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Semiconducting nanocrystals (NCs) have attracted a significant amount of attention for
optoelectronic applications in general and photovoltaics in particular over the last decades, due
to the tunability of their properties. However, many high-performing and well-studied materials
contain toxic elements, such as lead or cadmium. As a result, efforts were made in finding other
more environmentally friendly compounds. Two promising candidates that were identified are
AgBiS, and NaBiS,, which are at the centre of the research summarized in this thesis.

The main aspect studied herein with respect to both compounds is their passivation, which
has a significant impact on the material properties and device characteristics. For AgBiS,,
investigations into ligand treatments containing different halides are presented and their
effect on the solar cell performance is discussed. Findings from photoelectron spectroscopy
(PES) measurements show that ligand incorporation into the fabricated thin films drops off
significantly from iodide to bromide and chloride, but still the bromide-capped NCs result
in the best working devices. Furthermore, when considering both iodide- and thiol-treated
AgBiS, particles, significant differences in charge carrier separation across the interfaces with
the adjacent charge transport layers can be observed. In addition to these passivation-focused
studies, AgBiS, NCs are also tested with respect to applications beyond the classical solar cells,
with a particular focus on lower temperature black body radiation in a hypothetical photon glow
battery setup. Lastly, prospects and challenges of implementing NaBiS, NCs in solar cells are
discussed. Device testing coupled with PES studies showed that this material requires not only
surface but extended passivation throughout the particle to realise functional devices.

Overall, this work provides new insights into the how these passivation effects impact the
device performance, while also taking a brief look at new concepts for combined energy
conversion and storage.
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1. Introduction

Nanocrystalline materials have attracted signifiant interest for optoelectronic
applications over the last decades, due to their unique properties and result-
ing tunability.! Being able to change the characteristics of a specific com-
pound simply via particle size variation is a significant advantage when it
comes to optimisation, situation-specific tailoring or improved resource man-
agement. '™ For photovoltaic devices in particular, the size of the band gap
(BG) is a critical factor in determining whether or not a given material might
be suitable for this application, as it controls which part of the incident photon
spectrum can be absorbed and how much power output can be expected under
idealised conditions.>® Having control over this material property, as can be
achieved in nanocrystals (NCs), is crucial in enabling the utilisation of com-
pounds otherwise deemed ill-fitting and might allow even further fine-tuning
of already promising candidates. ™ Besides being able to alter a specific semi-
conductor’s BG, the small size of the particles has additional effects that might
be useful in further adapting its optoelectronic properties and thereby further
underline the tunability of this type of solid. One of these effects is related to
the high surface-to-volume ratio the NCs typically exhibit. As a result, surface
modifications have far-reaching consequences for the overall electronic struc-
ture and can be used for property adaptations.>”-8 Additionally, NCs are also
commonly solution processable, which is a prerequisite for many scalable and
low-cost fabrication techniques.

However, this high surface-to-volume ratio is also one of the major draw-
backs when it comes to implementing this class of materials into actual device
structures. It means that the moving charge carriers responsible for the cur-
rent generation in a solar cell have to cross a multitude of interfaces between
these particles to be able to travel through the device before they can reach the
outer circuit.® Furthermore, interfaces and surfaces are generally associated
with the potential for increased recombination between the charge carriers,
another undesirable process limiting device performance.>®!? This obviously
imposes additional difficulties that require mitigation for optimised implemen-
tation. The key factor in determining these characteristics are again related to
the specific surface termination of the chosen NCs.>%

Nevertheless, promising results with respect to solar cell efficiencies above
13% have been reached by utilising these nanocrystalline compounds. '!-13
However, many of the high efficiency results in that category are based on
lead sulphide-based NCs. Considering the high toxicity of lead, a significant
number of research projects over the last years have also started to focus on
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finding less-toxic alternatives to this compound, with a particular focus on
ternary metal chalcogenides.'*!> Two of those materials focused on in this
work are AgBiS; and NaBiS,.

Out of the two, AgBiS, has been receiving a lot more attention when it
comes to implementations in solar cells, since a promising initial report in
2016.'* Since then, multiple further projects were carried out focusing on fun-
damental properties, optimising the synthesis procedure, as well as the solar
cell architecture and related material combinations in the device stack. 020
While some different options in terms of surface termination and passivation
were tested, '4?1-23 studies focused on that and including and comparing mul-
tiple materials to that effect are still rare.

NaBiS,, on the other hand, has been reported to be a promising material
for solar cells in 2022, but has received much less attention overall in that
regard. > However, the few studies that exist indicate significant issues either
with respect to the current output, stability under illumination and/or potential
ionic movement. 2423

1.1 Objectives and Aims of this Thesis

The overall aim of this thesis is to improve the understanding of how surface
and interface properties influence the photovoltaic device performance based
on AgBiS; or NaBiS, NCs. Special emphasis is placed on how different passi-
vation compounds affect the material properties, charge carrier dynamics and
general electronic properties. Besides this, AgBiS, NCs are also explored for
applications beyond conventional solar cells. In total, the thesis is based on
four projects, as illustrated in Fig. 1.1, each addressing a different research
question in this context.

The first project (Paper I) is focused on studying the effects of treating
AgBiS, NCs with various halides, ranging from iodide over bromide to chlo-
ride. This includes evaluating how these ligands affect surface passivation,
material properties, charge-carrier dynamics, and photovoltaic device perfor-
mance.

The second project (Paper II) further extends on the topic of passivation
induced changes in the material and device properties, but additionally fo-
cuses on how these variations also affect the charge carrier separation across
the adjacent interfaces in the layered solar cell device stack. For that purpose,
AgBiS, NCs capped with either iodide or a thiol-containing molecule are in-
vestigated.

The last project related to AgBiS; (Paper III), on the other hand, shifts the
topic away from the particle passivation and studies the application of this ma-
terial in a hypothetical photon glow battery setup instead. In that context, the
material’s response as a photoabsorber in a photovoltaic device to irradiation
different to the standard solar spectrum is explored.

12
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Figure 1.1. Tllustration of the four different projects and associated research areas
included in this thesis: Studying different halides for surface passivation of AgBiS,
NCs (Paper I) and further comparing iodide- and thiol-based ligand treatments with
focus on charge carrier separation across adjacent interfaces (Paper II). Investigating
the prospect of utilising AgBiS, NC photovoltaics in a photon glow battery setup
(Paper III). Studying NaBiS, NCs for solar cell applications (Paper IV).

The final project (Paper 1V) discussed as part of this thesis is based on
NaBiS; instead and is aimed at identifying and mitigating performance lim-
itations when applying this material in solar cells. In particular, insights re-
garding the origins of the limited current output are sought, while investigating
different passivation approaches to improve on this issue.

Together, these studies aim to provide a deeper understanding of the re-
lationship between passivation, charge-carrier dynamics, and device perfor-
mance in lead-free nanocrystal photovoltaic materials, while also exploring
new application opportunities.

1.2 Thesis Outline

To facilitate the discussion, the first part of this thesis is designed to briefly
introduce some fundamental principles and methods related to the later pre-
sented results. It starts with the general characteristics of semiconductors and
NCs (Chapter 2), before moving onto the specific material properties, syn-
thesis principles and material characterisation techniques (Chapter 3). After-
wards, Chapter 4 introduces the working principles of photovoltaics, the de-
vice fabrication, as well as related measurement procedures. Then, insights
from Papers I and II are combined in Chapter 5, together with a brief de-
scription of the developed air-bases synthesis procedure for the AgBiS; NCs.
The material’s potential for application in a photon glow battery (Paper III) is
discussed in Chapter 6, while the results from the NaBiS; study (Paper IV)
are reported in Chapter 7. Lastly, a short summary, concluding remarks and a
brief outlook will be given in Chapter 8.
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2. Semiconductors: From Bulk to
Nanocrystals

Since the main topic of this work is centred around the synthesis, characterisa-
tion and subsequent application of NCs as photo-absorbers into solar cells, this
section provides an introduction to the electronic structure in crystalline solids
and semiconductors in particular. Additionally, the basics of light-matter inter-
action and selected optoelectronic properties are discussed. Special emphasis
is given to the impact quantum confinement has on these characteristics, as
well as how defects and high surface-to-volume ratios will influence the dis-
cussed principles.

2.1 Electronic Structure in Crystalline Solids

When considering the electronic structure of an atom, small molecule or ex-
tended macroscopic solid, its characteristics are governed by the time inde-
pendent Schrodinger equation, due to the quantum mechanic nature of the
system.2%2% Tt can be expressed as a seemingly straight forward eigenvalue
equation

HY = EY 2.1

where ¥ is the wavefunction (eigenfunction), E the corresponding energy
eigenvalue and H stand for the Hamiltonian, which describes the kinetic and
potential energy components defining the system. This means that an electron
is treated as a wave in this approach, with the squared wavefunction express-
ing the spatial probability of its location, when occupying the specified state
with energy E.26-2

However, the apparent simplicity of the equation is deceptive and exact so-
lutions only exist for a few systems, consisting of a very limited number of
constituents. More complex cases, on the other hand, require further approx-
imations. Nevertheless, a key consequence of this theory is that bound elec-
trons can only occupy discrete energetic states, with the Pauli principle further
postulating that two electrons, or more general fermions, cannot occupy the
same state. > Hence, in a singular atom in the ground state with N electrons,
the N energetically lowest states would be filled, while the higher ones would
remain unoccupied. While these discrete states are well-distinguishable in
atoms and small molecules, the extremely high number of atoms and conse-
quently electronic states involved in a macroscopic solid, on the other hand, re-
sults in a quasi-continuum of states commonly referred to as electronic bands,
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Figure 2.1. Theoretical band structures with bands plotted in blue with the Fermi
energy set to 0: a) silver® as an example of a metal with the Fermi energy cutting the
CB, b) PbS?’ as a semiconductor example with a BG of around 0.49 eV between the
VB maximum and CB minimum as highlighted in orange, ¢) NaCl3® as an exemplary
insulator, with similar highlights of the BG in purple.

with the whole electronic structure of such a material similarly called band
structure. 3132

The specific shape and characteristics of such a band structure are heavily
dependent on the elemental composition of the solid and the specific atomic
positions. However, as mentioned before, solving Schrodinger’s equation with
the full Hamiltonian expressing all involved particle interactions in such a
complex system is impossible and requires further simplification.?! Common
approaches involve the Born-Oppenheimer approximation, which assumes the
position of the nuclei in a system to be almost stationary, due to relatively
large difference in mass between them and the electrons.®? Thus, the elec-
tron wavefunctions can be treated separately and the electrons can be thought
of as moving in the static potential caused by the nuclei. Furthermore, in an
ideal crystalline material, the atomic arrangement is strictly periodical and can
be described by a unit cell defining the basic repeating pattern in terms of its
elements and respective positions and a lattice providing the translational sym-
metry of the structure.3!3? Hence, an electron in this solid would experience a
similarly periodic potential reflected in the Hamiltonian, which allows for the
reduction of the theoretical considerations to the unit cell, when accounting for
the correct boundary conditions.3'3%3% The primitive unit cell most typically
chosen for this purpose is the Wigner-Seitz cell, which contains exactly one
lattice point and reflects the lattice symmetry due to containing all points in
space closer to this particular lattice point than any others. In reciprocal space,
commonly used for band structure depiction, its equivalent is called the first
Brillouin zone.3!-3%%

Depending on the material, model, computational resources and further ap-
proximations, band structures such as the ones exemplarily depicted in Fig. 2.1
can be obtained. There, the energy bands along high symmetry paths through-
out the Brillouin zone are depicted, while the Fermi energy signifies until
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which energy electrons would occupy the visualised states without any pre-
vious excitation.?! Taking this into account, the shown examples highlight
important differences between electronic properties in materials. As can be
observed in Fig. 2.1a), the bands overall show no visible gap along the de-
picted energy scale and cross the Fermi energy. Hence, this band is only par-
tially filled with electrons, allowing for easy electronic transport throughout
the crystal and consequently called conduction band (CB), while the mate-
rial is classified as a metal.3>3° The remaining two examples in Figs. 2.1b)
and 2.1c), on the other hand, do exhibit such a gap of varying size with with
the Fermi energy being located inside it. These examples represent a semicon-
ductor and an insulator, respectively, with the size of the BG defining the clas-
sification. A material with a BG smaller than ~3 eV is commonly considered
a semiconductor, while larger BGs are typically associated with insulators. In
these compounds, the CB is unoccupied without any further excitation, while
the highest and fully occupied band is called the valence band (VB). Conse-
quently, electric conductivity in these materials requires previous excitation of
electrons into the CB, which requires potentially drastically different excita-
tion energies dependent on the size of the BG.3>

2.2 Light-Matter Interaction and Excitation

Generally, electromagnetic radiation of suitable energy can be absorbed by
matter to excite the system from one quantised state to a higher energetic one.
This requires that the energy of the photon being absorbed is equal to or larger
than the energetic difference between the states. Due to the typical sizes of
semiconductor BGs, this class of material can absorb light in the visible region
to cause transitions of an electron from the VB to the CB, leaving behind
positively charged hole in the VB, 324041

This process is illustrated in Fig. 2.2a), using a simplified flat-band depic-
tion, focusing only on the VB maximum and CB minimum positions, but not
their shape in reciprocal space. In case the energy of the photon Av is larger
than the BG, the electron would be excited to a higher state but subsequently
relax to be band edge, as indicated in the depiction through the gray wavy
arrow. Generally, such electron-hole pairs experience attractive coulomb in-
teractions between each other due to their opposite charge and are called ex-
citons.3'3%4! Consequently, they exhibit a certain exciton binding energy and
an associated radius of the bound state. However, in most inorganic materi-
als, this bond is rather weak due to the comparatively high dielectric constants
these compounds typically exhibit. At room temperature, this oftentimes re-
sults in the formation of free charge carriers instead of bound excitons, as long
as the thermal energy is sufficient to overcome the exciton binding energy.*!

Fig. 2.2b), on the other hand, illustrates the reverse process of an electron
in the CB and a hole in the VB recombining via different pathways and mech-
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Figure 2.2. a) Schematic of an electron e~ being excited from the VB into the CB
of a semiconductor with a certain BG after absorption of a photon with sufficient en-
ergy hv and subsequent relaxation to the band edge (small wavy gray arrow), leaving
behind a hole 4™ in the VB. b) Illustration of the recombination of an electron in the
CB with a hole in the VB happening either non-radiatively (wavy gray arrow) or ra-
diatively (straight black arrow) resulting in the emission of a photon with energy Av.
¢) Excitation in a direct BG semiconductor only involving the absorption of a suitable
photon, whereas the respective process in d) for an indirect BG material additionally
requires phonon contribution q.

anisms. While the straight arrow in this schematic represents radiative recom-
bination of the charge carrier pair resulting in the emission of a photon with
energy hv equal to the difference between the two previously occupied states,
the wavy arrow indicates non-radiative recombination. During this process the
excess energy of the system is not released in form of electromagnetic radia-
tion but is instead dissipated in the system in form of heat. When considering
these processes, it is important to note that without further driving forces in-
ducing spatial charge separation after excitation, the generated charge carriers
would recombine at some point in time due to the system’s requirement to
minimise energy. Therefore, excited charge carriers can be associated with a
lifetime, which depends on the respective studied material and conditions. !

While these simplified representations are sufficient to qualitatively visu-
alise central aspects of the involved processes, it is important to differentiate
between two types of BGs that can exist in semiconductors, when consider-
ing the likelihood of electronic excitation happening. On the one hand side,
there is the so-called direct BG, where the VB maximum and CB minimum
are located at the same place in reciprocal space, as indicated in Fig. 2.2c). For
excitation to happen there, only a photon with the right wavelength is needed
to satisfy energy conversion.3>4!

Fig. 2.2d), on the other hand, depicts an indirect BG, with the VB maxi-
mum and CB minimum at different points in k-space. As a result, excitation
of an electron into the CB with minimal photon energy is only possible with
the simultaneous contribution of a phonon, which is a quasiparticle describing
the quantised lattice vibration in a solid. Without the latter, direct excitation
of an electron from the VB maximum to the CB minimum in an indirect BG
material would violate the law of momentum conservation. Hence, this pro-
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cess involving more particles to interact is normally significantly less likely
to happen compared to direct excitation.3>*! However, direct excitation can
still occur in these materials as well, as soon as the absorbed photon energy is
sufficiently large to bridge the gap between the VB and CB at a given point in
reciprocal space, signified by the blue wavy arrow in Fig. 2.2d).

Generally, the concept of excitation is the basis for a multitude of processes
focused on in this work, from the later described photovoltaic effect (see Sec-
tion 4.1) to various spectroscopic methods employed.*! The most directly re-
lated example in that regards would be UV-Vis-NIR absorption spectroscopy,
introduced in more detail in Section 3.4.3, but also applicable to techniques
such as infrared spectroscopy, or photoelectron spectroscopy.**** While the
latter rely on different types of excitations, such as vibrational and rotational,
or the photoelectric effect, where an electron is not merely excited into the
CB but rather fully ejected from the material, respectively, the fundamental
principles remain the same. *>#*

2.3 Defects, Trap States and Doping

After discussing band structures, excitation and subsequent relaxation so far
for ideal structures in Sections 2.1 and 2.2, it is important to also highlight
what deviations from a perfect crystal structure are commonly observed in
real solids and how these, in turn, can affect the electronic structure of a ma-
terial. Typically, irregularities in the crystal lattice can either be classified as
structural or point defects. The former encompasses generally more extended
imperfections in the crystal, such as lattice dislocations or grain boundaries,
while the latter describes differences in the exact atomic occupation.*> For
now, the focus will be on these point defects, when the topic of structural de-
fects will be picked up again in Section 2.5, when describing surface effects
in more detail.

