a slight enhancement of the stability of the
germanium perovskite. By substituting 10% of the iodide with bromide, power
conversion efficienciesup to 0.57% were obtainedin MAGel, ;Brq 3 basedsolar cells with

a planar p-i-n architecture using PEDOT:PSS as hole and PC,,BM as electron transport

layer.
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5.3.1 Introduction

Metal halide perovskites have garnered strong attention over the past several years due to
their exciting properties for photovoltaic and other optoelectronic applications. Because
of the toxicity issues of lead halide perovskites, which are so far the best performing
compounds in this material class, there is now growing endeavor to study lead-free
perovskite materials with regard to their photovoltaic properties.>”.130 Among lead-free
perovskites, tin perovskites havebeen mostthoroughly studied up to now and remarkable
power conversion efficiencies (PCEs) up to 9% have recently been reported.2’131
Germanium, which is like tin and lead, a group 14 element, is a further conclusive
candidate for perovskite solar cells. In comparison to Pb2*, Ge2* exhibits a higher
electronegativity, amore covalentcharacterand an ionic radius (73 pm), which is smaller
than the one of Pb2* (119 pm). Interestingly, even though numerous theoretical studies
attest that these materials have promising properties for solar cell applications, 8588
germanium halide perovskites have only been rarely investigated experimentally. This is
most likely due to the instability of the Ge2* ion towards oxidation to Ge#*. Stoumpos et
al. investigated a series of germanium halide perovskites with regard to their structural
and optical properties and found that germanium perovskites crystallize in a trigonal
crystal structure and possess suitable band gaps for solar cell applications (e.g. 1.9 eV for
MAGel;, MA: methylammonium).8> Furthermore, mixed tin and germanium halide
perovskites were theoretically studied regarding applicationsin photovoltaics and small
effective masses, as well as low exciton-binding energies, are predicted for these
compounds.132

Germanium perovskite solar cells were first reported in 2015 by Krishnamoorthy et al.%
CsGelz based solar cells led to a PCE of 0.11%, while a PCE of 0.2% was obtained using
MAGel; as absorber layer. There are no further reports on germanium perovskite solar
cells published so far besides one patent application in which PCEs of 3% are claimed,
however, only very limited data is provided.?© For CsGels, a theoretically maximum PCE
of 27.9% was calculated using the Spectroscopic Limited Maximum Efficiency (SLME)
mathematical model.%

We took this as an incentive to investigate the photovoltaic performance and the stability
of germanium halide perovskites and found that by partly substituting iodide with
bromide, the perovskite MAGeXs (X =1, Br) becomes less prone to degradation and also

the performance in solar cells is significantly improved.
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In this study, the germanium halide perovskites were synthesized from Gel ,, MAI and
MABT, respectively. DMF was used as solvent for the precursor solution. After spin
coating this solution (including an anti-solvent dripping step), the film was tempered at
70 °C for 10 min to form the perovskite thin film. This is in contrast to previous reports
on the synthesis of germanium halide perovskites,8:90 in which GeO, was used as the
germanium source.

The introduction of bromide into the crystal structure was done via MABr, whereby we
could vary the amount of bromide as X-site anion from 0% (MAGel3) to 33%
(MAGel;Br). A further increase of the bromide content, which we attempted to realize
by partly exchanging Gel, with GeBr, failed as no stable precursor solutions containing
GeBr;, could be obtained.

5.3.2 Results and Discussion

The X-ray diffractograms of the prepared germanium perovskites are depicted in Figure
26A. The obtained patterns are typical for an ABX3 perovskite structure and very similar
to the ones observed for MAPbI; or MASNI;.133.134 The main peaks of the simulated
diffraction patternfor trigonal MAGel; (based on single crystal X-ray diffraction data
reported by Stoumposetal.85) at 14.3°,25.4°and 29.0° 2  match well with the measured
diffraction peaks of the prepared thin films. It is also clearly visible in Figure 26B that
the peaks shift to higher 2 6 values with increasing bromide content indicating a
contraction of the unit cell. However, from the diffraction data it can be concluded that
there is no change in the crystal structure in the investigated series of samples up to a
bromide content of 33%. The peak atapprox. 18.6° 2 6 (marked with an asterisk) is only
present upon addition of bromide, which correlates with findings for MASNI,Br
perovskites.134

The optical band gaps of the perovskites (extracted from the absorption onset) range
between 2.0 eV for MAGel; and 2.1 eV for MAGel,Br with a continuous hypsochromic
shift of the absorption onset with increasing bromide content (see Figure 26C). The
absorption maximum of the materials is found between 480 and 520 nm, and the slight
increase of the curve at energies below the band gap can be most likely ascribed to

scattering effects due to the comparably rough surfaces of the films.
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Figure 26. (A) X-ray diffraction patterns of the prepared methylammonium germanium halide
perovskites with different Br-content and a simulated diffraction pattern for MAGel s based on
single crystal X-ray data published by Stoumposet al. 8, (B) magnification of the area between
28.5° and 30.5° 2 6 and (C) UV-Vis spectra of the prepared germanium perovskite thin films.

The absorption data of the germanium perovskites were also exploited to evaluate the
stability of the perovskite films underambient conditions. Therefore, the films were taken
out of the nitrogen filled glovebox and absorption spectrawere acquired over 24 h while
the films were exposed to ambient air. As shown in Figure 27, the absorption of the
MAGel; decreases much faster than that of the MAGel, 7Brg 3 layer. Inthe MAGel, ;Bro3
sample, 65% of its initial absorption at 510 nm are retained, while in the MAGel 3 film
only 32% of the absorption at the start of the experiment are left. This improved ambient
stability of the bromide containing germanium perovskite correlates well with the
lifetimes of the prepared solar cells. While the MAGel; based solar cells completely lost
their performance within a few hours, even under inert conditions, the degradation of the
MAGel, 7Bry 3 was retarded. Also for MAPb X3 (X =1, Br) lead perovskite solar cells, an
improved stability was obtained by partly substituting the X-site anion from iodide to
bromide, which was ascribed to a more compact and stable crystal structure by the
reduction of the lattice constant concomitant with a transition from a pseudocubic to a

cubic phase.135
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Figure 27. Time-resolved UV-Vis measurements to probe the ambient stability of the germanium
perovskite samples (A: MAGels; B: MAGel2 7Bro3) and the absorption intensity at 510 nm plotted
versus time (C).

To examine the photovoltaic properties of the methylammonium germanium halide

perovskites with different bromide content, photovoltaic devices were prepared in the

“organic” p-i-n solar cell architecture using PEDOT:PSS as hole transport layer (HTL)

and PC,BM as electron transport layer (ETL). This device setup turned out to be

advantageous compared to the classic architecture usingmesoporous TiO, thin films. The

results are summarized in Figure 28 (and
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Table S 1) and typical JV curves are shown in Figure S 1. The mean values of the
photocurrents range between 2.3 and 2.5 mA/cm?in all samples, except for the solar cells
prepared with the germanium perovskite with a bromide content of 33% (MAGel,Br),
which have a lower Jsc around 1.9-2.0 mA/cm2. The photovoltage increases continuously
with higher bromide content due to the widening of the optical band gap (c.f. Figure 26).
MAGel; based solar cells reveal a Voc of 345 mV, while Vocs above 500 mV could be
obtained forsolar cellswitha MAGel,Br absorber layer. The fill factorsare between 0.35
and 0.50. Overall, the PCEs of the solar cells increase up to a Br-content of 10%, from
whereon the mean values are quite constant at around 0.45%. Therefore, we chose to use
the germanium perovskite with 10% bromide (MAGel, 7Brq3) for further optimization.

Compared to the study by Krishnamoorthy et al.?, in which the CsGel; and MAGels;
based solar cells have been prepared using mesoporous TiO, as ETL and spiro-OMeTAD
asHTL, the Voc obtained for MAGels basedsolar cells in thiswork is considerably higher
(345 mV compared to 150 mV). The increased V oc of the solar cells in the present study
might be due to the new preparation method for the germanium perovskite, which might
lead to improved defect chemistry.8” Moreover, a very low water and oxygen content in

the glovebox atmosphere (<0.1 ppm) was essential to obtain functioning solar cells.
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Figure 28. Characteristic parameters of the prepared solar cells depending on the amount of Br
as X-site anion in MAGeXs (X =1, Br). The best solar cells (minimum eight) of each absorber
layer composition were considered for calculating the statistics (see Figure S 1).
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By fine-tuning the thicknesses of the PEDOT:PSS, the germanium perovskite absorber
layer and the PC;,,BM ETL, the PCE of the MAGel, 7Brq 3 perovskite solar cells could be
further improved to 0.68% (measured without shadow mask). A measurement with a 2.9
x 2.9 mm2shadow mask led to a PCE of 0.57%. Figure 29A shows a cross sectional SEM
image of this device prepared using the focused ion beam (FIB) technique. The different
layers in the solar cell stack (glass/ITO/PEDOT:PSS/MAGel, 7Brq 3/PC70BM/AQ) can be
clearly recognized and appear very flatand homogenous. Only the germanium perovskite
layer with a thickness of approx. 85 nm discloses some roughness, however, the PC;,BM
layer on top (70 nm) levels that out leading again to a smooth interface of the PC,,BM
layer to the silver electrode (100 nm). The ITO layeris 130 nm thick, the PEDOT:PSS
layer has a thickness of 40 nm and the Pt layer was deposited as protection layer before

the FIB-preparation of the cross section.
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Figure 29. (A) SEM image of a FIB processed cross-section, (B) JV curves measured in the dark
and under 100 mW/cmz2 illumination with and without 2.9 x 2.9 mm?2 shadow mask and (C) an
EQE spectrum of an optimized MAGel.7Bro.3 based solar cell.

