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Abstract 

Lead-halide perovskites (LHPs) have experienced tremendous development within 15 years from their first report 

as light harvesters in solar cells until today, in which their power conversion efficiency has been gradually improved 

from 3.8% to 26.1%. These high efficiencies in combination with their easy and low-cost processability as thin films 

make them a potential alternative to conventional silicon-based solar cells. However, compared to the latter they 

possess a low environmental stability and pose an environmental and human health hazard due to their lead con-

tent. While the stability has been gradually improved by extensive chemical engineering and encapsulating tech-

niques, the toxicity aspect can only be tackled by substituting lead. Cs2AgBiBr6 is such a material – which this dis-

sertation revolves around - in which lead is substituted by equal amounts of silver and bismuth, thus named double 

perovskite, which is characterized by high environmental stability and low toxicity. 

This dissertation can be divided into two main topics: The tuning of absorption and emissive processes in Ag-Bi 

double perovskites via structural engineering and the investigation and improvement of hole transport material 

(HTM)-free Cs2AgBiBr6 solar cells. 

The first topic covers two different approaches to influence the emission of Ag-Bi double perovskites. On the one 

hand, Cs2AgBiBr6 was doped with the lanthanides Eu3+ and Yb3+, resulting in two new emission features: A weak 

emission from dopant-introduced trap states (Eu3+) and strong emission due to an efficient energy transfer towards 

the dopant (Yb3+), respectively. On the other hand, Cs2AgBiBr6 has been dimensionally reduced to create monolay-

ered 2D perovskites which enlarges the material’s bandgap and introduces new characteristic emission. 

Regarding the second topic, HTM-free Cs2AgBiBr6 solar cells have been prepared using ultrasonic spray-coating to 

deposit electrodes that consist of carbon black, won from upcycled industry waste. Thus, this approach represents 

an end-of-waste strategy to fabricate “green” solar cells. To further improve these devices, the surface of the 

Cs2AgBiBr6 thin films has been modified to create 2D/3D mixed phases. The 2D/3D modification improves the per-

ovskite’s band alignment towards the back electrode and theoretical calculations further suggest that it reduces 

the defect concentration close to the perovskite/electrode interface. Accordingly, the application of the 2D/3D 

modification represents a valuable alternative to HTMs for Cs2AgBiBr6 solar cells that utilize carbon-based elec-

trodes. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Zusammenfassung 

Seit ihrer ersten Erwähnung vor 15 Jahren bis heute haben Bleiperowskite, die als Photoabsorber in Solarzellen 

eingesetzt werden, eine enorme Entwicklung durchgemacht, die in einer Wirkungsgradsteigerung von 3.8% auf 

26.1% resultiert hat. Da sie zusätzlich relativ einfach und günstig herstellbar sind, stellen Perowskitsolarzellen eine 

potentielle Alternative zu konventionellen Siliziumsolarzellen dar. Im Vergleich zu diesen besitzen Perowskitsolar-

zellen allerdings eine geringe Stabilität und stellen aufgrund ihres Bleigehalts ein Gesundheits- sowie Umweltrisiko 

dar. Während die Stabilität dank umfangreicher Forschung über die chemische Zusammensetzung der Perowskite 

und Verkapselungstechniken erhöht werden konnte, kann die Toxizität dieser Materialien letztendlich nur durch die 

Substitution von Blei gelöst werden. Cs2AgBiBr6 ist ein solches Material, das die zentrale Thematik der vorliegenden 

Dissertation darstellt und in dem Blei durch gleiche Anteile Wismut und Silber substituiert ist - daher die Bezeich-

nung Doppelperowskit - und welches sich durch eine hohe Stabilität und geringe Toxizität auszeichnet. 

Die vorliegende Dissertation kann in zwei Schwerpunkte aufgeteilt werden: Die Anpassung der Absorption und 

Emission von Ag-Bi Doppelperowskiten mittels struktureller Beeinflussung des Materials, sowie die Untersuchung 

lochleiterfreier Cs2AgBiBr6-basierter Solarzellen.  

Der erste Schwerpunkt behandelt zwei unterschiedliche Vorgehensweisen, um die Emission von Ag-Bi Doppel-

perowskiten zu beeinflussen. Zum einen wurde Cs2AgBiBr6 mit den Lanthaniden Eu3+ bzw. Yb3+ dotiert, was zwei 

neue charakteristische Emission zur Folge hat: Eine schwache Emission, die aufgrund von Fehlstellen entsteht, 

welche durch Eu3+ erzeugt werden und eine starke Emission dank eines effizienten Energietransfers von Cs2AgBiBr6 

zu Yb3+. Zum anderen wurden 2D Monolagenperowskite hergestellt, deren Bandlücke im Vergleich zu der von 

Cs2AgBiBr6 vergrößert wurde und die neue charakteristische Emissionen aufwiesen. 

Im Zuge des zweiten Schwerpunkts dieser Arbeit wurden lochleiterfrei Cs2AgBiBr6 Solarzellen hergestellt, indem 

Ruß, der aus upcycelten Industrieabfall gewonnen wurde, mittels Ultraschallsprühbeschichtung als Kohlenstof-

felektroden abgeschieden wurden. Dieser Ansatz stellt eine Möglichkeit das Anfallen von Müll obsolet zu machen, 

um „grüne“ Solarzellen herzustellen. Um die Effizienz der Solarzellen zu erhöhen, wurde die Oberfläche von 

Cs2AgBiBr6 zum Erhalt einer gemischten 2D/3D Phase modifiziert. Die 2D/3D Modifikation verbessert die Bandan-

passung des Perowskiten gegenüber der Rückelektrode und theoretische Berechnungen lassen vermuten, dass sie 

die Defektkonzentration nahe der Perowskit-/Elektrodengrenzfläche verringern. Entsprechend stellt die 2D/3D 

Modifikation eine wertvolle Alternative gegenüber Lochleitermaterialien in Cs2AgBiBr6 mit Kohlenstoffrückelektro-

den dar. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abbreviation list 

Abbreviation Description Abbreviation Description 

AE2T 5,5′-diylbis(aminoethyl)-[2,2′-bithiophene] NIR near-infrared  

AFM atomic force microscopy PA propylammonium 

BA n-butylammonium PCE power conversion efficiency 

CBE carbon black back electrode PEA phenethylammonium  

CBM conduction band minimum  PIM perovskite-inspired material 

CTL charge-selective transport layer PL photoluminescence 

DFT density functional theory  PLE photoluminescence excitation 

DJ Dion-Jacobsen  PLQY photoluminescence quantum yield 

DLS diffuse light scattering PMMA polymethyl methacrylate 

DP double perovskite PSC perovskite Solar Cell 

DSSC dye-sensitized solar cell P-XRD powder x-ray diffraction 

EDX energy-dispersive x-ray spectroscopy RP Ruddlesden-Popper  

ETM electron transport material rpm revolutions per minute 

FA formamidinium SAED selective area electron diffraction  

FF fill factor SC-XRD single crystal x-ray diffraction 

FTO  fluorine doped tinoxide SEM scanning electron microscopy 

GIXRD grazing incidence x-ray diffraction spiro-
OMeTAD  

2,2′,7,7′-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9′-spirobifluorene  

HTM hole transport material STE self-trapped exciton 

iBA iso-butylammonium TCO transparent conductive oxide 

ICP-OES inductively coupled plasma – optical 
emission spectroscopy  

TEM transmission electron microscopy 

IoT Internet of Things TGA thermogravimetric analysis  

IPV indoor photovoltaics TR-PL time-resolved photoluminescence 

ITO indium tinoxide USSC ultrasonic spray-coating 

JSC short-circuit current density UV-vis UV-visible 

KPFM Kelvin probe force microscopy  VBM valence band maximum  

LED light-emitting diode VOC open-circuit voltage 

LHP lead-halide perovskite WLED white light-emitting diode 

LUMO lowest unoccupied molecule orbital XPS x-ray photoelectron spectroscopy 

MA methylammonium XRD x-ray diffraction 
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1 Introduction 

Since the beginning of the 20th century until today, the majority of global energy demand has been met 

by fossil fuels, i.e. coal, oil, and natural gas.1,2 However, the slowing but still ongoing rise of the world 

population is accompanied by an increasing demand for energy supply.2,3 This development creates sev-

eral consequences: Firstly, fossil fuels are limited resources and reserves will exhaust, eventually.2 Sec-

ondly, countries search for alternatives to replace fossil fuels to counteract the anthropogenic global 

climate change as well as to strengthen their energetic independence.2 Photovoltaics, devices that har-

vest light and convert it into electricity, represent one potential alternative to fossil fuels. The sun pro-

vides an average energy of 4.4∙1013 kW that reaches the Earth’s surface per year.4  

Consequently, solar cells have been utilized as power plants to harvest solar radiation for many decades. 

Most fabricated solar cells are silicon-based due to the semiconductor’s optimum bandgap that enables 

maximum energy conversion from the solar spectrum. 

 In 2009, a new type of material for solar cells was reported by the group of Miyasaka: A hybrid organic-

inorganic lead halide perovskite (LHP), specifically, methylammonium lead iodide and methylammonium 

lead bromide.5 Within 15 years, the scientific interest in this material class grew drastically and perov-

skite solar cells (PSCs) reached record lab-scale power conversion efficiencies (PCEs) of 26.1%,6 equaling 

record PCEs of monocrystalline solar cells.7  

Advantages of LHPs, in contrast to silicon as solar cell material, are their solution-processability at rela-

tively low temperatures, their high absorption coefficients8,9 which allow the fabrication of thin films 

with thicknesses of around 1 µm, and their bandgap tunability.10,11 Additional optoelectronic properties 

such as their high charge carrier diffusion lengths, high charge carrier lifetimes,12,13 and high defect toler-

ance14,15 enabled LHP-based solar cells to reach such high PCEs. However, the main hindrances of PSCs 

being widely utilized in solar power plants are the high health and environmental hazards that lead pos-

es, and the low device durability due to their fast degradation in the presence of water, heat, as well as 

UV light – all of which solar cells must be exposed to while operating. The stability issues have been tack-

led by chemical engineering and encapsulation techniques.16–18 

 To resolve the health hazard of lead, research on perovskite-based solar cells has expanded towards 

materials in which lead is substituted by less or non-toxic materials, i.e. tin (Sn), germanium (Ge), or 

copper (Cu). From those elements, Sn-based perovskite solar cells achieve the best PCEs with record 

values of around 14%.19–21 Still, due to its low redox potential, Sn2+ tends to oxidize to Sn4+ in ambient 

atmosphere, thus leading to degradation of the perovskite thin film.  
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Then, in 2016, the all-inorganic, lead-free elpasolite, often also named double perovskite (DP), Cs2AgBiBr6 

was reported for the first time.22 The material is characterized by a long charge carrier lifetime,22–24 and 

high stability in humid atmosphere.25–27 However, its large indirect bandgap,25,28,29 low electron diffusion 

lengths,30,31 a strong electron-phonon coupling,32–34 and a resulting polaron-hopping transport mecha-

nism24,35,36 suppress the PCE improvement of Cs2AgBiBr6-based solar cells. 