Fig. 2.3a) depicts schematic examples of frequently occurring point defects
in a simplified manner, utilising a 2-dimensional lattice and a compound made
up of 2 elemental constituents. A defect caused by the absence of an atom at
its respective lattice site is referred to as a vacancy, while the occupation of one
specie’s lattice site by the other one is called an anti-site defect. Interstitials,
on the other hand, describe atoms located besides the lattice sites defined by
the structure. In addition to these types of intrinsic point defects, there is also
the possibility of extrinsic impurities being present in the material due to the
incorporation of other elements. Besides potentially causing strain and local
distortions in the lattice, these irregularities will also affect the electric struc-
ture at the relevant places in the material. Misplaced or impurity atoms might
contribute to additional or different states locally, while vacancies can result in
the lack of otherwise present ones.***¢ Their energetic position with respect
to the underlying band structure naturally depends on the compound itself and
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Figure 2.3. a) Schematic illustration of different types of point defects for a 2-
elemental compound visualised for a hypothetical 2-dimensional lattice. b) Classi-
fication of deep and shallow/intra-band trap states induced in the band structure due
to deviations in the crystal structure. c¢) Classification of different types of semicon-
ductors and typical Fermi level positioning.

the specific impurity considered. When considering these local states as un-
intentional and unavoidable imperfections of a given semiconductor and its
synthesis procedure, they are often referred to as trap states, especially when
they are located inside the BG, as indicated in Fig. 2.3b).*> This terminology
is due to the potential of excited charge carriers being trapped in these local
discrete states and thereby making them either unavailable or at least inhibit
their further band transport throughout the solid. This in turn, would influence
the recombination mechanism and thereby potentially affect the associated
time constants of the process. Qualitatively, a distinction is oftentimes made
between so-called deep and shallow traps. While the former are located deep
within the BG, as their name suggests, the latter are energetically much closer
to the respective band edges, also illustrated in Fig. 2.3b).4*” Consequently,
charge carrier trapping there is generally more easily reversible by means of
low energetic re-excitation due to thermal energy or other means, which tends
to impact the overall optoelectronic properties of a material less than their
deeper lying counterparts.

Besides these unintended defects and related trap states, deliberately intro-
ducing specific impurity atoms into a host material can also be used to adapt
its properties. A common application of this principle is the addition of va-
lence electron-rich or -poor elements into an otherwise intrinsic semiconductor
matrix, called doping.3>#! By carefully selecting the dopant and the semicon-
ducting material to provide the needed compatibility in terms of electronic and
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crystal structure, it is possible to induce additional states and occupancy close
to the VB or CB. Thereby, the material can be tuned to provide either holes or
electrons as the majority carriers, which is typically denoted as a p- or n-type
semiconductor, respectively. As can be seen in Fig. 2.3b), the Fermi level in
these cases is then consequently located close to the VB or CB, respectively.
How strong these effects manifest, would naturally depend on both the mate-
rials, as well as the doping concentration. 3>4!

2.4 Quantum Confinement

After discussing the basic characteristics of macroscopic semiconductor crys-
tals, it is important to note how these properties are affected and changed by
decreasing the particle size of a specific compound to the nanoscale. As de-
scribed in Section 2.1, the quasi-continuous nature of the bands in extended
solid structures is due to the extremely high number of atoms, each contribut-
ing to the consequently even larger amount of electronic states present.*"

Shrinking down the crystallite’s size drastically to a dimension where a
quasi-infinite repetition of the unit cell does no longer adequately represent
the observed material will consequently reduce the number of states present
in the observed electronic structure. As a result, two major effects become
noticeable, which are schematically illustrated in Fig. 2.4. First, the BG of the
considered semiconductor is increasing with decreasing crystallite size, while
secondly, the bands representing the allowed states for electron occupation be-
come increasingly more narrow.**? Additionally, discretisation of the energy
levels, especially at the band edges might also occur, given that the density
of states tends to be lower there. At which exact particle sizes these effects
become evident depends on the respective compound and is strongly related
to the material’s exciton Bohr radius, placing it typically in the nanometre
regime. When the crystal’s dimensions approach the same magnitude as the
wavelength of the electron wavefunction, the electron starts to become con-
fined by the spatial extension of the solid, akin to the model system of a parti-
cle in a box, with the result of increasingly higher electronic states the smaller
the potential well’s dimension get. This effect is therefore called quantum
confinement and directly allows for the tuning of the BG of a semiconduc-
tor via size variation, making this class of material particularly interesting for
incorporation into optoelectronic devices, 3+40:48-31

Besides these changed electronic properties of quantum-confined NCs, there
might be other consequences of this drastic size reduction, such as a decreasing
melting temperature and influence on potential phase transitions or stabilisa-
tion of metastable phases, which will not be discussed in detail here, due to
the focus of this work lying elsewhere.>> However, one more characteristic,
that is central to the topics discussed later, is the increasingly high surface-to-
volume ratio of these small particles.”> Hence, its implications on the elec-
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Figure 2.4. Simplified sketch of the effect of decreasing particle size on the electronic
structure in a semiconductor ranging from macroscopic bulk to a single atom repre-
sentation with its highest occupied and lowest unoccupied molecular orbitals (HOMO
and LUMO), instead of the VB and CB. The differently coloured arrows indicate the
increasing energy difference between occupied and unoccupied states with decreasing
particle size (increase in BG).

tronic structure and optoelectronic properties of a material will be introduced
and summarised in the following Section 2.5.

2.5 Surface Effects and the Role of Passivation

Besides the quantum confinement changing the optoelectronic characteristics
of NCs, a second major factor affecting the electronic structure of this type of
material is related to the increasingly high number of surface atoms relative
to their total amount in the particle.>> These atoms typically contribute differ-
ently to the overall band structure compared to their counterparts in the core of
the NC, as their bonding situation is generally different due to the termination
of the three-dimensional lattice. This is schematically depicted in Fig. 2.5a),
where the top-most atoms have no bonding partner in at least one dimension
and are therefore left with so-called dangling bonds.>? Such a configuration is

a b c . . -
) Surface with Dangling Bonds ) ) Bonding to Different Species

Figure 2.5. Schematic illustration of a) a solid with a high energy surface layer due to
the presence of dangling bonds, b) subsequent surface reconstruction in the absence of
other bonding partners and c) satisfaction of bonding situation by other species, which
could include oxygen, specifically chosen ligands or others.
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generally energetically unfavourable, though, which often-times leads changes
compared to the bulk structure: In the absence of any further reactants avail-
able at the surface, the top-most layers tend to rearrange for energy minimisa-
tion and to alleviate the unsaturated bonding situation. This process is called
surface reconstruction and is illustrated in Fig. 2.5b).>% In the presence of
additional materials, on the other hand, bonding to different species also be-
comes a possibility to passivate the surface, as indicated in Fig. 2.5¢). This
can include anything from surface oxidation caused by the ambient air sur-
rounding a particle, to specifically chosen elements or molecules, often called
ligands in such a case.>”#% The type of bond formed and the bond strength
will consequently depend on the specific combination of the material’s surface
composition and the passivation agent attached to it. Hence, additional struc-
tural rearrangement of the surface layers compared to the ideal bulk structure
is still a possibility, due to the change in chemical environment.

These processes commonly result in the emergence of new or different
states in the electronic structure of a given material, similar to how it was
discussed for the different crystal defects in Section 2.3. The smaller the par-
ticles become and the more the surface-to-volume ratio increased due to that,
the more relative influence these states will then have on the overall electronic
structure on the material. Hence, by carefully choosing specific passivation
agents for small NCs, can result in effects similar to doping in bulk materials,
and might also affect the positions of the VB and CB with respect to vac-
uum. >’ This opens up additional approaches to adapt and tune the material
properties of the fabricated particles to tailor them to specific applications. On
the flip side though, insufficient or unsuitable surface passivation is commonly
associated with an increase in deep trap states.

Besides these direct effects on the electronic properties of the particles,
the specific surface structure and its associated of passivation have additional
functions, especially when considering colloidal NCs. In that particular case,
the ligands also have to prevent agglomeration and ensure proper dispersion
in the utilised solvent.’? Moreover, in solid films made from NCs, ligands
play an important role when it comes to charge transport through the layer,
a crucial characteristic for all materials used in optoelectronic device. As il-
lustrated in Fig. 2.6, for excited charge carriers to be transported in such a
film, they need to move from one NC to the next, bridging a distance in space
where there might not be suitable sates to occupy. Consequently, this process
involves the charge carrier to overcome a potential barrier of a given width re-
lated to the inter-particle distance, which is generally dependent on the spatial
dimensions of the ligands.? Therefore, Fig. 2.6 depicts the tunnelling effect
for a 1-dimensional particle in a potential well of a given energy as an exam-
ple to illustrate this effect, by indicating the exponential decay of the parti-
cles wavefunction inside potential barriers of varying width.?’ Hence, carrier
hopping between particles separated by smaller/shorter ligands is significantly
more likely than between NCs separated by larger/longer passivation agents,
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Figure 2.6. Simplified sketch of the effect ligand size can have on the charge transport
between NCs, illustrated with the help of the schematic depiction of the tunnelling
effect for a particle in a 1-dimensional potential well with potential barriers of varying
widths (in orange and green).

especially if these surface species do not contribute to the charge transport by
themselves.? In this context, the importance of ligand effects on the overall
properties of nanocrystalline materials already become apparent, which is one
of the main focus points of this work.
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3. Metal Chalcogenides: Properties, Synthesis
and Characterisation

After providing a brief overview about selected concepts governing the funda-
mental properties of semiconductor NCs in the previous chapter, the following
sections introduce the two ternary metal chalcogenide materials, AgBiS; and
NaBiS,, studied herein. Additionally, typical synthetic approaches utilised in
fabricating metal chalcogenide NCs will be discussed. Lastly, short descrip-
tions about characterisation techniques used to study the fabricated materials
and their working principles are provided.

3.1 Silver Bismuth Sulphide

When describing AgBiS; and its material properties, it is important to note
that it exists in two distinct and different crystal structures: a low-temperature
trigonal phase (P-3m1), also referred to as matildite, and a high-temperature
cubic phase with a disordered rock-salt-like structure (Fm-3m). 4193336 1p
this context, disordered refers to the occupation of the metallic face-centred
cubic (fcc) sublattice by Ag and Bi, respectively, which appears to be statis-
tical and indistinguishable. While matildite is the thermodynamically stable
polymorph for the bulk material up to approximately 473 K, the cubic phase
has been shown to be meta-stable at room temperature and appears to be the
commonly formed crystalline structure in NCs with sizes around 10 nm or
below. 14,19,55

Consequently, the material properties of this compound are dependent on
the observed polymorph. Moreover, previous reports have indicated that for
the cubic phase, the mentioned cationic disorder in the metallic sublattice is
expected to heavily influence, for example, the size of the BG. 8738 In the-
oretical calculations, it has been demonstrated that changes to the cationic
ordering, going from the well-defined matildite structure over multiple exam-
ples for the disordered cubic phase to a limit case of an ordered cubic structure,
would result in a BG reduction from ~1.6 eV (matildite) all the way to metal-
lic behaviour (ordered cubic).’® Experimentally, values of around 0.8-0.9 eV
have been reported before for the disordered cubic phase of bulk AgBiS,,%¢°
while NCs are often associated with indirect BGs ranging between 1.0 eV
and 1.3 eV, 14195638 However, the relation between the observed NC and BG
sizes from different publications seems to further highlight the potential signif-
icant influence variations in the disorder might have on the electronic structure.
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Moreover, this effect is expected to be exacerbated by the tolerance of stoichio-
metric deviations in nanocrystalline structures compared to the bulk. 3141954
A clear distinction between the discussed effects of quantum confinement or
cationic disorder proves to be rather challenging and complex, resulting in
limited verified knowledge about the fundamental electronic properties of the
material.

Nevertheless, the mentioned commonly observed BGs in addition to the
high absorption coefficient of ~ 10° cm that these NCs typically exhibit, makes
the material an interesting candidate for optoelectronic applications. Its low
toxicity and good ambient stability, together with the solution-processability
of the synthesised NCs are further advantages. '419-20-60

3.2 Sodium Bismuth Sulphide

Similar to AgBiS,, NaBiS, NCs typically form a cubic rock salt-like structure,
with the sulphur atoms forming once fcc sublattice and the metal atoms form-
ing the other one with mixed occupation.'> Even the cell parameters of both
materials are very similar (AgBiS;: 5.65 A0l NaBiS,: 5.75 A62) due to the
small difference in the related ionic radii of the relevant metals. >Its reported
BG varies in different publications, but for NCs below 30 nm values a di-
rect transition at around 1.4 eV is commonly found, while indirect transitions
have been observed ranging from 1.0 ev to 1.4 eV, dependent on the particle
size. 136364 Furthermore, the compound provides a high absorption coefficient
(>10° cm™ 1) over a wide spectral range, good ambient stability and low toxi-
city, making it an interesting candidate for optoelectronic applications. 1>

3.3 Synthesis of Metal Chalcogenide Nanocrystals

Overall, there is a wide variety of fabrication methods for nanostructured ma-
terials, ranging from templating strategies to self-assembly. A commonly used
strategy to synthesise colloidal metal chalcogenides is based on the so-called
hot-injection method. The process is generally based on LaMer’s model of
colloidal particle growth in solution, characterized by the different stages ac-
cording to Fig. 3.1.% It typically starts with the rapid injection of part of the
reagents into a hot high-boiling solvent containing the remaining precursors,
causing supersaturation which in turn leads to the nucleation of the reaction
products. 17395266 Afterwards, these initially small nuclei grow due to the re-
maining concentration of precursors in the solution, before Ostwald ripening
takes place. The latter describes the effect, where the larger particles grow fur-
ther, while the smaller ones begin to dissolve again due to their larger chemical
potential.>2%667 To prevent further aggregation and agglomeration, the reac-
tion solution must also contain ligands or other surfactant molecules to act as
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Figure 3.1. Schematic illustration of LaMer’s model for colloidal particle nucleation
and growth.

a capping agents, stabilizing the colloid in the chosen solvent.?>>%8 Consider-
ing that typical hot-injection solvents are non/weakly-polar and the precursors
and formed NCs are commonly rather polar in nature, ligands used in this
type of set-up generally feature a polar head-group able to interact with the
solid particle, while also providing a non-polar tail compatible with the sol-
vent. Hence, oleic acid and/or oleylamine are often chosen for that purpose
with their carboxy or amine functional groups, respectively, able to bind to
the NCs, while the long chain aliphatic chain provides colloidal stability in a
variety of non-polar solvents and prevents agglomeration by means of steric
hindrance. !415:17:69

The timescale on which the reaction stages indicated in Fig. 3.1 occur is
strongly dependant on the materials involved, as well as the temperature.>?
Termination of the reaction is commonly achieved by cooling the resulting
mixture down and/or precipitation of the formed particles. Consequently,
the resulting sizes and size distributions of the formed crystals will depend
strongly on the timing, temperature, solvent, the utilised reagents and ligands,
as well as their respective concentrations. Further purification to remove ex-
cess ligands and potential unreacted precursors is normally done via repeated
precipitation and redispersion of the fabricated particles, with the help of a
suitable anti-solvents, while removal of any kind of larger agglomerates is
achieved by a milder centrifugation treatment without prior exposure to any
anti-solvent.

Oftentimes, these reactions are carried out under inert atmosphere, as some
of the typically employed organo-sulphur precursors are very reactive and
would rapidly decompose in ambient air by releasing toxic H,S.!® Therefore,
the work presented in this thesis focuses on air compatible synthesis routes
involving elemental sulphur as a precursor instead, that will release H»S more
slowly in-situ in the reaction mixture.”’
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3.4 Material and Structural Characterisation Techniques

In the following sections various material characterisation techniques utilised
in the context of this work are introduced. The aim thereby is to shortly il-
lustrate the general working principles of each method. Exact and detailed
experimental conditions and parameters used to obtain the results presented in
Chapters 5 to 7 can be found in the associated papers in the respective methods
section.

3.4.1 X-Ray Diffraction

The structure of crystalline materials can be investigated experimentally by
means of X-ray diffraction (XRD). This method is based on the effect that
monochromatic X-rays, like other waves, are elastically scattered by the atoms
in the lattice. Due to interference of the the resulting waves according to Huy-
gen’s principle, a characteristic intensity pattern is formed depending on the
crystal structure, where Bragg’s law gives the condition for constructive inter-
ference: 313271

2y sin @ =nA neN, 3.1

with A being the X-ray wavelength, 6 the incident angle and dj, the distance
between a certain set of parallel lattice planes. Hence, the necessity to employ
X-rays for this technique becomes apparent, since the wavelength of the radi-
ation needs to be of the same order of magnitude as the observed structure. 3>

3.4.2 Transmission Electron Microscopy

To further analyse the prepared NCs and their structure, especially their size
distribution, transmission electron microscopy (TEM) was utilised. Instead of
employing electromagnetic radiation, this technique is based on accelerating
electrons onto a thin sample under high vacuum conditions. Their associated
de-Broglie wavelengths are commonly in the picometre regime, due to typi-
cal acceleration voltages in the range of tens to hundreds of kilovolts.”> As
a result, this method enables high resolution imaging on the nanoscale. The
images are generated by the interaction of the electron beam with the electron
density of the atoms in the observed material, before they are detected after
passing through the sample. By placing an aperture in the back focal plane
that blocks the diffracted electrons, a bright field image of the irradiated area
is obtained. Therein, thicker areas and heavy atoms appear darker, since they
cause more scattering and result in less transmitted electron intensity under
the described conditions.”>74
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3.4.3 Optical Spectroscopy

To investigate the light-matter interaction of the fabricated NCs, optical spec-
troscopy methods were employed, with a focus on absorption-based measure-
ments, as no significant optical emission could be detected from the materials
studied here.

UV-Vis-NIR Absorption Spectroscopy

Absorption spectra ranging from soft ultraviolet (UV) over the visible (Vis) to
the near-infrared (NIR) region was utilised to study the electronic excitation
in the synthesised NCs. For that, the excitation wavelength A was varied and
the corresponding transmitted intensity /;,(A) was recorded. According to the
Beer-Lambert law, the transmitted intensity depends on the initial illumination
intensity Iy, the material’s absorption coefficient ct(14) at the given wavelength
and decays exponentially with increasing path length d through the sample: *>

Lr(A) = Iy(A)e PN, (3.2)
From that the absorbance A of a given sample is defined as:
I,,()L))
A=—lo . (3.3)
¢ (zom

Practically, most spectra are measured against a specific reference though, in-
stead of against the initial illumination intensity, to remove additional influ-
ences from sample substrates, solvents, cuvettes etc. For relative comparisons,
this approach is sufficient for as long as the reflective properties of the refer-
ence and sample can be considered to be very similar, i.e. the samples do not
majorly contribute to the changes in the reflectance. Otherwise and for actual
quantification, additional reflectance measurements are needed to be carried
out, since energy conservation demands that the sum of the transmitted, re-
flected and absorbed fractions match the initial intensity. *6

Infrared Spectroscopy

IR spectroscopy is another characterisation technique based on the absorption
of electromagnetic radiation by the studied material. Due to the longer wave-
lengths of the IR photons, their energy is generally not high enough to cause
electronic transitions in the considered samples. However, they are commonly
used to study vibrational transitions in organic molecules.*? In the context of
this work, this was of particular interest to study the removal of the long-chain
aliphatic synthesis ligands during the thin film fabrication discussed later in
Section 4.3 to ensure its sufficient electronic conductivity.