The JV curves measured in the dark and under 100 mW/cm? illumination are plotted in
Figure 29B. The V¢ of this solar cell is 460 mV, the Jsc is 3.11 mA/cm2and the FF lies
at0.48, which results in a PCE of 0.68%. The series and shunt resistance of this solar cell
are 30 Q cm? and 0.7 kQ cm?, respectively. When measured with a shadow mask, the
PCE decreases to 0.57%, which is based on a reduction of the Jsc to 2.43 mA/cmz2. The
FF slightly improvesto 0.51 and the V¢ is unaffected by the illumination through the
shadow mask.

The hysteresis is not very pronounced in this type of solar cell, as can be seen from the

JV curves of a similarly prepared solar cell measured in forward and backward direction
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(see Figure S2). The corresponding characteristic device parameters are summarized in
Table S 2.

The EQE spectrum of a MAGel, ;Brq 3 based solar cell is presented in Figure 29C. The
maximum in the EQE spectrum is slightly below 500 nm, which is in good agreement
with the absorption properties of the germanium halide perovskites (c.f. Figure 26C).
The onset of photocurrent generation is, however, already at 720 nm. This suggests also
that the ETL PC,BM is partly contributing to the current generation, as the absorption
onset of PC;BM is exactly in this wavelength range. A steeper increase of the EQE
spectrum can be recognized at around 610 nm, which correlates with the absorption onset
of MAGel, ;Bro 3. To investigate the contribution of the ETL, referencesolar cells without
the MAGel, ;Brg 3 layer were prepared to give devices with a photovoltage of 357 mV
and a Jsc below 0.1 mA/cm? (Figure S3, Table S3).

The JV characteristics and device parameters of the MAGel, ;Br( 3 based solar cell used
for the measurement of the EQE spectrum are shown in Figure S4 and Table S 4. After
the EQE measurements, which were performed in a sealed measuring box, the device
revealed a Jsc of 1.9 mA/cm? and a PCE of 0.21%, while the PCE was 0.57% when
measured directly after preparation. The loss of almost two thirds of the initial
performance within several hours after the preparation also exemplifies the stability issue
of the germanium perovskite based solar cells, even though the addition of bromide had
slightly increased the stability of this material. Thus, addressing the stability issue of this
class of materials will be inevitable in future research. In analogy to tin perovskites, the
formation of 2D perovskites by the addition of bulky cations like PEA*

(phenethylammonium) might be a promising approach.”
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5.3.3 Conclusion

In summary, we could show that the bromide content in methylammonium germanium
halide perovskites plays an importantrole in their performance in photovoltaic devices.
Solar cells with PCEs of 0.57% could be obtained with a MAGel, ;Brq 3 absorber layer.
Even though the step forward in PCE with this material is encouraging, the stability of

the devices remains a crucial issue, which will be tackled in further studies.

5.3.4 Experimental Section

Sample and solar cell preparation:
MAI and MABr (Dyesol), Gel, (99.99%, ABCR), PEDOT:PSS (Clevios P VVP.Al 4083,
Heraeus), and PC,oBM (99.5%, Solenne BV) were used as received.
A 1 M precursor solution of MAGel;_«Brywas prepared by dissolving MAI, MABr and
Gel, with the amount of bromide as X-site anion with x = 0, 0.15, 0.30, 0.45, 0.60, and
1, respectively, in dry DMF. The solution was stirred for 24 h at room temperature in N,
atmosphere in a glovebox. Before use, the precursor solution was filtered through a 0.45
um PTFE filter.
ITO coated glass substrates (15 x 15 mm, 15 Q/sq, purchased from Lumtec) were
carefully rinsed with acetone and put into an isopropanol bath followed by sonication for
30 min at 40 °C. Subsequently, the substrates were dried under an N, gas stream and
treated with oxygen plasma for 3 min. As first layer, a PEDOT:PSS film was spin coated
at 6000 rpm for 30 s and the substrates were put into a glovebox immediately afterwards
for a temperature treatmentat 120 °C for 20 min. Next, the precursor solution was spin
coated onto the PEDOT:PSS filmin glovebox atmosphere with the following spin coating
conditions: 4000 rpm, 1000 rpm/s, 30 s. After 10 s of spinning, chlorobenzene was
dropped onto the rotating substrate, whereupon the color of the film changed from yellow
to orange/red. Afterwards, the perovskite was temperedat 70 °C for 10 min. A PC;,BM
solution in dry chloroform (50 mg/mL) was spin coated on top of the perovskite layer
with 1000 rpm, 500 rpm/s for 30 s. Ag electrodes (3 x 3 mmz2) were deposited by thermal
evaporation at a rate of 2 A/s at a base pressure below 1x10-5 mbar.
For (time-resolved) UV-Vis measurements, the perovskite films were prepared on glass

substrates in the same way as described above. The UV-Vis measurements were taken
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(and the time resolved measurements were started) immediately after taking the samples
out of the nitrogen filled glovebox.

Characterization techniques:

X-ray diffraction measurements were conducted on a PANalytical Empyrean
diffractometer in Bragg-Brentano configuration operated at 40 kV and 40 mA using Cu
K, radiation. For the XRD measurements, the perovskite films were prepared on glass
slides and covered with a thin PMMA protection layer, spin coated from a chlorobenzene
solution (10 mg/mL). UV-Vis spectrawere acquired with a Perkin EImer Lambda 35 UV-
Vis spectrometer equipped with an integrating sphere.

JV curves were recorded in a glovebox using a Keithley 2400 source measure unitand a
custom made LabView software. The samples were illuminated by a Dedolight xenon
lamp with a spectrum similarto the AM 1.5G spectrum at 100 mW/cm?2. The EQE spectra
were measured using monochromatic light from a MuLTImode4 monochromator
(AMKO) equipped with a 75 W Xenon lamp chopped at 30 Hz. The signals (wavelength
increment: 10 nm) were measured by a lock-in amplifier from Stanford Research Systems
(Model SR830). A spectrally calibrated 818-UV/DB photodiode (Newport Corporation)
was used as a reference. A sealed measuring box with a quartz glass window was used to
protect the solar cells against ambient atmosphere during the EQE measurement.

The cross section of the solar cell was prepared via the focused ion beam (FIB) technique
usinga FEI NOVA 200 FIB/SEM dual beam system with multiple current approaches to
minimize spatial sample damage. SEM imaging was done in low dose conditions to

minimize e-beam related material alteration.
ASSOCIATED CONTENT

Supporting Information. Additional JV curves and solar cell data.
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Table S 1. Parameters including mean values and standard deviations of the solar cells prepared
with different Br-content in the MAGeXs (X = Br, ) absorber layer. This data is presented
graphically using box plots in Figure 28.

Br-content Voc/V Jsc/ mA/cm? FF PCE /%
0.326 2.41 0.32 0.25
0.310 2.56 0.29 0.23
0.294 2.56 0.29 0.21
0.357 2.18 0.38 0.29
0% Br 0.341 1.93 0.39 0.25
0.404 2.27 0.43 0.38
0.404 2.29 0.44 0.40
0.326 2.33 0.31 0.23

0.345+0.038 2.32+0.19 0.36+0.06 0.28 £0.07
0.357 2.20 0.31 0.25
0.404 2.64 0.35 0.36
0.451 2.60 0.40 0.46
0.279 2.04 0.30 0.17
0.310 1.95 0.30 0.18
0.420 2.38 0.38 0.37
0.451 2.35 0.52 0.54
5% Br 0.435 2.22 0.44 0.41
0.404 2.24 0.36 0.32
0.388 2.42 0.49 0.45
0.388 2.10 0.35 0.28
0.373 2.18 0.30 0.24
0.420 2.16 0.43 0.39
0.391+0.049 2.27+0.19 0.38 £0.07 0.34+0.11

0.435 2.52 0.44 0.48
0.451 2.24 0.51 0.51
0.451 2.38 0.54 0.56
0.435 2.43 0.37 0.38
0.451 2.56 0.46 0.52
0.435 2.61 0.38 0.43
0 0.435 2.41 0.39 0.40
10% Br 0.451 2.49 0.53 0.58
0.451 2.40 0.53 0.56
0.451 2.29 0.49 0.50
0.435 2.28 0.43 0.41
0.435 2.08 0.49 0.42
0.420 1.95 0.45 0.35

0.441 +0.010 2.36+0.18 0.46+0.06 0.47+0.07
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Continued Table S1

Br-content VoclV Jsc / mA/cm?2 FF PCE/ %
0.420 2.48 0.35 0.37
0.404 2.85 0.40 0.45
0.48 2.97 0.54 0.76
0.451 2.19 0.47 0.47
15% Br 0.404 2.23 0.37 0.33
0.451 2.21 0.48 0.47
0.467 2.18 0.49 0.50
0.451 2.20 0.46 0.46
0.467 2.22 0.53 0.54
0444+0027  239+029 046+006 048+0.11
0.467 2.34 0.39 0.43
0.404 2.58 0.35 0.37
0.498 2.39 0.55 0.66
0.514 2.48 0.51 0.65
0.467 2.68 0.50 0.64
20% Br 0.388 2.79 0.38 0.41
0.404 2.71 0.40 0.43
0.420 2.23 0.37 0.34
0.451 2.30 0.48 0.48
0.467 2.20 0.46 0.45
0.448+£0.040  2.47+0.20  0.44+006 0.49+0.11
0.482 2.03 0.44 0.42
0.561 2.08 0.56 0.65
0.451 1.96 0.47 0.42
. 0.545 2.03 0.55 0.61
33% Br 0.482 2.03 0.44 0.42
0.561 2.08 0.56 0.65
0.545 2.04 0.55 0.61
0.482 1.62 0.44 0.34
0514+0033  1.98+035 050+005 052+0.15
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Figure S 1. Typical JV curves of MAGeXs (X = Br, 1) based solar cells with different Br-content.