Accordingly, a deeper understanding of this material’s optoelectronic characteristics is necessary to 

overcome those efficiency-hampering properties. For example, record PCEs of Cs2AgBiBr6-based solar 

cells have stagnated between 2% and 3.5% for years before the PCE could be increased to a record value 

of 6.37% through interstitial doping with hydrogen atoms in 2022.37 This effective improvement is an 

example of the unexploited potential within Cs2AgBiBr6. Furthermore, even if PCEs cannot be further 

boosted in the future, insights into the highly reported Cs2AgBiBr6 can pave the way for other lead-free 

materials that possess optoelectronic features like LHPs although they do not share the perovskite struc-

ture - so-called perovskite-inspired materials (PIMs).38,39  

It is important to note that the indirect bandgap of Cs2AgBiBr6 is reported to be 2-2.2 eV25,28,29 which is 

far too wide to achieve optimum PCEs when utilized as a sunlight harvester, according to the Shockley-

Queisser limit (1.1 – 1.4 eV).40 Since indoor light sources, mostly white light-emitting diodes (WLEDs) and 

fluorescent lamps, possess a completely different spectrum than sunlight, the bandgap to achieve maxi-

mum PCEs almost equals that of Cs2AgBiBr6 or can be slightly lower, depending on the light warmth.41–44 

Thus, Cs2AgBiBr6 and other PIMs, are well-suited as light-harvesting materials for indoor photovoltaics 

(IPV).45,46  

For example, as the number of interconnected smart devices (sensors, processors, small displays, etc.) 

that form the Internet of Things (IoT) is increasing annually, IPV have the prospect of reducing the re-

quired maintenance on a mass of remote devices, i.e. checking battery levels and exchanging dead bat-

teries. Especially for IoT devices that are handled in everyday direct contact by humans, i.e., rearrangea-

ble smart price labels, it is vital that such devices are powered by non-hazardous IPV.  

Still, Cs2AgBiBr6 may also play a crucial role in solar cells: Cs2AgBiBr6 could be applied on top of a Si-based 

solar cell as a second light harvester to create a two-junction tandem device.47 However, the second 

light-harvesting material’s optimum bandgap in tandem devices is 1.65 – 1.75 eV.47 Such a bandgap re-

duction can be achieved, for example, through the aforementioned hydrogenation of Cs2AgBiBr6.37  

The objective of this dissertation is divided into two main topics: The first one is the study whether lan-

thanide doping and dimensional reduction from 3D to 2D affect the structural and optoelectronic prop-

erties of Cs2AgBiBr6. Additionally, the 2D perovskite was further synthesized as a mixed halide perovskite 

to tune its bandgap. The second one is the fabrication and characterization of low-cost, non-toxic 
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Cs2AgBiBr6 solar cells in which carbon black back electrodes substitute the commonly used expensive 

hole transport material (HTM) and metal back electrodes. Furthermore, the surface of Cs2AgBiBr6 in 

those solar cells was modified with mixed 3D/2D layers and the origin of the resulting improved solar cell 

performances was investigated.  

In publication 1, the doping of Cs2AgBiBr6 with the lanthanides Eu3+ and Yb3+ is discussed. Only small 

quantities of those lanthanides could be introduced into the elpasolite structure so that the dopants 

formed sub-band defect gap states but did not affect the bandgap size. However, new emissive features 

arose through the lanthanide doping. The emission originated from an efficient energy transfer from 

Cs2AgBiBr6 towards the dopant in the case of Yb3+ doping but from the creation of a trap state in the 

Cs2AgBiBr6 structure that has been formed by the dopant in the case of Eu3+ doping.  

Another path to tune the absorption and emission of perovskites, the dimensional reduction from a 3D 

material towards 2D material,48–50 is reported in publication 2. Cs+ was fully substituted by one of four 

different large organic cations to create two-dimensional (2D) monolayered double perovskites. The 

choice of the organic cation strongly influenced the resulting 2D perovskite’s morphological, electronic, 

and optical properties. Even when comparing the isomers n-butylammonium (BA) and isobutylammoni-

um (iBA), completely different morphologies and emission processes were observed.  

The structural and optical tuning was continued in publication 3 via the fabrication of bromide/iodide 

mixed halide 2D double perovskites. Since the (partial) substitution of bromide with iodide reduces the 

bandgap of LHPs51 and the bandgaps had been widely unaffected by the organic cation exchange in pub-

lication 2, the effects of halide substitution on n-butylammonium based 2D perovskite thin films were 

investigated. A consistent bandgap decrease with an increasing iodide/bromide ratio was observed. Yet, 

with progressing perovskite thin film aging, resulting in progressive iodide-loss, the bandgap increased 

again due to progressive iodide loss.  

Publication 4 included the contribution of a chapter about HTM-free perovskite solar cells with a strong 

focus on carbon-based back electrodes that substitute both the HTM and the metal back electrode. This 

chapter provides information about the differences between the high-temperature and low-temperature 

fabrication of carbon back electrodes, various deposition methods, as well as strategies on how to im-

prove the injection into various carbon electrode materials and increase their conductivity.  

Publication 5 reports on Cs2AgBiBr6-based HTM-free solar cells with back electrodes consisting of addi-

tive-free carbon black that was deposited via ultrasonic spray-coating. The carbon black was won from 

upcycled waste tires and, therefore, the report presents an end-of-waste strategy to fabricate low-cost, 

non-toxic solar cells that can perspectively be applied to power IoT devices. While pure Cs2AgBiBr6 was 

utilized as light-harvesting material in publication 5, a 2D/3D mixed perovskite layer was introduced at 
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the Cs2AgBiBr6/carbon back electrode interface in publication 7. This layer improved the electrode’s se-

lectivity, the Cs2AgBiBr6/electrode band alignment, and the device durability at the same time.  

Finally, the prospect of applying Cs2AgBiBr6, as well as the PIMs BiOI and Cs3Sb2I9−xClx in IPVs to power IoT 

devices is thoroughly reviewed in publication 6. It discusses the electronic and structural differences 

between LHPs and PIMs and offers an overview of up-to-date research on the 3 PIMs as well as their 

respective potential to be utilized as IPVs. 
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2 Background 

Investigations on the double perovskite Cs2AgBiBr6 and its related materials are the topic of this disserta-

tion and while publication 6 summarizes recent research advances with a focus on its potential as a 

light-harvesting material in IPVs to power IoT devices, this chapter provides a more general overview of 

this material. To elucidate the special structure of Cs2AgBiBr6 as well as the bottlenecks that are investi-

gated in current research on Cs2AgBiBr6-based photovoltaics, a short introduction to LHPs and (HTM-

free) PSCs is necessary. Many established concepts for those material systems can be adapted to 

Cs2AgBiBr6, which is why they will be described first, followed by a description of Cs2AgBiBr6. 

Finally, due to their frequent and most prominent use within this work, the thin film deposition methods 

spin-coating and ultrasonic spray-coating are described.  

 

2.1 Perovskites for photovoltaics 

The perovskite structure is derived from the material CaTiO3 which carries the same name: perovskite. 

Its sum formula is typically abbreviated as ABX3. In oxidic perovskite structures, A is a divalent cation, B is 

a tetravalent cation, and X is the divalent oxygen anion. However, the perovskite structure is not limited 

to oxides. For example, for LHPs, all ionic charges in ABX3 are halved in comparison to oxidic perovskites 

which maintains a neutral overall charge.  

In LHPs, the monovalent A site is typically occupied by the small organic ions methylammonium (MA), or 

formamidinium (FA) but also Cs+ or Rb+ are commonly used. The B site is occupied by divalent lead and 

the X site is occupied by iodide, bromide, or chloride. One of the most advantageous properties of LHPs 

is the tunability of their optoelectronic and structural properties depending on their composition. While 

the choice of the X site halide mainly determines the LHP’s bandgap size – it increases with decreasing 

halide radius -,52–54 the choice of the A site cation can influence its structural stability,55 i.e., by suppress-

ing the LHP’s ion migration.56  

The convenient A and X site interchangeability leads to a broad spectrum of utilizable LHPs: Some pos-

sess only one ion type per A or X site, like MAPbI3 which was the first reported LHP light harvester (to-

gether with MAPbBr3) in a solar cell in 200957 and is still used to fabricate solar cells with PCEs exceeding 

25%.58 Other LHPs consist of multiple ions on the A and X sites, for example, the quadruple cation perov-

skite Rb0.05Cs0.05FA0.72MA0.18Pb(I0.83Br0.17).59  
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The first reported LHP-based solar cells reached a maximum PCE of 3.8% by utilizing MAPbI3 and MAP-

bBr3 nanocrystals, respectively, that were deposited on porous TiO2 in a dye-sensitized solar cell (DSSC), 

thus using a liquid electrolyte that degraded the perovskites rapidly.57  

Later, in 2012, the first reported solid-state perovskite solar cell, which was based on MAPbI2Cl as light-

harvesting material, reached a PCE of 10.9%.60 The solar cell architecture, like the deposition of the LHP 

onto mesoporous TiO2 that works as ETM, was closely related to the architecture of DSSCs and is still 

commonly used. However, the removal of the liquid electrolyte enabled the creation of new architec-

tures, i.e. the use of planar ETMs, or the deposition of LHPs on top of planar or porous HTMs in so-called 

inverted solar cell architectures.61–63 

In Figure 1, the commonly utilized PSC architectures are depicted: The perovskite layer is sandwiched 

between an ETM and an HTM. One of the charge-selective transport layers (CTLs) is in contact with a 

transparent conductive oxide (TCO)-covered glass substrate, the other one is covered with a back elec-

trode consisting of silver or gold in the case of high-efficiency PSCs.61,64 When the ETL is in contact with 

the TCO, the architecture is named n-i-p or “regular”.  

 

Figure 1. Sketches of perovskite solar cell architectures, sorted by planar and porous, as well as regular, 

inverted, and HTM-free architectures.  

When the HTL is in contact with the TCO, it is named p-i-n or “inverted”.61,64 The respective opposite CTL 

is in contact with the back electrode. Inverted PSC architectures show the advantage to apply new mate-

rials that cannot be used in regular devices. For example, high-efficiency devices do not rely on the HTM 

spiro-OMeTAD 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD) 

which is used for the best-performing reported n-i-p PSCs6,65,66 but at the same time limits their device 

lifetime due its hygroscopic character.67,68 Also, inverted architectures are typically used in tandem de-

vices.69,70 Within this dissertation, solely regular PSC architectures have been utilized (publications 5 
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and 7) in which both the HTM and the metal electrode were substituted with carbon black back elec-

trodes (CBEs). 