3.4.4 Photoelectron Spectroscopy

Photoelectron spectroscopy (PES) is a technique used to identify, quantify and
investigate the electronic and chemical structure of materials. It is based on the
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Figure 3.2. Schematic illustration of the working principle of photoelectron spec-
troscopy: a) generation of photoelectrons by illumination with photons of sufficient
energy to overcome the binding energy of (some) of the materials electrons, b) rela-
tion between binding energy (Ep), photon energy hv, kinetic energy of the emitted
photoelectron Ey;, and the work functions of the sample and spectrometer, Qs and @4,
respectively.

photoelectric effect, which describes a process, where an electron is emitted
from a material following exposure to electromagnetic irradiation of sufficient
energy. An illustration of this effect is depicted in Fig. 3.2a). Considering
the amount of energy normally needed to remove an electron from a material,
photons used for this type of excitation are normally part of the UV or X-ray
spectrum, resulting in the also commonly used names ultraviolet photoelec-
tron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS).** Any
left-over energy from the incident photon not used in the excitation process
will then define the kinetic energy of the emitted photoelectron, as indicated
in Fig. 3.2b). Subsequent determination of this kinetic energy will lead to in-
sights about the binding energy Ep of the ejected electron, if a monochromatic
photon source with a known energy hv is used, according to the following
relation: #+7

El/cin :hv—EB—(pA, (34)

with @4 denoting the workfunction of the analyser (compare Fig. 3.2b)). Of-
ten, a stable reference material with a well-known signal position is utilised
for energy calibration prior to any sample analysis. For example, in many
spectra the Fermi level of Au is used for referencing, while other examples
include internal calibration. The thus obtained binding energy positions are
characteristic for a given element and orbital, allowing for the aforementioned
elemental identification. Generally, all signals, besides the one originating
from the s-orbital, result in a doublet, due to spin-orbit splitting. As implied
in Fig. 3.2, the obtained binding energy spectra are displayed with respect to
the materials Fermi level (Ep = 0 eV).**
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Chemical Shifts

Besides basic identification of elements present in a sample by comparison
of the observed peak positions with either literature values or measured refer-
ences, analysing high-resolution core level spectra will provide additional in-
sights into the chemical environment of the observed element. Different bonds
formed with other atoms generally cause a variation in the electron density
surrounding the investigated constituent. In turn, these higher or lower nega-
tive charge densities will cause a slight change in the binding energies of the
observed peak, which is referred to as chemical shift. As a result, chemical
states can be investigated, giving insights into functional groups and chemical
bonding, as long as their chemical shifts are large enough to resolve under the
given measurement conditions. **7% An example of this is shown in Fig. 3.3a),
where the Bi 4f doublet is clearly showing two components depicted in blue
and pink, signifying bonds of bismuth to two different elements. Analysis
of the different components visible due to variations in the chemical shift are
typically done via peak-fitting to obtain information about the peak positions,
signal intensity and other characteristics of interest. For that, a commonly
used peak shape is the pseudo-Voigt function, oftentimes used in combination
with a Shirley background as depicted in Fig. 3.3a).%*

Depth Dependence

Another important aspect of PES is the depth dependence of the observed in-
tensity of the signals. An emitted electron travelling through solid matter will
eventually experience inelastic scattering by the surrounding atoms. Hence,
only those photoelectrons able to escape the sample without undergoing an
inelastic scattering event will contribute to the well-defined binding energy
signals. An important measure in that context is the so-called inelastic mean
free path (IMFP), describing the average length scale after which energy losses
occur. Values for the IMFP can be calculated by predictive equations, such as
the so-called TPP-2M, and they depend on the kinetic energy of the electron,
as well as the overall material properties of the sample.”®”° Generally, higher
kinetic energies lead to larger IMFPs, meaning that an electron emitted from
a state with lower binding energy will generally have a larger IMFP, than one
having to overcome a higher binding energy for a given excitation energy.
Moreover, utilising higher photon energies leads to increased probing depths.
This is further highlighted in Fig. 3.3b), where the fraction of the observed
signal in dependence of the distance from the sample surface for three differ-
ent photon energies is exemplarily displayed for the case of the Ag 3ds/, peak
in NaBiS,. Due to the exponentially decaying likelihood of electron escape
with increasing path-length through the material, roughly 63% of a given sig-
nal are expected to originate from within the volume limited by the respective
IMFP. The overall signal depth, on the other hand, is defined by approximately
three time the IMFP, corresponding to statistically around 95% of all detected
photoelectrons. 8 Typical magnitudes of IMFPs often range roughly between
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Figure 3.3. a) Exemplary core level data for Bi 4f and S 2p, plotted with a Shirley
background and fits using pseudo-Voigt functions for the respective components (2
for bismuth and 1 for sulphur). The two components visible in the bismuth data are
due to differences in chemical shift caused by variations in the bond partners. b)
Depth dependence of the photoelectron signal due to changes in the IMFP (here for
Ag 3ds)3), caused by variation of the photon energy. ¢) Dependence of the Bi 4f,
and S 2p3 /, cross sections on photon energy, with cross section taken from Scofield.”’

d) Exemplary data from UPS measurements used to infer the VB edge and the work
function of a given sample.
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1 nm and 3 nm for the commonly utilised Al Ky X-ray source (1487 eV), with
smaller and larger values for lower or higher excitation energies, respectively,
making it a rather surface sensitive technique.**

Quantification

As mentioned above, PES is not only useful in identifying elemental con-
stituents of a given sample, but can also be used for rough relative quan-
tifications. This can be achieved, since the peak area of a given signal is
related, among other factors, to its relative atomic concentration. However,
this process requires careful further scaling of the observed data, as each el-
emental core level exhibits a different probability for photoemission, i.e. a
different photoionisation cross section, that needs to be taken into account,
which in turn also depend on the employed photon energies. Two examples
of these cross sections according to values published by Scofield are depicted
in Fig. 3.3¢).77 Additionally, the difference in IMFP of different core levels
will also be needed to considered for more accurate results, while the analyser
transmission function and geometric setup of the instrument might further im-
pact the obtained values.**

Workfunction Measurements

Besides measuring relevant core level spectra or even the VB region with re-
spect to the Fermi level, certain instruments also allow for the characterisation
of the workfunction @y of the studied material (compare Fig. 3.2b)). For this,
the whole spectrum, from the the VB edge or the Fermi level to the secondary
cut-off, has to be measured, as shown in Fig. 3.3d). Subtracting the width of
the spectrum from the employed photon energy will then reveal the position of
the VB edge or the work function, respectively, relative to the vacuum level.
The presented example here was obtained by using a ultraviolet photon source
(UPS, He 1, 21.22 eV).31:82

Operando and Time-Resolved Experiments

The last PES technique introduced in the context of this thesis deals with time-
resolved pump-probe experiments, carried out at the PM-4 endstation of the
BESSY II Synchrotron in Berlin.3? As the pump a green laser (515 nm) was
used to illuminate a sample of interest to study the induced changes in the
electronic structure. In case the studied material is a photo-absorber that can
get excited by the employed wavelength and charge carrier separation is hap-
pening, a shift in the core level signal can be observed between measurements
in the dark and under said illumination, proportional to the induced voltage in
the sample. This effect is highlighted in Fig. 3.4a) for a measurement taken
prior to illumination of the sample in the dark and under constant illumination
with the 515 nm laser. To gain insights into the time-scales that the related
processes of charge carrier separation and recombination are happening on, an
overall experimental principle according to Fig. 3.4b) was utilised. Instead of
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Figure 3.4. Working principle of time-resolved photoelectron spectroscopy with sam-
ples under laser illumination: a) exemplary Mo 3d core level spectra measured either
in the dark (laser off) or under continuous laser illumination (515 nm, laser on), show-
ing the illumination induced shift visible in the binding energy. b) schematic illus-
tration of the time-resolved measurement specifics, employing a pulsed laser (pump),
as well as pulsed X-rays with a shorter repetition frequency to probe the samples re-
sponse, with a variable delay time between the laser pump and the arrival of the first
X-ray probe. c) Exemplary data set obtained from the measurement principle visu-
alised in b).

relying on constant illumination, the samples are excited with pulsed laser ir-
radiation. In between the laser excitation, serving as the pump, pulsed X-rays
with a shorter repetition frequency are used as the probe to follow the induced
electronic changes. To improve on the time resolution imposed by the time
between X-ray pulses (800 ns), the time delay between the laser pulse and
the arrival of the first X-ray pulse afterwards (Afp,;qy) could be controlled and
varied. For a typical measurement, 15 different delay times ranging between
0.1 ns and 400 ns were chosen. Fitting of the collected data to obtain the peak
position and its associated shift over time resulted in datasets similar to the one
depicted in Fig. 3.4c). Therein, it is also highlighted which data points were
obtained from the mentioned first X-ray pulse with varying delay times, com-
pared to the remaining ones resulting from the remaining later X-ray pulses.
Overall, this technique and specific setup allows to track the charge carrier
dynamics of a material on time scales between 100 ps and 96 us.
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4. Photovoltaics: Principles, Fabrication and
Characterisation

Considering that the nanocrystalline semiconductors introduced so far are sup-
posed to be applied in photovoltaic devices for this work, this chapter is aimed
at giving a brief overview about the basic working principles of such a device,
its architecture, as well as some selected methods used herein to characterise
the fabricated samples.

4.1 Working Principles

As described in Section 2.2, light of suitable wavelength can be used to excite
electrons from the VB to the CB of a semiconducting material.*® A photo-
voltaic device is built to try and harvest the incident energy of the electromag-
netic radiation by extracting the generated charge carriers from the absorber
into an external circuit. To obtain a net-current, however, electrons and holes
need to be separated and move in opposing directions throughout the cell,
reaching their respective electrodes before recombination happens. 34

In practice, such a device is generally utilising the concept of a diode to pro-
vide the necessary driving force to facilitate the aforementioned charge separa-
tion. A diode describes a structure, where a n- and p-type material are brought
into contact with each other. As a result of the concentration gradient between
the majority carriers in both materials, electrons from the n-type semiconduc-
tor will start moving into the p-type area close to the interface and vice versa,
as illustrated in Fig. 4.1a). Consequently, this directional charge carrier move-
ment leads to the formation of a so called space charge or depletion region
around the interface, due to the local disturbance in charge neutrality. The
consequences of this process on the electronic structure, particularly the VB,
CB and the Fermi level, is schematically depicted in Fig. 4.1b). Overall, con-
tacting the p- and n-type semiconductors under short-circuit conditions will
lead to the equilibration of the Fermi levels involved by the aforementioned
charge carrier drift. Consequently, band banding takes place in the deple-
tion region as indicated in Fig. 4.1b). If a photon of suitable energy is now
absorbed in the space charge region, the two oppositely charged carriers expe-
rience a driving force separating them due to the potential difference along the
VB and CB, respectively. Hence, holes tend to travel towards the more p-type
material, while electrons would be attracted in the opposite direction. 3284
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Figure 4.1. Schematic illustration of diode formation by contacting n- and p-type
materials: a) Charge carrier drift after contacting due to potential difference leading to
the formation of a space charge region, with the resulting effect on the band structure
shown in b). ¢) Schematic of a solar cell with nip architecture and related sketch of
the relative energy levels of the different layers.

Variations of the pn-diode include additionally sandwiching a largely in-
trinsic semiconductor between a strongly n- and p-type material respectively
to extend the spatial dimensions of the depletion region or to allow for the
use of thin intrinsic absorber materials. Solar cell structures based on such
a material stack are consequently called nip- or pin-architectures, depending
on the side from which the device receives its illumination and are based on
heterojuctions between different materials.?>8 Fig. 4.1c) depicts such a nip
architecture, with the strongly n-type layer applied on top of the transparent
metal contact followed by the absorber and the p-type materials and finished
with a metal back contact. In this type of device structure, the layers surround-
ing the absorber are also often referred to as the electron transport layer (ETL)
and hole transport layer (HTL), respectively. They facilitate the charge carrier
separation and help transport the electrons and holes to their respective con-
tacts, while ideally also preventing carrier diffusion in the opposite direction
through careful energy level alignment as further indicated in the correspond-

ing qualitative diagram in Fig. 4.1c).%083

4.2 Irradiation Spectra, Fundamental Limitations and
Further Losses

Having introduced the basic working principles and structure of a solar cell
in the previous Section 4.1, this section now aims to briefly discuss the radi-
ation used as an energy source in the conversion process. Additionally, some
fundamental limitations and additional losses will be highlighted.
Technically, solar cells can be used to convert light into electricity from a
wide range of illumination sources, but as the name suggests, their primary
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focus is utilising photons emitted from the sun. As a first approximation,
the spectral distribution of these photons follows the black body radiation ex-
pected for temperatures reaching almost 6000 K, closely related to the sur-
face temperature of the sun.®088 In terms of spectral irradiance, it shows a
maximum at approximately 500 nm (see Fig. 4.2), with a long and broad tail
towards longer wavelengths. However, since most photovoltaic devices are de-
sign for their application on earth, these photons have to travel a long distance
during which they might undergo scattering, absorption or similar processes.
This becomes particularly important, when the light has to pass through the
atmosphere before reaching the surface of the earth, as indicated by the dif-
ference in the spectral irradiance between the so-called AMO and AM1.5G
spectrum also shown in Fig. 4.2.3%%0 In these names, AM signifies the equiv-
alent air mass through which the photons have travelled. Thus, the former
characterises the spectrum arriving outside of the atmosphere, while the lat-
ter is the standardised spectrum used for terrestrial solar cell testing. This
standardisation of spectra is necessary, considering that the intensity of solar
irradiation on earth is neither constant over time nor differing latitudes, even
excluding differences in weather.

A closer look at the AM1.5G spectrum in Fig. 4.2 also reveals one of the
fundamental efficiency limits a single-junction cell is bound to: By having an
absorber material of a certain BG, in the shown example of roughly 1.3 eV, all
photons of lower energy are unable excite charge carriers. Hence, they will not
contribute to the current output and are labelled as transmission losses. The
higher energy photons on the other hand, will experience rapid thermalisation
to the CB edge following excitation, thereby losing the excess energy they
previously had compared to the BG value. As a result, there is an optimal band
gap for a single-junction absorber, due to the necessary compromise between
transmission and thermalisation losses, which in turn defines the remaining
usable power from such a solar spectrum. In 1961, Shockley and Queisser
used these assumptions, while also considering radiative recombination, to
propose a theoretical upper limit of for the solar cell efficiency, also known
as the Shockley-Queisser limit.® Nowadays, the accepted limit has a value of
about 33.7%, while the ideal BG is reported to be ~1.3 eV.>

However, this value is the theoretical upper limit and does not consider fur-
ther losses, such as absorption and reflection losses, or other forms of recom-
bination, not included in the model description. The processes will inevitably
further reduce any practicably achievable results.
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Figure 4.2. Visualisation of the spectra from an ideal black body, the AMO and AM1.5
spectra, 89! together with the fundamental thermalisation and transmission losses as-
sociated with a absorber material providing a band gap of ~1.3 eV relative to the
AM1.5G spectrum.

4.3 Device Fabrication and Ligand Exchange

After introducing the fundamental working principles and limitations of pho-
tovoltaic devices, this section is focused on highlighting the general fabrica-
tion steps involved in producing the later discussed samples. Overall, the solar
cells investigated in this work all follow the general nip structure depicted
in Fig. 4.1c). Hence, the starting point of the sample fabrication were com-
mercially available glass substrates covered in pre-patterned indium tin oxide
(ITO) as the transparent contact. The actually performed processing steps af-
ter a thorough cleaning of the received substrates are summarised in Fig. 4.3:
First the ETL, typically in form of a zinc-containing sol-gel, !° was spin coated
onto the ITO, before the layer was annealed at temperatures exceeding 200 °C
in air to convert the material into the metal oxide.

Afterwards, the NC absorber film was prepared, utilising a so-called layer-
by-layer approach involving a solid-state ligand exchange. This ligand ex-
change is of high importance, due to the synthesis leaving the semiconductor
particles covered in long-chain aliphatic ligands (compare Section 3.3). Since
these ligands themselves show no significant electric conductivity, they ef-
fectively prevent charge carrier movement from one NC to the next in any
formed solid-state film, due to the induced long distance between particles as
previously discussed and illustrated in Fig. 2.6.%® To remove these insulating
synthesis ligands and replace them with smaller ones allowing for better con-
ductivity in the film, a thin layer (~10-15 nm) of NCs was formed by dropping
a small amount (~25 pl) of the synthesised and purified colloidal solution onto
a spinning substrate. Immediately after the spin coating, the freshly formed
layer was subsequently covered with a solution containing the new ligand(s).
Differences in concentration, affinity and solubility, depending on the chosen
material combination, are then expected to help with the competitive ligand
replacement by maintaining the exposure for a set period of time, often be-
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Figure 4.3. Schematic illustration of the solar cell sample fabrication starting with
the pre-patterned glass/ITO substrate and detailing the ETL, NC film, HTL and back
contact formation using spin coating and thermal evaporation.

tween 30 s to 60 s. Then the excess solution is spun off and the process might
be repeated with the aim to increase the new ligand concentration in the film,
or this step is directly followed by repeatedly (2-3x) rinsing the layer with pure
solvent to remove unbound and excess ligands. Since the formed layer is very
thin, as mentioned above, to allow for sufficient penetration of the ligand ex-
change solution, it is normally necessary to repeat this process multiple times
to achieve the desired film thickness to maximise absorbance in the finished
device. %199 After the planned number of NC layers is achieved that way,
another short annealing step was commonly performed.