14

~ 12_' —— forward

LE) ] —— backward

2 10

E g

~~ ]

2 6-

= _

c 4

(] |

2 2-

C 4

L o0

8 _2_/
'4 T T T T T T T T T T T T T
00 01 02 03 04 05 06 07

Voltage / V

Figure S 2. JV curves of a germanium perovskite (MAGel27Bro.3) solar cell measured in forward
(0Vto 1.5V) and backward (1.5 V to 0 V) scan direction with a scan rate of 150 mV/s.
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Table S 2. Characteristic solar cell parameters extracted from the JV curves shown in Figure S
2.

scan Vocl/V  Jsc ImA/cm? FF PCE/ %
direction
forward 0.451 2.83 0.37 0.47
backward 0.404 2.32 0.40 0.38
0.8
dark
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Figure S3. JV curves measured in the dark and under 100 mW/cm? illumination of an
ITO/PEDOT:PSS/PC70BM/Ag solar cell.
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Table S3. Characteristic solar cell parameters extracted from the JV curves shown in Figure S3.

Voc/V Jsc / mA/cm? FF PCE/ %

0.357 0.074 0.25 0.006

— after fabrication
— after EQE measurement

N (o] (e0]
[ R

N
-

Current density / mA/cm?2
o

N
I

—

: — :
01 02 03 04 05 06 07
Voltage / V

IN

o
o

Figure S 4. JV curves of a MAGel27Bro3 perovskite based solar cell measured directly after
fabrication as well as after encapsulation and the EQE measurements.

Table S 4. Characteristic solar cell parameters extracted fromthe JV curves shown in Figure S4.

Vocl!V Jsc / mA/cm? FF PCE /%
after fabrication 0.449 2.8 0.45 0.57
after EQE 0.321 1.9 0.35 0.21

measurement
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5.4 A Mixed-Cation Two-Dimensional (2D) /
Three-Dimensional (3D) Germanium

Halide Perovskite: Structural, Optical and

Photovoltaic Properties
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ABSTRACT

In this chapter, the synthesis and characterization of the low-dimensional mixed-cation
germanium halide perovskite (PEA;MA,1GenX3n+1) as a lead-free perovskite-type is
presented. The optical, electronical and photovoltaic properties were discussed in
comparison to the three-dimensional (3D) methylammonium germanium iodide bromide
perovskite (MAGel;Br). The exchange of methylammonium (MA) with
phenylethylammonium (PEA) cation during synthesis leads to the formation of a mixed-
cation germanium halide perovskite with a lower dimensionality. The 3D perovskite
structure was modified by changing the amount of PEA from 0, 10, 20, 30, 40 up to 50
mol%. The low-dimensional mixed 2D/3D perovskites demonstrate a significantly
enhanced stability in the glovebox atmosphere compared to the three-dimensional
perovskites. By substituting 40% of the MA cation with PEA, power conversion
efficiencies up to 0.65% were obtained in solar cells with a planar p-i-n architecture

(glass/ITO/PEDOT:PSS/Perovskite/PC,0BM/Ag).

+ PEAI >

3 -
D 0 e

| PEA)sMA, ;Gel,Br
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5.4.1 Introduction

As previously reported by other research groups and us, germanium, like tin and lead in
group 14, is a promising candidate for the substitution of lead in the perovskite structure.
The main disadvantage of germaniumis that it easily oxidizes from Ge?* to Ge**, which
is probably why germanium halide perovskites are rarely experimentally investigated by
research groups.®:%0 Such a problem of oxidation stability is already known from tin
perovskites, butitis more remarkable with germanium perovskites because of the reduced
effect of inert electron pairs.%585 This instability can lead to degradation of the perovskite
structure and cause various defects that complicate the use of germanium perovskite

materials in solar cells.

We improved the photovoltaic performance by modifying the chemical composition of
the germanium perovskite, i.e. by introducing bromide ions into the methylammonium
germanium iodide perovskite (MAGelz«Bry). This resulted in a significant improvement
of the efficiency to 0.57% for a mixed-anion germanium perovskite with 10 mol%
bromide (MAGel, 7Bry3). It was found that the incorporation of bromide improves the
environmental stability. Such cognitions can be very helpful to promote the development

of germanium perovskite solar cells.190

Germanium perovskite films decompose very quickly when exposed to the ambient
atmosphere. In a nitrogen environment, the decomposition progresses more slowly. The
main responsibility for perovskite decomposition is the adsorption of water and oxygen

molecules on perovskites,136.137.138,139

The stability of a perovskite solar cell can be significantly improved by encapsulation.140
However, it is essential to develop new strategies to increase the long-term stability of

the devices.

In this work, a suitable stabilization method was used, which was already very
successfully utilized when it comes to lead and tin perovskite materials.141.142.143 A spacer
cation (PEA*= phenylethylammonium, CsHsCH,CH,;NH3*) was added in different
amounts to the 3D perovskite MAGel,Br as an A-site cation, wherein the three-
dimensional crystal structure is layered into a two-dimensional film. The partial
substitution of methylammonium cation (MA, CH3NH3*) in MAGel,Br with the larger
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PEA* cations resulted in the formation of mixed two-dimensional (2D) / three-
dimensional (3D) perovskite with a lower dimensionality. In such 2D/3D mixed
perovskites, the 3D perovskite structure (AGeX3), with corner-sharing GeXg octahedra,
is separated by 2D bilayers. The dimensionality of the perovskite structure can be tuned
by changing the stoichiometric ratio from 0 mol% (3D perovskite structure) to 100 mol%
PEA (2D perovskite structure).!1 In our case, the PEA*-content in the perovskite film was
examined from 0 to 50%. A higher PEA*-content could not be achieved due to the poor
layer formation during spin coating. All mixed 2D/3D perovskite materials were then
examined for their structure and properties. It was found that the addition of the PEA*
spacer cation has a positive influence on both the crystal formation of the perovskite and

its lifetime.

Since only very limited data related to germanium perovskites are known and found in
literature, the influence of the PEA*-cation on the tin perovskites (see Chapter 2.2.1 Tin
Based Perovskite Solar Cells) is discussed. Studies have shownthatthe addition of avery
small amount of layered (2D) tin perovskite to 3D tin perovskite induces excellent

crystallinity and orientation of the 3D FASNI; grains.3.144.145

The germanium halide perovskites were synthesized from Gel,, MAI, MABr and a
varying amount of phenylethylammonium iodide (PEAI) dissolved in DMF. During the
spin coatingprocess, an antisolvent (chlorobenzene) isdrippedon the sample and the film
was tempered at 70 °C for 10 min to form the perovskite thin film. Solar cells with a
planar p-i-n architecture using PEDOT: PSS as a hole and PC,BM as an electron
transport layer were prepared (for details, see Experimental Details). As a result of the
addition of PEA*, the MAGel,Br perovskite is separated into 2D layers, the layers of
germanium halide octahedra beingcutinto the cubic MAGel,Bralongthe (100) direction.
The resulting cut layers are insulated by two layers of PEA. Changing the stoichiometric
ratio of PEA to MA from 0% to 50% also changes the structural unit and the number of

germanium halide layers.
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5.4.2 Results and Discussion

The X-ray diffractograms of the simulated diffraction pattern for MAGel; (based on
single crystal X-ray data published by Stoumpos et al.84) and mixed 2D/3D (with 30%
and 50% of PEAI) germanium halide perovskites are depicted in Figure 30A. An XRD
measurement of these samples was important to investigate the effects of PEA*-cation on
the crystal structure and the grains of the 3D MAGel,Br perovskite, and these correspond
well with the information about the crystal structure from the literature.27.146 The main
peaks of the trigonal MAGel,Br at 14.3°, 25.4° and 29.0° 2 6 match well with the
measured diffraction peaks of the prepared thin films (see chapter 5.2 for details). In this
perovskite, the peak value of approx. 18.6° was measured and this is due to the
incorporation of bromide in the crystal structure. Similar dominant diffraction peaks at
14.2°,28.5°,43.4° and 59.1°, which are assigned to the lattice planes (100, 200, 300 and
400), were found in the literature for mixed 2D/3D low-dimensional tin halide perovskite
thin films.2".73 The crystalline phases of MAGel,Br are separated by organic interlayers

composed of PEA* aromatic groups (spacer cation), arranged to each other.