The simplified mechanism of how PSCs transform light into electricity is depicted in Figure 2. First, it is 

important to point out that for a photon to be able to reach the perovskite, it must transmit several lay-

ers (the bottom layers below the perovskite in Figure 1) without being absorbed or reflected.  

Therefore, transparent conductive oxides, for example, fluorine doped tin oxide (FTO) or indium tin oxide 

(ITO), are deposited on transparent substrates and work either as anode (regular architecture) or as 

cathode (inverted architecture). The transparent substrate consists typically of glass but also flexible 

materials such as polymers can be used.71–73 As a side note, since light passes through the backside of 

PSCs, the substrate should correctly be named superstrate.74,75 However, this nomenclature is barely 

used in literature.  

 

Figure 2. Excited charge carriers in a sketched band diagram of a) a regular and b) an HTM-free PSC. The 

removal of the HTM creates a recombination pathway due to the extermination of an energy barrier for 

electrons created by the HTM’s valence band/LUMO. For the sake of simplicity, factors like the formation 

of a Schottky barrier at the perovskite/electrode interface or the formation of a built-in electric field are 

not considered in the sketch. 

For the ETM or HTM that covers the TCO, large bandgap materials that do not absorb the light are uti-

lized, e.g., TiO2, SnO (both ETMs in regular devices), or NiOx (HTM in inverted devices). When photons 

with an energy equal to or larger than the perovskite’s bandgap energy reach the perovskite layer, they 

excite electrons from the perovskite’s valence band to its conduction band, as depicted in Figure 2. On 

the one hand, CTLs provide energy barriers that hinder electrons and holes from being injected into the 

HTL and ETL, respectively, to suppress recombination (red crosses in Figure 2a). On the other hand, the 

lowered energy difference between the perovskite’s and HTM’s valence band, and the perovskite’s and 

ETM’s conduction band enhance the respective charge transfer kinetics. 
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It is important to note that this description of how PSCs transform photon energy into electric energy as 

well as the scheme depicted in Figure 2 are simplified. For example, the band alignment between re-

spective CTLs and the perovskite creates depletion regions which result in a built-in field within the de-

vice76–80 that can be spatially tracked via Kelvin probe force microscopy (KPFM) of PSC cross-sections.80–82 

This electric field exerts force on the ions in the perovskite structure which can result in the migration of 

mobile ions, promoting the material’s degradation and/or shielding of the electric field.80,83 
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2.2 Hole-transport material (HTM)-free perovskite solar cells  

Large fractions of PSC fabrication costs stem from the material prices of the TCO, the HTL, and the silver 

or gold electrodes.84,85 Moreover, gold electrodes are deposited via evaporation under vacuum which is 

not only cost-intensive but also complicates continuous assembly line fabrication. Here, it is important to 

note that silver electrodes are also deposable from silver pastes.86,87  

Carbon-based electrodes (CBEs) can be utilized to substitute both the HTM and the metal electrode (de-

picted in Figures 1 and 2b), reducing the fabrication costs of PSCs drastically88 and enabling scalable 

deposition methods.88,89 Additionally, the hygroscopic character of spiro-OMeTAD67,68 and the metal mi-

gration from the electrode towards the perovskite layer90,91 enhance perovskite degradation and, there-

fore, reduce the PSC stability. However, the removal of the HTM from a PSC is accompanied by the re-

moval of the energy barrier for electrons as well as the favorable band alignment for holes between per-

ovskite and back electrode that the HTL could deliver (see Figure 2b).  

Still, the PCE of such devices does not necessarily harshly diminish due to a Schottky junction that can 

form at the perovskite/back electrode interface, supporting the hole extraction and electron 

blocking.92,93 For example, in the HTM-free PSCs reported in publication 5 a strong built-in field could be 

determined for Cs2AgBiBr6-based PSCs that resulted in exceptionally high open-circuit voltages.  

An in-depth review of various types of HTM-free PSC designs, the difference between high- and low-

temperature deposition of carbon electrodes, and investigations on the interface processes between the 

back electrode and the perovskite layer can be found in chapter 4 of publication 4.  

Cs2AgBiBr6-based HTM-free PSCs that utilize carbon electrodes have been reported multiple times.94–99 

However, only a few of those reports focused on investigating the Cs2AgBiBr6/electrode interface, i.e., by 

improving the perovskite/electrode band alignment through incorporating alkali ions into the double 

perovskite,96 or by applying a polymethyl methacrylate (PMMA) interlayer to suppress interfacial shunt 

losses.97 
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2.3 Cs2AgBiBr6 and its use in optoelectronics 

In Cs2AgBiBr6, the divalent Pb2+ on the B site is substituted by equal amounts100 of monovalent Ag+ and 

trivalent Bi3+. Consequently, the general sum formula changes from ABX3 to ABIBIIIX3 by which elpasolites 

are described. Due to the doubling of B site cation types compared to the perovskite structure, the 

elpasolite structure is also referred to as double perovskite (DP).  

The presence of two B sites results in a highly ordered structure in which [AgBr6]5− and [BiBr6]3− octahe-

dra are arranged in an alternating fashion, depicted in Figure 3, thus forming a chess board pattern that 

is energetically favored compared to a disordered structure.101 In publication 6, reported effects of dis-

ordered [AgBr6]5− and [BiBr6]3− octahedra on Cs2AgBiBr6 such as a decrease of the bandgap and the 

change from an indirect to a direct or pseudo-direct bandgap are summarized.101,102  

 

Figure 3. Double perovskite structure of Cs2AgBiBr6. The ratios of the ionic radii are not to scale. 

Like LHPs, Cs2AgBiBr6 can be processed via spin-coating,28,31,37,97,103–108 spray-coating,109 thermal evapora-

tion,110–113 or even pulsed laser deposition114 due to its relatively high defect-tolerance, meaning that 

intrinsic defect states are created close to the material’s valence or conduction band (shallow trap states) 

and not deep within the bandgap (deep trap states).15,115 However, the presence of two B sites in 

Cs2AgBiBr6 enables the formation of the antisite defects BiAg and AgBi that form deep trap states.115  

In addition to its large indirect bandgap of 2-2.2 eV,25,28,29 the most prominent feature of Cs2AgBiBr6 is a 

local absorption maximum at around 440 nm. Its origin is debated in literature to either be of excitonic 

nature,32 to stem from an Ag-to-Bi charge transfer,49 or to arise from a localized Bi 6s-to-6p transition.116  
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Furthermore, Cs2AgBiBr6 is characterized by a relatively high hole diffusion length that is contrasted by its 

low electron diffusion length in respect to its film thickness.30,31 Additionally, this material possesses 

charge carrier lifetimes exceeding 1 µs which are highly favorable for photovoltaic applications.22–24  

In comparison to LHPs and also tin-based perovskites – reaching the highest PCEs of all lead-free perov-

skite materials - Cs2AgBiBr6 is highly stable under humid conditions and at elevated temperatures.25–27 

Therefore, Cs2AgBiBr6-based solar cells already possess high longevity without requiring additional en-

capsulation that is often applied on LHPs to suppress their degradation under ambient atmosphere.16,117–

119 Still, its optoelectronic properties hamper Cs2AgBiBr6 solar cells to achieve high PCEs. Although the 

calculated maximum PCE of solar cells using pure Cs2AgBiBr6 as sole light harvesters reaches values of up 

to 11.32% or even 14.23%,120–122 reported experimental PCEs of such devices do not surpass the 3% 

threshold27,97,103,107,109 with a reported maximum of 2.81%.123  

Thus, the adjustment of the material’s optoelectronic properties plays a major role in analyzing and, 

eventually, overcoming its efficiency-hampering bottlenecks. For example, the aforementioned utiliza-

tion of disordered [AgBr6]5− and [BiBr6]3− octahedra101,102 is not the only way to exploit a change of the 

crystal structure to tune the bandgap of Cs2AgBiBr6. The application of pressure on the system results in 

a narrowing of the material’s bandgap which partially retains when the pressure is released.124  

Like for LHPs,125,126 (partial) halide substitution as well as doping can also affect the material’s crystalliza-

tion and optoelectronic properties. Within the first publication to mention Cs2AgBiBr6 by McClure et al., 

Cs2AgBiCl6 was also reported, possessing an indirect bandgap of 2.77 eV.25 In contrast, the substitution of 

Br with I decreases the material’s bandgap127,128 which would improve its PCE according to the Shockley-

Queisser limit.40  

However, the preparation of Cs2AgBiI6 as well as mixed Br/I or Cl/I materials has not been achieved from 

precursors, yet, due to the thermodynamically favored formation of Cs3Bi2I9 and the occurrence of phase 

separation, respectively.129–132 Stable Cs2AgBiI6 was, however, prepared as nanocrystals which were stabi-

lized by the surface free energy.132 Additionally, anion exchange on Cs2AgBiBr6 thin films could be per-

formed using methylammonium iodide, achieving a ratio of up to Cs2AgBiBr2I4 and decreasing the 

bandgap by up to 0.3 eV.131 Further, when Cs+ is fully substituted with Cu+, Cu2AgBiI6 thin films that 

achieved a PCE of 2.4% in solar cells could be fabricated from precursors.133  

Within this dissertation, publication 3 describes the fabrication of thin films of the 2D double perovskite 

(BA)4AgBiBr8−xIx (x=1,2,3,4) from precursors to tune its optical properties. Apart from anionic substitu-

tions, the partial substitution of Bi with Sb has been reported to lower the material’s bandgap134 and to 

increase its charge carrier lifetime in nanocrystals.135  
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Furthermore, the inclusion of small amounts of Zn,136 and the alkali metals Rb,96,137 and Li96 have been 

reported to improve the film quality and therefore reduce recombination which lead to improved PCEs 

in solar cells. The hydrogenation of Cs2AgBiBr6 decreased the material’s bandgap to 1.64 eV and strongly 

improved the PCE to 6.37%.37 For this modified double perovskite a calculated maximum achievable PCE 

of 21.28% has been postulated for optimized solar cells.138 

Doping of Cs2AgBiBr6 can also be utilized to form additional subbandgap states to enable near-infrared 

(NIR) absorption to be utilized in NIR photodetectors, for example by introducing small amounts of Fe2+ 

or Cu2+ into the crystal structure.139,140 Other dopants like Na,141 or Yb142,143 can also create emissive 

states to improve the material’s photoluminescence quantum yield (PLQY). In publication 1, the doping 

of Cs2AgBiBr6 with the lanthanides Eu, and Yb is reported and the mechanistic difference in their emis-

sive behavior is investigated. 
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2.4 Two-dimensional perovskites 

A commonly used index to predict the crystal structure stability of a perovskite material is the Gold-

schmidt tolerance factor t which is defined as shown in equation (1).144 

 𝑡 =
𝑟A + 𝑟X

√2(𝑟B + 𝑟X)
 (1) 

where rA, rB, and rX are the radii of the respective ions in the ABX3 perovskite sum formula. When 0.8 < t 

< 1, a material tends to form a stable cubic perovskite structure. When t is larger than 1 or smaller than 

0.8, the material will likely form a non-perovskite structure, for example, a hexagonal structure (t > 1) or 

an orthorhombic structure (t < 0.8) in the case of FAxCs1−xPbI3.145 However, when rA is drastically in-

creased, usually through the introduction of large organic cations such as, e.g., the often utilized bu-

tylammonium (used in publications 2, 3, and 7),48,49,146 phenethylammonium (used in 

publication 2),147,148 or guanidine,148,149 2D perovskite structures are formed.  