For the HTL, conducting polymers were then deposited on the samples,
also by employing dynamic spin coating. While different materials were tried,
the most commonly used material for this purpose in the presented works later
was poly(3-hexylthiophen-2,5-diyl) (P3HT), due to its rather stable nature un-
der ambient conditions, facilitating fabrication, sample handling, stability and
reproducibility. 1°

As the metal back contact, silver, with a thin (~3 nm) MoO3 interlayer, was
thermally evaporated onto all samples, providing good conductivity, as well as
high reflectivity for any potential unabsorbed photons.®? The thermal evapo-
ration took place in vacuo, by placing the desired material inside a tungsten
boat connected to an adjustable current source used to control the evaporation
rate. A shadow mask restricting the area on the samples which the evaporated
materials could reach, resulting in a sample design yielding 4 separate solar
cells per substrate, also referred to as pixels.
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Figure 4.4. a) JV curve of a solar cell under illumination, b) examples of hysteresis in
a solar cell measurement between the reverse and forward scan, c) dependence of JV
curves on illumination intensity.

4.4 Optoelectronic and Structural Device
Characterisation

The following sections contain brief descriptions of the device characterisa-
tion techniques utilised in the context of this thesis. The focus herein lies on
highlighting the general working principles of each method, while the exact
and detailed experimental conditions used to obtained the results presented in
Chapters 5 to 7 can be found in the associated papers in the respective methods
section.

4.4.1 Current-Voltage Characteristics

The primary characterisation technique applied to the finished solar cell sam-
ples, involved measuring its current output depending on the applied voltage
under the chosen illumination conditions. Fig. 4.4a) depicts a typically ob-
served current-voltage (JV) curve of a device exposed to incident photons in
blue, while the yellow line in the same plot corresponds to the generated power
of the device defined by the product of extracted current and operating volt-
age at each given point of the curve.® To obtain the overall power conversion
efficiency (PCE) of a measured device, the following equation can be used to
extract the value from the recorded JV data: 38>

JscVocF F

PCE = “4.n
Here, Jgc signifies the short-circuit current density, Vpc the open-circuit volt-
age, fill factor (FF) the fill factor, while P, stands for the incident power of the
spectrum used to illuminate the sample.

The former two quantities are easily obtained from the depicted JV curves
as they constitute the intercepts with the y- and x-axis, respectively. The FF,
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on the other hand, is a geometric measure of the shape of the curve: It is de-
fined as the ratio between the product of the current density and voltage at the
maximum power point (MPP), Jypp and Vypp, illustrated by the green rect-
angle in the plot, and the product of the Jgc and V¢, illustrated in form of
the light blue rectangle. Hence, a perfectly rectangular shape of the JV curve
would result in a FF reaching unity. In real systems, however, loss mechanisms
resulting in measurable series or shunt resistance will consequently lead to a
more rounded appearance of the JV characteristic and a reduced FF.3* Un-
less otherwise stated, JV curves shown for basic solar cell characterisation in
this work are typically recorded under illumination mimicking the AM1.5G
spectrum, herein also referred to as 1 sun.

When carrying out such a voltage sweep over the device to record the de-
scribed figures of merit, it can be done in two directions, either from high (for-
ward bias) to low (reverse bias), or vice versa. In an ideal and stable device,
both options should lead to identical curves. Some cells, however, exhibit dif-
ferences between the two scan directions, which might look like the schematic
example presented in Fig. 4.4b). Such a hysteresis is oftentimes associated
with some type of charging in the device persistent on the timescales of the
measurement, for example due to potential ionic movement or other generally
unwanted side-processes. 2*

Besides these insights from the described basic measuring of the JV char-
acteristics, there is further information to be gained by recording the cell’s
response to differences in the illumination intensity as shown in Fig. 4.4c).
Expectedly, lower illumination intensities will result in a decrease in Js¢ and
Voc as well, due to the smaller number of generated charge carriers. For the
Jsc, the relationship with the light intensity / is generally governed by the so
called power law:?!

JSC o< Ia, (42)

where o provides insights into the charge extraction. In an ideal photovoltaic
device, its value would correspond to unity, while issues in the charge carrier
extraction under increased illumination intensity would lead to reduced values.

On the other hand, plotting the V¢ against light intensity can result in in-
sights about the ideality factor n;; of the diode that forms the solar cell, ac-
cording to:?!

e dVOC

" =T dlin(1)) “.3)

with e referring to the elementary charge, k the Boltzmann constant and 7 the
temperature. For as long as the ideal diode equation can be assumed to be a
sufficient description of the system, the value of the ideality factor is related
to the charge recombination mechanism in the device. In that case, a value of
unity is representing pure band-to-band recombination, while n;; = 2 would
indicate trap-assisted recombination. ?!
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4.4.2 Incident-Photon-to-Current Conversion Efficiency

To further characterise how photons with different energy contribute to the
observed current in the JV curves described in the previous part (see Sec-
tion 4.4.1), incident photon-to-current conversion efficiency (IPCE) measure-
ments are carried out. It relays the information about how many of the inci-
dent photons per wavelength get converted into free charge carrier pairs and
then also extracted at the contacts of the solar cell under short-circuit condi-
tions. The results are commonly displayed in percent of the incident illumi-
nation. '*1%2% In case only one photoactive layer is present in the device the
collected data should follow a similar behaviour as the absorbance spectra of
the respective material. However, oftentimes more than one absorbing mate-
rial might be part of the device stack and additional interference effects due
to the multiple interface present in a full device might lead to slight devia-
tions. 1993

Furthermore, the IPCE results can also be used to predict the Js¢ for a given
illumination profile by multiplying the values with the number of photons per
wavelength according to the incident spectrum. 38 Differences between the pre-
dicted Jsc and the one obtained from the full JV characterisation might occur
though, if the measurement conditions, for example in terms of illumination
intensity, are varying widely and the samples show strong dependence on that
property with respect to their charge extraction (compare Eq. (4.2) in Sec-
tion 4.4.1).

4.4.3 Transient Photovoltage and Photocurrent Measurements

To gain insights into the charge carrier dynamics under different operating
conditions in the fabricated solar cell samples, transient photovoltage (TPV)
and transient photocurrent (TPJ) measurements were carried out. These tech-
niques are based on tracking the temporal changes of the light induced pho-
tovoltage or photocurrent, respectively, over time after an initial small pertur-
bation to the system. In practice, the investigated devices was placed under
a white light emitting diode (LED) that was intensity calibrated prior to the
measurements. For each recorded transient, a defined illumination intensity
was chosen as a constant offset or light bias, which was then modulated with
a small (<10%) step-like variation, creating the rectangular signal shown in
Fig. 4.5.°* As a consequence of this perturbation, the photovoltage would rise
and decay exponentially following the step-wise increase and decrease in il-
lumination intensity, as depicted in Fig. 4.5a), for measurements taking place
under open-circuit conditions. Fitting the displayed traces with an exponential
will yield the time constant of the observed process, which in this case should
reflect the lifetimes 7,7 of the charge carriers, as indicated in Fig. 4.5b), un-
der the given bias light.”>°® Changing the constant underlying illumination
intensity to collect multiple of these traces will normally show a decrease in
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Figure 4.5. a) Schematic illustration of Vp¢ transients caused by a rectangular per-
turbation of the illumination intensity starting from a set bias light intensity under
open-circuit conditions, with extracted lifetimes exemplary plotted in b). ¢) Schematic
illustration of the Jg¢ transients observed in a similar setup to a) but under short-circuit
conditions. The resulting transport times in d) are dominated by the time constants ex-
tracted from the Jgc transients, but are also influenced by the lifetimes.

the associated lifetimes with increasing bias light. This is also clearly visible
in the chosen example here (see Fig. 4.5b)), where the lifetimes are plotted
semi-logarithmically against the respective Vpc, which increases for higher
illumination intensities from the bias light.

Applying the same concept to the photocurrent under short-circuit condi-
tions results in analogous traces for the Jgc under due to the perturbation in
illumination intensity, as shown in Fig. 4.5¢). Subsequently, these transients
can also be fitted with an exponential function to obtain the related time con-
stants, from which the charge carrier transport times Try can be calculated
according to the following equation:°’

Trp = Tppy + U7 - (4.4)

Similar to the lifetimes, the transport times also show a trend towards smaller
values for increased bias light also causing a higher Jgc (compare Figs. 4.5¢)
and 4.5d)).

4.4.4 Impedance Spectroscopy

Impedance spectroscopy is a technique commonly used to characterise elec-
trochemical systems. However, it has also shown to yield important insights,
when applied to solar cell devices. 828191 1t is based on applying a sinusoidal
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Figure 4.6. a) Representation of the complex impedance in the complex plane.
Schematic illustration of the impedance response of various circuit elements and com-
binations in form of Nyquist plots: b) resistor, ¢) capacitor, d) series combination of
resistor and RC elements, and e) the same combination as in d), but with a constant
phase element instead of a capacitor to account for non-ideal behaviour.

potential U with angular frequency @ across a sample and measuring its re-
sulting also alternating current response /. To observe electrical processes over
different time scales, impedance spectra are obtained by varying the frequency
of the applied potential variation over a defined range, often between hundreds
of kHz and some or even sub-Hz.%® In general, impedance Z constitutes the
extension of the concept of resistance from a direct current to an alternating
current setting, which means it is still defined by Ohm’s law:

Z(w) = %) 4.5)

However, in that case it features both a magnitude |Z| and a phase angle
6, which depends on the phase difference between the voltage and current.
Therefore, it can be represented as a vector in the complex plane, as depicted
in Fig. 4.6a). The actual value of the phase difference and thus the phase angle
depends on the electronic components in a circuit. Representing impedance
data in the complex plane with the imaginary component on the y-axis and the
real part on the x-axis is also referred to as a Nyquist plot.?” In case of a pure
resistance of magnitude R, this phase difference is zero and the impedance is
reduced to:*%%

Zr =R. (4.6)

Hence, its value is frequency-independent, so that an impedance spectrum
would result in only one data point on the real axis, as shown in Fig. 4.6b).
Opposed to this, capacitive elements will lead to a phase difference between
voltage and current. For an ideal capacitor with capacitance C, the voltage
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lags the current by 90° and the impedance can be expressed as: *®

1

4.7)
Therefore, capacitive elements are also called reactive components. They con-
tribute only to the imaginary part of the impedance and frequency-dependent,
leading to a pattern of data points in a spectrum along the imaginary axis, as
illustrated in Fig. 4.6¢). This illustrates the advantages of this method, as it
allows to detect and differentiate between resistive and reactive responses of a
system, providing more detailed insights into the electronic processes occur-
ring in the sample and their associated timescales. However, due to the poten-
tially complex interactions and possible superposition of different processes,
models are needed to achieve a meaningful interpretation of the recorded data.
For this purpose, suitable equivalent circuits for the investigated system need
to be found, wherein the chosen components and variables should be associ-
ated with a physical constant or quantity the system exhibits. 38899
For some solar cell types, it has previously been shown that their impedance
response can be modelled by a series combination of a pure resistor and a
number of RC elements (a resistor and capacitor in parallel), as indicated in
Fig. 4.6d). The physical interpretation of such an equivalent circuit was pro-
posed to be related to the following: Firstly, the singular resistor R; is sup-
posed to be representing the series or contacting resistance in a photovoltaic
device, while two RC elements are related the charge transport and the charge
recombination properties, respectively.’® As long as the relaxation timescales
of these two processes are sufficiently different, two features in the impedance
signal are expected to emerge with the respective time constants 7; defined
byi 98
T = R,’Cl'. (48)

Implicitly, this approach assumes that both the charge transport and the re-
combination are happening either homogeneously throughout the device, or
that each response is dominated by a specific feature in the sample structure,
thereby obscuring other potential contributions. In practice, the equivalent
circuit shown in Fig. 4.6d) sometimes needs further adjusting to account for
non-ideal behaviour, such a distribution in time scales of the related relaxation
process, which can be observed by the noticeable distortion of the semicir-
cle response of the RC element, as shown in Fig. 4.6e). In these cases, the
ideal capacitor is instead replaced by a so-called constant phase element in the
equivalent circuit, defined as:*%%°

1
Z 0)=-—— 4.9
cPE(®) (@)%’ (4.9)
where « is the dispersion parameter that also defines the physical meaning of
Q. In the extreme case of @ = 1, the CPE is reduced to an ideal capacitor with
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0 = C, while for ¢ = 0 it would represent a resistor with Q = R~'. When ob-
serving the mentioned depressed/distorted semicircles illustrated in Fig. 4.6e),
dispersion parameters between 0.5 and 1 are assumed, and the related effective
capacitance of the process can be calculated from the Brug equation: 2

RQ /o

Cerr = (RO : (4.10)
R

Overall, it is important to keep in mind though that for each new system careful

consideration of the utilised equivalent circuit is necessary and often requires

additional knowledge and measurements to support the chosen model and as-

signments.

4.4.5 Scanning Electron Microscopy

To gain insights into the layer thicknesses of the different materials used, scan-
ning electron microscopy (SEM) was employed to obtain cross-section images
of the photovoltaic devices. This method also accelerates electrons onto a sam-
ple in vacuo, as previously described for the TEM (Section 3.4.2), however
typically at lower acceleration voltages, while also using a focused beam. As
a result, the electrons will interact with the sample at the focus point causing
electron back-scattering, emission of secondary electrons, as well as X-rays
from the observed film. These signals can be detected through different de-
tectors and thereby yield both topographic, as well as elemental information
about an observed surface section when the focused electron beam is raster
scanned over the sample. 103
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5. Passivation and Surface Modification of
AgBiS, Nanocrystals (Papers I and II)

As mentioned in Section 3.1, when introducing the basic material properties,
AgBiS,; NCs have been shown to be promising candidates for optoelectronic
applications in general and solar cells in particular. In 2016, Bernechea et
al. introduced iodide- and thiol-passivated AgBiS, NCs as the absorber layer
between n-type ZnO and PTB7 as the HTL in photovoltaic devices with a
nip architecture. '* The resulting best-performing device, consisting of iodide-
capped particles, provided a PCE of around ~6%, while the ethanedithiol
(EDT) treatment led to results significantly below that under the given con-
ditions. The NCs employed as the absorber layer were synthesised under inert
atmosphere in a hot injection process relying on the metal acetates and hex-
amethyldisilathiane as the precursors, while oleic acid (OA) functioned as the
ligand.

Subsequent research carried out over the following years further explored
and optimised both the NCs themselves, as well as the solar cell architecture
and related material combinations: Hu et al. attempted an optimised synthe-
sis route including oleylamine (OLAm) in addition to the established OA,%°
while other investigations were focused improving the size distribution of the
particles or increase their size via a double injection technique.'”'% Oberg
et al., on the other hand, focused on the effect differing stoichiometries espe-
cially with respect to the two metal components Ag and Bi have on the device
performance. ' Additionally, there were also successful attempts made at syn-
thesising AgBiS, NCs under ambient conditions with the help of the respec-
tive metal iodide precursors and octanethiol as an additional ligand/reactant. '6
Aside from these synthesis-focused studies, device architectural variations
were also tested, ranging from employing different materials for the adjacent
charge carrier layer to also implementing this absorber layer in pin solar cell
structures.?? When it comes to trying out different ligand options besides the
mentioned iodide- and EDT-based treatments, 3-mercaptopropionic acid (3-
MPA) was shown to work exceptionally well, especially when the thus-treated
AgBiS, layer was then sandwiched between SnO, and PTAA. 821

However, by the time the projects discussed in this section started to take
form, there was not much comparative information to be found about the ef-
fect different ligand-treatments could have on the material properties and de-
vice performance. Most reports tend to focus on one or potentially two ligands
at a time, rather than at a larger in-depth comparison. '*'%?? Hence, the first
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project is focused on exactly that, trying to gain insights into how different
halide treatments would affect the NCs and subsequently the device character-
istics. The second project, on the other hand, is focused on investigating the
already established iodide and EDT treatment in more detail, as there seems to
be some inconsistencies between the reported material properties with respect
to the EDT-capped AgBiS; NCs.!'#?? Furthermore, the study explores how
these two ligands in combination with ZnO and P3HT as the ETL and HTL, re-
spectively, affect the charge transport across the respective interfaces. For both
projects, the aim was to take advantage of the reported ambient stability and
robustness of the system® by synthesising and carrying out all device fabri-
cation steps, besides the metal top contact evaporation (compare Section 4.3),
in ambient air.

5.1 Ambient Air Compatible Synthesis, Providing Full
Ligand Exchange Flexibility (Paper I)

To achieve the mentioned air-based fabrication, while providing full ligand-
exchange flexibility in the film formation for the later projects, concepts from
multiple previously reported synthesis routes for AgBiS, NCs were combined
and optimised. %1% The resulting method is illustrated in Fig. 5.1a). Avoid-
ing the commonly used hexamethyldisilathiane and replacing it with elemen-
tal sulphur in OLAm is essential for synthesis without inert atmospheres, as
the former would start to decompose upon contact with air.!° Furthermore,
instead of utilising metal halide precursors as previously done in the ambi-
ent synthesis, metal acetates were employed here to avoid any in-situ passi-
vation that would prove difficult to remove later on in the ligand exchange
process. 19195 After injecting the sulphur precursor into the metal cation- and
ligand- (OA/OLAm) containing solution at 100 °C and subsequent cooling to
room temperature, the crude dispersion was purified by repeated precipitation
and redispersion with the help of an anti-solvent and centrifugation. A final
centrifugation step, without the use of any anti-solvent, enabled the removal
of any formed agglomerates. The formed product appears as a dark brown
dispersion providing colloidal stability over months under storage in air in the
dark.

As can be seen in Fig. 5.1b), XRD measurements confirm the formation of
the disordered cubic phase of AgBiS,, introduced in Section 3.1. To achieve
this phase pure product, it was found that during the synthesis the sulphur-
OLAm precursor needed to be utilised in excess (metal:sulphur 0.6:1.0) com-
pared to the expected ratio from the stoichiometry, while the employed amount
of Ag was reduced slightly compared to Bi (Ag:Bi 0.8:1.0).

The absorption spectrum of the colloidal dispersion, depicted in Fig. 5.1c),
exhibits a steady increase towards shorter wavelengths without any other char-
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Figure 5.1. a) Schematic illustration of the synthesis b) XRD pattern of the synthesised
NCs, together with reference pattern®' ¢) Absorbance spectrum of the synthesised
NC:s in solution, d) TEM image of the synthesised NCs together with the histogram
detailing the resulting size distribution of the particles, e) XPS survey spectrum of the
synthesised NCs measured with a photon energy of 1486.8 eV, f) FTIR spectra of the
crude, purified and ligand exchanged NCs (exemplary data from ligand exchange with
tetrabutylammonium iodide (TBAI)).
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acteristic features. This finding is in good agreement with previous measure-
ments performed on this type of NCs. 417

To confirm the nanocrystallinity and get insights into the size distribution of
the formed product from the synthesis, TEM images were collected and one
of them is displayed in Fig. 5.1d), together with a corresponding histogram
referring to the observed particle diameters. From that, one can conclude that
the average NC size is about 5.1 nm, which again is rather close to some previ-
ous reports, which lead to successful device implementation of the fabricated
material.