By adding PEAI to the MAGel,Br perovskite, astrongdiffraction peak at4°andasmaller
diffraction peak at 7° appear in the films of the layers and remain there even with higher
concentrationsof PEAL. It is believed that these peaks may indicate the presence of the
2D perovskite phase, as similar observations were made in mixed perovskites of tin and
lead.147.148 |n addition, it should be noted that with an increase in the PEAI content (2D

perovskites), a decrease in the crystal intensity of MAGel,Br was observed.14°

In accordance with the XRD data for used educts depicted in Figure 30B, it has been

proven that all utilized components were embedded in the crystal structure.
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Figure 30. (A) X-ray diffraction patterns of the prepared methylammonium germanium halide
perovskites (deposited on glass substrates) with different PEAI-content and a simulated
diffraction pattern for MAGels based on single crystal X-ray data published by Stoumpos et al.8
(B) X-ray diffraction patterns of the educts: Gel., MAI and PEAI (powder samples).

Optical properties of the mixed MA-PEA perovskites were derived from UV/Vis spectra.
The absorption of the prepared perovskites shows a high absorption in the wavelength
range up to 640 nm, which also matches well with the orange/red color of the perovskite
layers (Figure 31). All samples have a good visible onset between 620 nm and 640 nm,
where the absorption coefficient increases with the PEA-content, which may be due to
the positive influence of PEA*, which results in less rough layers.
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Figure 31. (A) UV-Vis spectra of the prepared germanium perovskite thin films (B) photos of the
perovskite layers without (left) and with 50% PEAI (right) (C) time-resolved UV-Vis
measurements to probe the ambient stability of the germanium perovskite samples
(PEA0sMAo5Gel2Br) and (D) the absorption intensity at 412 nm plotted versus time.

The optical band gaps of the perovskites (extracted from the absorption start) are approx.
2.1eVto2.15eV forall mixed MA-PEA samples and 2.1 eV for MAGel,Br. Therefore,
it can be said that there is no or only a slight shift in the absorption start with increasing
PEA*-content. The absorption spectra confirm also the formation of low-dimensional
perovskite phases in the mixed MA-PEA samples. A pure 3D MAGel,Br sample shows
an absorption maximum between 480 and 520 nm, while the mixed MA-PEA samples
shiftthe absorption maximum to lower wavelengths ~412 nm. Overall, the absorption has
a slight increase, with increasing PEA*-content, over the whole spectrum (see Figure
31A).

The change of the layer by addition of the organic cation can even be observed optically.

Figure 31B shows a much more homogeneous and smoother layer by adding 50% PEAI.
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To evaluate the stability of the perovskite films under ambient conditions, the absorption
data of the germanium perovskites were also exploited. Therefore, the film was taken out
of the nitrogen filled glovebox and absorption spectra were acquired over 24 h while the
film was exposed to ambient air. For this study, the sample was taken with 50% PEAI as
it showed the best performance. As shown in Figure 31C, the absorption of the mixed
2D/3D PEAsMA sGel,Br perovskites decreases very quickly. After only 4 hours, the
sample lost almost 50% of its initial absorption and after 10 hours the absorption was
completely lost. The significantly poorer environmental stability of the new perovskites
shows that the new mixed 2D/3D germanium halide perovskite is significantly more
unstable from outside the glovebox compared to MAGel; and MAGel, 7Brg 3 perovskites
(see Chapter 5.3, Figure 26C).

To examine the photovoltaic properties of the layered 2D/3D methylammonium
germanium halide perovskites with different PEA*-content, photovoltaic devices were
prepared in the p-i-n solar cell architecture using PEDOT:PSS (as HTL) and PC;,BM (as
ETL). The typical JV curves of the best PEAMA1Gel.Br based solar cells with
different PEA*-content are shown in Figure 32A and the characteristic solar cell
parameters extracted from these JV curvesresultsare summarizedin Table S5. The mean
values of the photocurrents range between 2.45 and 2.73 mA/cmz2 in all samples, except
for the solar cells prepared with the germanium perovskite with a PEA*-content of 10%,
which have a lower Jsc around 1.8 mA/cm?. PEA,MA 1Gel,Br based solar cells with
10 and 20% PEA reveal a Voc of 409 mV and 429 mV, while Voc’s 0£490 mV could be
obtained forsolar cells with 30% and 40% and450 mV for 50% PEA film absorber layers.
The filling factors are in the range of 0.38 and 0.51. The PCEs of the solar cells increase
up to a PEA-content of 20%, from whereon the PCE values are quite constant at around
0.49% to 0.55%. The solar cell prepared with 40% PEA film gave the highest PCE value
0f 0.65%. The JV curves of the best peforming cell are depicted in Figure 32B. The green
line illustrates the measurement under illumination and the black dotted line under dark

conditions.

70



5 RESULTS

3 3
N ——10% PEAI o 1 = = dark
E 2 20% PEAI o 24 —— illuminated, with mask
o 30% PEAI o
< —— 40% PEAI P
E 14 ——50%PEAl e 14 s
—~ - /
>, 1 4
i 0 :? 0 =
c
8 5
[}
= 5 -1
z g
S5 -2 24
o ’g PCE: 0.65%
a ]
e e L me e e e T B S+ T
00 01 02 03 04 05 06 0.7 -04 -02 00 02 04 06 08 1.0
Voltage / V Voltage / V

Figure 32. (A) JV curves of the best PEAXMA1-x)Gel2Br based solar cells with different PEA*
content (B) JV curve of the best performing perovskite solar cell with 40% PEA: green line giving
the measurement under illumination and black dotted line giving the measurement under dark

conditions.

Table 6. Characteristic solar cell parameters extracted from the JV curves shown in Figure 32A.

PEAI-Content  V,./V Jsc / MA/cm? FF PCE/ %
10% 0.409 1.80 0.38 0.27
20% 0.429 2.68 0.43 0.49
30% 0.490 2.45 0.44 0.53
40% 0.490 2.68 0.51 0.65
50% 0.450 2.73 0.45 0.55

The JV curves of 40% and 50% PEA solar cells, as well as a solar cell without PEA are
shown in Figure 33. Solar cells with 40% and 50% PEA stabilized after the second
measurementand lostperformance only from the fourteenth day. In comparison, the solar
cellswithout PEA lost their performance rapidly the nextday (see Figure 33Cand Figure
33D and Table 7-9). These results clearly show that the dimensional reduction from 3D
MAGel,Br to 2D/3D PEAMA1xGel,Br perovskite significantly improves the stability

and thus the oxidation breakdown of the perovskite effectively suppressed.
71



5 RESULTS

>
w

‘:E 140% PEAI 1
N
&) 2 E 2
> o
< o ]
E 14 E 14
—
> ~ 1
T = 0
c 7]
% —0Odays % 1 ——0days
— 11 —— 1 days - 11 — Tdays
o) 1 —— 5 days b~ ] —— 5 days
o —_— 5 8 days
el 8 days O 5
=] 14 days % 14 days
O X 1 20 days O X 20 dayS
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
Voltage / V Voltage / V
C 3 D 0.7
0% PEAI 1 0065%
o 064 -
£ 27 g @
& 1427 e e
< 1] 0.5 \AA A 0.39%
S 1 \ 0.54% el
; X 044 1052% T
=0 ~ 1 0.39%
c Ll 034
o | 8 ]
S 024
= 1 0% PEAI
|
g -2 1 — O day 014 0.14% @ 40% PEAI
= ——1da ) & 50% PEAI
o y
-3 —r1r r 1 1 1 " 1 1 17 0-0|'|'|'|'|'|'|'|'|'|'|
00 01 02 03 04 05 06 07 08 0 2 4 6 8 10 12 14 16 18 20
Voltage / V Time / days

Figure 33. J-V curves (Stability test) of the best-performing solar cells with 40% (A) 50% (B)
and 0% of PEAI and the PCE degradation with time (D).
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Table 7. Characteristic solar cell (with 40% PEAI) parameters extracted from the JV curves
shown in Figure 33A.

Days Voo!V J. / mA/cm? FF PCE/ %
0 0.490 2.68 0.51 0.65
1 0.510 2.41 0.46 0.55
5 0.510 2.42 0.46 0.56
8 0.510 2.45 0.44 0.54
14 0.510 2.33 0.44 0.52
20 0.530 1.96 0.38 0.39

Table 8. Characteristic solar cell (with 50% PEAI) parameters extracted from the JV curves
shown in Figure 33B.

Days Voc!V I/ mA/cm? FF PCE/ %
0 0.470 2.52 0.46 0.54
1 0.470 2.54 0.45 0.53
5 0.490 2.48 0.40 0.48
8 0.490 2.44 0.41 0.50
14 0.490 2.47 0.39 0.47
20 0.510 2.02 0.39 0.39

Table 9. Characteristic solar cell (without PEAI) parameters extracted from the JV curves shown
in Figure 33C.