 

Figure 4. Dimensional reduction of the 3D double perovskite Cs2AgBiBr6 into a monolayered (top) and a 

bilayered (bottom) Ruddlesden Popper 2D double perovskite, respectively. Cs+ is fully/partially substituted 

with large organic cations (RA+) to create the monolayered/bilayered 2D perovskite. The ratios of the 

ionic radii are not in scale. 

2D perovskite structures consist of alternating layers of interconnected [BX6]4− octahedra ([BIX6]5− and 

[BIIIX6]3− for double perovskites) and layers of organic A-site spacer cations. Depending on whether the 
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organic spacer cations are mono- or bifunctionalized cations, the 2D perovskite will possess a Ruddles-

den-Popper (RP) or a Dion-Jacobsen (DJ) phase, respectively.150–152  

In the RP phase, bilayers of organic spacer cations separate the perovskite octahedra-dominated layers 

while the organic cations form monolayers in the DJ phase. 2D double perovskites which were synthe-

sized and analyzed within this dissertation (publications 2, 3, and 6) solely possessed RP phases. There-

fore, the further explanations of 2D perovskites will only describe RP phases which are depicted in Fig-

ure 4. 

 When the A-site cation of a 3D perovskite is fully substituted with organic spacer cations, the [BX6]4− 

octahedra will form inorganic monolayers, as shown in Figure 4.48,148,153 The monolayered double perov-

skites in publications 2 and 3 were synthesized using this approach. On the other hand, when the A-site 

cation of a 3D perovskite is not fully but only partially substituted, the perovskite octahedra can form 

multilayers instead of monolayers which are still separated by bilayers of organic spacer 

cations.48,49,146,147,154  

The thickness of such multilayers is typically described by the number n of octahedra in between two 

organic bilayers. For this nomenclature, n=1 2D perovskites consist of monolayers (Figure 4, top right), 

n=2 consist of bilayers (Figure 4, bottom right), etc., and n=∞ describes a 3D perovskite (Figure 4, left). 

Phases with n>1 are referred to as “quasi-2D” perovskites.  

In publication 7, such n=2 quasi-2D layers were identified via grazing incidence x-ray diffraction (GIXRD) 

to be created by partially substituting Cs+ with butylammonium in Cs2AgBiBr6 thin films using a post-

annealing step.  

Furthermore, it is important to mention that, for n>1, n describes an averaged layer thickness since also 

layers with smaller and larger n can form. Especially, for high n values (n>3) the layer thickness distribu-

tion strongly broadens.155 Due to the reduction by one dimension and the resulting confinement into 

two dimensions, the optoelectronic properties of 2D perovskites differ strongly from their 3D analogues: 

Dielectric confinement increases the exciton binding energies and bandgaps in 2D perovskites compared 

to 3D perovskites.156–158 For example, the bandgap of a perovskite can be tuned by changing n.48  

The organic bilayer acts as an insulating layer which strongly reduces the charge carrier mobility perpen-

dicular to the perovskite layer compared to the horizontal direction.159–161 As a result, the crystallization 

and orientation of 2D perovskites plays a crucial factor when they are applied in devices such as solar 

cells: An orthogonal orientation of the 2D perovskite towards the substrate will deliver an optimum con-

ductivity, while a parallel orientation will result in low conductivity.  
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Thus, large efforts have been put into achieving crystallization orthogonal to the substrate,162,163 or tun-

ing the organic spacer cation design to improve the conductivity perpendicular to the 2D planes, e.g. by 

reducing the interlayer distance.164,165 Most importantly, the introduction of organic spacer cations im-

proves the stability of perovskites against humidity due to the organic spacer cations’ hydrophobic char-

acter.166,167 

The character of the spacer cation not only influences the interlayer charge transport but also the crys-

tallization of 2D perovskites,168 affecting its optical properties, as described in detail for X4AgBiBr8 2D 

perovskites in publication 2 in which X is butylammonium, isobutylammonium, phenethylammonium, or 

hexylammonium, respectively.  

A noteworthy aspect of silver-bismuth double perovskites is that when the dimension of Cs2AgBiBr6 is 

reduced to 2D monolayers, the material’s bandgap type changes from indirect to direct.49,169–171 This is of 

special interest for the application in solar cells since the excitation of an electron by a photon is distinct-

ly higher for a direct bandgap semiconductor than for an indirect semiconductor.172  

Pantaler et al. reported that, in contrast to LHPs, the dimensional reduction of Cs2AgBiBr6 towards a 2D 

material does not strongly influence the exciton binding energy of excited charge carriers due to the soft 

character of the double perovskite lattice which also explains the large Stokes shift in this materials.169 

The application of a 2D monolayered double perovskite structure also enabled the stabilization of an Ag-

Bi-based iodide double perovskite that has not been reported for a 3D double perovskite, yet.173 
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2.5 2D/3D mixed perovskites for photovoltaics 

The widened bandgaps, enhanced exciton binding energies, as well as the anisotropic conductivity and 

charge carrier mobilities seem to make pure low-n phases unfavorable materials for photovoltaic appli-

cations.174 Lead-based quasi-2D perovskite solar cells have been reported to exceed PCEs of 20% when 

their crystallization is carefully controlled.174,175  

Also, the environmental and thermal stability of such devices is enhanced in comparison to pure 3D per-

ovskite photovoltaics.174 Another approach to utilize 2D perovskite layers in perovskite photovoltaics is 

to grow them on top of 3D perovskites, thus fabricating 2D/3D mixed perovskite thin films.176  

Such thin films combine the properties of both 2D and 3D perovskites to compensate for the drawbacks 

of the respective opposite material: 3D perovskites, usually constituting the thin film’s majority, contrib-

ute their isotropic conductivity and charge carrier mobilities,177 as well as lower exciton binding energies 

and bandgaps. The 2D perovskites that usually form a comparably thin capping layer on top of the 3D 

perovskite improve the thin film’s overall environmental stability due to their hydrophobicity and at the 

same time enhance the band level alignment towards the charge carrier selective layer (typically HTL) 

due to their enhanced valence band maximum (VBM) as depicted in publication 7.79,176,178,179  

To fabricate a 2D perovskite capping layer on top of a 3D perovskite thin film, the latter is first deposited 

onto a substrate. Subsequently, the thin film’s surface is treated with a solution of organic spacer ions to 

transform the 3D perovskite’s surface into 2D and quasi-2D perovskite by substituting the 3D perovskite’s 

A site cation.79,180 Since the formation of 2D perovskite cannot be controlled stoichiometrically, the 

choice of the utilized spacer cation and its concentration affect the average dimensionality n of the re-

sulting 2D perovskite.181  

This 2-step preparation method was utilized in publication 7 to modify the surface of Cs2AgBiBr6 using 

butylammonium bromide. Before publication 7, the capping of Cs2AgBiBr6 with a 2D layer has already 

been reported by Sirtl et al., using phenethylammonium to improve the perovskite’s band alignment 

towards the HTM.79 However, the application of a 2D capping layer in publication 7 has explored its role 

of suppressing recombination at a perovskite/carbon electrode interface in an HTM-free architecture.  
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2.6 Thin film preparation 

PSCs utilize perovskite thin films with thicknesses of hundreds of nanometers up to a few micrometers. 

In contrast, monocrystalline silicon solar cells typically possess thicknesses of 100-500 µm.182 The low 

thickness of perovskite thin films results in low material quantities that are required to prepare PSCs. 

Furthermore, it allows the fabrication of flexible solar cells.183,184 Thin film deposition can be conducted 

either from liquid precursors, for example, by spin-coating,185–189 dip-coating,186,190 drop-casting,188,191 

doctor-blading,192,193 slot-die deposition,188,194–196 and spray-coating,197–199 or from gas phase deposition 

methods like pulsed laser deposition,200,201 molecular beam epitaxy,202,203 or atomic layer 

deposition.204,205 While many of those deposition methods find application in the fabrication of perov-

skite thin films for solar cells,185,188,206,191,193,194,196,198,199,201,205 spin-coating was utilized to fabricate all per-

ovskite thin films within this dissertation.  
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2.6.1 Spin-coating 

Spin-coating enables the preparation of uniform thin films and offers high reproducibility.207 Drawbacks 

of this deposition method are its poor scalability, as well as a large amount of precursor excess that is 

wasted during the deposition process.   

To apply this method, a substrate on which the thin film will be prepared is mounted on top of a rotata-

ble plate. The precursor solution is deposited on the substrate and the substrate is turned at a speed of 

typically several thousand revolutions per minute (rpm). The entire spin-coating process, depicted in 

Figure 5, can be divided into 4 phases: Deposition, spin-up, spin-off, and evaporation.186,208 The first 

phase (Figure 5a), as its name implies, is the deposition of the precursor solution. It is either deposited 

before the substrate starts rotating (static spin-coating) or while the substrate is already rotating (dy-

namic spin-coating). 

 

Figure 5. Schematic depiction of the spin-coating process, divided into its phases: a) Deposition of the 

precursor solution, b) spin-up phase, c) spin-off phase, and d) evaporation phase.  

In the spin-up phase (Figure 5b), which is the first few seconds of spinning the solution-covered sub-

strate, the solution is pushed towards the substrate’s edges by the centrifugal force and spread across 

the substrate. Due to the high initial thickness of the solution that is covering the substrate, spiral verti-

ces can form, originating from the inertia of the top part of the solution in contrast to the substrate’s 



Background - Thin film preparation 

 
19 

accelerating spinning velocity (in the case of static spin-coating).208 Wells of solution form temporarily at 

the perimeter, from which droplets are ejected off the substrate during the spin-up phase.186  

As the solution thickness decreases, eventually, the entire fluid will spin at the same velocity as the sub-

strate which results in a uniform fluid thickness when the outward directed centrifugal force and the 

towards the center of spinning directed viscous force balance (Figure 5c).189 The fluid thickness progres-

sively decreases according to equation (2), where h0 is the initial thickness of the uniform film, ρ is the 

fluid density, ω the angular velocity, μ the viscosity, and t the time.189 

 
ℎ(𝑡) =

ℎ0

√1 +
4𝜌𝜔2ℎ0

2

3𝜇
𝑡

 
(2) 

While the solution thickness decreases during the spin-off phase, the flow of liquid slows due to the 

enhanced resistance of a thinner film.  