The material analysis of the as-synthesised AgBiS, NCs is concluded by
the XPS survey spectrum depicted in Fig. 5.1e). It confirms the presence of all
relevant elements from the synthesised particles (Ag, Bi and S), in addition to
peaks corresponding to oxygen and carbon. The existence of the latter two is
generally associated with air-based sample fabrication, however in this case,
the organic synthesis ligands OA and OLAm are expected to also strongly
contribute to these signals.

After confirming the correct product formation, the only goal still need-
ing validation is the full ligand exchange flexibility, which was one of the
down-sides of the previously reported ambient methodology. To confirm this,
a fourier transform infrared (FTIR) spectrum of the OA/OLAm-capped NCs
is depicted in Fig. 5.1f), together with one measured on a corresponding ex-
emplary ligand-exchanged thin film, treated with tetrabutylammonium iodide
(TBAI). Comparing the two leads to the conclusion that the long-chain synthe-
sis ligands can be fully removed by the employed solid-state ligand exchange
procedure, as described in Section 4.3. Additionally, the plot also includes one
more spectrum corresponding to the crude NC dispersion prior to the normally
performed purification procedure to highlight its effectiveness in removing un-
bound and excess ligands, particularly visible by the disappearance of the peak
around ~1705 cm~! corresponding to the C=O vibrations and the overall re-
duction of the C-H vibrations between ~2800-3000 cm~!.2>-106

Thus, the development of an air-based synthesis route for AgBiS, NCs with
full ligand exchange flexibility could be confirmed and the method has sub-
sequently been used to fabricate this material in all related further projects
discussed in this thesis.

5.2 Different Halides for Surface Passivation: Device
Performance, Incorporation and Charge Carrier
Dynamics (Paper 1)

As mentioned in the introduction of this section, the main goal of the first

project is to test how different halides used to passivate the AgBiS, NCs af-
fect the material properties and device performance when incorporated into a
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Figure 5.2. a) Schematic illustration of the chosen solar cell architecture and materials,
with an exemplary corresponding SEM cross section image of the TMAl-passivated
sample in b). ¢) JV curves in the dark and under 1 sun illumination obtained by scan-
ning in forward and reverse direction for the TBAI-treated sample, with the JV curves
under 1 sun illumination for comparison of the best performing device of each sam-
ple type in d). e) Estimation of AgBiS, NC absorber layer thickness after the ligand
exchange. f) VB edge and Fermi level energy compared to vacuum as obtained from
UPS measurements, with the CB edge estimated from optical absorbance (~1.2 eV).

solar cell. For that, devices with a structure according to the illustration in
Fig. 5.2a) were fabricated. The dimension of each respective layer is high-
lighted by the exemplary SEM cross section image in Fig. 5.2b). As indicated,
Zn0O has been utilised as the ETL due to its previously reported good func-
tionality and easy supply via simple sol-gel preparation. On the other hand,
P3HT was chosen as the HTL material, since it provides great ambient stabil-
ity and reproducibility, even though other p-type polymer choices have been
shown to result in higher record efficiencies. 4181923 Nevertheless, for this
comparative study, stability and reproducibility were prioritised. Overall, five
different sample types were prepared, where the AgBiS,; NCs were treated
with one of the following ligands according to the method described in Sec-
tion 4.3: tetrabutylammonium iodide (TBAI), tetramethylammonium iodide
(TMALI), tetrabutylammonium bromide (TBABr), tetramethylammonium bro-
mide (TMABTr) or tetramethylammonium chloride (TMACI). This way, the
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effect of the different halide components could be studied, while also test-
ing for potential differences caused by the organic counterion. The sample
fabrication followed the procedure illustrated in Section 4.3 and the exact ex-
perimental parameters can be found in Paper I.

Comparative Device Performance

When analysing the the fabricated samples in terms of their JV characteristics,
they all exhibited curve shapes with diode-like behaviour as expected for a
working solar cell, as indicated in Figs. 5.2¢) and 5.2d). Moreover, the devices
showed no significant sign of hysteresis, when collecting the JV curves in
forward and reverse direction (see example in Fig. 5.2c)), independent of the
ligand treatment and also the scan rate used in the data collection.

Comparing the different samples with respect to their performance under
1 sun illumination (Fig. 5.2d)), some notable trends emerge, that are also re-
flected when taking numerous devices of each sample type into consideration
(compare Paper I, SI Fig. S5): The two devices containing iodide-passivated
NCs appear to yield overall higher current outputs, with the Jgc generally de-
creasing for the smaller ligand molecules. On the other hand, particles treated
with bromide show improved V¢ results, followed by TMACI, with expo-
sure to iodide exhibiting the lowest values. At the same time, the samples
containing the smaller two halides, bromide and chloride, also show slightly
enhanced FFs compared to the iodide ones. As a result, the device showing
the best overall performance under the given conditions is the one treated with
TMABT, providing a PCE of about ~2.4%.

In an attempt to find possible explanations for the discussed trends, multiple
additional measurements were carried out on the fabricated devices or respec-
tive corresponding samples, some of which are going to be highlighted further
in the following. With respect to the differences in Jgc, it was found that both
IPCE, as well as absorbance measurements (see Paper I, Fig. 3) were follow-
ing roughly the same trend, as described before. As a result, the hypothesis
emerged that at least some of the observed current variation might be due to a
decrease in the charge carrier generation either due to a change in the overall
absorption coefficient of the NC film or changes in the film thickness instead.
Careful evaluation of the respective layer thicknesses from multiple SEM cross
section images revealed the trend depicted in Fig. 5.2e), which seems to imply
that at least some of the Js¢c decrease might be caused by a reduction in film
thickness after treatment with the smaller ligands.

Another important factor to consider when trying to find reasons for the ob-
served differences in performance and JV parameters is the energy level align-
ment inside the photovoltaic device, as well as the majority carrier type in each
layer. Since both parameters can be affected by changes in the surface passi-
vation of a NC, UPS measurements were carried out to estimate the position
of the VB edge and the Fermi level of the differently capped particles relative
to vacuum. The results are depicted in Fig. 5.2f) together with the approxi-
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mate position of the CB edge inferred from a BG estimation through optical
absorption measurements. The data suggests that all NCs are rather intrinsic,
independent of the ligand treatment. However, the VB maximum seems to
shift towards lower values going from iodide- to bromide passivation, with the
chloride-capped particles exhibiting a result in-between the other two. Consid-
ering that this sequence matches the observed trend in the V¢, this might be
an indicator that the energy level alignment between the bromide-based sam-
ples and the ZnO and P3HT layers could be slightly more favourable. Taking
into account that the CB edge of ZnO is at around -4.2 ¢V and the highest
occupied molecular orbital of P3HT is considered to be at roughly -5.2 eV
according to literature, 7198 this assumption seems reasonable, given that the
bromide-treated AgBiS; NCs exhibit a VB edge of about -5.3 eV, while the
CB minimum is at approximately -4.1 eV.

Hence, some possible reasons for the described variations in performance
due to the different ligand treatments have already been identified. However,
there are still many factors left unexplored, such as potential changes in the
chemical structure of the AgBiS,; NCs caused by the passivation agents or a
more in-depth analysis of the charge carrier dynamics, both of which will be
addressed in the following.

Ligand Incorporation and Chemical Structure

To get a better idea about the ligand incorporation and any potential chemi-
cal changes, XPS measurements were carried out and the obtained core level
spectra of the NC components (Ag 3d, Bi 4f and S 2p), as well as the different
halide signals (I 3d, Br 3d and Cl 2p) are depicted in Fig. 5.3. The N 1s signal
is not depicted here, as it could not be observed in any of the samples, indi-
cating that no significant amounts of the organic cations from the passivation
molecules are incorporated during the ligand exchange. From the elemental
ratios extracted from the measurements and summarised in Table 5.1, one can
clearly see that the NCs have a metal-rich composition, which is generally
expected from this type of material, especially at the surface, 1434109110

Table 5.1. Elemental ratios of the ligand-exchanged thin film samples according to
XPS analysis (photon energy: 1486.7 eV), relative to the amount of Ag

Element TBAI TMAI TBABr TMABr TMACI
Ag 1.00 1.00 1.00 1.00 1.00
Bi 0.84 0.85 0.88 0.92 0.91
S 1.21 1.16 1.29 1.29 1.37

Ligand (I/Br/Cl)  0.21 0.23 0.04 0.05 0.04

Furthermore, all particles appear to contain slightly more silver than bis-
muth, even though the synthesis conditions included a higher bismuth concen-
tration (compare Section 5.1), further validating this approach. When looking
at the ligand incorporation though, drastic differences between the samples
become apparent: Exposure to the iodide-containing molecules seems to re-
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Figure 5.3. Results from XPS analysis (photon energy 1486.7 eV) of the 5 samples
in form of the core level spectra: a) Ag 3d, b) Bi 4f and S 2p, b) halide signals of
the ligands (TBAI and TMALI: I 3d, TBABr and TMABT: Br 3d, TMACI: CI 2p). All
intensities are normalised to unity in this depiction, while binding energy calibration
was achieved by measuring a gold reference and setting the Au 4f; , peak position to
84.0 eV.

sult in a much higher halide uptake, than the equivalent treatment with bro-
mide or chloride. This finding is especially surprising considering that the
bromide- and chloride-capped AgBiS,; NCs are the ones providing a higher
Voc when implemented in the solar cell devices. Since the Vpc is generally
rather sensitive to trap states inside the band gap of the absorber material, in-
sufficient surface passivation is generally considered to cause a drop in this
parameter instead. Hence, a closer look at the core level spectra is needed
to get more insights into the chemical structure of the material after ligand
exchange. The Ag 3d signal displayed in Fig. 5.3a) seems to consist of only
one component in all cases, with a maximum at 367.9 eV, while the spin orbit
splitting amounts to 6.0 eV. This finding is consistent with silver bound to sul-
phur, as expected in the NC. However, Ag-halide and even Ag-O bonds could
further contribute to the observed peaks, as literature references indicate only
a very small difference in binding energies between these elements, making
them likely indistinguishable in this case. When looking at the Bi 4f signal
in Fig. 5.3b), on the other hand, two distinct components can be made out.
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The one at lower binding energies (158.1 eV) is assigned to bismuth bound
to sulphur, while the second one (158.8 eV) corresponds to bismuth bound
to oxygen. 112 Further contributions caused by any of the halides bound
to bismuth are likely obscured by the other two components. Nevertheless,
comparing the relative intensities between the Bi-S and Bi-O components for
the different samples gives a first indication about how the reduced halide in-
corporation after bromide- and chloride- treatment is compensated. In these
cases, comparatively more surface oxidation seems to take take place, to ac-
count for the otherwise unpassivated surface sites. However, it is important
to note that some degree of surface oxidation is apparently happening in all
samples, independent of the halide content, due to the ambient processing,
which is seemingly not detrimental to the device performance. The last re-
maining peaks in Fig. 5.3b) at around 161.1 eV and 162.3 eV belong to the
S 2p doublet, which does not show any drastic differences between samples.
The halide signals depicted in Fig. 5.3a) also only exhibit one component in
all cases preventing further distinction between bonds to the different metals
of the NCs.

Charge Carrier Dynamics

To round up the discussion about how the different halide treatments of the
NCs affect the material properties and device characteristics, investigations
into the charge carrier dynamics are highlighted in the following. For that, the
idea was to utilise impedance spectroscopy as this technique allows to probe
a sample over multiple orders of magnitude in terms of the applied frequency
in just one measurement, providing the opportunity to identify multiple relax-
ation processes happening on different timescales from the same data set. The
simultaneous disadvantage though is related to the more complex data analy-
sis, requiring careful fitting with an equivalent circuit and special care in the
assignment of the observed signals.”® Therefore the results were then further
cross-referenced with insights from TPV and TPJ measurements.

An exemplary impedance spectrum for a TBAI-treated device measured
under ~0.4 sun equivalent white light illumination and a constant bias offset
of 0.2 V is presented as a Nyquist plot in Fig. 5.4a). From that, it becomes
apparent that the impedance response relates to two different processes hap-
pening on different time scales, with a large semicircle dominating the data,
while a smaller shoulder in the high-frequency regime indicates a second much
smaller semicircle. As discussed in Section 4.4.4, such a semicircle feature is
normally associated with a RC element in the equivalent circuit and therefore
all fits were carried out utilising a combination of one resistor and two such RC
elements in series, similar to Fig. 4.6e). To account for non-ideal behaviour in
the associated relaxation processes, constant-phase elements were considered
instead of an ideal capacitor.

When comparing the impedance spectrum of a particular sample under dif-
ferent illumination conditions as shown in Fig. 5.4b), it can be observed that
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Figure 5.4. Examples of data obtained from the impedance measurements: a) Spec-
trum with equivalent circuit fit from solar cell using TBAI-treated AgBiS, NCs under
white light illumination (~0.4 sun) and constant forward bias of 0.2 V, b) illustra-
tion of difference between impedance spectra recorded under white light illumination
(~0.4 sun) and in the dark (TBAI-Sample, 0.2 V), ¢) different impedance spectra due
to variation in the forward bias, highlighted with the help of the TMAI-sample in the
dark. Extracted time constants from the two processes visible in the impedance spec-
tra, with d) depicting the results from the slower process (larger semi-circle) and e)
the ones corresponding to the smaller semi-circle. Results obtained form the transient
photovolatage and photocurrent measurements: f) Lifetimes and g) transport times.
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the large semicircle reduces noticeably in size, when increasing the light inten-
sity the device is exposed to. The same is also true for increasing forward bias,
as indicated in Fig. 5.4c). This means that under both higher light intensity
and/or increased forward bias, the overall resistivity exhibited by the device in
the low frequency limit is reduced. Since these trends reflects the fundamen-
tal behaviour of a diode,®® this observation is a first indicator that the larger
semicircle is most likely related to the charge recombination processes hap-
pening in the depletion region of the solar cell. The smaller semicircle, on the
other hand, shows overall a slightly less pronounced response to varying both
the light intensity, as well as the constant bias offset. It is important to note
though, that results and statements made in relation to the faster process are
much more uncertain, due to the limited number of data points associated with
it in combination with the dominant lower frequency component. Calculating
the time constants of both processes according to Eq. (4.8), yields a depen-
dence on the applied constant bias as indicated in Figs. 5.4d) and 5.4e) under
white light illumination (~0.4 sun). Further comparison for selected similar
conditions with the results from the TPV and TPJ measurements, depicted in
Figs. 5.4f) and 5.4g), seems to confirm that the large semicircle represents the
charge carrier recombination dynamics in the device, while the smaller semi-
circle is apparently related to a second relaxation process associated with the
charge carrier transport. When analysing the differences between the sam-
ples, a clear split between the charge carrier lifetimes in the devices treated
with bromide or chloride and iodide can be observed. The former exhibit
significantly longer lifetimes at a given Vpc or under forward bias conditions
exceeding 0.1 V. The charge carrier transport times, on the other hand, show
no strong dependence on the ligand treatment.

Summary

In this project, the effect of different halide passivation on the material proper-
ties and device performance of AgBiS, NCs-based solar cells has been inves-
tigated. It has been found that while iodide-based ligands led to significantly
higher halide incorporation into the thin film, bromide treatment, especially in
form of TMABET, resulted in the overall best working devices, mainly due to a
significantly higher Vp¢ and longer charge carrier lifetimes. It could be shown
that with the general mixed surface termination by the respective halides and
some additional surface oxidation, the NCs exhibit intrinsic semiconductor
characteristics, with variations in the halide ligands mainly leading to an over-
all shift in the energy levels instead of drastically affecting the majority carrier
type. The choice in the organic cation of the passivation compound seems to
only a minor role, in line with the finding that no observable incorporation of
it takes place. All devices appeared largely hysteresis free and further testing
with impedance spectroscopy only revealed two distinct and distinguishable
relaxation processes happening in the device on the considered timescales,
which both could be attributed to electronic processes.
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5.3 lodide- and Thiol-Capped AgBiS, Nanocrystals:
Charge Carrier Dynamics Across Interfaces
(Paper II)

The second project introduced in this thesis continues with exploring how dif-
ferent ligands used in passivating AgBiS,; NCs will affect the subsequent de-
vice performance and in which way. Instead of comparing different purely
halide based materials for that purpose, here the focus went back to the two
ligands presented in the study by Bernechea et al in 2016,'* iodide and EDT.
There, EDT-capped AgBiS; NCs were claimed to be distinctly more n-type
than the intrinsic iodide-passivated particles. '“However, a later reports indi-
cated that applying a thin layer of AgBiS;-EDT NCs between the main ab-
sorber film containing intrinsic iodide-treated AgBiS, and the HTL to be ben-
eficial.>>?3 Furthermore, additional data suggested that the EDT-capped parti-
cles might also be intrinsic in nature, rather than n-type.>> Due to these some-
what contradictory findings, the idea was to investigate AgBiS, NCs capped
with these two ligands separately, but also to apply them in different sequential
combinations in the device stack, as indicated in Fig. 5.5a). Hence, four dif-
ferent sample types were fabricated, one each containing an absorber layer
of purely iodide- or thiol-passivated NCs, named "TBAI" and "EDT", re-
spectively. The other two were prepared with a thin film (~10-15 nm) of
EDT-capped particles placed either in-between the ZnO ETL and the iodide-
terminated AgBiS; NCs with roughly ~25-30 nm thickness ("EDT/TBAI"), or
between the latter and the HTL ("TBAI/EDT"). Besides the ligand treatment,
the remaining solar cell architecture followed the one introduced in Paper I
(see Fig. 5.2a)). Other samples, denoted as half cells in the following, contain
an identical structure and materials up to and including the NC film. Overall,
the goal was to shine more light on the previously reported results and dis-
crepancies. From there, the project then evolved into a more detailed study
about the charge separation across the absorber/ETL and the absorber/HTL
interfaces in relation to the different ligands.