Days Voo /! V Joo /mA/cm? FF PCE/ %
0 0.451 2.61 0.45 0.52
1 0.268 1.49 0.33 0.14
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The increase in the Voc, Jsc and PCE value of the solar cells in the present study could
be dueto the positive effectof the PEA*-contentin the germanium perovskite. The PEA*-
content apparently improves the layer morphology and layer homogeneity in the solar
cell. In order to maintain functioning, high-efficiency solar cells, the water and oxygen
content in the glovebox atmosphere had to be kept very low (0.1 ppm) at all times. This
was particularly important for the next study, where the lifetime of the built solar cells
was tested. The device performance was tracked in the N, atmosphere in the glovebox
and the solar cells were not encapsulated. The results of this study are summarized in
Figure 34 (and Table S 5). After each measurement, the cells were kept in the dark.
Impressively, the PCE of the cells with a PEA*-content over 30% had a lifetime of more
than 20 days. In contrast, solar cells with a low PEA*-content of 10 and 20% stopped
working on the fifth day. The Jsc and PCE varied only slightly throughout the
measurements and showed major losses only on the twentieth day. The best results were
achieved with 40% and 50% PEA and could maintain 60-72% of its initial PCE after 20
days.
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Figure 34. Characteristic parameters of the best PEAxMA1-x)Gel2Br based solar cells with
different PEA*-content over 20 days. The maximum values have been normalized to 1 for easier

tracking.

Furthermore, the hysteresis of the new solar cells was investigated. Only slight Current-
Voltage hysteresis is observed for these types of solar cells, as shown in the JV curves of
a similarly prepared solar cell measured in forward (-0.5 V to 1.5 V) and backward (1.5
V to -0.5 V) direction (see Figure 35A). The corresponding characteristic device
parameters are summarized in Table S 6. In addition, an EQE spectra of a
PEA0.sMA, ¢Gel,Br based solar cell is presented in Figure 35 B. The onset of
photocurrent generation is at 720 nm (start of absorption of PC;,,BM), whereby the ETL
PC;0,BM partially contributes to the current generation and the maximum in the EQE
spectra is approx. 480 nm, which is in good agreement with the absorption properties of

the germanium halide perovskites. The integrated Jsc calculated from the EQE spectrum
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is between 2.7 and 3.0 mA/cmz2. This value is within a few percent deviation from the

values extracted from the JV curves.
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Figure 35. (A) JV curves of a germanium perovskite (PEAc4sMAosGel2Br) solar cell measured in
forward (-0.5 V to 1.5 V) and backward (1.5 V to -0.5 V) scan direction with a scan rate of 150
mV/s. (B) and a corresponding EQE spectra of an optimized PEAq sMA sGel2Br based solar cell.

Table 10. Characteristic solar cell parametersextracted from the JV curves shown in Figure 35A.

scan direction Voc/V  Jgo/mA/cm? FF PCE/ %
forward 0.490 2.68 0.51 0.65
backward 0.510 2.47 0.42 0.52

To examine the dense and full coverage of the PEA,MA1Gel,Br film, the morphology
of the perovskite films, which were deposited on ITO/glass/PEDOT:PSS-coated
substrates by spin-coating technique was observed using a scanning electron microscope
(SEM). Theresulting micrographsare shown in Figure 36. In the Figure 36, SEM images
of four different germanium perovskites with 10%, 30% and 50% of PEA* and without
PEA* are depicted. It can be observed that the addition of 10%, 30% and 50% of PEA*
leads to smaller crystals on the surface, whereas on the layer of perovskites without the

addition of PEA*, very large crystals can be observed (Figure 36A). All four different
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germanium perovskites had one thing in common, they are very crystalline materials,
which not only formed a layer, but differently sized crystals were also formed on them.

The SEM images were analysed with ImageJto calculate the crystal size distribution. The
size of ten crystals was measured and a mean value was calculated (see Figure 36A
(yellow lines on the crystals). Figure 36B shows the ratio between the PEAI-content and
the average perovskite crystal size. In both illustrations, itcan be observed thatthe crystal
size decreases dueto the increasing PEAI-content. The sample without PEAI showed the
largest crystals, with diameters of about 600 to 1300 nm. In contrast, the sample with a
PEAI-contentof 50% showed the smallest crystals, with diameters of about 60 to 300 nm.
It is important to note that in each sample, these crystals were distributed very
homogeneously on the sample.
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Figure 36. (A) Top view SEM images of the different PEAxMA1-x)Gel2Br perovskite films, without
(top left) and with differentamounts of the PE A+-cation (bottom right) (B) Relationship between PEAI-

content and average perovskite crystal size (are summarized in Table S 7).
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In order to clarify the influence of the PEAI on the methylammonium germanium halide
perovskite, in Figure 37, samples were compared without and with 50% PEAI. The
Figure shows the optical light microscope images and SEM images with different
magnifications of the two perovskite layers: PEAsMA(sGel,Br and MAGel,Br. The
crystal size can be controlled by varying the PEAI concentration. As can be seen in the
optical light microscopy and SEM images in Figure 36 and Figure 37, a relatively low
PEAI concentration is found to increase the methylammonium germanium halide
perovskite crystal size, but smaller sizes are obtained at high PEA*-concentrations. The
photovoltaic performance is significantly influenced by the concentration of PEAI, which
indicates that the crystal size of the perovskite layer plays an important role in
determining the photovoltaic parameters. The increase in the photocurrent density with
decreasing crystal size respectively (with the increasing concentration of PEAI) can be

seen in Figure 34.

Optical Microscopy Scanning Electron Microscopy

PEA,sMA, sGelzBr

Figure 37. Optical light microscopy images (left) and SEM images with different magnifications
(middle and right) of different perovskite layers: PEAosMAosGel.Br and MAGel2Br.

In addition, it should be investigated whether the produced perovskite layers are just
crystals or crystals and a homogeneous perovskite layer underneath. For this purpose, the
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surfaces of the produced perovskite layers were examined by light microscopy. A simple
method was used for this purpose. All the perovskites to be examined were produced on
glass substrates and the layer was removed at one point (in the form of a line) with a
cotton swab (see Figure 38A). Figure 37B clearly shows that by wiping the perovskite
layer, not only the crystals but also an underlying homogeneous layer was removed. The
light microscope images obtained show a very similar morphology of the layers as in the
top view of the SEM images. The methylammonium germanium bromide iodide
perovskite (MAGel,Br) is a very crystalline material, which through the spinning coating
process forms a homogeneous layer with large crystals. The presence of this
homogeneous perovskite layer below the crystals could also be confirmed by EDX
measurement (see Figure S 5). For this purpose, the elemental composition of the
perovskite layer from the underlying homogeneous layer and that of the crystals were
examined. The EDX spectrum obtained showed all element-specific peaks of a perovskite
structure, both in the case of the larger crystals and in the homogeneous layer below,
whereby the formation of undesired Gel; crystals could be excluded with a high degree

of probability.

In addition, the crystal size decreased from 0% PEA to 50% PEA, and a more
homogeneous film layer was formed. These results show that the main factor influencing
the morphology of the PEAMA 1Gel,Br perovskite films is the concentration of PEA-
cation. This simple technique, the partial exchange of MA to PEA cations in the
methylammonium germanium bromide iodide perovskite (MAGel,Br), could prove
extremely useful for crystalline germanium perovskites as a general method for

controlling the crystal size and preparation of film layers with full surface coverage.
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Figure 38. (A) Sample preparation for light microscopy measurement (B) Light microscopy
images of the different PEAXMA1.x)Gel2Br perovskite films starting from 0% PEAI (left) to 50%
PEAI (right), a magnification of 100x (scale bar 200 um) and 1000x (scale bar 20 pum) was used.

Figure 39 shows a top-view image of a perovskite film with 50% PEAI deposited on
glass/ITO/PEDOT:PSS substrates comparable to the substrates used for the photovoltaic
devices. The SEM image shows the perovskite surface in the area2 - 3 mm from the edge
of the solar cell. A formation of two phases could be observed: perovskite crystals (light
area) and a second phase (dark area). Since these two phases occur more on the edges of
the solar cell and at higher concentrations of PEAI, it can be assumed that this second
darker phase comes from the excess of PEAI. The antisolvent step with chlorobenzene
creates a more homogeneous layer in the centre of the solar cell than at the edges. Such
an accumulation of PEAI at the edge of the solar cell can prevent contact with the
electrode and thus lead to defects in the solar cell. The antisolvent step is of great
importance for these solar cells. In particular, the time and distance to the solar cell play

asignificantrole.
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Figure 39. SEM top-view images (2 - 3 mm from the edge of the solar cell) with different
magnifications of a perovskite film with 50% PEAI deposited on glass/I TO/PEDOT:PSS with 5.0
kX and 20.0 kX (inset) fold magnification. Inset shows clearly the formation of two phases.
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5.4.3 Conclusion

Partial exchange of MA to PEA cations in the methylammonium germanium bromide
iodide perovskite (MAGel,Br) lead to the new 2D/3D mixed-cation germanium halide
perovskite exhibiting a significantly different crystal structure with a low dimensionality.
The optical properties of this new material are similar to the MAGel,Br, only a slight
hypochromic shift is found in the low-dimensional perovskites. The optical band gaps of
the perovskites are approx. 2.1 eV to 2.15 eV for all mixed MA-PEA samples and 2.1 eV
for MAGel,Br. The low-dimensional germanium perovskites have a significantly
improved stability in the glovebox atmosphere compared to the three-dimensional
perovskite. The large PEA molecules on the border of perovskite bilayers formed
significantly more compactand pinhole-free films and thus significantly increased the
lifetime of the solar cells. Using these mixed 2D/3D perovskite films obtained by mixing
40% PEA, a PCE of 0.65% was achieved in a planar p-i-n device structure. When stored
under inert conditions, these solar cells show stability over 20 days. This solar cell was
also examined for hysteresis and it was found that only a slight hysteretic effect can be

observed.