Finally, the fluid’s viscosity starts increasing due to solvent evaporation and the thin film starts to form, 

beginning the fourth phase (Figure 5d).186,209 The rotating substrate enforces gas convection, drawing gas 

in orthogonally towards the center of rotation and pushing it radially towards the substrate edges.186 

Thus, the evaporation can be controlled by adjusting the atmosphere, i.e., saturating it with the 

solvent.103  

Also, for perovskite thin film fabrication, anti-solvent dripping can be applied to improve the thin film 

quality. In this method, the initial solvent on the substrate is removed by another solvent that is dropped 

onto the rotating substrate during the spin-off or evaporation phase, affecting the perovskite crystalliza-

tion.210–212  

For perovskite thin films, a consecutive annealing step is often applied, directly after finishing the spin-

coating. Cs2AgBiBr6 is usually annealed at temperatures between 250 °C and 300 °C to improve its crys-

tallization, suppress the formation of side phases, and achieve large grain sizes.27,28,107  

The homogeneous and pin-hole-free Cs2AgBiBr6 thin films prepared in the publications of this work were 

annealed at 285 °C (publications 1, 5, and 7). Mixed organic-inorganic perovskite thin films are typically 

annealed at lower temperatures to prevent the degradation of the organic cations. Therefore, the 2D 

double perovskites fabricated in publications 2 and 3 were annealed at 100 °C. 
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2.6.2 Ultrasonic spray-coating (USSC) 

Pneumatic spray-coating is a widely known and applied technique not only for thin film deposition but 

also for the deposition of thick layers in a scale of 100 µm, e.g., industrial painting of cars and other 

products.213 For this method, ink is carried through a spray head’s nozzle by a pressurized gas flow (i.e. 

air), atomizing the ink into droplets. The resulting spray consists of a broad distribution of both droplet 

sizes (10 to 100 µm, see Figure 6b) and velocities.213,214  

When sufficiently thick films are prepared (scale of 100 µm), this broad distribution does not critically 

impact the film homogeneity. However, thin films of below 1 µm will suffer from strong inhomogeneities 

due to the large and broadly distributed drop sizes and the high kinetic energies of drops that impact on 

the substrate surface.213,214  

 

Figure 6. a) Schematic depiction of the ultrasonic spray-coating process at the nozzle tip. b) Drop size 

distribution of pneumatic spray-coating vs. ultrasonic spray-coating. Data were taken from reference214 

For the deposition of homogeneous thin films, ultrasonic spray-coating (USSC), is far better suited. This 

method has been applied in publication 5 to deposit the CBE from carbon black particles that were dis-

persed in isopropanol. In contrast to pneumatic spray-coating, the ink is atomized at the nozzle not by 

gas pressure but by ultrasonication: At the nozzle, high-frequency sound creates standing waves of the 

inks, forming a fine mist as soon as the liquid exits the nozzle, depicted in Figure 6a.214  

Therefore, ultrasonic atomization results in a narrow distribution of drop sizes and supports the homo-

geneous dispersion of particles in the ink (see Figure 6b).213,215,216 Furthermore, the drop size ddrop can be 

reduced to a few micrometers and controlled by adjusting the frequency f which is applied to the nozzle, 

according to the proportionality shown in equation (3).213,215,216 

 𝑑drop~𝑓
−
2
3 

 
(3) 
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The dispersed ink is directed towards a substrate using a carrier gas (Figure 6a). In contrast to pneumatic 

spray-coating, this carrier gas serves the purpose of shaping the spray into a cone, thus adjusting the 

spray’s density of drops, and not accelerating the drops. Drops with a narrow size distribution and low 

kinetic energy approach the substrate surface.  

Typically, the substrate is heated to evaporate the solvent and create a thin film of (nano)particles that 

have been dispersed in the ink217 (i.e. in publication 5) or to perform an additional pyrolysis step.218 Re-

garding perovskite-based photovoltaics, USSC is not only applied to deposit electrodes but, for example, 

also to deposit perovskite thin films themselves.183,219,220  
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3 Experimental Section 

 

3.1 Synthesis of Cs2AgBiBr6 powder 

10 mL of HBr (Fisher Scientific, 48%) were added to stoichiometric amounts of CsBr (426 mg, Alfa Aesar, 

99.9%), AgBr (188 mg, Alfa Aesar, 99.5%), and BiBr3 (449 mg, Alfa Aesar, 99%) and then stirred for 

around 2 hours until no undissolved AgBr (yellow particles) remained. An orange powder precipitated 

after a short time. Then, the solution was transferred to autoclaves. Remaining precipitated powder was 

also rinsed into the autoclave using a low amount of demineralized water.  

The autoclave was heated at 110 °C for 2 hours. Letting the autoclave cool over night did not affect the 

product quality. After the autoclave cooled down to room temperature, the Cs2AgBiBr6 powder had pre-

cipitated. The excess solution was carefully disposed of.  

The precipitated powder was washed in ethanol and centrifuged at 6000 rpm for 10 minutes. Then, the 

ethanol was carefully disposed of. This washing procedure was repeated another two times. Finally, the 

powder was dried at 80 °C under ambient atmosphere for 24 hours. The powder could be stored in the 

dark under ambient atmosphere for several months without observing degradation via P-XRD. 
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3.2 Preparation of Cs2AgBiBr6 thin films 

The pre-synthesized Cs2AgBiBr6 powder was transferred into an argon-filled glovebox, dimethyl sulfoxide 

(Thermo Scientific, 99.7+%) was added to prepare a 0.5 M precursor solution, and the solution was 

stirred for around 1-2 hours until the Cs2AgBiBr6 was fully dissolved. The precursor solution was a yellow, 

clear solution. When the dimethyl sulfoxide was too old, the Cs2AgBiBr6 did not entirely dissolve, and an 

opaque solution was obtained from which no homogeneous thin films of pure Cs2AgBiBr6 could be pre-

pared.  

The entire thin film preparation process was conducted in an argon-filled glovebox. A substrate was 

mounted on a spin-coater and covered with the precursor solution. For example, 50 µL were sufficient to 

cover a 2x2 cm² substrate. The substrate was then rotated at 4000 rpm (3 seconds of acceleration) for 40 

seconds. Immediately after finishing the spin-coating process, the substrate was transferred to a 285 °C 

pre-heated hot plate.  

The substrates were annealed for 5 minutes. A prolonged annealing time of several minutes did neither 

affect the purity, the homogeneity, nor the grain size of the obtained Cs2AgBiBr6 thin films. The thin films 

could be stored in the dark under ambient atmosphere for several months without observing degrada-

tion via GIXRD or UV-Vis absorption spectroscopy. 

The pre-treatment of the substrates depended on their type (FTO-covered glass, covered with porous 

TiO2, etc) and is described in the experimental sections of the respective publications. 
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4 Publications 

In the following, my publications as first author, a shared first authorship (publication 5), and a co-

authorship with a considerable contribution (publication 4) are listed and described. Each publication is 

put into the context of literature in the time when it was published, shortly summarized, and each publi-

cation’s impact on subsequent literature is described. Furthermore, the tasks I took on for each paper 

are defined, for the sake of assessing my individual achievements within this dissertation and isolating it 

from work that was performed by co-authors. To avoid phrase repetitions for each publication, infor-

mation on general tasks that I carried out for every single publication is described in the following para-

graph, General Contributions. Specific and individual tasks that I carried out at the end of the respective 

publication descriptions. 

General Contributions 

All publications have in common that I contributed essential parts of the overall data interpretation in 

fruitful discussions with my respective co-authors, in particular with my supervisor Teresa Gatti. Fur-

thermore, when not stated differently in the respective publication descriptions, I prepared the manu-

scripts in close collaboration with and under the supervision of Teresa Gatti. The manuscript drafts were 

reviewed by, commented by, and discussed with the respective co-authors to be corrected and im-

proved. 
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4.1 List of considerable publications  
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“Lanthanide-Induced Photoluminescence in Lead-Free Cs2AgBiBr6 Bulk Perovskite: Insights from Optical 

and Theoretical Investigations” 

J. Phys. Chem. Lett. 2020, 11, 20, 8893–8900, https://doi.org/10.1021/acs.jpclett.0c02317 

 

Publication 2  

“Large Cation Engineering in Two-Dimensional Silver-Bismuth Bromide Double Perovskites” 

Chem. Mater. 2021, 33, 12, 4688–4700, https://doi.org/10.1021/acs.chemmater.1c01182 

 

Publication 3  

“Tuning the optical properties of 2D monolayer silver-bismuth bromide double perovskite by halide sub-

stitution” 

Nanotechnology 2022, 33, 215706, https://doi.org/10.1088/1361-6528/ac54df 

 

Publication 4  

Considerable co-authorship 

“The Non-Innocent Role of Hole-Transporting Materials in Perovskite Solar Cells” 

Sol. RRL 2021, 5, 10, 2100514, https://doi.org/10.1002/solr.202100514 

 

Publication 5 

Shared first authorship with Nicoló Lago 

“High Open-Circuit Voltage Cs2AgBiBr6 Carbon-Based Perovskite Solar Cells via Green Processing of Ultra-

sonic Spray-Coated Carbon Electrodes from Waste Tire Sources” 

ChemSusChem 2022, 15, 22, e202201590, https://doi.org/10.1002/cssc.202201590 
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Publication 6 

“Heavy pnictogens-based perovskite-inspired materials: sustainable light-harvesters for indoor photovol-

taics” 

APL Energy 2023, 1, 021502, https://doi.org/10.1063/5.0161023  

 

Publication 7 

“Improved hole extraction and band alignment via interface modification in HTM-free Ag/Bi double per-

ovskite solar cells” 

Solar RRL 2024, 2300965, https://doi.org/10.1002/solr.202300965 

 

 

 

4.1.1 Further publications as co-author 

 

“Controlled Size Reduction of Liquid Exfoliated Graphene Micro-Sheets via Tip Sonication”, Crystals 2020, 

10, 11, 1049, https://doi.org/10.3390/cryst10111049 

 

“Plasmon-Assisted Operando Self-Healing of Cu2O Photocathodes”, Advanced Sustainable Systems 2022, 