Material Characterisation of Ligand-Exchanged Thin Films

Before moving on to the solar cell comparison between the four different sam-
ples, results from XPS measurements (photon energy 1486.7 eV) are briefly
discussed to get some insights into the chemical and electronic structure of
the ligand-exchanged thin films. The obtained Ag 3d, Bi 4f, S 2p and I 4d
core level spectra for all samples are depicted in Fig. 5.5b), with the intensi-
ties normalised to the Ag 3d signal. Overall, they exhibit similar peak shapes
as observed in the previously discussed project (compare Fig. 5.3). However,
there is less surface oxidation visible in the Bi 4f signal this time (further
details and fits in Paper II, SI Fig. S4), especially for the EDT-treated sam-
ples and layers. Otherwise, the depicted intensities in Fig. 5.5b) confirm that
samples having a surface layer consisting of EDT-capped NCs have a com-
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Figure 5.5. a) Sample structure with the AgBiS, absorber layer treated with either
TBAI EDT or a sequential combination of the two ligands. b) Results from XPS
analysis (photon energy 1486.7 eV) of the 4 samples: Ag 3d, Bi 4f, S 2p and I 4d core
level spectra depicted with intensities relative to the Ag 3d signal, while binding en-
ergy calibration was achieved by measuring a gold reference and setting the Au 4f5»
peak position to 84.0 eV.

paratively slightly higher sulphur content due to the incorporation of the thiol
group. Reversely, the TBAI and EDT/TBAI samples exhibit much higher rel-
ative I 3d intensities, while the EDT sample has no such signal as expected.
That a very small I 3d peak can be observed for the TBAI/EDT sample as
well, is likely due to some minor intermixing of the ligands at the interface in
combination with the information depth of the method. Besides these obser-
vations, careful determination of the peak positions after energy calibration of
all spectra resulted in the finding that all EDT-related signals appear shifted
towards higher binding energies by approximately ~0.2 eV, compared to the
pure TBAI-treated NCs (see Paper II, SI Table S1). Considering that XPS
spectra are measured against the material’s Fermi level,** this could be taken
as an indication that these EDT-capped AgBiS,; NCs are also slightly more
n-type than the iodide-treated material, similar to what Bernechea et al. re-
ported previously. ' However, it is also important to keep the thin nature of
the whole film of only around 40 nm (see Fig. 5.6a)) in mind when evaluat-
ing this result. Due to that, there might also be effects from the underlying
ZnO layer influencing the observed shift, especially considering that the en-
ergy level alignment between the differently passivated particles and the ZnO
layer is expected to be different. Previous reports are in agreement that EDT
treatment of the AgBiS; particles leads to energetically higher VB and CB
edges with respect to the vacuum level, compared to after iodide exposure,
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even though the exact values vary between reports. 42223 Next, the perfor-
mance of the four different absorber layers when implemented in full solar
cell devices is studied to obtain more information.

Investigation into Differences in the Device Performance
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Figure 5.6. a) SEM image of the TBAI/EDT sample to showcase the layered structure
and dimensions of the various materials, b) JV curves of the different solar cell sam-
ples, c) IPCE spectra, with the dashed line at 515 nm indicating the wavelength of the
laser light used in the synchrotron-based transient PES experiments, d) corresponding
absorbance of the solid-state NC films fabricated onto ITO/ZnO substrates, e) and f)
resulting time constants from transient photovoltage and photocurrent measurements.

As mentioned before, the overall device architecture is the same as for Pa-
per I and the SEM cross section image in Fig. 5.6a) further illustrates the
utilised materials and respective layer thicknesses. As before, all working
devices resulted in hysteresis-free behaviour (see Paper II, SI Fig. S8) and
the trends discussed in the following were reproducible over multiple batches
of samples (Paper II, SI Fig. S9). In Fig. 5.6b) the JV curves of the best-
performing solar cells for each sample type are presented for comparison.
Both the purely EDT- and TBAI-treated samples exhibit almost the same PCE
(~1.9%) overall, even though their other device metrics in terms of Vyc and
Jsc vary widely. Whereas the EDT-based device provides an improved V¢,
the TBAI-treated NCs result in a significantly higher Jsc. However, the largest
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difference in performance can be observed between the solar cells containing
NCs passivated with both ligands in different sequential order. In that case, the
TBAI/EDT sample clearly outperforms the EDT/TBAI one. Moreover, having
the thin EDT-treated layer between the AgBiS;-I film and the HTL results in
a notable improvement in PCE over both the single ligand devices by reaching
a value of ~2.4%. On the other hand, the EDT/TBAI sample shows a signif-
icant decrease in both current and voltage output. This further indicates, that
any potential n-type characteristic caused by the EDT-based ligand exchange
is either insignificant, its impact limited by the thin layer (<15 nm), or offset
by the more favourable energy level alignment of the CB and VB, as predicted
for the TBAI/EDT structure. 142223

To take a closer look at the differences in the Jg¢ and to account for possible
other influences besides the mentioned energy level alignment, IPCE spectra
were measured on the respective devices, while equivalent half cells were used
to obtain the related absorbance spectra of the NC thin films. While the col-
lected IPCE data (Fig. 5.6¢)) reflects the observed trends in Jg¢ from the JV
characterisation, the absorbance spectra in Fig. 5.6d) highlight a different be-
haviour. Although the difference in Jg¢ between the purely EDT- and TBAI-
treated samples might be explainable through their difference in absorbance,
the mixed ligand devices exhibit largely overlapping absorption characteris-
tics. This finding is in line with both samples containing essentially the same
materials. At the same time, it further highlights a potential issue with respect
to unfavourable energetics or charge carrier kinetics in the EDT/TBAI sample.

To have a general look at the charge carrier kinetics in the devices, TPV
and TPJ measurements were carried out and the resulting time constant from
the exponential fitting (see Section 4.4.3) are depicted in Figs. 5.6e) and 5.6f).
With respect to the lifetimes (Fig. 5.6e)), EDT-treatment of the NCs seems
to be clearly beneficial in the chosen device architecture, resulting in longer-
lived carriers for a given Vpc by a significant margin and then followed by
the TBAI/EDT and TBAI sample. Interestingly, the EDT/TBAI-based device
does not exhibit significantly shorter lifetimes for a given Vyc compared to
the other two iodide-containing samples, even though its overall lower V¢ is
also apparent in this measurement. The transport times for all samples, on the
other hand, seem to be independent of the device structure.

Probing Interfacial Charge Separation

Since the observations made so far seem to point towards energetic alignment
and interface effects being the origin of the observed differences in perfor-
mance, a more in-depth study to investigate interface-dependent charge sepa-
ration in the fabricated devices was carried out. For that, time-resolved pump-
probe PES experiments were utilised to study the charge carrier dynamics in
both the half cells (ITO/ZnO/NCs) and equivalent full devices, with reduced
back-contact thickness. As described in Section 3.4.4, the samples were ex-
cited by a pulsed laser (515 nm) and the charge carrier separation and sub-
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Figure 5.7. Results from the time-resolved photoelectron spectroscopy mea-
surements after pulsed laser (515 nm, 270 chm’z) excitation for the
respective half cells (ITO/ZnO/AgBiS,) and the full solar cell equivalents
(ITO/ZnO/AgBiS,/P3HT/contact) with reduced back contact thickness.

sequent recombination probed by following the shift in binding energy over
time. The results of these measurements are summarised in Fig. 5.7.

In all cases, the full relaxation dynamics seem to exceed the the observed
time-frame of the experiment of up to 96 s, visible by the remaining offset in
the observed voltage. This is in line with the observed charge carrier lifetimes
in the TPV measurements considering that the illumination intensity in these
PES experiments is higher.

Comparing the results for the NCs passivated with only one ligand for both
the half and the full cell provides notable insights: While the overall observed
voltage in the full cells follows the same trend as the V¢ in the solar cell mea-
surements, with the EDT sample providing a higher voltage than the TBAI
one, the opposite appears to be the case in the half cells. There, the junction
formed between the EDT-capped AgBiS,; NCs and the ZnO ETL results in
a lower voltage upon excitation than in the TBAI-based half cell. Moreover,
adding the P3HT HTL and the top contact to the device stack appears to not
lead to any significant increase in the observed voltage at all in case of the
TBAI samples. The purely EDT-treated ones, on the other hand, exhibit a
strong increase in photovoltage going from the half cell to the full cell struc-
ture. This behaviour indicates that the EDT-capped NCs form a favourable
interface for charge separation with the P3HT, while TBAI-treated particles
seem to work better with the ZnO layer. Consequently, the TBAI/EDT sample
performs significantly better than the EDT/TBAI-structured one, as discussed
when comparing the different solar cell characteristics in Fig. 5.6b) and further
reflected in the full cell measurements in Fig. 5.7.
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Summary

Overall, TBAI and EDT treated NCs were tested separately and in different
sequential combinations as part of the photo-absorber layer. While basic XPS
studies indicated that EDT-treated AgBiS; might be minimally more n-type
than the largely intrinsic TBAI-capped material, as reported before, ' the best
performing solar cells were found to have a thin layer of EDT-capped NCs
in between the main TBAI-treated absorber film and the P3BHT HTL. Further
studies on the respective half and full cells via time-resolved PES implied that
more favourable interfaces for charge separation are formed between the EDT-
capped AgBiS;, and the P3HT HTL, while the opposite seems to be true for
the ZnO ETL, where contact with the iodide-passivated NCs appears benefi-
cial. This finding highlights the importance of the overall energy level align-
ment between the different layers, while any potential minor differences in
the majority carrier type appear to have a negligible effect in this particular
investigated sample structure.
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6. AgBiS, Nanocrystals — From Solar
Spectrum to Cooler Black Body Radiation

(Paper I1I)

After focusing on the effects of different ligand treatments on AgBiS; NCs
in the previous two projects, the following section explores the potential of
this material in the context of energy conversion from other photon sources
than solar irradiation. In particular, their hypothetical utilisation in a pho-
ton glow battery set up is explored, where the devices are exposed to parts
of temperature-dependent black body radiation. To gain insights into how
these AgBiS,-based cells would perform under these changed irradiation con-
ditions, JV curves obtained under matching simulated partial spectra are anal-
ysed and further estimations are aimed at highlighting the added advantages
potentially provided by such a photon glow battery set up.

6.1 From Solar Cells to Photon Glow Batteries
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Figure 6.1. a) Schematic illustration of a hypothetical photon glow battery, with a cor-
responding black body spectrum (~1700 °C) depicted in b). The partial components
of the spectrum are in accordance with assuming an optical short-pass filter trans-
mitting below 1200 nm and an absorber band gap matching that value. Furthermore,
incomplete absorption even for photons with wavelength <1200 nm is considered due
to absorber thickness, indicated with D. However, complete reflection of these pho-
tons is assumed at the silver top contact of the photovoltaic device.

To briefly introduce the previously reported conceptual idea behind a pho-
ton glow battery, '3 a schematic illustration of a hypothetical set up is pro-
vided in Fig. 6.1a). It also highlights the assumptions made in this study to
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estimate the additional benefit such a system would provide over conventional
illumination of a photovoltaic device, with the help of an associated black
body spectrum in Fig. 6.1b).

As the name suggests, the idea of a photon glow battery is to store en-
ergy in form of heat and then convert this heat back to electricity as needed.
In short, the storage part of the system consists of a storage material, which
needs to provide excellent stability under high temperatures, a heating element
and thermal insulation surrounding the former two components. Upon charg-
ing of the system, the storage material is heated to a given temperature by the
heating element and kept at an elevated temperature due to the thermal insula-
tion, even after switching off the heating element. According to Planck’s law,
this hot storage material will emit photons with a spectrum defined by its tem-
perature. 387 During the discharging process, the thermal insulation removed
partially to create an opening through which the emitted electromagnetic ra-
diation can reach a photovoltaic device designed to convert this energy back
to electricity. However, considering that such black body radiation will gener-
ally be limited to temperatures which result in spectra significantly red-shifted
compared to the solar irradiation, either completely other absorber materials
would need to be considered for measurable back-conversion, or concepts for
photon recycling have to be explored. In the described context here, photon
recycling means utilising photons not absorbable by the photovoltaic device
to reheat the storage material so that its temperature gets maintained over a
longer period of time, for example by placing an optical filter between the
hot emitter source and the photovoltaic cell. This is the hypothetical scenario
explored here, where an ideal optical filter reflecting all radiation with wave-
lengths longer than 1200 nm back into the storage chamber. The consequences
for the effective energy utilisation become apparent when looking at the cor-
responding black body spectrum and its components related to the described
processes in Fig. 6.1b): In the case of assuming a radiation source with a tem-
perature between 1000 °C and 2000 °C and a filter cut-off around 1200 nm,
only a relatively small part of the full black body spectrum would be used in
the actual power conversion into electricity. The advantage of this lies in the
reduced thermalisation losses due to the narrower nature of the spectrum, al-
lowing for a better BG match to the specific scenario. The other lower energy
photons normally lost due to transmission, are then utilised for temperature
maintenance in the storage material instead (B). Additionally, the concept of
photon recycling can even be extended to photons not absorbed in the photo-
voltaic device (D), e.g. due to thin absorber layer thickness, if full reflection
at the back contact can be assumed.
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6.2 Layer Thickness: Absorbance and Device
Performance under Different Irradiation Spectra
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Figure 6.2. a) Absorptance spectra of the AgBiS; NC thin films with varying thickness
(2-6 layers according to the layer-by-layer depositioning), b) and c¢) black body spectra
for source temperatures of 2000 °C and 1000 °C, respectively, with the considered cut-
off at 1200 nm, d),e) and f) device characteristics under simulated 1 sun illumination
and partial black body spectra (<1200 nm) with source temperatures of 2000 °C and
1000 °C, respectively.

For the tests and estimations carried out here five different samples were
considered, with the overall same architecture as before and shown in Fig. 5.2a).
This time, all devices employed TBAI-passivated AgBiS, NCs as the photoab-
sorber, but with a changing film thickness, achieved by varying the number of
cycles during the layer-by-layer deposition described in Section 4.3 from 2 to
6. The goal with this variation was to test how the different layer thickness
would affect the results of the tests, especially given that the absorption profile
of the material drops off significantly for longer wavelengths as can be seen in
Fig. 6.2a). At the same time, the two considered black body spectra with tem-
peratures of 1000 °C and 2000 °C, respectively, show a significant red-shift of
the maximum of the spectral radiance compared to the solar spectrum, as can
be observed in Figs. 6.2b) and 6.2¢).
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As a reference, the fabricated devices were also tested under standard 1 sun
conditions and the resulting JV curves are depicted in Fig. 6.2d), with the cor-
responding PCEs listed in Table 6.1. The data confirms that under these con-
ditions, the 3 layer device performs the best out of the different AgBiS, film
thicknesses tested, further underlined by the additional statistics from multiple
devices assembled with the same parameters in Paper III (SI).This is generally
in line with previous reports finding that an active layer thickness of around
35 nm, which matches the most closely with the sample based on 3 layers of
NCs (compare Figs. 5.2b) and 5.6a)). 4

When it comes to the efficiencies displayed under the two black body spec-
tra in Figs. 6.2e) and 6.2f), it is apparent that especially the current output is
significantly reduced compared to the measurements under 1 sun. A major
factor influencing that result though, is also the difference in overall inten-
sity incident on the photovoltaic devices, resulting from the specifics of the
measurement set up. Corrected for that, the basic cell efficiencies without
considering any additional photon recycling below the 1200 nm threshold are
as expected still lower than under 1 sun illumination (see Table 6.1), but the
difference is much less than indicated by the variation in Jg¢ in Figs. 6.2d)
to 6.2f). Moreover, when considering the possibility of photon recycling for
the non-absorbed photons according to Fig. 6.2a) after an estimated two passes
through the active layer, the overall efficiency of such a hypothetical photon
glow battery system could result in an increase by a factor of around 1.5 to
almost 2.0, as indicated by npgp in Table 6.1. This estimation highlights the
potential advantages of such a set up, while the absolute power conversion
values here indicate the need for further improvement with respect to the elec-
tronic and recombination losses in the tested devices.

Table 6.1. Efficiencies of the devices with Npgp and without Npcg additional photon
recycling for the two considered partial black body spectra up to the 1200 nm cut-off
according to the JV curves depicted in Figs. 6.2¢) and 6.2f), in addition to the values
obtained under 1 sun illumination (Fig. 6.2d))

# Layers 1 sun 2000 °C 1000 °C
Nece (%) Mpce (%) Mg (%) NMece (%) Npce (%)
2 1.24 0.80 1.40 0.56 1.08
3 1.74 1.63 2.65 1.16 1.95
4 0.98 0.76 1.19 0.55 0.90
5 1.24 1.17 1.78 0.82 1.31
6 1.25 1.16 1.74 0.83 1.39
Summary

Overall, this project revolved around testing AgBiS;-based photovoltaic de-
vices under different lower temperature black body radiation in comparison
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to the standard 1 sun illumination and to use those findings in estimating an
upper limit on the increase in efficiency, when such cells were used in the de-
scribed photon glow battery set up. The findings indicate a potential increase
in utilised photons by way of recycling them in the storage part of the system
by a factor of 1.5 to 2.0 compared to without it in the wavelength range up
to 1200 nm, reaching thereby higher values than under 1 sun illumination in
some cases. While this highlights the potential advantages of such a system,
the reported increase for the photon recycling need to be considered as an up-
per limit for this material, as additional loss mechanisms from the storage part
of the photon glow battery are not considered at this point.
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7. Towards New Material Systems: NaBiS;

Nanocrystals and Their Prospects and
Challenges (Paper 1V)

After having focused on AgBiS, NCs for the a large part of this thesis, this last
project is aimed at branching out towards other material choices, in this case
NaBiS,. Its promising optoelectronic characterisitcs were already introduced
in Section 3.2, highlighting the suitable BG and high absorption coefficient for
photovoltaic applications. These properties resulted in Huang et al. predicting
a spectroscopic limited maximum efficiency of around 26% for a 30 nm thin
absorber layer. > However, by the time this project started, literature about the
actual implementation of this material in solar cells was very rare and only
one example was found. In 2020, Medina-Gonzalez et al. reported on a de-
vice utilising lead halide-passivated NaBiS,; NCs as photo-absorber in a nip
structured photovoltaic device. However, this solar cell only yielded a PCE of
about 0.07%, mainly due to a very low current output.?> After the project had
started, another report was published in 2024, reporting on a device reach-
ing up to 0.74% for Nal-passivated NCs, signifying a large increase in per-
formance.?* However, these samples were providing comparatively low FFs
(<35%) and exhibited issues in terms of hysteresis and stability under contin-
uous illumination and repeated measurements. This behaviour was explained
by the potential for ionic conductivity in the material, most likely in form of
the sodium cations. Nevertheless, work on the project continued after the men-
tioned report got published by Huang et al. in 2024, as some of the obtained
results until then already differed slightly, peaking further curiosity.>*

As in the previous AgBiS,-based projects, the goal here was also to synthe-
sise the NaBiS, NCs and handle the sample fabrication in air to take advantage
of the material’s ambient stability. From there on, this study also evolved into
focusing on the ligand exchange and later on more broadly on passivation of
the surface as well as in the core, as it was identified as a key factor in obtain-
ing working devices.