5.4.4 Experimental Section

Chemicals and Materials: MAI and MABr (Dyesol), Gel, (99.99%, ABCR), PEAI
(Dyesol), PEDOT:PSS (CleviosP VP.Al 4083, Heraeus),and PC,,BM (99.5%, Solenne
BV) were used asreceived. Anhydrous chlorobenzenewas obtained from Sigma Aldrich
and DMF was used from SeccoSolv® with a purity >99.9 % dried.
Sample and solar cell preparation: A1 M precursor solution of PEAMA 1, Gel,Brwas
prepared by dissolving MAI, MABr and Gel, with a varying amount of
phenylethylammonium iodide (PEAI) (x =0, 0.10, 0.30, 0.40and 0.50) dissolved in dry

N,N-dimethylformamide (DMF). The solution was stirred for 24 h at room temperature

83



5 RESULTS

in N, atmosphere in a glovebox. Before use, the precursor solution was filtered through a
0.45 um PTFE filter.

ITO coated glass substrates (15 x 15 mm, 15 Q/sq, purchased from Lumtec) were
carefully rinsed with acetone and put into an isopropanol bath followed by sonication for
30 min at 40 °C. Subsequently, the substrates were dried under an N, gas stream and
treated with oxygen plasma for 3 min. As first layer, a PEDOT:PSS film was spin coated
at 6000 rpm for 30 s and the substrates were put into a glovebox immediately afterwards
for a temperature treatmentat 120 °C for 20 min. Next, the precursor solution was spin
coated onto the PEDOT:PSS film in glovebox atmosphere with the following spin coating
conditions: 4000 rpm, 1000 rpm/s, 30 s. After 10 s of spinning, chlorobenzene was
dropped onto the rotatingsubstrate, whereupon the color of the film changed from yellow
to orange/red. Afterwards, the perovskite was temperedat 70 °C for 10 min. A PC,BM
solution in dry chloroform (50 mg/mL) was spin coated on top of the perovskite layer
with 1000 rpm, 500 rpm/s for 30 s. Ag electrodes (3 x 3 mmz2) were deposited by thermal
evaporation at a rate of 2 A/s at a base pressure below 1x10-5 mbar.

Optical characterisation: UV-Vis spectra were acquired with a Perkin EImer Lambda 35
UV-Vis spectrometer equipped with an integrating sphere. For (time-resolved) UV-Vis
measurements, the perovskite films were prepared on glass substrates in the same way as
described above. The UV-Vis measurements were taken (and the time resolved
measurements were started) immediately after taking the samples out of the nitrogen
filled glovebox.

X-Ray Diffraction (XRD): Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku Miniflex diffractometer (600 W) operated at 40 kV and 40 mA using Cu K,
radiation. For the XRD measurements, the perovskite filmswere prepared on glass slides
(15 x 15 mm) and covered with a thin PMMA protection layer, spin coated from a

chlorobenzene solution (10 mg/mL).

Device characterization: JV curves (measured with a shadow mask) were recorded in a
glovebox using a Keithley 2400 source measure unit and a custom made LabView
software. The samples were illuminated by a Dedolight xenon lamp with a spectrum
similar to the AM 1.5G spectrum at 100 mW/cm2. The EQE spectrawere measured using
monochromatic light from a MuLTImode4 monochromator (AMKO) equipped with a
75 W Xenon lamp choppedat 30 Hz. The signals (wavelength increment: 10 nm) were

measured by a lock-in amplifier from Stanford Research Systems (Model SR830). A
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spectrally calibrated 818-UV/DB photodiode (Newport Corporation) was used as a
reference. A sealed measuring box with a quartz glass window was used to protect the
solar cells against ambient atmosphere during the EQE measurement.

Scanning Electron Microscopy (SEM): The investigation of the microstructure was
performed using a field emission scanning electron microscope (FESEM) TESCAN
MIRAS3 (TESCAN Brno s.r.0., Brno, Czech Republic) coupled with an energy dispersive
X-ray spectrometer (EDS) Octane Plus detector and the TEAM v.4.5 software analysis
(Ametek, Inc. Berwyn, PA, USA) was used. Thereby, SEM micrographs were acquired
in In-Beam SE Mode, with an acceleration voltage of 3 kV, a beam spot size of 4 nmand
a working distance of 3.5 mm. The SEM micrographs were further analyzed using

ImageJ software.

Acknowledgment

This work was carried out within the project “PERMASOL” (FFG No. 848 929) funded
by the Austrian “Climate and Energy Fund” within the program Energy Emission Austria.
The authors thank the collaboration partners - the Austrian Institute of Technology
GmbH, the Joanneum Research Forschungsgesellschaft mbH, and the University of
Patras — for helpful discussions.

85



5 RESULTS

Supporting Information

A Low-Dimensional Mixed-Cation Germanium Halide
Perovskite: Structural, Optical and Photovoltaic Properties

86



5 RESULTS

Table S 5. Parameters including mean values and standard deviations of the best solar cells

prepared with different PEAI-content in the PEAXMA1.x)Gel2Br absorber layer over 20 days.

PEA-content voC /v JSC / mA/cm? FF PCE /%
0,409 1.80 0,38 0.27
0.409 1,78 0,38 027
0,409 1,75 0,38 0,27
0.1M 0,389 1.72 0,37 0.24
0,389 157 0.33 0.20
0.401% 0.010 1.73 £ 0.09 0.37 £ 0.02 0.25+0.03
0,429 268 0.43 0.49
0.429 246 0.42 0.44
0,409 262 0.41 0.43
02M 0.409 252 037 0.38
0,349 1,64 028 0,16
0.405 0.030 238+ 0.38 0.38 % 0.05 0.38 % 0.12
0,490 245 0.44 0,53
0,470 254 0.45 0,53
0,450 271 0.42 0,52
0.3M 0.450 249 0.40 0.43
0,450 245 0,39 0.42
0.462+ 0.01 253+ 0.10 0.42 £ 0.02 0.49 = 0.05
0,490 268 0,51 0.65
0,470 246 0.45 0,51
0,349 225 0.45 0,34
04M 0,349 2.06 0.41 0.28
0,328 2,07 0,27 0,18
0.397+ 0.07 2.30+0.23 0.42 £ 0.08 0.40 £ 0.17
0.450 273 0.45 0.55
0,470 252 0.46 0,54
0,450 2,50 0.43 0.48
0.5M 0.389 2,65 039 0,39
0,308 245 035 0.26
0.413+ 0.07 2,56+ 0.12 0.42 £ 0.05 0.440.12
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Table S 6: Parameters including mean values and standard deviations of the solar cells prepared

with different PEAI-content in the PEAXMA1.xGel2Br absorber layer over 20 days.

Days Voc !V Jsc / mA/cm? FF PCE / %
_ 0 0.409 1.80 0.38 0.27
3 1 0.470 1.89 0.35 0.30
; 5 0.005 2.64 1 0.01
S 8 0.005 2.64 1 0.01
14 0.005 0.28 1 0.00
20 0.005 2.78 1 0.01

Days Voc !V Jsc / mA/cm? FF PCE /%
_ 0 0.429 2.68 0.43 0.49
3 1 0.429 2.08 0.27 0.23
% 5 0.288 -0.64 0.19 0.03
S 8 0.268 -0.76 0.21 0.04
14 0.227 -0.42 0.15 0.01
20 0.167 -0.20 0.22 0.01

Days Voc !V Jsc / mA/cm? FF PCE /%
_ 0 0.490 2.45 0.44 053
3 1 0.490 275 0.35 0.47
% 5 0.490 2.74 0.35 0.47
S 8 0510 2.68 0.31 0.42
14 0.490 258 0.32 0.41
20 0.530 2.04 0.27 0.29

Days Voc IV Jsc I mA/cm? FF PCE / %
_ 0 0.490 2.68 051 0.65
< 1 0.510 241 0.46 0.55
; 5 0510 2.42 0.46 0.56
S 8 0.510 2.45 0.44 0.54
14 0510 2.33 0.44 0.52
20 0.530 1.96 0.38 0.39