7, 3, 2200397, https://doi.org/10.1002/adsu.202200397 

 

“Transformation of Polarization Mechanisms by Dimensional Reduction in Lead-Free Silver Bismuth 

Bromide Double-Perovskite Thin Films”, ACS Applied Electronic Materials, 2024, 

https://doi.org/10.1021/acsaelm.3c01451 
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4.2 Publication 1 

Lanthanide-Induced Photoluminescence in Lead-Free Cs2AgBiBr6 Bulk Perovskite: Insights from Optical 

and Theoretical Investigations 

Authors: Fabian Schmitz, Kunping Guo, Jonas Horn, Roberto Sorrentino, Gioele Conforto, Francesco 

Lamberti, Rosaria Brescia, Filippo Drago, Mirko Prato, Zhubing He, Umberto Giovanella, Franco Cacialli, 

Derck Schlettwein, Daniele Meggiolaro, Teresa Gatti 

 

Before this work was published, Cs2AgBiBr6 was already reported to possess weak photoluminescence 

(PL): Zelewski et al. reported the PL emission to stem from a color center being effectively excited at an 

energy of 2.5 eV, while carriers that were excited by energies different from 2.5 eV relax to the respec-

tive valence band maximum (VBM) and conduction band minimum (CBM) and recombine non-

radiatively.221 Additionally, the strong broadening of the PL signal as well as the large Stokes shift of 

around 500 meV between PL and absorption originate from the material’s already reported strong elec-

tron-phonon coupling.32,221 Similar results of a strongly Stokes shifted and broad PL emission were re-

ported by Schade et al. who suspected grain boundaries to be the origin of charge trapping and non-

radiative recombination.222 The doping of related materials Cs2Na1−xAgxBiCl6,223 and Cs2NaBi1−xInxCl6
224 

with Mn2+ had already been reported to expand the PL emission by enabling Mn2+ emission223,224 as well 

as the energy transfer from Mn2+ states towards self-trapped excitons (STEs) and the perovskite host.223 

Also, lanthanide doping had already been shown to improve the emission of LHPs.225,226  

Accordingly, publication 1 aims to introduce new radiative recombination centers to Cs2AgBiBr6 by dop-

ing the material with the lanthanides Yb3+ and Eu3+. Cs2AgBiBr6 powders doped with the respective lan-

thanides are synthesized via a hydrothermal procedure. The powder is further used as the precursor for 

the spin-coating fabrication of thin films. Structural and compositional properties of the powders and 

thin films are analyzed via powder XRD (P-XRD), GIXRD, SEM, SEM-EDX, TEM, Raman spectroscopy and 

inductively coupled plasma – optical emission spectroscopy (ICP-OES). Optical analysis comprises UV-

visible (UV-vis) absorption spectroscopy, steady-state PL, time-resolved PL (TR-PL), and PL excitation 

(PLE) spectroscopy. Although an initial molar ratio of up to 20% of Bi3+ is substituted with either Yb3+ or 

Eu3+ when mixing the stoichiometric amount of precursors for the hydrothermal synthesis, a maximum 

of 0.04% with respect to Bi3+ can be detected in the perovskite powder. No major structural changes 

stem from the small amount of incorporated lanthanides. However, not only the characteristic 

Cs2AgBiBr6 emission, centered at 2 eV,221,222 is observed for each sample but also the appearance of addi-

tional PL signals for the Eu3+-doped (centered at 1.30 eV) and the Yb3+-doped (1.25 eV) perovskite. Nota-

bly, while the Yb3+ emission is characterized by a high intensity and can be assigned to the ion’s 
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2F5/2 → 2F7/2 transition at 1.25 eV, achieving a PL quantum yield (PLQY) of 28%, no characteristic transi-

tion can be assigned to the weak emission at 1.3 eV for Eu3+. In combination with simulations from den-

sity functional theory (DFT), the differing emissive behaviors of the Eu3+-doped and the Yb3+-doped 

Cs2AgBiBr6 are revealed: The Yb3+ emission originates from an effective energy transfer from Cs2AgBiBr6 

towards the dopant while the Eu3+ emission results from a trap-mediated process.  

The work not only presents the fabrication of the first Yb-doped and Eu-doped Bi-based double perov-

skite thin films but also elaborates on the emission mechanism of Yb3+ in Cs2AgBiBr6 that has not been 

reported before. Thus, this work supports the utilization of stable, lead-free lanthanide-doped double 

perovskite thin films in near-infrared (NIR) emitting devices, i.e., NIR light-emitting diodes (LEDs) which 

have been reported after this work was published.227–229 Furthermore, other groups reported improved 

PL quantum yields for Yb-doped Cs2AgBiBr6 thin films after the publication of this work by depositing the 

material via physical-vapor deposition.142,143 

 

In addition to the General Contributions, all samples that were analyzed within this work were prepared 

by my student Gioele Conforto under my supervision and by me. I performed UV-Vis absorption spec-

troscopy, Raman spectroscopy, SEM, powder-XRD, thin film GIXRD, and SEM-EDX measurements, includ-

ing the respective data processing.  
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4.3 Publication 2 

Large Cation Engineering in Two-Dimensional Silver-Bismuth Bromide Double Perovskites 

Authors: Fabian Schmitz, Jonas Horn, Nicolo Dengo, Alexander E. Sedykh, Jonathan Becker, Elena Mai-

worm, Péter Bélteky, Ákos Kovecz, Silvia Gross, Francesco Lamberti, Klaus Müller-Buschbaum, Derck 

Schlettwein, Daniele Meggiolaro, Marcello Righetto, Teresa Gatti 

 

2D LHPs as solar absorbers have already been reported in the early stage of perovskite solar cell re-

search,48,230 first mentioned in 2014 by Smith et al.166  

Connor et al. were the first to fabricate mono- (n = 1), and bilayered (n = 2) Ag- and Bi-based 2D double 

perovskites (BA)4AgBiBr8 (BA = n-butylammonium), and (BA)2CsAgBiBr7, respectively.49 They report a 

calculated indirect bandgap for ∞ ≥ n ≥ 2 materials which becomes direct for the (BA)4AgBiBr8 monolayer 

(n = 1). Furthermore, the bandgap increases with decreasing n. (BA)2CsAgBiBr7 bilayer phase single crys-

tals have also been characterized by a large mobility-lifetime product, making them suitable for applica-

tion in x-ray detectors.231 Also, single crystals of the monolayers (X)4AgBiBr8 and bilayers (X)2CsAgBiBr7 

(with X being propylammonium, octylammonium, and 1,4-butyldiammonium) have been structurally 

analyzed by Mao et al. but their optical properties have not been further investigated.232 

Publication 2 is a comparative study about the influence of the large organic cations RA on the structural 

and optical properties of the monolayered 2D (RA)4AgBiBr8 double perovskite (RA = n-butylammonium 

[BA], isobutylammonium [iBA], phenylethylammonium [PEA], or hexylammonium [HA]). Via P-XRD, the 

dependence between the inorganic layer distance and the organic cation is determined. Single crystal 

XRD (SC-XRD) of (PEA)4AgBiBr8 reveals a herringbone arrangement of the phenyl rings while selective 

area electron diffraction (SAED) of all systems allows the extraction of the inorganic layers’ average lat-

tice constants. Thin films of all four 2D double perovskites have been prepared via spin-coating. SEM and 

AFM images reveal that (BA)4AgBiBr8 and (PEA)4AgBiBr8 thin films possess a relatively homogeneous 

surface with large grains, and (HA)4AgBiBr8 is characterized by a wax-like character. Meanwhile, 

(iBA)4AgBiBr8 thin films consist of square-like grains, interconnected by thin rods, thus creating a porous 

structure. Also, Kelvin probe force microscopy reveals that the organic cation’s dipole moment affects 

the material’s work function, i.e. creating a discrepancy of 500 meV between (BA)4AgBiBr8 (≈ 4.4 eV) and 

(PEA)4AgBiBr8 (≈ 4.9 eV). The choice of cation furthermore impacts the thin film PL. Intense emission 

bands centered at largely differing energies of 2.6 eV and 1.8 eV exist when the respective isomers BA 

and iBA are utilized as cations. By combining DFT calculations and experimental results, the origins of the 

differing emissive processes for (BA)4AgBiBr8 and (iBA)4AgBiBr8 are elucidated. For (iBA)4AgBiBr8, the low 

energy emission can be ascribed to radiative recombination from a self-trapped electron state, while in 
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the case of (BA)4AgBiBr8 the high-energy emission stems from band-to-band exciton recombination or 

the recombination from a self-trapped hole state. 

This work elaborates on the impact of the structure of organic cations on the crystallization and optical 

properties of 2D Ruddlesden-Popper double perovskites. A mere exchange of a linear BA cation to its 

branched isomer iBA results in major differences regarding the surface morphology as well as the emis-

sion mechanism of thin films although their crystal structures are similar as confirmed by XRD. Thus, the 

reported structure-property relations create a foundation for a material-by-design approach regarding 

the 2D double perovskite family. For example, a recombination mechanism based on the one presented 

for (BA)4AgBiBr8 in publication 2 was later reported by Hooijer et al. for (FPEA)4AgBiBr8 (FPEA = 4-

fluorophenethylammonium) who revealed ultrafast charge carrier localization for 2D double perov-

skites.170 

In addition to the General Contributions, all samples that were analyzed within this work were prepared 

by me. I performed powder-XRD, SEM, UV-Vis absorption spectroscopy, Raman spectroscopy, thermo-

gravimetric analysis (TGA), thin film GIXRD, atomic force microscopy (AFM), and diffuse light scattering 

(DLS), including the respective data processing.  
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4.4 Publication 3 

Tuning the optical properties of 2D monolayer silver-bismuth bromide double perovskite by halide 

substitution 

Authors: Fabian Schmitz, Raphael Neisius, Jonas Horn, Joachim Sann, Derck Schlettwein, Marina Ger-

hard, Teresa Gatti 

 

A combination of the Goldschmidt tolerance factor and the radius ratio of Bi3+ have shown that double 

perovskite iodides tend to be elusive which is why they are far less reported than respective bromides or 

chlorides.233 Therefore, the 3D double perovskite Cs2AgBiBr6 has not been prepared as an iodide, yet, but 

only a partial halide substitution towards Cs2AgBiBr6−xIx via anion exchange has been successfully per-

formed, providing a decreasing bandgap with increasing I− ratio.131 2D AgBi-based double perovskites 

utilizing the spacer cations propylammonium234 (PA) and 5,5′-diylbis(aminoethyl)-[2,2′-bithiophene]173 

(AE2T) have been reported to be prepared as pure iodides in single crystals and thin films which possess 

bandgaps of 1.87 eV (PA) and 2.00 eV (AE2T). However, no mixed halide 2D double perovskite had been 

prepared before this work. 