7.1 Ambient Air Compatible Synthesis

To develop an air-based synthesis route for NaBiS, NCs, an overall similar
approach as described in Section 5.1 for AgBiS; was chosen. Additional in-
spiration regarding some of the experimental paraments was also drawn from
a inert atmosphere-based method reported by Yang et al. %
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Figure 7.1. a) Schematic illustration of the synthesis b) XRD pattern of the synthesised
NCs, together with reference pattern®® ¢) Absorbance spectrum of the synthesised
NCs in solution, d) TEM image of the synthesised NCs, e) XPS survey spectrum of
the synthesised NCs measured with a photon energy of 1486.8 eV.
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As illustrated in Fig. 7.1a), sulphur dissolved in OLAm has been employed
as the chalcogenide precursor, while the respective metal acetates were also
solubilised in a mixture of OLAm and OA. However, compared to the AgBiS,
synthesis, it was found that a higher reaction temperature of around 200 °C
was needed to form the desired product. Furthermore, the the ratio of OLAm
and OA also proved crucial in the material formation, as an excess in OA, espe-
cially at lower temperatures, lead primarily to the formation of Bi,S3 instead
(compare Paper IV, SI Fig. S1). Nevertheless, tuning of the experimental
parameters resulted in finding conditions upon which phase pure NaBiS, par-
ticles could be formed, as shown by the XRD pattern in Fig. 7.1b). The exact
details can be found in Paper IV in the Methods Section, but in short, it in-
volved a 1:1 molar ratio of sodium and bismuth acetate, dissolved in a mixture
of OA and OLAm (1:5). Into that solution, the sulphur-OLAm precursor was
injected in excess compared to the expected stoichiometric ratio of the com-
pound at 200 °C, immediately turning the liquid dark brown. The reaction
mixture was then kept at the same temperature for 15 min, before cooling it
to room temperature for further purification via precipitation, redispersion and
centrifugation.

Fig. 7.1c) depicts the absorbance spectra of the diluted fabricated colloidal
particles, exhibiting a steady increase towards lower wavelengths without any
additional characteristic features, as reported before. 63

While the peak broadening in the XRD pattern is already indicative of the
nanocrystallinity of the sample, TEM images of the synthesised material were
utilised to gain more insights into the size distribution of the obtained particles.
From Fig. 7.1d) it can be concluded that NCs were formed ranging between
roughly 3 nm to 12 nm, with an average size of about 7.8 nm, due to the
majority of particles having a diameter of about 6 nm to 9 nm (see Paper IV,
SI Fig. S2).

To further confirm that the correct product was formed, a XPS survey spec-
trum of the as-synthesised NaBiS, NCs is depicted in Fig. 7.1d). The data
highlights the presence of the three elemental components of the NaBiS; com-
pound, as expected. Besides this, the only other notable signals are due to
oxygen and carbon, which is again in line with the long chain aliphatic lig-
ands used in the synthesis and the overall ambient processing. Overall, it can
be concluded that the desired NaBiS, NCs were formed under the given con-
ditions to be further used in the solar cell device fabrication, as well as in other
corresponding thin film samples.

7.2 Metal-Binding Ligand Exchange and Resistivity

When starting the first tests to apply the fabricated NaBiS, NCs as a so-
lar cell absorber layer, a similar nip architecture was used as in the previ-
ously described AgBiS;-related projects, with the general structure depicted
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Figure 7.2. a) Schematic illustration of the utilised nip structure for the solar cell
devices, with the typically used ZnO ETL and P3HT HTL, b) exemplary JV curves of
solar cells under 1 sun illumination in which the NCs were ligand-treated with either
TBAI, EDT or 3-MPA, while additionally also testing aluminium-doped ZnO (AZO)
and PTB7 as alternative ETL and HTL materials, respectively.

in Fig. 7.2a). Multiple ligands for the NC passivation were tested, including
materials such as TBAI, EDT and 3-MPA. All of these choices were shown
to have a good affinity to bind to the metal sites on the surface of similar NC
compounds before.>!*1® Moreover, different material choices for the ETL
and HTL, like aluminium-doped ZnO (AZO) or PTB7, were also investigated
and some examples of the resulting JV curves of the fabricated devices are
presented in Fig. 7.2b). However, when looking at the data, it becomes ap-
parent that all devices were exhibiting major issues: Even though a diode
behaviour could be observed in all the JV characteristics, the current out-
put was overall very poor, given that these measurements took place under
1 sun conditions. Related to that, the series resistance observed in these de-
vices was considerably higher than for similar samples based on for example
AgBiS;. These problems persisted, independent of the choice in ligand or ad-
jacent charge transport material and were resembling the results observed by
Medina-Gonzalez et al in 2020.%

In an attempt to understand the origin of the observed issues, additional
measurements and characterisations of the ligand-treated NaBiS; thin films
were attempted. In that context, XPS analysis of the NCs after exposure to
TBAI and EDT in comparison to the as-synthesised particles covered in OA
and/or OLAm was conducted and the resulting spectra of the Bi 4f, S 2p,
Na 1s, S 2s and I 3d are depicted in Fig. 7.3. Due to the intensities of all sig-
nals in the plots being shown relative to each sample’s respective Bi 4f singal,
it becomes apparent that the relative concentrations of the observed elements
vary very little with the applied ligand treatment. While this is the expected
outcome for the metal components, bismuth and sodium, binding of EDT to
the NC surface should result in a noticeable increase in the relative sulphur
intensity due to the molecule having two thiol groups. However, this does not
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Figure 7.3. Core level spectra from XPS measurements with photon energy of
1486.8 eV for NaBiS, NC thin films treated with TBAI (5 mM, methanol) or EDT
(0.2vol%, acetonitrile), as well as as-synthesised NCs drop cast on ITO. All depicted
intensities are normalised to the respective Bi 4f signal, while energy calibration was
achieved by measuring a gold reference and setting the Au 4f;/, peak position to
84.0eV.

seem to be the case, if one compares the intensities of the S 2s signals for the
EDT sample with that of the untreated particles still covered in the synthesis
ligands. This observation gets further underlined by looking at the extracted
elemental ratios for each measured NC film, listed in Table 7.1. Similarly, the
TBAI-treated sample exhibits only a minimal incorporation of the halide, visi-
ble by the weak and noise I 3d signal and an elemental ratio roughly ten times
smaller than observed in the similar AgBiS; NC sample in Paper 1 (com-
pare Table 5.1). Hence, there seems to be very little ligand incorporation to
take place during the exchange, which might contribute to the poor solar cell
performance seen for those samples in Fig. 7.2b). A potential reason for the
ligand-incorporation limitations could also be identified by the measurement
though: Overall, the NaBiS, particles appear to be comparatively sulphur-
rich, with metal-to-sulphur ratios below 0.9, whereas normally metal chalco-
genide NCs are considered to favour a metal-rich composition, especially at
the surface. !434109110 Therefore, metal-to-sulphur ratios of above 1.0 would
be expected reflecting the findings in Paper I (Table 5.1). Considering that
the ligands tested so far are all metal-binding and therefore targeted at those
metal-rich particle surfaces, it seems reasonable that their incorporation is very
limited when the NCs instead exhibit relatively sulphur-rich termination. As
a result, the whole approach to the employed ligand exchange materials needs
to be reviewed to accommodate this characteristic and provide adequate passi-
vation also for the under-coordinated sulphur sites, which will be addressed in
the next section. Before moving on to that though, there is one more important
aspect to note about the investigated NaBiS, NCs here, and that concerns their
overall sodium content: As can be seen from the relative elemental ratios in
Table 7.1, the particle appear to be already rather sodium-poor after the synthe-
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sis, with sodium-to-bismuth ratios significantly different than the expected 1:1
from the bulk stoichiometry. This characteristic has been observed in NaBiS;
NCs before, even when utilising a different synthesis method. !> But while the
crystal structure is apparently relatively tolerant to this type of imbalance in
the stoichiometry, it might require further consideration when it comes to the
materials electronic properties when applied in optoelectronic devices.

Table 7.1. Elemental ratios of the ligand-exchanged thin film samples in comparison
to the as-synthesised NaBiS; particles according to XPS analysis (photon energy:
1486.7 eV), relative to the amount of Bi

Sample Bi Na S I
NC-OA/OLAm 1.00 050 226 @ -
NC-TBAI 1.00 048 1.70 0.02
NC-EDT 1.00 054 225 -

7.3 Suitable Metal Cations for Passivation Treatment -
Going Beyond the Surface

Due to the insights obtained from the previously discussed tests in Section 7.2,
the passivation strategy for the NaBiS, NCs was reconsidered and adjusted to
now also include a cationic component that could bind to any under-coordinated
sulphur sites. The goal was to utilise Agl to that effect, given that silver gen-
erally shows a good affinity to bind to sulphur. However, Agl shows overall
poor solubility in commonly utilised solvents, posing significant practical is-
sues to this approach. To bypass these problems, Agl can be dissolved in
N,N-dimethylformamide (DMF), for example, by adding another iodide salt
to the mixture. This way, the silver can form [Agl,]~, which then is solu-
ble in the mentioned solvent.??>?3 In the investigated sample series, KI was
chosen for that purpose, due to two reasons. First, the salt provides a new
cationic component easily distinguishable from the NC-related elements, as
well as from the other chosen ligand material. Second, the properties of potas-
sium are significantly different to those of silver, especially with respect to
its chemical affinity to sulphur but also its electronic properties. As a result,
investigating samples where both the overall concentration as well as the rel-
ative molar ratios of these two passivation materials are varied might give
important insights into multiple characteristics. These include changes in total
ligand incorporation due to exposed amount or affinity, but also potential dif-
ferences in suitability with respect to the resulting overall material properties
dependent on the passivating element. For that, five thin film sample types
were fabricated through the layer-by-layer approach described in Section 4.3,
in which the NaBiS; NCs were treated with DMF solutions containing ei-
ther 200+200 mM, 20+20 mM, 2+2 mM, 20+200 mM or 2+200 mM of Agl
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and KI, respectively. Hence, there are three samples with a 1:1 ratio of Agl
and KI, spanning two orders of magnitude in concentration, while two addi-
tional samples have a increasingly Kl-rich composition, going from a 1:10
to a 1:100 ratio. In terms of the solar cell device architecture, the same de-
sign as discussed previously (Fig. 7.2a)) was utilised with ZnO and P3HT as
the respective charge transport layers. The exact experimental procedure and
parameters are reported in Paper IV.

Differences and Trends in Device Performance

The formed devices exhibit an overall structure and layer dimension accord-
ing to the exemplary SEM cross section presented in Fig. 7.4a), confirming a
rather thin NaBiS; absorber layer of only ~35 nm. Moreover, with the new
ligand exchange strategy functional solar cells could be obtained under certain
conditions, as indicated in Figs. 7.4b) and 7.4c). In these cases, the devices
also appeared to be hysteresis-free, which is illustrated in Fig. 7.4b) by the ex-
ample of the 20+20 mM sample (for other samples please refer to Paper 1V,
SI Fig. S5). However, there are major variations in performance visible be-
tween the five sample types that appear repeatedly as reproducible trends over
multiple batches and samples (compare Paper 1V, SI Fig. S6). According to
the JV curves presented in Fig. 7.4c) and the corresponding figures of merit
listed in Table 7.2, the biggest difference can be observed between the NCs
treated with solutions containing a 1:1 ratio of Agl and KI and the ones ex-
posed to Kl-rich treatments: While the former result in devices with clearly
measurable Vpc and especially Jgc, an excess of KI in the ligand exchange
still results in major issues regarding the current output. Besides this, there are
further trends visible when focusing on the three properly working devices:
Interestingly, the sample treated with the overall lowest ligand concentration
(2+2 mM) results in the highest V¢ and FF, which then decrease successively
for the 20+20 mM and 200+200 mM devices. Initially, this finding was con-
sidered counter-intuitive, given that more/better passivation in NC solar cells
is commonly associated with an increased Voc.2?? Reversely, the Jgc seems
to improve slightly for the higher concentrated 1:1 ligand treatments.

All further solar cell characterisation beyond the JV measurements was sub-
sequently limited to the working 1:1 ratio samples. The IPCE in Fig. 7.4d) for
those three device types follows overall the same shape as expected, with a
general increase towards smaller wavelengths as suggested by the absorption
profile of the NCs (compare Fig. 7.1¢)). The dip around ~600 nm, on the
other hand, might be due to either interference effects in the layered structure
of caused by the potential co-absorption of the P3HT layer. °>!!# That the ob-
served IPCE values for all three samples are very similar and result in a over-
estimated Jgc, especially for the samples treated with lower concentrations
of Agl and KI, can be explained by taking a closer look at the illumination
dependent measurements of the Jgc shown in Fig. 7.4e). The corresponding
extracted power factors o (Eq. (4.2)) are listed in Table 7.2 and they evidently
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Figure 7.4. Treatment of the NaBiS, NCs with various concentrations and ratios of
Agl and KI for utilisation in nip solar cell architectures: a) Exemplary SEM cross
section image of the fabricated solar cells, b) JV hysteresis test illustrated on the
20+20 mM sample, c) JV curves of the best working devices of each sample type.
Further analysis of the solar cells containing an absorber layer of NaBiS, NCs treated
with solutions containing a 1:1 ratio of Agl and KI: d) IPCE spectra, e) and f) results
from illumination intensity dependent measurements of the Voc and Jsc, respectively.
g) Charge carrier lifetimes obtained from the TPV measurements. h) Exemplary short-
term stability measurements of a 2+2 mM sample under continuous 1 sun illumination
and full JV scans performed every minute. i) Valence band region spectra from XPS
measurements performed with photon energy of 1487 eV and scaled relative to each
samples S 2s intensity.
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point towards increasing charge extraction problems in the lower concentra-
tion samples with increasing illumination intensity. As a result, a cross-over
point between the different devices can be observed in Fig. 7.4e) for light in-
tensities below 1 sun. Considering that the utilised IPCE setup provides inten-
sities below 1 sun as well, the apparent mismatch between the current output
trends observed there (Fig. 7.4d)) and for the JV measurements in Fig. 7.4c)
are reasonable.

Observing the Vpc dependence on the illumination intensity in Fig. 7.4f)
and the extracted ideality factors (Eq. (4.3)) in Table 7.2, on the other hand,
reveals that trap-assisted recombination is comparatively more dominant in
the 200+200 mM sample and its share in the overall recombination is reduced
with decreasing ligand concentration. Together with the trend discussed in the
Voc values, this seems to further suggest that higher ligand concentrations in
the 1:1 samples might not necessarily aid in an overall better passivation. This
hypothesis gets further underlined by the charge carrier lifetimes exhibited by
in the devices obtained from TPV measurements under open-circuit conditions
and depicted in Fig. 7.4g). There, the solar cell containing NaBiS, NCs treated
with lower concentrations of Agl and KI in a 1:1 ratio show comparatively
longer lifetimes for a given Vpc.

Before continuing with additional characterisations of the differently treated
NC thin films in an attempt to better understand these difference, it is also im-
portant to note that the presented solar cell samples here are all stable under
both continuous illumination and repeated measurements for at least 1.5 h, as
indicated in Fig. 7.4h).

Table 7.2. Figures of merit of solar cell samples under 1 sun illumination, corre-
sponding to Fig. 7.4c), in addition to the extracted values for the power factor o and
ideality factor njy from the illumination dependent measurements of the Jsc and Voc
in Figs. 7.4e) and 7.4f), respectively

AgI+KI Conc. PCE Vpe Jsc FF o niq
(mM) (%) (V) (mAcm ) (%)

200+200 0.62 0.23 -6.02 44.00 092 1.1
20+20 0.79 0.28 -5.87 4849 0.85 1.25
242 0.85 0.32 -5.27 50.19 0.78 1.15
20+200 0.03 0.15 -0.36 52.10 - -
2+200 0.01 0.10 -0.26 37.24 - -

Insights from XPS with Different Photon Energies

To gain insights the changes in the chemical and electronic structure in the
material due to the different ligand treatments, in-depth XPS studies were car-
ried out on the NC thin films. The goal was to identify significant variations
between samples and find explanations for the observed differences in solar
cell performance. For these studies, three different photon energies (1487 eV,
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Figure 7.5. a) Relative elemental ratios with respect to the sulphur content (S 2s) of
the NC and passivation components as obtained from XPS studies employing three
different photon energies to achieve different probing depths into the thin film, b)
schematic illustration of the conclusions drawn from the results represented in a) with
respect to the passivation process.
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2200 eV and 9253 eV) were used to take advantage of the resulting variation in
probing depth to obtain information with more or less surface sensitivity (com-
pare Fig. 3.3b)). More specifically, the IMFPs for the respective investigated
core levels here were estimated to be roughly between 1.1 nm and 2.7 nm for
the Al K¢, source (1487 eV) as the most surface sensitive measurements, with
the values increasing by roughly 1 nm when using X-rays with energies of
2200 eV and reaching up to ~13 nm for 9253 eV (Ga K¢,) (see Paper 1V, SI
Table S1). The measurements were focused on the three samples that under-
went the most extreme conditions in terms of the passivation treatment to aid
in the comparison: First, the NCs exposed to the overall highest concentration
of Agl and KI (200+200 mM), second, the one treated with the lowest concen-
tration (242 mM) and lastly, the one providing the largest difference between
the Agl and KI amounts (2+200 mM).

Overall, it was confirmed that all three samples only exhibited signals re-
lated to the NC and passivation components, in addition to some oxygen and
carbon, as expected due to the ambient processing (Paper IV, SI Fig. S8).
Furthermore, the core levels of the different samples have qualitatively very
similar curve shapes, while their intensity varies, as can be seen in the full
data presented in Paper IV Fig. 5 and the corresponding fits in the SI.