Days Voc /' V Jsc I mA/cm? FF PCE / %
_ 0 0.470 252 0.46 0.54
< 1 0.470 2.54 0.45 0.53
% 5 0.490 2.48 0.4 0.48
f% 8 0.490 2.44 0.41 0.50
14 0.490 2.47 0.39 0.47
20 0.510 2.02 0.39 0.39
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Table S 7: ImageJ evaluation: the size of ten crystals was measured and an average was

calculated.
0% PEAI
Crystal Area Mean Min Max Angle Length
1 0.168 141.864 16 215 12.804 1.139
2 0.087 66.971 50 98 -41.634 0.608
3 0.138 128.222 114 183 47.121 0.965
4 0.24 112.489 77 167 -25.463 1.175
5 0.112 98.364 73 187 -5.194 0.558
6 0.168 72.955 58 201 -19.44 0.878
7 0.122 81 50 126 0 0.606
8 0.158 106.839 39 227 -30.256 0.702
9 0.286 76.634 46 181 38.66 1.294
10 0.117 163.696 115 255 -48.814 0.537
10 % PEAI
Crystal Area Mean Min Max Angle Length
1 0.26 80.549 47 175 34.38 1.163
2 0.145 78.93 56 142 -32.471 0.659
3 0.255 113.9 31 204 15.255 1.152
4 0.199 85.167 49 188 16.39 0.895
5 0.158 113.677 75 198 -50.711 0.718
6 0.184 100.833 70 156 3.18 0.91
7 0.194 122.697 62 185 11.889 0.981
8 0.194 99.145 59 233 -61.928 0.859
9 0.191 109.347 56 251 -54.462 0.869
10 0.214 111.964 70 205 0 1.061
30 % PEAI
Crystal Area Mean Min Max Angle Length
1 0.071 114.929 87 157 0 0.337
2 0.071 111.214 87 157 0 0.354
3 0.082 173.781 128 246 0 0.379
4 0.102 144.825 68 238 0 0.48
5 0.102 151.075 109 230 0 0.48
6 0.064 101.4 77 176 -45 0.375
7 0.112 116.909 65 223 -66.038 0.527
8 0.069 99.37 71 191 -30.964 0.316
9 0.102 120.975 96 153 26.565 0.531
10 0.102 126.4 94 253 -26.565 0.474
50 % PEAI
Crystal Area Mean Min Max Angle Length
1 0.041 161.688 96 255 -90 0.202
2 0.059 162.826 114 221 -78.69 0.278
3 0.043 156.353 108 211 56.31 0.204
4 0.041 154.625 126 188 -14.036 0.229
5 0.046 183.056 78 255 -36.87 0.233
6 0.041 145.75 81 201 0 0.236
7 0.043 153.471 37 238 45 0.197
8 0.036 153.286 91 253 -14.036 0.204
9 0.02 188.375 170 221 -90 0.126
10 0.043 150.882 101 188 0 0.205

89



5 RESULTS

Table S 8. ImageJ evaluation: comparison of crystal sizes of the different PEAxXMA1-x)Gel-Br
perovskite films starting from 0% PEAI to 50% PEAI.

Length / um
Crystal 0% 10 % 30 % 50 %
1 1.139 1.163 0.337 0.202
2 0.608 0.659 0.354 0.278
3 0.965 1.152 0.379 0.204
4 1.175 0.895 0.48 0.229
5 0.558 0.718 0.48 0.233
6 0.878 0.91 0.375 0.236
7 0.606 0.981 0.527 0.197
8 0.702 0.859 0.316 0.204
9 1.294 0.869 0.531 0.126
10 0.537 1.061 0.474 0.205

90



5 RESULTS

EDAX TEAM
Indira K
Author acminstrator
Creation 117202019 314 04 PM
Samgpie Name P3_50PEA

b)

Blement Weight% Atomic%  Netint

eZAF Smart Quant Results

{Indiea K I P3_SOPEA | Avea 11 EDS Spot 1

c 2107 57 84 105,05

i 123 22 1221
K| P3_S0PEA | Area 11 EDS Spot 2

78

K 15 Mag ¢788 Takeoft 191 Live Time(sy 279 Amp 768 Resohon{eV) 1296

Figure S 5. The morphology, structures, and chemical composition of the prepared mixed 2D/3D
germanium halide perovskite with 50 % PEAI. a) the top-view SEM image of the
glass/ITO/PEDOT:PSS/ perovskite film, b) the EDX results and c) spectrum of area 1 (crystal)
and area 2 (dark area below the crystals).
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Figure S 6. Optical microscopy images of the different PEAxMA1.x)Gel2Br blends starting from 0.1 M
PEAI (top left) to 0.5 M PEAI (bottom right).
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5.5 Influence of the Annealing Step of the
Perovskite Layer on the Solar Cell

Performance

5.5.1 Introduction

The annealing step of the perovskite layer after spin coating is of crucial importance and
has a direct influence on the performance of a solar cell. The different layer formation
influences the carrier transport and thus a different performance of the solar cell arises.
Therefore, this was examined in more detail and the perovskite layer was annealed both
at 70 and at 100 °C for 10 minutes. All layers of perovskite (MAGel,Br and PEAMA .
xGel2Br (X=50%)) were placed directly on the warm heating plate (70 °C or 100 °C) at
room temperature in the glove box. The prepared germanium perovskites were then

examined using SEM microscopy.

In addition to anneaing, the radiation source (halogen lamp) and its influence on the
germanium perovskite were also examined. The use of an LED lamp is to ensure that no
unknown heat exchange negatively affects the sample, which could cause the germanium
perovskite to degrade more quickly. Two solar cells with almost identical performance
were selected for this experiment. The samples were illuminated with an LED and a

standard xenon lamp with a spectrum similar to the AM 1.5 G spectrumat 200 mW /cm2
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5.5.2 Results and Discussion

The best solar cell performance achieved within this study was with a direct annealing
step on the hot heating plate at 70 °C for 10 minutes (see Figure 40). Solar cells that have
not been annealed show very scattering PCE values from 0% to 0.35%. While solar cells

that were annealed at 100 °C have no or only very low efficiencies up to 0.1%.
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Figure 40. Boxplot of the mean values and standard deviation of the PCE of MAGel»Br solar
cells that were not annealed and of solar cells that were annealed at 70 °C and 100 °C (see Table
S9).

Although a temperature of 100 °C was the best choice for other perovskites, germanium
perovskites showed almost no performance. One explanation for this is the very fast
crystallization of the germanium absorber material. At an annealing step of 100 °C of the
MAGel,Br, with the solvent evaporating faster, in particular, the formation of large
crystals as well as crystals that were poorly arranged geometrically, was observed (see
Figure 41).
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Figure 41. SEM images of the MAGel.Br annealed at 70 °C (first rich) and 100 °C (second rich)
with 5.0 kX (left), 10 kX (center) and 20.0 kX (right) fold magnification.

Partial exchange of MA to PEA cations in the methylammonium germanium bromide
iodide perovskite (MAGel,Br) lead to the new 2D/3D mixed-cation germanium halide
perovskite, exhibitinga significantly different crystal structure with a low dimensionality.
Such a crystal structure shows, in comparison to MAGel,Br perovskites, significantly
smallerand finercrystalsatanannealingstepat 70 °C as well asat 100 °C. More detailed
examinations of the crystals could not be carried out because they melted during SEM
microscopy at higher magnifications (see Figure 43). With the PEAsMA( sGel,Br
absorber material, the best solar cell performance was also achieved with a direct
annealing step on the hot heating plate at 70 °C for 10 minutes (see Figure 42). Solar
cells that have not been tempered show very scattering PCE values from 0% to 0.35%.
While solar cells that have been tempered at 100 °C have no or only very low efficiencies
of up t0 0.15%.
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Figure 42. Boxplot of the mean values and standard deviation of the PCE of PEAcsMAosGelBr
solar cells that were not annealed and of solar cells that were annealed at 70 °C and 100 °C (see
Table S 10)

Figure 43. SEM images of the PEA0sMAosGel-Br annealed at 70 °C (first rich) and 100 °C
(second rich) with 5.0 kX (left), 10 kX (center) and 20.0 kX (right) fold magnification.

Furthermore, MPP tracking measurements (see Figure 44) were carried out, whereby
measurements realized with a halogen lamp show a constantly decreasing output of the

solar cells. The voltage at MPP (Vpp) at the beginning of the measurement increases
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slightly and drops sharply after 20 minutes. The current density at MPP (Jypp) also

deteriorates, which means that after 60 minutes there was no more power output (PCE)

from the solar cell. The solar cell was continuously illuminated.
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Figure 44. Maximum power point tracking measurements halogen lamp.
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When the light source was replaced and an LED lamp was used, it could be shown that

the MPP tracking measurements (see Figure 45) showed constant power from the solar

cell. The voltage at MPP (Vupp) increases slightly at the start of the measurement and

stabilizes after approx. 50 minutes, while the current density at MPP (Jwpp) deteriorates

slightly. Impressively, the use of a new light source led to a constant power output and a

PCE of 0.23% after even 90 minutes of continuous lighting. It could be determined

therefore, that germanium perovskite, as already suspected, is sensitive to heat.
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Figure 45. Maximum power point tracking measurements with LED lamp.
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With the help of the PT100 table, the exact temperature increase could be determined
using the measured resistance of a glass substrate. This measurement showed that the
glass substrate already had a temperature of 29 °C at the beginning of the measurement
and after 100 minutes of continuous exposure the temperature rose to 42 °C (see Figure
46).
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Figure 46. Heat development of a glass substrate determined using the PT100 table over the time.
Continuous exposure using a halogen lamp. Inset shows a photo of the measured glass substrate.
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Table 11. Time, resistance and the determined temperature (via PT100 table) from the measured

glass substrate.