Thus, publication 3 focuses on the gradual halide substitution in (BA)4AgBiBr8−xIx (x = 0, 1, 2, 3, 4) thin 

films to finely tune the material’s optical properties. The halide ratios of the resulting thin films are con-

firmed to match the precursor stoichiometries via quantitative XPS analysis and using GIXRD, the pres-

ence of a single phase is confirmed. While homogeneous thin films can be observed for (BA)4AgBiBr8, a 

progressive increase of nanostructuring, and roughness with increasing I− content as well as a reduction 

of surface coverage for x = 3, 4 are observed using SEM and AFM imaging. Also, the absorption edge of 

(BA)4AgBiBr8−xIx redshifts for enhanced x values as probed by UV-Vis absorption spectroscopy. The mate-

rial’s emissive spectra match the one observed in publication 2 for x = 0, and for higher I− contents (x = 2, 

3, 4) an additional emissive feature at 2.9 eV emerges, indicating strong emission from a free exciton. 

While (BA)4AgBiBr8 is characterized by high stability under ambient conditions, a blueshift of the absorp-

tion edge as well as the formation of bismuth- and bromide-rich are observed after aging for several 

days under ambient conditions via UV-Vis absorption spectroscopy and SEM-EDX, respectively.  

In conclusion, this work provides the first report of 2D mixed halide AgBi-based double perovskites. It 

further reveals that adjusting the Br−/I− ratio offers precise control over the material’s optical features. 

The tunability is accompanied by limited stability due to phase segregation under ambient conditions 

that have already been observed for mixed halide LHPs235 and which will need to be the focus for future 

work on 2D mixed halide double perovskites. An additional 2D AgBi-based iodide perovskite has been 

reported after the publication of this work.236 
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In addition to the General Contributions, all samples that were analyzed within this work were prepared 

by me. I performed SEM, SEM-EDX, UV-Vis absorption spectroscopy, thin film GIXRD, and AFM, including 

the respective data processing. 
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4.5 Publication 4 

 

Co-Authorship with considerable contribution:  

The Non-Innocent Role of Hole Transporting Materials in Perovskite Solar Cells 

 

Authors: Francesco Lamberti, Fabian Schmitz, Wei Chen, Zhubing He, Teresa Gatti 

 

The fabrication of benchmark perovskite solar cells relies not only on finely adjusting the perovskite 

composition and controlling the thin film crystallization but also on the choice of the optimum charge-

selective transport materials. Regarding HTMs, spiro-OMeTAD is one of the most used materials, espe-

cially when in aiming for devices with PCEs of more than 25%.66,237 However, the expensive spiro-

OMeTAD – in more detail, its hygroscopic dopants which are necessary for optimum performance - is 

also reported to cause perovskite degradation, thus hampering the longevity of PSCs. Therefore, this 

work elaborates on promising alternative HTMs that show the potential to overcome the drawbacks of 

spiro-OMeTAD. These include strategies like the application of dopant-free HTMs, inorganic HTMs, and 

smart HTMs. Another option to save material and deposition costs is to entirely omit the HTM and fabri-

cate HTM-free PSCs. The publication gives an overview of various pathways to create HTM-free PSCs, 

discusses differences in the electronic structure compared to the n-i-p architecture, and summarizes 

back electrode materials that are suited to be applied in HTM-free PSCs. HTM-free PSCs based on 

Cs2AgBiBr6 have been fabricated and analyzed in publications 4 and 6. 

To this publication, I contributed the chapter “4 HTM-Free PSCs”.  
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4.6 Publication 5  

High Open-Circuit Voltage Cs2AgBiBr6 Carbon-Based Perovskite Solar Cells via Green Processing of Ul-

trasonic Spray-Coated Carbon Electrodes from Waste Tire Sources 

Authors: Fabian Schmitz,* Nicolò Lago,* Luca Fagiolari, Julian Burkhart, Andrea Cester, Andrea Polo, 

Mirko Prato, Gaudenzio Meneghesso, Silvia Gross, Federico Bella, Francesco Lamberti, Teresa Gatti 

*equal contributions as first authors 

 

Most reported Cs2AgBiBr6-based solar cells possess the regular n-i-p architecture, including an HTM and 

a metal electrode, often spiro-OMeTAD and gold.31,37,103,109 The substitution of both layers by a single 

carbon layer not only dislodges the harmful influence of the former towards the perovskite 

layer90,91,238,239 but also strongly reduces the device material and fabrication costs.240–242 Detailed infor-

mation about the utilization, the advantages, and the resulting device architectures of carbon electrodes 

in HTM-free PSCs is shown in the aforementioned chapter “4 HTM-Free PSCs” of publication 4. HTM-free 

Cs2AgBiBr6-based PSCs with carbon electrodes had already been reported96,97,99 but since those works 

were comparative studies in which alkali metals96 and ionic liquids99 were introduced into Cs2AgBiBr6 or 

Cs2AgBiBr6 thin films were capped with a polymethyl methacrylate (PMMA) layer,97
 neither elaborated 

the absent HTM’s and electrode’s effect on the device performance. 

Publication 6 presents the deposition of additive-free carbon electrodes via ultrasonic (US) spray-coating 

of carbon black particles, dispersed in isopropanol (IPA), to fabricate Cs2AgBiBr6-based solar cells. The 

carbon black powder for the electrodes is won from 5-year-old waste tires that are ground into pieces of 

a few centimeters in diameter, treated in H2SO4, and then pyrolyzed to obtain particles with an average 

size of 150 nm. J-V curves of the solar cells reveal a record VOC of 1.293 V. However, its low JSC of 

0.5 mA/cm² and poor FF (0.3) result in only 0.19% PCE. To investigate whether those parameters origi-

nate from the CBE’s low conductivity, a fluorine doped tin oxide (FTO) covered glass substrate is pressed 

onto the CBE to improve its lateral conductivity. Indeed, the resultant J-V curve possesses enhanced JSC 

(0.75 mA/cm²) and FF (0.39) while maintaining a high VOC (1.28 V), leading to an increased PCE (0.37%). 

Furthermore, the solar cells with US spray-coated CBEs are compared with solar cells utilizing screen-

printed CBEs. For the screen-printing process, polyvinylpyrrolidone is added to the carbon black disper-

sion to increase its viscosity. Both CBE deposition methods, USSC and screen-printing, result in almost 

equal PCEs for the respective solar cells which proves that the former can compete with the latter. Ap-

plying the Mott-Gurney model on the current density-voltage (J-V) curve, measured under dark condi-

tions, and a modified Sokel-Hughes model on the J-V curve, measured under illumination, explains that 

the high VOC originates from a strong built-in field caused by the presence of an electric dipole at the 
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perovskite/CBE interface and that the high series resistance of the CBE (8 kΩ) is the reason for the solar 

cell’s low FF. 

In conclusion, this work presents an end-of-waste approach to fabricate low-cost, non-toxic “green” 

Cs2AgBiBr6 solar cells. The devices possess a record VOC that has not been reported before.  Further work 

must be put into the improvement of the CBE’s conductivity which has been identified as the FF-

hampering factor, both empirically and through theoretical modelling. In general, their low cost, abun-

dance, inert character towards perovskite thin films, and easy processability have made carbon elec-

trodes alternatives to metal electrodes not only for (Cs2AgBiBr6) PSCs,94,243,244 but also for silicon photo-

voltaics.245–247 

Nicolò Lago and I contributed equally as the first authors to this publication. Nicolò Lago performed the 

electrical characterization of the solar cells and created the draft regarding this analysis. I contributed to 

the introduction, as well as the sample preparation and analysis, including composing the draft about it.  
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4.7 Publication 6 

Heavy pnictogens-based perovskite-inspired materials: sustainable light-harvesters for indoor photo-

voltaics 

Authors: Fabian Schmitz, Ribhu Bhatia, Francesco Lamberti, Simone Meloni, Teresa Gatti 

 

Their easy bandgap tunability results in the enormous utility of LHPs as light-harvesting materials under 

any given spectral conditions. For example, LHPs find application in solar cells that power satellites or 

spacecrafts248,249 and which must, unlike terrestrial devices, resist harsh, unfiltered radiation. Further-

more, besides single junction solar cells, they are also used in tandem solar cells.250–252 Thus, it is no sur-

prise that LHPs can also be designed to harvest light from indoor illumination, stemming from white 

light-emitting diodes (WLEDs), fluorescent lamps, or diffuse sunlight.253–257 Most prominently, indoor 

photovoltaics could be used to charge battery-powered, remote Internet of Things (IoT) devices.184,258 

However, since many indoor IoT devices are, unlike outdoor photovoltaics, frequently handled by work-

ers or touched by customers, e.g., smart supermarket labels, the presence of toxic lead can pose a high 

risk for human health. Lead-free alternative materials could strongly reduce the health hazards of such 

devices. 

Publication 6 reviews lead-free perovskite-inspired materials (PIMs) for application in indoor photovolta-

ics, with a detailed focus on recent progress (at the time when the work was published) on the pnicto-

gen-based PIMs Cs2AgBiBr6, Cs3Sb2I9−xClx, and BiOI. PIMs are materials that possess a similar electronic 

character as LHPs although their ionic structure deviates from the perovskite structure. Accordingly, this 

work first elaborates on the ionic and electronic structures of LHPs, especially the bandgap tunability and 

defect tolerance of LHPs, as well as the conditions under which indoor photovoltaics are operated. Those 

properties are then compared with theoretical calculations of the described PIMs in the theoretical 

background part. Finally, the status quo of the research for each PIM is described in detail in their re-

spective chapters, describing synthesis routes, and the progress of photovoltaics based on those three 

materials. Not only applications are reviewed for indoor light harvesters but also the latest studies on 

solar cells made from Cs2AgBiBr6, Cs3Sb2I9−xClx, and BiOI, as well as strategies that show the potential to 

boost the performance of indoor photovoltaics such as bandgap engineering. 