This is also true in case of the VB region, which is depicted in Fig. 7.41)
for the data set obtained with a photon energy of 1487 eV. The intensities in
that plot are scaled with respect to the S 2s intensity of each sample and the
results show a clear difference between the NCs providing functionality when
applied in the solar cells, and the ones which do not: After the Kl-rich treat-
ment (2+200 mM), the signal observed at the VB edge is lower than in case
of the samples treated with a 1:1 ratio of Agl and KI. Simultaneously, theo-
retical calculations indicate that silver can contribute to the density of state in
the VB of similar metal chalcogenides, such as AgBiS,.!'%%* Consequently,
an increasing contribution to additional states in the VB region would be ex-
pected for more silver incorporation, which might in turn affect the material’s
conductivity.

To test this hypothesis of increased silver incorporation in the 1:1 ratio
samples and also to gain further insights into the NC film composition, an
approximate quantification about the relative elemental concentrations for all
measurements and samples was carried out and the results are depicted in
Fig. 7.5a). There, the elemental ratios are depicted relative to the amount of
sulphur (S 2s) present in each sample for a given probing depth and the results
clearly confirm that the silver uptake in samples treated with an equimolar
solution of Agl and KI is considerably higher than in the Kl-rich case, as ex-
pected. However, comparing the two 1:1 ratio samples between each other, it
is interesting to note that no significant increase in ligand incorporation can
be observed after treatment of the NCs with the higher concentrated solution,
indicating that 2+2 mM are already enough for adequate passivation. Addi-
tionally, potassium incorporation only seems to take place in notable amounts
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in the 2+200 mM sample, clearly confirming the higher affinity of silver to
bind to the NaBiS; particles. Iodide, as the anionic ligand component on the
other hand, is present in a much higher relative amount in the 1:1 samples as
well, potentially due to it getting shuttled to the surface by being bound to
silver in form of [Agl,]~ or differences in affinity as well.

Another important characteristic to note about the metal passivation com-
ponents (Ag and K) though is the rather constant response of their relative
amounts with changing photon energy. This suggests that these atoms are get-
ting incorporated throughout the NCs and that their passivating effect is not
limited to the surface. It is hypothesised that this happens due to the initially
sodium-deficient stoichiometry of the particles, which would likely leave va-
cancies in the structure, that would then get filled during the passivation treat-
ment, as indicated by the schematic in Fig. 7.5a). This further highlights the
importance of choosing a suitable material for the passivation in this case,
considering that it will simultaneously affect the surface, but also function as
an additional dopant in the core of the particles. With respect to the drastic
variations in performance between the samples treated with 1:1 ratios of Agl
and KI, compared to the Kl-rich cases, two signifiant differences can be made
out from the XPS study so far: First, the overall incorporation of the passi-
vation agents is considerably higher for the 1:1 ratio samples, and secondly,
this increased incorporation of silver is likely contributing to additional states
close to the VB edge. Hence, devices based on those NaBiS, NCs are provid-
ing a much better performance. Moreover, filling up a significant amount of
vacancies inside the particles might also contribute to the hysteresis-free be-
haviour seen in the devices, considering that those vacancies might facilitate
ionic movement in the film.

Lastly, there is one more important insight provided by the data in Fig. 7.5a)
and this is also related to the sodium content. While its ratio appears to be
rather similar in all samples in the deeper parts of the NC layer, its relative
amount at the surface of the particles seems to vary widely, especially be-
tween the 2+2 mM and he 200+200 mM samples. The former, has a very high
relative sodium ratio there, while it is drastically reduced after treatment with
the highly concentrated ligand solution, while the intermediate concentrated
KI-rich treatments results in a value somewhere in-between. As a result, the
hypothesis here is that these higher concentrated and harsher ligand exchange
conditions will cause damage to the NC surface at some point by starting to
remove/dissolve atoms from the particle. This seems to mainly affect sodium
and this process is also illustrated in Fig. 7.5b). Considering this finding, the
previously observed trend in the V¢, ideality factor and charge carrier life-
times indicating that the lowest concentration of ligand treatment (2+2 mM)
leads to an improved situation regarding trap states seems now reasonable.
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Summary

Overall, this study highlighted some of the issues of NaBiS, NCs when apply-
ing them in photovoltaic devices, while also developing strategies to mitigate
these by means of suitable passivation treatments. It could be shown that the
initial sodium-deficient and sulphur-rich composition of the particles requires
a metal cationic ligand component to passivate crystal defects not only on the
surface but throughout the particle. Hence, the choice in material used for this
passivation becomes crucial, as it then also acts as an additional dopant inside
the NC, expected to further influence the overall electronic structure of the re-
sulting compound. Regarding the tested materials in this work, silver worked
much better than potassium, both with respect to affinity and incorporation,
but also providing better suitability for the given application. Additionally, it
could be shown that increasing the concentration of the ligand solution for the
exchange treatment does not necessarily lead to better passivation, as at some
point surface damage might occur if the conditions become to harsh. Overall,
hysteresis-free devices with efficiencies up to 0.85% could be realised, which
also provided good stability under illumination and repeated measurements,
while synthesis and processing in air showed no detrimental effects.
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8. Concluding Remarks and Outlook

Overall, this thesis is based on works exploring the material and associated
photovoltaic device characteristics of lead-free ternary metal chalcogenide
NC, particularly AgBiS, and NaBiS,. During these studies, air-based syn-
thesis and sample fabrication methods were chosen to investigate the chosen
materials under cost-efficient and more easily scalable conditions. Consider-
ing that the surface termination of these particles is expected to significantly
influence their optoelectronic properties, this has become a major focus of
most of the discussed projects.

When testing different halides as surface passivation agents for AgBiS,, it
could be shown that their incorporation into the NC thin films dropped sig-
nificantly from iodide to bromide and chloride. At the same time, the dif-
ferently capped particles all retained their mainly intrinsic characteristics, but
with slight shifts in the VB and CB positions. In terms of the resulting solar
cell performance, the bromide-treated samples lead to the highest efficiencies
mainly due to a higher Vy¢, even though the overall ligand uptake in these
samples was lower than after iodide exposure. Charge carrier dynamics stud-
ies also revealed longer lifetimes in these samples, both in the TPV as well as
in the impedance measurements.

Shifting the focus towards iodide and EDT passivation and its effects on the
charge carrier separation across the interfaces formed with the ETL and HTL,
respectively, lead to additional insights. There, it could be shown that iodide-
capping of the NCs is beneficial at the ZnO ETL interface, while thiol-treated
particles lead to better outcomes at the HTL interface, at least in case P3HT is
utilised for that purpose. Consequently, solar cells containing both iodide- and
thiol-passivated NCs in the correct sequential order of ZnO/AgBiS,-1/AgBiS;-
EDT/P3HT in the device stack showed superior performance, even though
EDT-treated AgBiS; could be considered slightly more n-type than the iodide-
capped compound.

Generally, both projects contributed to the better understanding of how the
AgBiS, properties are affected by the tested ligands. Additionally, the findings
highlight the importance of considering these material properties not only in
isolation but rather their complex interplay also with respect to the other ma-
terials utilised in such multi-layered photovoltaic devices. Hence, even further
insights in that regards are needed in the future on the way to a better ratio-
nal sample design. Furthermore, the previously investigated iodide-passivated
AgBiS; NCs have also been investigated under cooler black body irradiation.
By assuming idealised photon recycling in a hypothetical photon glow battery
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setup, it could be shown that such a system might result in a significant in-
crease in overall energy utilisation, thereby motivating further research into
the actual realisation of the setup.

Lastly, studying NaBiS, NCs for solar cell applications, confirmed some
of the previously encountered issues, while also demonstrating some possi-
ble strategies to mitigate some of these problems. Overall, it was found that
the synthesised particles were sodium-deficient and comparatively sulphur-
rich, impeding their passivation with commonly used metal-binding ligands.
Including suitable metal cations, like silver, into the passivation procedure in-
stead, resulted in working devices that provided good short term stability under
illumination and repeated measurements. These metal cations seemed to not
only cap the particle surface, but also passivate further defects inside the NCs,
probably resulting from the imbalanced stoichiometry caused by the sodium-
deficiency. These results indicate that while NaBiS, NCs can be successfully
utilised in solar cells, further research is needed in understanding more about
this materials prospects and limitations. Finding suitable mitigation strate-
gies, especially when it comes to defect formation and passivation, appears to
be one of the crucial next steps.
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Popular Scientific Summary

Research into renewable energy sources is an exceedingly important topic,
considering the steady increase in power consumption around the globe. More-
over, developing and exploring new material systems in that context might
help in optimising resource management when it comes to limited raw ma-
terials. Solar energy conversion through photovoltaics is a crucial building
block in that strategy, considering high amount of power arriving at the earth
each day in from of light emitted by the sun. For this application nanocrystals
(NCs) have been found to be a promising type of material, due to its unique
tunability.

A NC is a solid particles, that is so small that it might only contain a cou-
ple hundreds to thousands of atoms in some cases. If that happens, the size
will start to affect the material properties and change them compared to how
the compound would react if it was an extended macroscopic crystal. Conse-
quently, these size effects can be utilised in tailoring and optimising material
characteristics for specific applications.

When it comes to solar cells, devices that can convert light into electricity,
one of the fundamental factors limiting its efficiency is related to how much
and which parts of the solar radiation is absorbed in the device. The material
property governing this characteristic is the so-called band gap (BG) and it can
be tuned by the mentioned size effects, highlighting why this class of materials
are of particular interest when it comes to photovoltaic applications.

Unfortunately, this type of structure also comes with some disadvantages,
when it comes to the actual device implementation: When converting incident
light into electricity inside the active layer of the solar cell, that means that
charge carriers, electrons and holes, are generated and need to be extracted
to the external circuit to obtain the desired current. However, moving these
charge carriers through a layer consisting of a large number of separate very
small particles can be rather challenging, as they have to somehow transfer
from one NC to the next. Furthermore, surfaces are also oftentimes associated
with defects and additional losses in optoelectronic devices and the small par-
ticles have a rather large surface compared to their overall size. Consequently,
modifying the surface of the particles with suitable other materials to allow for
better charge transport and less losses is generally considered crucial for the
related device performance.

Besides these issues fundamental to all devices based on nanocrystalline
materials, another important factor to note is that one of the most promising
and well-studied compounds in terms of NC for solar cell applications is lead
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sulphide. Given the high toxicity of lead and the resulting concerns about any
related large scale application, makes it necessary to consider other material
choices.

As a result, this work is focused on two different, stable and comparatively
environmentally friendly compounds AgBiS, and NaBiS,, while most of the
studies are related to the mentioned surface modification and passivation.

In the first project, surface treatment of the AgBiS, with different halides
(iodide, bromide and chloride) was carried out. During the investigation, it
was found that while a lot more iodide attached to the surface of the particles,
solar cells containing NCs treated with bromide actually led to better power
conversion efficiencies.

The second project, on the other hand, highlighted how this surface treat-
ment and the resulting changes to the AgBiS, properties cannot simply be
considered in isolation, but need to be studied including all the other materials
present in the solar cell device. Hence, there is a complex interplay between
the multiple characteristics that is important to investigate for improved ratio-
nal design in the future.

The last project related to this particular material, AgBiS,, then explored
its application in a slightly different setup called a photon glow battery. As
the name suggests, this device is aimed not only at energy conversion, but also
energy storage. The storage mechanism is supposed to work via heating up a
specific storage material to very high temperatures, like 1000 °C or 2000 °C,
placed in heavy insulation. Since very hot materials also emit a noticeable
amount of light, think red-hot glowing metals etc., the utilisation of this stored
energy would then also happen via a photovoltaic device. It was found that in
such a system under idealised and hypothetical conditions, overall energy util-
isation could be enhanced drastically, by recycling all the energy not converted
into electricity to contribute to the re-heating of the storage material.

Finally, NaBiS, NCs were explored for utilisation in solar cells. This mate-
rial is much less studied so far and the limited amounts of previous reports all
pointed to some major challenges, even though the basic properties seem to be
promising. Early attempts reiterated those issues, by resulting in almost non-
existent current outputs. However, it was later on found that following a new
defect passivation strategy could lead to much more promising results. One
of the key issues seemed to be that these particles did not only require surface
treatment, but additional defect passivation inside the NCs, making the choice
in material used for this even more crucial.

Overall, these studies provide new insights into how these passivation ef-
fects ultimately impact the solar cell device performance of these two ma-
terials, while also taking a brief look at new concepts for combined energy
conversion and storage.
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Populirvetenskaplig Sammanfattning

Forskning om fornybara energikéllor dr ett ytterst viktigt &mne med tanke pa
den stadiga 6kningen av energiforbrukningen dver hela virlden. Dessutom kan
utveckling och utforskning av nya materialsystem i detta sammanhang bidra
till att optimera resursforvaltningen nér det géller begrinsade ramaterial. So-
lenergiomvandling via fotovoltaik dr en avgorande byggsten i den strategin,
med tanke pa den stora méingd energi som nar jorden varje dag i form av ljus
fran solen. For denna tillimpning har nanokristaller visat sig vara en lovande
materialtyp tack vare sin unika mojlighet till justerbarhet.

En nanokristall dr en fast partikel som #r sa liten att den i vissa fall kan
innehalla bara nagra hundra till tusen atomer. Om det intriffar borjar storleken
paverka materialegenskaperna och dndrar dem jamfort med hur féreningen
skulle bete sig som en utstrackt makroskopiskt kristall. Foljaktligen kan dessa
storlekseffekter utnyttjas for att skraddarsy och optimera materialegenskaper
for specifika tillimpningar.

Nir det giller solceller, enheter som kan omvandla ljus till elektricitet, dr en
av de grundldggande faktorerna som begrénsar effektiviteten relaterad till hur
mycket och vilka delar av solstralningen som absorberas i enheten. Det sa kal-
lade bandgapet hos materialet bestimmer vilken del av solljuset som absorbe-
ras, och bandgapet kan justeras genom att justera storleken pa nanokristallen,
vilket visar varfor nanokristaller dr intressanta for fotovltaiska tillimpningar.

Tyvirr medfor nanopartiklarna ocksa vissa nackdelar vid faktisk enhets-
implementering: Nér infallande ljus omvandlas till elektricitet inne i solcel-
lens aktiva lager genereras laddningsbirare, elektroner och hal, som maste
extraheras till den externa kretsen for att erhalla onskad strom. Att flytta dessa
laddningsbérare genom ett lager bestaende av ett stort antal separata mycket
sma partiklar kan dock vara ganska utmanande, eftersom laddningsbArrarna
pa nagot sétt maste overforas fran en nanokristall till nidsta. Dessutom &r ytor
ofta forknippade med defekter och ytterligare forluster i optoelektroniska en-
heter, och de sma partiklarna har en relativt stor yta i forhallande till sin totala
storlek. Foljaktligen anses modifiering av partiklarnas yta med lampliga and-
ra material for att mojliggora bittre laddningstransport och mindre forluster
generellt vara avgorande for enhetens prestanda.

Forutom dessa problem som &r fundamentala for alla enheter baserade pa
nanokristallina material, dr en annan viktig faktor att notera att en av de mest
lovande och vilstuderade foreningarna vad giller nanokristaller for solcells-
tillampningar dr blysulfid. Med tanke pa blyets hdga toxicitet och de dirav
foljande farhagorna kring storskalig anvindning gor detta det nodviandigt att
Overviga andra materialval.
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Som ett resultat fokuserar detta arbete pa tva olika, stabila och jamforelsevis
miljovinligare foreningar, AgBiS; och NaBiS,, och storre delen av studierna
ror nimnda ytmodifiering och passivering.

I det forsta projektet utfordes ytbehandling av AgBiS, med olika halider
(jodid, bromid och klorid). Vid undersokningen konstaterades att medan be-
tydligt mer jodid fiste vid partiklarnas yta, ledde solceller innehallande nano-
kristaller behandlade med bromid faktiskt till béttre effektomvandlingseffek-
tivitet.

Det andra projektet belyste hur denna ytbehandling och de resulterande for-
dndringarna i AgBiS;-egenskaperna inte enkelt kan betraktas isolerat, utan be-
hover studeras inklusive alla andra material som finns i solcellenheten. Darfor
finns ett komplext samspel mellan flera egenskaper som ir viktigt att underso-
ka for forbittrad rationell design i framtiden.

Det sista projektet relaterat till detta sirskilda material, AgBiS,, utforskade
sedan dess anvindning i en nagot annorlunda uppstillning kallad ett photon
glow battery. Som namnet antyder syftar denna enhet inte bara till energiom-
vandling utan ocksa energilagring. Lagringsmekanismen r tdnkt att fungera
genom uppviarmning av ett specifikt lagringsmaterial till mycket hoga tempe-
raturer, som 1000 °C eller 2000 °C, placerat i tjock isolering. Eftersom mycket
heta material ocksa avger en mirkbar méngd ljus, tink rodglodande metaller
osv., skulle utnyttjandet av denna lagrade energi da ocksa ske via en foto-
voltaisk enhet. Det visade sig att i ett sadant system under idealiserade och
hypotetiska forhallanden kunde den totala energiutnyttjandet forbéttras dras-
tiskt genom att atervinna all energi som inte omvandlades till elektricitet for
att bidra till ateruppvdrmningen av lagringsmaterialet.

Slutligen undersoktes NaBiS, nanokristaller for anvindning i solceller. Det-
ta material dr hittills mycket mindre studerat och de begrinsade médngderna
tidigare rapporter pekade alla pa vissa stora utmaningar, dven om de grund-
laggande egenskaperna verkar lovande.

Tidiga forsok aterupprepade dessa problem genom att resultera i nistan
obefintliga stromuttag. Det uppticktes dock senare att en ny strategi for defekt-
passivering kunde leda till mycket mer lovande resultat. En av nyckelfragorna
verkade vara att dessa partiklar inte bara kridvde ytbehandling utan dven ytter-
ligare defektpassivering inuti nanokristallerna, vilket gjorde valet av material
for detta dnnu mer avgorande.

Sammanfattningsvis ger dessa studier nya insikter i hur dessa passiverings-
effekter i slutindan paverkar solcellens prestanda for dessa tva material, sam-
tidigt som de ocksa tar en kort titt pa nya koncept fér kombinerad energiom-
vandling och lagring.
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