Time / min Resistance / Q Temperature/ °C
0 111.90 29
10 113.51 35
20 114.60 38
30 115.22 39.5
40 115.59 40
50 115.80 41
60 115.90 41
70 116.05 41.5
80 116.13 41.6
90 116.25 41.8
100 116.31 42
110 116.34 42
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5.5.3 Conclusion

In summary, it could be shown that the formation of a homogeneous perovskite layer is
essential for the performance of the solar cell. The annealing step in germanium
perovskite is very important for the crystallization of the perovskite layer. It was found
that direct annealing for 10 minutes at 70 °C on a hot plate gives the best results. At an
annealing step of 100 °C of the MAGel,Br, with the solvent evaporating faster, in
particular, the formation of large crystals as well as crystals that were poorly arranged
geometrically, was. Itis assumed that similar defects also occur with mixed 2D / 3D low
dimensional germanium perovskites. However, due to the smaller and finer crystals, this
could not be confirmed by SEM microscopy. The built solar cells showed almost no
performance either when the annealing step was omitted nor annealed at a temperature of
100 °C. While germanium perovskite solar cells, both heated directly on a hot plate at 70

°C for 10 minutes, gave the best performance.

Furthermore, it was also found that the heating of the halogen lamp has a negative
influence on the germanium perovskite. The measured resistance showed that the glass
substrate warmed to 29 °C at the start of the measurement and reached 42 °C after 100
minutes. Such heating of the germanium perovskite solar cell degrades the perovskite,
and the solar cell stops working after a short time. When the light source was replaced
and an LED lamp was used, it could be shown that the MPP tracking measurements

showed an almost unchanged performance of the solar cell, even after 90 minutes.
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Supporting Information

Table S 9. Photovoltaic performance parameters of MAGel2Br solar cells without and with an

annealing step at 70 °C and 100 °C for 10 minutes.

Voc !V Jsc/ mA/cm? FF PCE /%
0.279 1.69 0.45 0.22
0.451 1.64 0.46 0.35
without 0.044 1.99 0.16 0.01
0.043 1.78 0.17 0.01
0.216 1.84 0.27 0.11
0.435 1.48 0.46 0.30
Voc !V Jsc/ mA/cm? FF PCE /%
0.451 2.45 0.44 0.48
0.435 2.26 0.48 0.43
70°C 0.451 2.61 0.45 0.52
0.435 2.23 0.45 0.43
0.435 2.29 0.44 0.43
0.435 2.25 0.44 0.42
Voc/V Jsc/ mA/cm? FF PCE/ %
0.090 0.87 0.23 0.02
0.357 0.79 0.35 0.10
100 °C 0.373 0.84 0.34 0.10
0.388 0.87 0.34 0.11
0.075 0.80 0.21 0.01
0.357 0.70 0.34 0.09
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Table S 10. Photovoltaic performance parameters of PEAosMAosGel2Br solar cells without and

with an annealing step at 70 °C and 100 °C for 10 minutes.

Voc/V Jsc/ mA/cm? FF PCE/ %
0.279 1.69 0.45 0.22
0.451 1.64 0.46 0.35
without 0.044 1.99 0.16 0.01
0.043 1.78 0.17 0.01
0.216 1.84 0.27 0.11
0.435 1.48 0.46 0.30
Voc !V Jsc/ mA/cm? FF PCE/ %
0.450 2.73 0.45 0.55
20°C 0.470 2.52 0.46 0.54
0.450 2.50 0.43 0.48
0.389 2.65 0.39 0.39
0.308 2.45 0.35 0.26
Voc/V Jsc/ mA/cm? FF PCE/ %
0.090 1.05 0.24 0.02
0.388 0.94 0.39 0.14
100°C 0.388 0.97 0.39 0.14
0.404 0.98 0.38 0.15
0.075 0.89 0.25 0.02
0.372 0.79 0.36 0.10
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6 SUMMARY AND OUTLOOK

Lead perovskite solar cellshave achieved power conversion efficiencies thatapproximate
established photovoltaic technologies. The biggest problem is that the absorber material
in conventional perovskite solar cells always contains of lead. They are also sensitive to
moisture and have a short lifespan. Although the lead quantities in the PSCs are very
small, the lead represents a considerable hurdle, both in the application of photovoltaic
devices and in regards to social acceptance. Therefore, many PSCs research communities
are endeavoringto make not only efficient, butalso stable and lead-free PSCs. In this
work, | described how germanium is suitable as a possible alternative element for the

replacement of lead in metal halide perovskites.

First, new germanium perovskites were synthesized, installed in solar cells and examined
more closely with the following device architecture:
glass/ITO/PEDOT:PSS/perovskite/PC7oBM/ Ag. The manufacturingprocesses havebeen
optimized to improve the performance of the solar cells. Furthermore, all the optical
properties of the prepared germanium perovskites were examined. After the synthesis of
the first germanium perovskite and the optimization of the manufacturing steps, cations
and anions could be varied. Germanium halide perovskite has good optoelectronic
properties but was disadvantageous compared to the bivalent lead (Pb2*) because it can

easily be oxidized to the +4-oxidation state.

In the second part of this work, | focused on improving the stability of methylamm onium
germanium iodide perovskite (MAGel3). In summary, we could show that the bromide
content in methylammonium germanium halide perovskites plays an important role for
their performance in photovoltaic devices. Modifying the chemical composition of the
germanium perovskite, i.e. introducing bromide ions into the methylammonium
germanium iodide perovskite, leads to a significant improvement of the solar cell
performance, along with a slight enhancement of the stability of the germanium
perovskite. By substituting 10% of the iodide with bromide, power conversion
efficiencies up to 0.57% were obtained in MAGel, 7Bry 3 based solar cells. While the
MAGel;3-based solar cells completely lost their performance within a few hours, even

under inert conditions, the dismantling of the MAGel, 7Bry3 was delayed. The improved
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6 SUMMARY AND OUTLOOK

stability arises when the X-site anion is partially replaced by iodide on bromide, which is
due to the reduction of the lattice of a more compact and stable crystal structure.

The third topic of this work was the preparation of a new low-dimensional germanium
perovskite. This was done by the partial with exchange of MA for PEA cations in the
methylammonium germanium bromide iodide perovskite (MAGel,Br). The new 2D / 3D
germanium halide perovskite with mixed cations showed a significantly different crystal
structure with low dimensionality. The optical properties of this new material are like
those of MAGel,Br, with only a slight hypochromic shift in the low-dimensional
perovskites. The optical bandgaps of the perovskites are approx. 2.1eV to 2.15eV for all
mixed MA-PEA samplesand 2.1 eV for MAGel,Br. The low-dimensional germanium
perovskites have asignificantly improved stability in the glove compartmentatmosphere,
compared to the three-dimensional perovskite. The large PEA molecules on the border of
the perovskite nano-layers formed significantly more compact and hole-free films and
thus extended the lifespan of the solar cells considerably. Using these mixed 2D / 3D
perovskite films obtained by mixing 40% PEA, a PCE of 0.65% was achieved in a planar
p-i-n device structure. When stored under inert conditions, these solar cells show stability
over 20 days. This solar cell was also examined for hysteresis and it was found that only

a slight hysteretic effect can be observed.

Furthermore, it could be argued that the formation of a homogeneous perovskite layer is
essential for the performance of the solar cell. The annealing step in germanium
perovskite is very important for the crystallization of the perovskite layer. It has been
found that direct annealing for 10 minutes at 70 °C on a hot plate gives the best results.
When the MAGel,Br was annealed at 100 °C and the solvent evaporated more quickly,
in particular, the formation of large crystals as well as crystals that were poorly arranged
geometrically, was observed. Solar cells of both absorber materials (MAGel,Br and
PEAosMA, sGel,Br) that were not tempered show very scattering PCE values from 0%
to 0.35%. While solar cells that have been tempered at 100 °C have no or only very low
efficiencies of up to 0.15%. Itis assumed that similar defects also occur with mixed low-
dimensional germanium perovskites with 2D / 3D. However, due to the smaller and finer
crystals, this could not be confirmed by SEM microscopy. The built solar cells showed
almost no performance either when the annealing step was omitted nor annealed at a
temperature of 100 °C. While germanium perovskite solar cells, both heated directly on

a hotplate at 70 °C for 10 minutes, gave the best performance.
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6 SUMMARY AND OUTLOOK

The germanium perovskite is very heat-sensitive anda negative influence on the material
due to the heating of the halogen lamp was observed. The measured resistance showed
that the glass substrate warmed to 29 °C at the start of the measurement and reached 42
°C after 100 minutes. Such heating of the germanium perovskite solar cell degrades the
perovskite, and the solar cell stops working after a short time. If the light source were
replaced and an LED lamp was used, it could be shown that the MPP tracking
measurements showed an almost unchanged performance of the solar cell even after 90

minutes.

This work forms the basis for many possible ongoing and detailed studies for lead free
germanium perovskite solar cells. Future work can be done in different directions. Itis
particularly important to further stabilize germanium perovskites and to improve their
efficiencies. For this, the germanium perovskite layer could be produced with other
techniques (such as vapor deposition) in order to obtain even better and homogeneous
layers. Secondly, itwould be of greatimportancefor the photovoltaic community to better
understand the aging process of germanium perovskite solar cells and thus improve their

stability.
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