To this review, my co-authors contributed the chapters “II. Theoretical Background”, “IV. Emerging PIMs: 

The case of the BiOI oxyhalide”, and “V. Emerging PIMs: The case of Cs3Sb2I9−xClx”. I wrote the remaining 

chapters of the review and managed the combination of all contributions to one consistent review.  
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4.8 Publication 7 

Improved hole extraction and band alignment via interface modification in HTM-free Ag/Bi double 

perovskite solar cells 

Authors: Fabian Schmitz, Ribhu Bhatia, Julian Burkhart, Pascal Schweitzer, Marco Allione, Jaime Gallego, 

Piotr Piotrowski, Jakub Cajzl, Piotr Paszke, Gour Mohan Das, Dorota A. Pawlak, Federico Bella, Derck 

Schlettwein, Francesco Lamberti, Simone Meloni, Teresa Gatti 

 

While lead-halide-based perovskites have experienced rapid and continuous improvement of PCE within 

a decade of research, the temporary maximum PCE achieved with a Cs2AgBiBr6-based perovskite solar 

cell has been 4.23% (using an organic dye as additional absorber material),259 reported in 2021 and since 

then languished. Apart from a strong improvement in 2022 of the PCE towards 6.37% due to the incor-

poration of interstitial hydrogen into the elpasolite structure,37 the record PCE from 2021 has not been 

exceeded. In comparison, calculations of the theoretically maximum achievable PCE of pure Cs2AgBiBr6 

have proposed values ranging from 6.68%260 to 14.23%.120–122 Thus, new strategies must be applied to 

exhaust this material’s unexploited potential. In 2022, Sirtl et al. reported on boosting the PCE of 

Cs2AgBiBr6 by utilizing a 2D/3D surface modification using phenethylammonium (PEA) that enhanced the 

perovskite’s band alignment towards the hole transport layer.  

In publication 7, a similar 2D/3D surface modification is applied to Cs2AgBiBr6 thin films by treating them 

with various concentrations of BA dissolved in isopropanol. Using this attempt as well as the HTM-free 

solar cell architecture from publication 5, the work aims to improve the solar cells’ PCE by not only en-

hancing the valence band alignment towards the carbon black electrode but also by improving the car-

bon electrode’s selectivity due to 2D/3D modifications elevated conduction band level. BA has been cho-

sen since in publication 2 it was observed that 2D monolayered BA thin films possess a more homoge-

neous and smoother surface as well as a lower work function than PEA thin films. First, the presence of 

the 2D/3D modification is proved by a combination of and surface-sensitive analyses. The materials’ 

valence and conduction band edges as well as their Fermi level are obtained via XPS and KPFM, respec-

tively. By combining these values with the reported bandgap of the 2D perovskite, the band alignment 

between Cs2AgBiBr6 and its surface modification is depicted. Solar cell measurements show that the 

2D/3D modification enhances the PCE to an optimum when a concentration of 0.05 M BA in isopropanol 

is applied to the Cs2AgBiBr6 thin films. Furthermore, density functional theory (DFT) calculations suggest 

that the presence of multiple stacks of 2D perovskite on top of Cs2AgBiBr6 increases the latter’s density 

of states for holes close to the 2D/3D interface. Thus, the probability of extracting holes into the back 
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electrode is increased, explaining the enhanced solar cell performances for the 2D/3D modified perov-

skite.  

This work continues the research that was performed on publication 5 and incorporates the findings of 

publication 2. The work depicts a concept to enhance the PCE of HTM-free Cs2AgBiBr6 solar cells by ap-

plying a mixed 2D/3D surface modification that improves the perovskite’s band alignment and selectivity 

towards the carbon back electrode. A direct comparison with regular architecture 2D/3D modified solar 

cells, comprising the HTM Spiro-OMeTAD and gold back electrodes demonstrates that the HTM-free 

solar cells achieve comparable PCEs. Therefore, the presented 2D/3D modification allows the fabrication 

of low-cost and “green” lead-free perovskite solar cells with PCEs that have been further improved in 

comparison to publication 5.  

In addition to the General Contributions, all samples that were analyzed within this work were prepared 

by my student Julian Burkhart under my supervision and by me. I performed thin film GIXRD, UV-Vis 

absorption spectroscopy, SEM, current-voltage measurements of solar cells, electrochemical impedance 

spectroscopy, external and internal quantum efficiency measurements, contact angle measurements, 

and diffuse reflectance infrared Fourier transform spectroscopy (DRIFT), including the respective data 

processing. 
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5 Conclusions & Outlook 

In summary, the work of this dissertation can be split into two main sections. First, several options have 

been established to tune the optical properties of the double perovskite Cs2AgBiBr6 through doping, 

through dimensional reduction, and then through the combination of dimensional reduction and halide 

substitution. Secondly, the topic was the fabrication and analysis of Cs2AgBiBr6-solar cells. Not only have 

devices been created that do not pose the toxicity concerns of LHPs, but also have low-cost and easily 

processable electrodes consisting of carbon black which was won from upcycled industry waste been 

applied to substitute the organic HTM and metal electrodes (often Spiro-OMeTAD and gold, respectively) 

of the regular PSC architecture.  

Within this dissertation, successful doping of Cs2AgBiBr6 with the lanthanides europium and ytterbium 

which resulted in the occurrence of new emissive features has been demonstrated. The underlying 

mechanism of the newly introduced emission features was investigated and attributed to an effective 

energy transfer from Cs2AgBiBr6 towards the dopant for ytterbium and from trap emission for europium. 

Those differing emissive recombination mechanisms resulted in an additional very strong and weak PL 

signal, respectively.  

Furthermore, Cs2AgBiBr6 has been dimensionally reduced to 2D monolayered materials by fully substi-

tuting cesium with one of four different large organic cations. The resulting materials possessed varying 

morphologies and emissive properties depending on the cation length, branching, or aromatic character 

when the materials were deposited as thin films. Thus, this work presents a material-by-design approach 

for 2D monolayered Ag-Bi double perovskites.  

Also, partial bromide substitution with iodide of butylammonium-based 2D Ag-Bi double perovskites has 

been performed to finely tune the material’s characteristic absorption and emission properties. The ma-

terial has also been reported to suffer from phase segregation when the iodide content is 25% relative to 

the total halide content or higher.  

Concerning PSCs, state-of-the-art research on HTM-free PSCs has been reviewed which mainly – but not 

exclusively – regards the utilization of back electrodes based on carbon materials like graphite, carbon 

nanotubes, carbon black, etc, and which substitutes both the HTM and metal electrodes. The topic is 

divided into the application of low-temperature and high-temperature processed carbon electrodes as 

well as the discussion of their bottlenecks and strategies to overcome them.  

The HTM-free PSC design has been applied on Cs2AgBiBr6 thin films. To further apply a low-cost device 

strategy that relies on as few high-boiling point solvents as possible, ultrasonic spray-coating has been 

applied to deposit carbon electrodes from a carbon black dispersion in isopropanol. Additionally, the 
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carbon black was won from upcycled industry waste to employ an end-of-waste strategy and, therefore, 

enable the fabrication of “green”, low-cost, and non-toxic perovskite solar cells. 

The successive step has been to further improve the established solar cell architecture, utilizing the ap-

plication of a 2D/3D surface modification of Cs2AgBiBr6 thin films. This modification enhances both the 

perovskite’s selectivity and valence band alignment towards the carbon back electrode, thus boosting 

the solar cells’ PCE. Additional DFT calculations suggest that the presence of the 2D/3D modification 

enhances the extraction probability of holes close to the 3D/2D interface and passivates defects close to 

the perovskite/back electrode, at the same time. 

Finally, also the possibilities of applying pnictogen-based perovskite-inspired materials in indoor photo-

voltaics to power the Internet of Things devices have been reviewed, particularly discussing state-of-the-

art research on materials Cs2AgBiBr6, Cs3Sb2I9−xClx, and BiOI. To offer a complete overview of the research 

status, not only reports on fabricated and analyzed indoor photovoltaics have been summarized but also 

the potential of related research has been discussed, e.g., bandgap engineering to optimize materials for 

indoor illumination. 

Further work on the PSCs prepared within this dissertation should include the assessment of factors that 

still suppress the devices’ PCEs. The comparison of regular architecture devices with HTM-free PSCs in 

publications 5 and 7 revealed that both regular (HTM + gold electrode) and HTM-free PSCs possess simi-

lar JSC, VOC, FF, and PCE. Therefore, the application of the carbon electrodes does not seem to be the 

efficiency-hampering bottleneck. Other reports of HTM-free Cs2AgBiBr6 PSCs demonstrate PCEs of above 

1%,94,96,99 up to 1.78%97 when a comparable architecture as in publications 5 and 7 is used. Also, the 

homogeneity, thickness, and grain size distribution of the used Cs2AgBiBr6 thin films do almost not devi-

ate from reported thin films94 or even show fewer pin holes than those.96,97  

Thus, the focus of further work should fall on the role of the ETM/Cs2AgBiBr6 interface. Inorganic oxide 

ETLs (like TiO2 within this dissertation) have been reported to form deep trap states due to the presence 

of oxygen vacancies, hydroxyl groups, or contact-induced reconstruction.261,262 Furthermore, also other 

ETLs, such as SnO, fullerene (C60), CdS, SnO2, or phenyl-C61-butyric acid methyl ester (PCBM), have been 

utilized or suggested in literature to boost the PCE of Cs2AgBiBr6 PSCs due to their differing band align-

ment towards the perovskite and the TCO, respectively.263–265 

Furthermore, the large bandgap of Cs2AgBiBr6 is well-suited for the application in indoor 

photovoltaics,45,46 as discussed in publication 6. Thus, the solar cells that have been reported in publica-

tions 5 and 7 should be analyzed under indoor illumination. However, unlike for the testing conditions of 

solar cells (AM 1.5G),266,267 there is no protocol for the conditions under which to test indoor photovolta-

ics. Therefore, it is important to establish a test routine that allows the comparison of those devices with 
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devices reported in literature which have been tested and varying conditions.268 The analysis of 

Cs2AgBiBr6 photovoltaics under low-intensity, large-bandgap indoor illumination has not been reported, 

yet, but PCEs of 10% and 20 % have been calculated to be theoretically achievable.45,46 A test under such 

conditions and the evaluation of the double perovskite’s response will bring new insights into its possible 

applicability for indoor photovoltaics. 
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6 Contributions to conferences 

 

 

SPIE Optics + Photonics 2021 

Oral contribution: “Light emission in doped and 2D silver-bismuth double perovskites” 

 

Hybrid & Organic Photovoltaics HOPV 2022 

Oran contribution: “High Open-Circuit Voltage Cs2AgBiBr6 Carbon-Based Perovskite Solar Cells Via Green 

Processing of Ultrasonic Spray-Coated Carbon Electrodes from Waste Tire Sources” 

 

DPG Frühjahrstagung 2022 

Oral contribution: “High Open-Circuit Voltage Cs2AgBiBr6 Carbon-Based Perovskite Solar Cells Via Green 

Processing of Ultrasonic Spray-Coated Carbon Electrodes from Waste Tire Sources” 

 

E-MRS Fall Meeting 2023 

Oral contribution: “Enhancing Stability and Band Alignment in Cs2AgBiBr6-based HTM Free Solar Cells by 

Applying a 2D Surface Modification” 

 

Carbon Club 2023 

Oral contribution: “Enhancing Stability and Band Alignment in Cs2AgBiBr6-based HTM Free Solar Cells by 

Applying a 2D Surface Modification” 
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